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Preface

The high prevalence of chronic kidney disease (CKD) is a tremendous global
burden. In developed countries, it is estimated that more than 10% of adults present
with various degrees of CKD. Irrespective of the initial cause, renal fibrosis is the
hallmark of most progressive CKD, which is characterized by the excessive
accumulation of fibroblasts and extracellular matrix (ECM). This is accompanied by
glomerulosclerosis, tubular atrophy, tubulointerstitial inflammation, and irreversible
loss of parenchymal cells. These pathological changes cause progressive deterio-
ration of kidney function, and ultimately lead to end-stage renal disease (ESRD).
Unfortunately, around 1–2% of the CKD patients will eventually succumb to the
need of renal replacement therapy. Therefore, strategies for slowing or even pre-
venting CKD to ESRD progression are of utmost importance.

In light of this, mechanistic studies of kidney fibrosis have been the focus of
intensive research, and it is generally accepted that the critical steps for renal
fibrogenesis are as follows: (1) activation of inflammatory response and inflam-
matory cell infiltration after renal injury; (2) release of profibrotic factors, including
cytokines, growth factors, and chemokines; (3) excessive accumulation offibroblasts
and ECM in the interstitial compartment, due to the imbalance in ECM synthesis and
degradation; (4) phenotypic change and irreversible loss of parenchymal cells;
and (5) reduction in renal microvasculature. Among the above processes, ECM
accumulation is the most critical step, as it causes renal scarring that leads to irre-
versible renal injury both structurally and functionally.

Recently, there are many elegant studies shedding light on the pathogenesis of
renal fibrosis, arranging from the role of intrinsic kidney cells to the infiltrating
inflammatory cells. New findings also uncover new molecular mechanisms medi-
ating renal fibrogenesis. The development of reliable non-invasive biomarkers has
also provided a new potential for diagnosis of CKD, and recent and ongoing
advances in basic science research have also provided the necessary platform for
new drugs development and novel therapies for renal fibrosis, which may alter the
unfortunate fate of CKD patients down the road.
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Currently, there are very limited books that systemically reviewed the research
progress of renal fibrosis. In view of this, we have invited a group of experts in this
field to compile a book that aims to systemically introduce the state-of-the-art
research on renal fibrosis. The possible mechanisms, biomarkers, and strategies for
prevention and treatment of renal fibrosis are to be elaborated in detail. It is hoped
that this book will help readers to have a comprehensive understanding of the renal
fibrosis. Finally, we would like to express our gratitude to the financial support
of the Key National R&D Project of China Science and Technology Ministry
(2018YFC1314000) and the Key International Cooperation Program of National
Natural Science Foundation (81720108007).

Nanjing, China Bi-Cheng Liu
Chair Professor & Head of Institute of Nephrology

Hong Kong, China Hui-Yao Lan
Choh-Ming Li Professor of Biomedical Sciences
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Part I
Renal Fibrosis in Chronic

Kidney Disease



Chapter 1
Prevalence and Disease Burden
of Chronic Kidney Disease

Ji-Cheng Lv and Lu-Xia Zhang

Abstract Chronic kidney disease (CKD) has been recognized as a leading pub-
lic health problem worldwide. The global estimated prevalence of CKD is 13.4%
(11.7–15.1%), and patients with end-stage kidney disease (ESKD) needing renal
replacement therapy is estimated between 4.902 and 7.083 million. Through its
effect on cardiovascular risk and ESKD, CKD directly affects the global burden
of morbidity and mortality worldwide. The global increase in this disease is mainly
driven by the increase in the prevalence of diabetes mellitus, hypertension, obesity,
and aging. But in some regions, other causes such as infection, herbal and environ-
mental toxins are still common. The large number of deaths for poor access to renal
replacement therapy in developing countries, and also large increase of patients with
ESKD in future, will produce substantial financial burden for even the most wealthy
countries. Cost-effectiveness of preventive strategies to reduce the disease burden
should be evaluated in relation to the local economic development and resource.
Strategies reducing the cardiovascular risk in CKD still need further evaluation in
large trials especially including patients with advanced kidney disease or end-stage
kidney disease.

Keywords Chronic kidney disease · End-stage kidney disease · Prevalence ·
Cardiovascular disease

1.1 Introduction

Since the publication of the US Kidney Disease Outcomes Quality Initiative (KDQI)
guidelines in 2002, chronic kidney disease (CKD) has been recognized as a leading
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4 J.-C. Lv and L.-X. Zhang

public health problem that both increases the risk of end stage of kidney disease
(ESKD) and cardiovascular disease as well as other complications (Bello et al. 2005;
Go et al. 2004; Matsushita et al. 2010). The burden of chronic kidney disease is
not restricted to its effect on clinically demands for renal replacement therapy; the
disease has other major effects on the overall population. In the general population
and peoples with diabetes or hypertension, clinical outcomes includingmortality and
cardiovascular events are strongly affected by the kidney involvement (Matsushita
et al. 2010). Therefore, through its effect on cardiovascular risk and end-stage kid-
ney disease, chronic kidney disease directly affects the global burden of mortality
caused by cardiovascular disease, the most common cause of premature morbidity
and mortality worldwide (GBD 2016 Causes of Death Collaborators 2017). Here,
we summarized the disease burden, causes of chronic kidney disease outcomes and
strategies for the disease preventions.

1.2 Epidemiology

1.2.1 Definition

CKD is defined as abnormalities of kidney structure or function, present for 3months
with implications for health, which was introduced by the US-based KDOQI in
2002 (NationalKidneyFoundation2002). This definitionwas adopted internationally
by the Kidney Disease: Improving Global Outcomes (KDIGO) in 2012 (Kidney
Disease: ImprovingGlobalOutcomes (KDIGO)CKDWorkGroup 2013).According
to the definition, markers of kidney damages include albuminuria, urine sediment
abnormalities, electrolyte, or other abnormalities due to tubular disorders, histology
abnormalities, and structure abnormalities by imaging. Decreased GFR is defined as
GFR less than 60 ml/min per 1.73 m2. In clinical practice, GFR is mainly estimated
based on two equations, the Modification of Diet in Renal Disease (MDRD) study
equation and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation (Levey et al. 2006, 2009; Stevens et al. 2011).

1.2.2 Prevalence of CKD

CKD is usually absent of symptoms until disease is advanced, and thus, precise
calculation of the burden is difficult and accurate prevalence data are lacking (Jha
et al. 2013). Observational studies estimating CKDprevalence in general populations
from different parts of the world have been published (Coresh et al. 2007; Zhang et al.
2012). Based on the albuminuria and decreased estimated GFR, a national survey
of the prevalence of CKD in USA rose from 10.0 to 13.1% between 1988–94 and
1999–2004 (Coresh et al. 2007). Using the similar method, a cross-section national
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survey in China showed the prevalence of CKD was 10.8% suggesting nearly 120
million adult having kidney disease in China (Zhang et al. 2012). When chronic
kidney disease is defined solely by estimated GFR less than 60 ml/min per 1.73 m2,
approximate prevalence is 2.5–11.2% among the population across Europe, North
America, Asia, and Australia (James et al. 2010). The prevalence of chronic kidney
disease was 10.5–13.1% when defined by both the presence of albuminuria and
decreased estimated GFR. A recent meta-analysis reviewed 100 studies including
6,908,440 participants (Hill et al. 2016). The global estimated prevalence of CKD
stage 1–5was 13.4% and stages 3–5was 10.6%. CKDprevalence by stages was stage
1 (eGFR >90 ml/min per 1.73 m2 and ACR >30 mg/g): 3.5% (95% CI: 2.8–4.2%);
stage 2 (eGFR 60–89 + ACR >30): 3.9% (2.7–5.3%); stage 3 (eGFR 30–59): 7.6%
(6.4–8.9%); stage 4 (eGFR 29–15): 0.4% (0.3–0.5%); and stage 5 (eGFR <15): 0.1%
(0.1–0.1%). However, the reported prevalence of CKD varied widely amongst the
studies. The prevalence of diabetes, hypertension and age of the participants were
strongly associated with the CKD prevalence. The prevalence of CKD in developing
country such as China (10.8%) (Zhang et al. 2012) was similar to that in developed
countries to the USA (13.0%) (Coresh et al. 2007) and Norway (10.2%). However,
the prevalence of stages 3 and 4 CKD in China was low compared with those in the
developed countries. The prevalence of stage 3CKDwas 1.6%China, comparedwith
7.7% in the USA and 4.2% in Norway. One explanation might be that hypertension
and diabetes have increased rapidly in the past 15–20 years in China, but for these
diseases to affect chronic kidney disease at a population level might take another
10 years (Zhang et al. 2012). These findings will be observed in other developing
countries and give us an opportunity of prevention of the disease progression to the
end-stage kidney disease. Although CKD is common, the high prevalence reported
in these studies was questioned that challenge the existence of a global epidemic of
CKD. Concerns include using estimated GFR for identifying CKD, issues relating
to the use of set GFR thresholds to define CKD in elderly populations and using
of one-off testing for assessment of eGFR or albuminuria to define the prevalence
of CKD in large-scale epidemiological studies. The pitfalls that exist in translating
available epidemiological data hinder accurate assessment of the global burden of
CKD (Glassock et al. 2017).

1.2.3 Prevalence of ESKD

Data on ESKD mainly reported by the country or region register systems. In a com-
prehensive systematic review, Liyanage et al. reported data on renal replacement
therapy of ESKD from 123 countries or regions register system, representing 93% of
theworld population (Liyanage et al. 2015). The results showed therewere 2.618mil-
lion people that received renal replacement therapy in 2010, 2.050 million received
dialysis, and the remaining patients received renal transplant. The prevalence of renal
replacement therapy varied widely across geographical regions, ranging from 80 per
million people in Africa to 1840 per million people in North America, while the
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patients with end-stage kidney disease needing renal replacement therapy in 2010
were estimated between 4.902 and 7.083 million. This suggests that between 2.284
million (47%) to 7.083 million (73%) patients needing renal replacement therapy
worldwide did not receive this therapy.

1.3 Changing Pattern in Spectrum of CKD

Diabetes and hypertension are the leading causes of chronic kidney disease in all
developed countries. Glomerulonephritis and unknown causes are more common
in countries of Asia and sub-Saharan Africa (Jha et al. 2013). These differences
are related mainly to the burden of disease moving away from infections toward
chronic lifestyle-related diseases, decreased birth rates, and increased life expectancy
in developed countries. CKD is increasingly in developing countries due to the sig-
nificant increase in non-infectious disease (particularly diabetes and hypertension).
Furthermore, infectious diseases, such as HIV, schistosomiasis, and leishmaniasis,
which also contribute to CKD, are highly prevalent in low-income to middle-income
countries (George et al. 2017), while the spectrum of CKD and ESRD in middle-
income countries is still undergoing transition. In the past three decades, China wit-
nessed an economic boom and a considerable increase in metabolic diseases (Wang
et al. 2018). Since the surge in the prevalence of hypertension and diabetes in the
1990s, metabolic diseases may eventually take over glomerulonephritis as the main
cause of CKD and ESKD in China. Based on a national in-patient database of China,
it was found that the proportion of hospital discharges from CKD due to diabetes
mellitus had surpassed that from glomerulonephritis since 2010, and that the magni-
tude of this gap was more significant in urban cities than in rural areas (Zhang et al.
2016).

Another important reason for theCKD inAsia is thewide use of certain potentially
toxic traditional herbal medicines (Wang et al. 2018; Debelle et al. 2008). The now
well-known nephrotoxin, aristolochic acid, is contained in some commonly used
traditional herbal products. According to the China National Survey of CKD, the
prevalence of self-reported long-term intake of aristolochic acid-containing herbal
medicine was 1.5% (Zhang et al. 2012). Balkan-endemic nephropathy affects people
living along the tributaries of the Danube River and is characterized by chronic
interstitial fibrosis with slow progression to end-stage kidney disease and urothelial
malignant disease. In these regions, the exposure to aristolochic acid found in flour
obtained from wheat contaminated with seeds of Aristolochia clematitis could be
responsible for the so-called Balkan-endemic nephropathy. And, therefore, it is a
deemed to be form of aristolochic acid nephropathy (Bamias and Boletis 2008).

Chronic kidney disease of unknown etiology (CKDu) is observed in several areas
and among specific ethnic or occupational groups. Clusters of cases of chronic kid-
ney disease of unknown origin have been reported in areas of Sri Lanka. The specific
geographic distribution, preponderance among farming population, similar histol-
ogy findings and absence of usual risk factors for kidney disease indicate undetected
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nephrotoxic agents playing a role in causation. Contamination ofwater, food, or both,
by heavy metals, industrial chemicals, fertilizers, and pesticides has been suspected
(Kumaresan and Seneviratne 2017). Mesoamerican nephropathy is a progressive,
often fatal form of tubulointerstitial nephritis and chronic glomerular damage affect-
ing young agricultural laborers inCentralAmerica (Wijkstrom et al. 2017). The cause
of Mesoamerican nephropathy is not fully understood, but the leading hypothesis is
occupational heat exposure with repeated episodes of volume and salt depletion.

1.4 Clinical Outcomes of CKD

Although much burden of chronic kidney disease is its effect on the demands of
renal replacement therapy, it is estimated only −2% patients with CKD progress to
ESKD. This suggests that most people with CKD will die before reaching the need
for renal replacement therapy. Cardiovascular disease is reported as the leading cause
of death in most studies of general population (Herzog et al. 2011). In the collab-
orative meta-analysis of Chronic Kidney Disease Prognosis Consortium, decreased
estimated GFR and albuminuria were independently associated with all-cause death
and cardiovascular death (Matsushita et al. 2010). In a large US cohort study includ-
ing, Go et al. (2004) found an increasing risk for mortality and cardiovascular disease
with lower levels of eGFR. In thosewith an eGFR<60ml/min per 1.73m2, therewere
25,621 deaths during follow-up, in contrast to 3171 individuals who began dialysis.
In the Medicare population, the rate of death in individuals with CKD but without
diabetes is >10 times greater than the risk for ESKD (Fried 2010). While in the
African American Study of Kidney Disease and Hypertension (AASK) with a total
of 11 years of follow-up, the rate of ESRDwas 1.8 times greater thanmortality (Alves
et al. 2010). This suggests higher risk for ESRD in black individuals. Similar to the
Chinese Cohort Study of Chronic Kidney Disease (C-STRIDE) (Gao et al. 2014),
also more ESKD events observed than cardiovascular events (unpublished data).
Data regarding the clinical outcomes in developing countries are scared especially
for patients with glomerulonephritis. These studies also suggest the prognosis and
timing of adverse clinical outcomes in CKD vary by patient characteristics including
age, sex, race, eGFR, albumin-to-creatinine ratio, systolic blood pressure, smoking
status, diabetes mellitus, and history of CVD. Risk models’ estimates of risk and
timing of these clinical outcomes were developed by the chronic renal insufficiency
cohort (CRIC) study (Grams et al. 2017) and Chronic Kidney Disease Prognosis
Consortium and Chronic Kidney Disease Epidemiology Collaboration (CKD-PC)
(Grams et al. 2018). For example, the predicted 1-year probabilities for a hypotheti-
cal 60-year-old white woman with eGFR 30 ml/min/1.73 m2, 1.8 g/d of proteinuria,
and no diabetes or CVD, were 3.3, 4.1, and 0.3%, for first developing CVD, ESRD,
and death, respectively. For a 40-year-old African–American man with similar char-
acteristics but higher systolic blood pressure, the corresponding 1-year probabilities
were 2.4, 13.2, and 0.1%. Thus, commonly measured clinical characteristics can pre-
dict the timing and occurrence of clinical outcomes in patients with CKD. Based on
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these models, effective measures should be considered to reduce the risk of clinical
outcomes in the population with CKD.

1.5 Strategies in Facing the Challenge of CKD

1.5.1 Disease Burden in Future

Both the developing and developed countries face the challenge of an increasing
burden of CKD. The aging population with the increase diabetes, obesity, and hyper-
tension will steadily increase the background of susceptible population that will
develop CKD and ESKD. Worldwide end-stage kidney disease burden will continue
to increase in the developing as well as the developed countries (Liyanage et al.
2015). In developed countries such as USA, even the increase in ESRD incidence
rates within age and race groups has leveled off and/or declined in recent years, the
population changes in age and race distribution, obesity, and diabetes prevalence,
and ESRD survival will result in a 11–18% increase in the crude incidence rate from
2015 to 2030. This incidence trend along with reductions in ESRD mortality will
increase the number of patients with ESRD by 29–68% during the same period to
between 971,000 and 1,259,000 in 2030 (McCullough et al. 2019). The projected
number of people receiving renal replacement therapy will be more than double from
2.618 million people worldwide in 2010 to 5.439 million in 2030. On the other hand
in developing countries, such as China, the transition from glomerulonephritis to
metabolic disease-related CKD, as well as a large number of patients with early-
stage CKD, implies an emerging source of subjects who could potentially progress
to advanced CKD stages. These will impose an enormous pressure on the health
system. The large absolute growth in the number of people receiving renal replace-
ment therapy is projected for Asia, rising from 0.968 million people in 2010 to 2.162
million by 2030, in Africa, from 0.083 million to 0.236 million, and Latin America
and the Caribbean, increasing from 0.373 million in 2010 to 0.903 million by 2030
(Liyanage et al. 2015).

1.5.2 Early Screening Program

Early detection of patients with chronic kidney disease and providing effective inter-
ventions would reduce risk of progression of kidney failure andmajor cardiovascular
events (James et al. 2010). However, the role of general population-based screening
remains controversial. Programs for early screening in patients with risk for CKD
got some success. In Japan, glomerulonephritis like other Asian countries had ever
been the leading cause of ESKD. The mandatory urinary analysis to early detect
glomerulonephritis has been practiced in school children and all workers since the
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1970s in Japan. The screening program has successfully detected milder forms of
glomerulonephritis, early intervention and seems to have lowered the incidence of
ESKD secondary to glomerulonephritis (Imai et al. 2007). Study in the US patients
showed that microalbuminuria screening was cost-effective for patients with dia-
betes or hypertension, but not those without these conditions (Hoerger et al. 2010).
Relative to no screening, targeted annual screening has cost-effectiveness ratios of
$21,000/quality-adjusted life-year (QALY), $55,000/QALY, and $155,000/QALY
for persons with diabetes, those with hypertension, and those with neither current
diabetes nor current hypertension, respectively. Boulware et al. also reported that
early detection of urine protein to slow progression of chronic kidney disease and
decrease mortality was not cost-effective unless selectively directed toward high-risk
groups (older persons and persons with hypertension) or conducted at an infrequent
interval of 10 years (Boulware et al. 2003). Automated reporting of estimated GFR
by laboratories worldwide boosts the number of referrals to nephrologists for early
evaluation and therapy (Jain et al. 2009). However, whether this could improve the
clinical outcome still remain investigation. Using the Canadian healthcare system,
Manns and colleagues assessed the cost-effectiveness of using the estimated GFR for
screening CKD (Manns et al. 2010). Findings suggest that it was not cost-effective
overall or in subgroups of people with hypertension or older people and was cost-
effective only in people with diabetes.

In the developing countries, such studies are still needed, since many patients are
poorly access to therapy when progressing to ESKD needing renal replacement ther-
apy. Screening for an early detection or treatment seems also feasible. In a program
in Dharan, Nepal, 4471 high-risk individuals (with high blood pressure, high fasting
glucose, proteinuria, and impaired renal function) were identified from 20,811 adult
individuals by screening and refer to an early intervention (Sharma et al. 2014). After
the 3-year follow-up, 63% of the individuals with proteinuria at baseline had normal
values after an early and48%of individualswithmild-to-moderate renal insufficiency
at baseline had stable renal function. This study shows the feasibility of a screening
and management program in a low-resource setting. But the cost-effectiveness of an
intervention still needs further evaluation, and especially this depends on the local
gross domestic product (GDP) of each region (George et al. 2017).

1.5.3 Strategies for Prevention CKD Progression

Clearly, diabetes, hypertension, and obesity will be the leading risk factors for CKD
development and progression. The best long-term approach prevention for this pro-
cess in the first place, perhaps through better obesity, diabetes, and hypertension
prevention and management programs. Effective population-based approaches to
prevention of CKD and ESKD including blood pressure control (Xie et al. 2016; Lv
et al. 2013), andmanagement of key risk factors, including diabetes and obesity—and
acute kidney injury should be refined and tested. Large number studies have showed
angiotensin-converting enzyme (ACE) inhibitors and angiotensin II receptor block-
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ers (ARBs) in people with diabetic or non-diabetic kidney disease reduce the risk
for kidney failure by 39 and 30%, respectively, and also risk of major cardiovascular
events by 18 and 24%. ACE inhibitors also reduced the risk for all-cause mortality in
this population (Xie et al. 2016). Both blood glucose control and renin–angiotensin
system blockade could prevent new onset or worsening of albuminuria in patients
with diabetes (Lv et al. 2012; Patel et al. 2008). A number of studies of sodium-
glucose cotransporter 2 inhibitors among patients with diabetes have shown slowed
progression to kidney disease end points, preventing albuminuria and/or substantial
reduction in kidney function as measured by the eGFR (Neal et al. 2017; Wanner
et al. 2016). Innovative models of preventive care should be piloted in low-income
and middle-income countries, especially in areas where access to physicians is low.
Evidence exists from places such as Chile, Taiwan, the UK, and Uruguay to suggest
that multifaceted preventive strategies might stabilize or even reduce the incidence
of people needing renal replacement therapy and lead to cost savings (Mazzuchi
et al. 2006; Wei et al. 2010; Lin et al. 2013). These models should be implemented
and evaluate their effect in clinical practice. The large number of deaths for poor
access to renal replacement therapy in developing countries, and also large increase
of patients with ESKD in future, will produce substantial financial burden for even
the most wealthy countries. Clearly, cost-effective dialysis techniques should be
developed.

1.5.4 Strategies for Reducing Cardiovascular Risk in CKD

Although cardiovascular events are the leading reason of death in patient with kidney
disease, few trials have been undertaken specifically in populations with CKD. Until
now, most evidence or strategies for cardiovascular risk intervention mainly comes
from the subgroup analysis of the trial in general population, while most trials for
cardiovascular risk in the general population have excluded patients with advanced
kidney disease. This suggests we need studies to explore strategies reducing the
risk of cardiovascular morbidity or mortality in patients with kidney disease. These
strategies should include traditional (like hypertension, hyperlipidemia) and also non-
traditional risk factors (like inflammatory factors, elevated plasma homocysteine,
enhanced coagulability, anemia, increased arterial calcification) (Herzog et al. 2011;
Muntner et al. 2004).

The Blood Pressure Lowering Treatment Trialists’ Collaboration (BPLTTC)
pooled 26 trials (152 290 participants), including 30,295 individuals with esti-
mated GFR <60 mL/min/1.73 m2 (Ninomiya et al. 2013). Blood pressure lowering
effectively reduced the risk of cardiovascular events among people with moderately
reduced estimated GFR. The relative benefits of blood pressure control were similar
to those in patients without kidney disease. Blood pressure lowering agents also sig-
nificantly reduce cardiovascular mortality in patient with end-stage kidney disease
(Heerspink et al. 2009), while statin therapy did not reduce the cardiovascular events
or death in patients receiving dialysis (Fellstrom et al. 2009; Wanner et al. 2005).
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Meta-regression of the statin trials support statin benefits for cardiovascular events
prevention were only observed in patients with mild or moderated decreased GFR
and the relative or absolute benefits attenuated with the reduction of kidney func-
tion and not in the dialysis (Hou et al. 2013). Fibrate therapy also improved lipid
profiles and prevent cardiovascular events in people with kidney disease. The risk of
adverse events of statin or fibrate in patients with kidney disease does not increase
as compared to those without CKD. In a post hoc subgroup analysis of Hypertension
Optimal Treatment (HOT) study, aspirin therapy produces greater absolute reduction
in major cardiovascular events and mortality in hypertensive patients with CKD, but
with a non-significant greater risk of major bleeding events than with normal kid-
ney function (Jardine et al. 2010). The increased risk of major bleeding appears to
be outweighed by the substantial benefits. Among every 1000 persons with eGFR
<45 ml/min/1.73 m2 treated for 3.8 years, 76 major cardiovascular events and 54
all-cause deaths will be prevented while 27 excess major bleeds will occur. For the
coronary heart diseasewith estimatedGFR less than 60ml/min/1.73m2, drug-eluting
stents use in patients with eGFR <60 mL/min/1.73 m2 is associated with a reduced
rate of repeat revascularization and myocardial infarction without increased risk of
stent thrombosis (Wang et al. 2013). Overall we still need large trials in CKD popula-
tion especially including those with advanced kidney disease or ESKD to investigate
these interventions.

Cardiovascular mortality and morbidity rates are highest in people with ESKD.
Studied interventions include earlier initiation of dialysis, increased dialysis inten-
sity driven by Kt/V targets or by hemofiltration volumes, the use of different dialysis
membranes and hemodiafiltration.But randomized trials and systematic reviews have
failed to consistently demonstrate any benefits for these interventions on cardiovas-
cular outcomes (Jun et al. 2011). The FHN trial found the frequent daily dialysis
(six sessions per week) improved the composite of increased LVM and death (HR
for death or change in LVM 0.61; 95% CI 0.46–0.82) with a difference in adjusted
mean change in LVM of −13.8 g (95% CI −21.8 to −5.8) (Chertow et al. 2010).
Hyperphosphatemia is an independently associated risk factor of cardiovascularmor-
bidity and mortality both in people with CKD. Analysis of the 11 randomized trials
(4622 patients) showed that patients assigned to non-calcium-based binders had a
22% reduction in all-cause mortality compared with those assigned to calcium-based
phosphate binders in chronic kidney disease (Jamal et al. 2013). In the China Stroke
Primary Prevention Trial (CSPPT) study with a subgroup of 1671 patients with
CKD, reducing homocysteine with folic acid and enalapril, compared with enalapril
alone, significantly reduced the risk of cardiovascular death, myocardial infarction,
and stroke by 20% (Huo et al. 2015). However, this was not observed in studies
of other nations. Meta-analysis suggested that homocysteine lowering may be of
benefit in populations without background supplementation or food fortification but
not in populations with supplementation. Two small trials have reported a reduction
in cardiovascular events from antioxidant therapy in ESKD patients (Tepel et al.
2003; Labarca 2000). These two trials (330 participants) suggest Vitamin E and
acetylcysteine reduced cardiovascular events in patients with ESKD. However, the
positive findings in these small studies are countered by the lack of benefit for the
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subgroup of 450 people with impaired kidney function in the HOPE-2 study (Stein-
berg and Witztum 2002). Counter to expectations, full correction of anemia with
erythropoiesis-stimulating agents in CKD appears to lead to worse rather than better
cardiovascular outcomes (Palmer et al. 2010).

In conclusion, most of the current evidence has been based on post hoc subgroup
analyses of larger trials, predominantly testing pharmaceutical agents, which were
generally not designed to specifically test benefits and harms in people with CKD
and have few participants with ESKD. The trials conducted specifically in patients
with CKD and ESKD are generally of relatively small size, restricting their capacity
to determine effects in clinical outcomes. Based on this, patients with stage 3 CKD
appear to derive similar or greater cardiovascular benefits from blood pressure lower-
ing, lipid lowering, and aspirin-based antiplatelet therapy as the general population.
Few other firm recommendations to alter current practice can be made on the basis
of novel factors postulated to reduce cardiovascular events. Available strategies still
need further evaluation in large trials especially including patients with advanced
kidney disease or end-stage kidney disease.
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Chapter 2
Morphology and Evaluation of Renal
Fibrosis

Ping-Sheng Chen, Yi-Ping Li and Hai-Feng Ni

Abstract With continuing damage, both the indigenous cells of the cortex and
medulla, and inflammatory cells are involved in the formation and development of
renal fibrosis. Furthermore, interactions among the glomerular, tubular, and intersti-
tial cells contribute to the process by excessive synthesis and decreased degradation
of extracellular matrix. The morphology of kidney is different from pathological
stages of diseases and changes with various causes. At the end stage of the disease,
the kidneys are symmetrically contractedwith diffuse granules.Most glomeruli show
diffuse fibrosis and hyaline degeneration, and intervening tubules become atrophied.
Renal interstitium shows obvious hyperplasia of fibrous tissues with marked infil-
tration of lymphocytes, mononuclear cells, and plasma cells. The renal arterioles are
wall thickening frequently because of hyaline degeneration. Morphologic analysis
based on Masson staining of the kidney tissues has been regarded as the golden
standard to evaluate the visual fibrosis. However, the present studies have found that
the evaluation system has poor repeatability. Several computer-aided image anal-
ysis techniques have been used to assess interstitial fibrosis. It is possible that the
evaluation of renal fibrosis is carried out by the artificial intelligence renal biopsy
pathological diagnosis system in the near future.
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2.1 Introduction

Renal fibrosis is the end stage of a variety of chronic progressive kidney diseases.
It is a morphological change based on the combined responses of glomeruli, renal
tubules, renal blood vessels, and/or renal interstitium exposed to continuous injury.
Considering progressive structural damage, the glomerular sclerosis, tubulointersti-
tial inflammation, tubular atrophy, and even interstitial fibrosis will occur finally,
whether the damage originates from glomeruli, renal tubules, renal interstitium, or
renal blood vessels. As renal fibrosis processes, the kidney loses its function grad-
ually (Satirapoj et al. 2012). Therefore, both appropriate morphological knowledge
of renal fibrosis and objective analysis on the pathological degree will be valuable
in directing treatment and estimating prognosis. This article will summarize renal
fibrosis-related cells, histopathology, and evaluation methods.

2.2 Related Cells of Renal Fibrosis

Renal cortex and medullary intrinsic cells are involved in the formation and develop-
ment of renal fibrosis under injury, furthermore, the interaction between glomerular
cells and tubulointerstitial cells exists throughout the fibrosis process.

2.2.1 Related Cells of Glomerulosclerosis

Glomerular innate cells include endothelial cells, mesangial cells, visceral epithelial
cells, and parietal epithelial cells; all the cells can produce varying amounts of extra-
cellular matrix (ECM), which contains type IV and type VI collagen, laminin, and
fibronectin. Under pathological condition, matrix synthesis increases and deposits
in mesangial area, which squeezes the capillary lumen, then leads to the apopto-
sis of glomerular cells continuously. Apoptotic and exfoliated cells leave gaps in
the glomeruli, which will be filled by ECM. Followed by endothelial injury, the
basement membrane of capillaries is exposed and podocytes are damaged, further
selective filtration of the glomerulus is deprived. The cytokines, chemokines, and
growth factors, produced by the injured glomerular cells and inflammatory cells,
promote interstitial inflammation and fibrosis (Eardley et al. 2006). Therefore, the
renal tissues with chronic kidney diseases (CKDs) are lack of glomerular selective
filtration, accompanied by glomerular cells apoptosis, inflammatory activation of
glomerular residual cells, and leukocytes infiltration. In the end, the renal tissues
present glomerular sclerosis. Thereby, the above changes reduce glomerular perfu-
sion and filtration rate. Subsequently, the damage of renal tubule cells will inevitably
come along with the injured glomeruli and albuminuria.
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2.2.2 Related Cells of Interstitial Fibrosis

Interstitial fibrosis is associated with many other types of cells beside glomerular
cells, which includes fibroblasts, myofibroblasts, fibrocyte, tubular epithelial cells,
endothelial cells, capillary pericytes, mast cells, and inflammatory cells.

2.2.2.1 Fibroblasts and Myofibroblasts

Fibroblasts, the main cells of the renal interstitium, are themain cellular source of the
ECM, andECMconstitutes renal connective tissue skeleton. It is challenging to study
fibroblasts without specific markers. Fibroblasts are characterized by a large number
of rough endoplasmic reticulum, abundant F-actin skeleton andmembrane-expressed
5 ’exonuclease, which differentiates fromother interstitial cells. The fibroblasts inter-
act with other cells, such as they interplay with the dendritic cells using cytoplasmic
processes. Perceiving the basement membrane of the injured tubule cells, the fibrob-
lasts will transform their phenotype to myofibroblasts by paracrine signaling, and
myofibroblasts derived from fibroblasts will produce type III collagen (Dussaule
et al. 2011; Meran and Steadman 2011).

Myofibroblasts express smooth muscle actin (SMA) and microfiber (stress fiber)
with punctiform dense bodies (focal densities). Myofibril, as the hinge (fibronexi)
connecting actin fibrils and extracellular fibronectin, densely distributes along the
margin of myofibroblasts with round nuclei. Myofibroblasts are usually adjacent
to basement membrane and produce plenty of ECM. Myofibroblasts also express
vimentin, fibronectin containing A shear variants in the external functional region,
and S100A4 (FSP-1). S100A4 is once thought to be a specific marker of myofi-
broblasts. Myofibroblasts are commonly accompanied by white blood cells. Intersti-
tial myofibroblasts may originate from fibroblast, pericytes, perivascular cells, and
endothelial cells (Lin et al. 2008; Kaissling and Le Hir 2008).

2.2.2.2 Fibrocytes

The fibrocyte is considered to be different from fibroblast although it can also syn-
thesize ECM. It is spindle and derives from the white blood cells in peripheral blood.
It possesses the hematogenous markers (CD45), interstitial cell marker (type I colla-
gen) and chemokine receptor. Fibrocytes only exist in the diseased kidneys, and they
may come from differentiation in situ or infiltration. TH2-type cytokines can induce
human fibrocyte differentiation, but TH1-type cytokines inhibit the differentiation
(Wada et al. 2011; Sakai et al. 2010).
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2.2.2.3 Renal Tubular Epithelial Cells

Renal tubular epithelial cells show definite phenotypic changes in case of acute
injury, which may provide a key clue for interstitial fibrogenesis. The intracellular
signals will be activated and some specific genes will be expressed, which is induced
by tubule extension, liquid shear stress, and biological mechanical force. These
events will cause interstitial fibrosis. The damaged tubular epithelial cells present
the increased intermediate filament (vimentin and nestin), up-regulated type I and
III collagen, and down-regulated E-cadherin. Overexpression of vascular endothelial
growth factor-A (VEGF-A) in renal tubular epithelial cells can raise the level of serum
VEGF, then result in more capillaries with dilated lumens, type IV collagen depo-
sition, and more fibroblasts and myofibroblasts in the interstitium. However, some
studies reported that supplementingVEGFmay relieve interstitial fibrosis (Hakroush
et al. 2009; Lian et al. 2011).

Renal tubular epithelial cells enduring hypoxia can promote fibrosis through
a variety of media including HIF-1α (Higgins et al. 2008; Kimura et al. 2008).
Ras oncogene inhibitor RASAL1 can alleviate interstitial fibrosis by methylation of
methyltransferase DNMT1. Another chromatin modifier, histone deacetylase, may
modulate proinflammatory function and fibrotic process of renal tubulointerstitium
injury (Sun et al. 2010; Yang et al. 2010).

2.2.2.4 Inflammation-Related Cells

Many kinds of inflammatory cells participate in tubulointerstitial fibrosis, which are
elaborated as follows:

Lymphocytes

Lymphocytes may play an important role in the tubulointerstitial fibrosis, and CD4+T
cells are considered to be particularly critical. CD4+T cells reconstructed mice (not
CD8+Tcells) displayed heavy interstitial fibrosis, andmicewith reducedCD4+Tcells
showed relatively mild interstitial fibrosis (Nikolic-Paterson et al. 2010). Recently,
microarray detection of transplanted kidney indicated that the increase of T cells
as well natural killer cells accelerated the development of tubulointerstitial fibrosis.
The infiltration of T cells and macrophages is often accompanied by low expression
of IL-10, which is more likely to cause tubulointerstitial fibrosis than B lymphocyte
infiltration.

Monocytes/Macrophages

Monocytes/macrophages are not homogeneous, and some subtypes, especially
monocytes/macrophages expressing CD11b exhibit a pro-fibrotic effect. Galectin-3
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(Gal-3), a galactosidase binding lectin, is secreted by macrophages, which is a profi-
brogenic factor. Renal tubular epithelial cells synthesize macrophage growth factor
and CSF-1, then to regulate repair and relieve interstitial fibrosis. Macrophages play
complicated roles in interstitial fibrosis, such as the monocyte subsets derived from
bonemarrow could actually delay the development of fibrosis (Anders andRyu 2011;
Vernon et al. 2010).

Dendritic Cells

Some dendritic cells distribute in the renal interstitium, and the present studies have
shown that they play important roles during the process of interstitial fibrosis. The
experiment demonstrated that the dendritic cells were decreased in number and the
interstitial fibrosis could be alleviated in the transgenic mice with CD11c/diphtheria
receptor were injected by diphtheria toxin. Other studies have reported that dendrite
cells affected fibrosis indirectly by activating T cells (Snelgrove et al. 2012).

Mast Cells

Mast cell is a member of the innate immune system and is rare in the healthy kidneys.
Most of them aggregate around the blood vessels and epithelial cells. Accompanying
mast cells increased in number, the fibrosis is aggravated, and the renal function is
reduced. Loss of themast cells could relieve fibrosis. However, some studies reported
that the cells could inhibit fibrosis (Kim et al. 2009).

Endothelial Cells

The relationship between endothelial cells and interstitial fibrosis is unclear. Some
studies found that endothelial cells could transform into fibroblasts through endothe-
lial–mesenchymal transdifferentiation (EndoMT) and promote fibrotic development.
Both the capillary network and the lymphatic network are mainly composed of
endothelial cells and are closely related to fibrosis. It was found that the decreased
capillary network around renal tubule and renal hypofunction were aggravated with
the time prolonging in allograft kidneys. The renal lymphatic network can assist the
migration of inflammatory cells, and the interstitial fibrosis with lymphatic hyperpla-
sia, which is partly due to the regulation of VEGF-C. Angiogenesis and inflammation
inhibited by sirolimus can prevent interstitial fibrosis. The newborn lymphatic vessels
directly close to the glomeruli with adherent vascular loops, which may be involved
in the abnormal filtration of urine locally. Other studies have also shown that lym-
phangiogenesis is associated with tissue remodeling and differential expression of
proteoglycan. As early as 72 h after transplantation, the lymphatic vessels appear,
whichmay be related to inflammation (Piera-Velazquez et al. 2011; Stuht et al. 2007).
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2.3 Histopathology of Renal Fibrosis

The healthy renal tissue contains ECM such as collagen, especially type I, III and
IV collagen, which are the connective tissue structural framework of the kidney. The
matrix deposit is the major cause of hypofunction in the kidneys with CKD.

Renal fibrosis/sclerosis includes two subtypes, glomerular sclerosis and intersti-
tial fibrosis, induced by various causes. Therefore, it is hard to ascertain the subtype
of renal fibrosis morphologically. Large scar lesions with tubular damage result
from severe injury of focal tissues and parenchymal structure, which are commonly
observed in pyelonephritis and renal infarction. The scar tissues contribute to main-
tain the intact structure and function of the damaged kidneys, the process is undoubt-
edly affiliated to wound healing. By contrast, diffuse or focal interstitial fibrosis
around the normal and atrophic renal tubules is often be observed in the clinical
renal biopsy, which is common in the glomerular diseases, renal tubular diseases,
and renal vascular diseases.

2.3.1 General Morphological Characteristics of Renal
Fibrosis

Renal fibrosis is continuously aggravated along with the development of the lesions
in the diffusely progressive kidney diseases. The insulted kidneys present different
morphological changes based on pathological stages and various causes at the end
stage, the kidney will inevitably represent severe fibrosis. The basic pathological
changes are described as follows.

2.3.1.1 Gross Morphology

The kidneys are symmetrically diminished in size and the mass is reduced (from 140
to 20 g). And the fibrotic kidneys show pale appearance, hard texture and diffusely
granular surface (Fig. 2.1).On the cut surface, renal cortex is significantly thinner, and
the corticomedullary demarcation is unclear, adipose tissues often proliferate around
the renal pelvis, arterioles with narrowed lumina stand out because of thickened
walls, renal capsule firmly attaches to the surface of the cortex. Such markedly
injured kidneys often have been designated granular contracted kidney.

2.3.1.2 Microscopic Appearance

Most of the glomeruli (more than 75%) show diffuse sclerosis and hyaline degener-
ation, and the renal tubules implicated are atrophied and replaced by fibrous tissues.
The hyaline and fibrotic glomeruli are drawn together due to the tightening of fibrous
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Fig. 2.1 Renal pathological
morphology at end stage.
The kidneys are
symmetrically contracted
with diffuse granules on the
surface

tissues. The residual nephrons represent compensatory changes, characterized by the
hypertrophic glomeruli and dilated renal tubules with various casts (mainly for pro-
tein casts). In the fibrotic interstitial tissues, chronic inflammatory cells (mainly for
lymphocytes andmonocytes, rarely for plasma cells) infiltration and hyalinized small
and medium-sized arteries are present. The arterioles display intimal fibrosis with
hyaline degeneration in the walls. Because most of the renal tissue is fibrotic and
shrunk, the remaining nephrons protrude to the surface due to compensatory hyper-
trophy, the renal surface becomes finely granular. Once the damage progresses to
the end-stage, all of the renal tissue structure, including glomeruli, renal tubules, and
renal interstitium present nearly identical histopathological changes, which is diffi-
cult to differentiate the injuries from the sclerosis caused by blood vessels (such as
hypertension kidney) or interstitium (such as chronic interstitial glomerulonephritis).
All the kidneys show the same changes in morphology, a large number of nephrons
damaged, interstitial fibrosis and chronic inflammatory cells infiltration, vascular
intima fibrosis and hyaline degeneration (Fig. 2.2) (Chen 2017; Rubin and Strayer
2012).
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Fig. 2.2 Renal pathological
morphology at end stage.
Glomerulosclerosis, renal
tubule atrophy, and renal
interstitial fibrosis are shown
with PAS staining. (PAS ×
100)

2.3.2 Morphological Differences of Different Etiological
Factors

As mentioned above, the morphology of the kidneys is different when the etiology is
diverse, although it is difficult to differentiate at the end-stage. Herein, renal fibrosis
considering several common causes will be discussed.

2.3.2.1 Glomerulosclerosis

Glomerulosclerosismainly includes two types, ischemic glomerulosclerosis and pro-
liferative glomerulosclerosis. Ischemic glomerulosclerosis is often seen in hyper-
tension, characterized by protein-like substance deposition in the glomerular cap-
sules (Bowman’s capsules), withoutmesangialmatrix accumulation in the glomeruli.
But hypertension inevitably appears in the advanced stage of CKD, that is to say,
hypertension-induced morphological changes exist in ischemic glomerulosclerosis,
caused not only by primary hypertension but also by CKD. Therefore, combination
with glomerular lesions and medical history is needed to differentiate them. Pro-
liferative glomerulosclerosis is characterized by the increase in mesangial matrix
and found in most primary or secondary CKD, such as diabetic nephropathy, lupus
nephritis, membranous nephropathy, focal segmental glomerulosclerosis, membra-
noproliferative glomerulonephritis, renal vasculitis, Goodpasture’s syndrome, dia-
betic nephropathy, and amyloid nephropathy (Fig. 2.3). In clinical practice, the
coexistence of two scleroses is often observed (Zhou 2013). Sometimes, glomeru-
losclerosis may be glomerular segmental sclerosis or mesangial nodular sclerosis
(Fig. 2.4).
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Fig. 2.3 Morphological difference between ischemic glomerulosclerosis andproliferative glomeru-
losclerosis. Left image for the representive images of ischemic glomerulosclerosis with arterioscle-
rosis, and right image for proliferative glomerulosclerosis (PAS × 200)

Fig. 2.4 Other types of glomerulosclerosis. aGlomerulosclerosis in diabetic nephropathy (Masson
× 40); bMesangial nodular glomerulosclerosis in diabetic nephropathy (PAS× 200); c The urinary
pole showing twoKimmelstiel–Wilson (K–W) nodules in diabetic glomerulus (PAS× 400); d Focal
segmental glomerulosclerosis (PAS × 200)
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2.3.2.2 Renal Tubule Atrophy

The basic morphological features are that the epithelial cells become atrophic or
lost in the renal tubules of fibrotic kidneys. Concretely, some tubules may become
small in size, and the epithelial cells are lightly stained and surrounded by thick and
shrunkbasementmembrane. Simultaneously, some tubules are obviously dilatedwith
flattened epithelial cells, but the thickening of basementmembrane seems unobvious.
In diabetic nephropathy, the basement membrane thickened is found in the majority
of renal tubules. Furthermore, the renal tubules with marked atrophy present more
distinctly thickened basement membrane. It is necessary to distinguish nephropathy
caused by diabetes mellitus and hypertension because both of them show arterioles
wall thickening and hyaline degeneration (Fig. 2.5). In the chronic pyelonephritis, in
addition to the loss of numerous renal tubules, atrophic and dilated renal tubules can
still be found, and they are lined by flattened epithelial cells and filled by gelatinous
casts, forming the so-called thyroidization (Fig. 2.6). Similar histopathology may be
observed in the kidneys with Sjogren syndrome sometimes (Zhou 2013).

Fig. 2.5 Morphological comparison between hypertension nephropathy and diabetic nephropathy.
aArterioles wall thickening and hyaline degeneration without nodular glomerulosclerosis in hyper-
tension nephropathy (H&E× 200); bNodular glomerulosclerosis with tubules basementmembrane
thickening in diabetic nephropathy (PAS × 200)

Fig. 2.6 Histomorphology of chronic pyelonephritis. a Atrophied and dilated renal tubules with
gelatinous casts, forming the so-called thyroid changes (H&E × 100); b Scar formation under the
pelvis mucosa (H&E × 40)
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Renal tubular atrophy is usually accompanied by renal interstitial fibrosis and
may be involved in the underlyingmechanism related to renal blood flow, glomerular
filtration rate or renal tubules loss. However, sometimes, renal tubular atrophy and
interstitial fibrosis do not occur simultaneously, for example, fibrosis or inflammation
response is hardly present in the renal artery stenosiswith severe renal tubular atrophy.

2.3.2.3 Renal Interstitial Fibrosis

The fibrotic foci can be lumpy, flaky, focal, and latticed. At the advanced stage, the
glomeruli were concentrated due to the contraction of the fibers. It is noteworthy
that renal interstitial fibrosis is serious with storiform, but the destructive changes of
the renal tubules including atrophy are relatively mild in IgG4-associated nephropa-
thy (Yamaguchi et al. 2012). The renal tubules in the fibrous scars are thoroughly
destroyed, and concave scars may be present on the surface of the kidneys in chronic
pyelonephritis. In addition, the pelvis may be thickened even deformed in chronic
pyelonephritis. Chronic pyelonephritis is often associated with urethral obstruction
or urinary reflux. Tamm-Horsfall protein deposits as homogeneous fibrinoide lesions
in renal interstitium, and it can be strongly stained by PAS and surrounded by inflam-
matory cells.

2.3.2.4 Inflammatory Cells Infiltration

More or less inflammatory cells, especially mononuclear lymphocytes infiltrate in
the renal fibrotic areas. Plasma cells infiltration can be observed usually in IgG4-
associated nephropathy or Sjogren syndrome renal injury (Yamaguchi et al. 2012);
Lymphocytes, histocytes, and plasma cells constitute inflammatory cells infiltrated
in chronic pyelonephritis (Fig. 2.7), and neutrophils infiltration can be found at

Fig. 2.7 Histomorphology of chronic pyelonephritis. a Abundant chronic inflammatory cells infil-
tration in the pelvis mucosa and submucosa renal tissue (H&E × 100); b The glomeruli showing
mild lesions, but most renal tubules presenting complete destruction, and a large number of chronic
inflammatory cells infiltration in the renal tissue (H&E × 100)
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acute stage. Additionally, eosinophil infiltration may be observed in drug-induced
renal injury and vasculitis. Epithelioid granulomas are commonly present in renal
tuberculosis and sarcoidosis, but caseous necrosis may be found in tuberculosis, not
in sarcoidosis.

2.3.2.5 Others

Atheromatous Thrombotic Nephropathy

This disease always caused by the rupture of atherosclerotic plaques, and the choles-
terol crystals are released into the renal arterioles. In addition to the kidneys, the skin,
the gastrointestinal tract, and the brain are also often involved. This disease can be
noticed spontaneously, but it comes from vascular surgery, cardiac catheterization,
or anticoagulation treatment in most cases. Atheromatous embolism is difficult to be
diagnosed due to the involvement of multiple systems. The triad including treatment
history, acute or chronic renal failure, and skin lesions will provide strong indication
of the disease. Meanwhile, the diagnosis can be further confirmed by the increase of
eosinophils in peripheral blood.Routinely, it can be finally diagnosedwith the choles-
terol crystals detected in the affected organs by biopsy or in retinal blood circulation
system by ophthalmoscope. Renal arteriolar embolization of cholesterol crystalliza-
tion contributes to renal infarct and fibrosis (Scolari and Ravani 2010). The patients
with atheromatous thrombotic nephropathy are always with dismal prognosis.

High risk group of atherosclerotic thrombotic nephropathy is related to the fol-
lowing factors: male, over 60 years old, the white race, hypertension, smoking, dia-
betes mellitus, atherosclerotic vascular disease, ischemic heart disease, cerebrovas-
cular disease, abdominal aortic aneurysm, peripheral vascular disease, and ischemic
nephropathy (Scolari and Ravani 2010).

Autosomal Dominant Polycystic Renal Interstitial Fibrosis

Polycystic renal interstitial fibrosis is similar to the classic CKD in some ways,
such as interstitial increased collagen deposition, abnormal matrix metalloproteinase
(MMPs) activity, overexpression of tissue inhibitor of metalloproteinase-1 (TIMP-
1) and plasminogen activator inhibitor-1 (PAI-1) and enhanced synthesis of TGF-β.
However, the following changes are special, the sacculinization of tubules associated
with tubular interstitial fibrosis, tubular epithelial change as the initiating factor of
interstitial fibrosis, the periodical interaction between epithelial cells and interstitial
fibroblasts (Norman 2011).



2 Morphology and Evaluation of Renal Fibrosis 29

2.4 Fibrosis Evaluation

To treat the patients with kidney diseases, nephrologists often ask: Immunosuppres-
sive drugs can be used for this patient?What will happen after medication? Since the
risk of using immunosuppressive drugs is not excluded, it is necessary to consider
its pros and cons before using. Here, the pathologist can provide helpful informa-
tion by renal biopsy-guided drugs therapy. One is the relevant information to guide
treatment (i.e., evidence of immunization activities), such as inflammation, necro-
sis, and active proliferation indications reflecting the serious degree of the disease.
The other is which stage the disease is at (i.e., the signs of irreversible injury). The
staging information is essential to predict whether the best therapeutic strategy is
taken or not. The staging information is referred as chronic index, including the pro-
portion of glomerulosclerosis, tubular atrophy and interstitial fibrosis in the biopsy
tissues. Determining the degree of fibrosis will be beneficial to study of the efficacy
of anti-fibrosis drugs and to compare the results of biopsies of transplant kidney of
different batches. In the routine pathological work, it is not difficult to calculate the
proportion of the sclerotic glomeruli in the renal tissues from puncture biopsy, but
it is hard to determine the degree of interstitial fibrosis accurately. The morpholog-
ical observation using Masson staining has now been used as the gold standard for
visual determination of fibrosis, but the studies suggest that the method provide poor
repeatability. Several computer-assisted image analyses have been applied to assess
interstitial fibrosis, and the analyses based on special staining technique including
Masson staining, Sirius red staining, and immunohistochemical staining (especially
type III collagen), and observation of collagen I, collagen III using polarizing micro-
scope (Fig. 2.8) (Farris and Colvin 2012; Robertsa et al. 2004).

Evaluation of fibrosis is to determine the amount of collagen deposit, which can
be achieved by morphometry, biochemical methods, and fibrosis-related molecular
markers detection.

Fig. 2.8 Common staining methods to evaluate organ fibrosis. a Blue area showing the deposited
collagen (Masson × 200); b Red area showing the deposited collagen (Sirius red × 100)
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2.4.1 Morphometry

The morphometry can be divided into the microscope-assistant visual examination
and computer-assistant image analysis. The tissues can be analyzed after special
staining. The conventional staining methods are Masson’s staining, Sirius red stain-
ing, V-G staining, and collagen immunohistochemical staining. Among them, Mas-
son staining is the most popular method. The experienced pathologists can prelimi-
narily evaluate the degree of fibrosis with conventional hematoxylin and eosin (H&E)
staining under microscope.

2.4.1.1 Visual Examination

The fibrosis degree is determined by area percentage of fibrotic region in the whole
tissue. Generally, grades are determined using the criteria: grade 0 for no fibrosis,
grade 1 (mild) for fibrosis area ≤25%, grade 2 (moderate) for fibrosis area 25–50%,
grade 3 (severe) for fibrosis area >50%. Although this method is simple and practical
to be used extensively, it requires the observers with experienced renal pathological
background. In addition, the standard of criterion is subjective, which leads to poor
repeatability when the examination is done by different observers, even the same
observer at the different time.

2.4.1.2 Computer Image Analysis

The method is to transmit the digital pictures of slices to the computer, then the oper-
ator determines the fibrosis area and non-fibrosis area, the computer will calculate
the percentage of fibrosis areas using a small procedure. Judging whether an area
is fibrotic is the first-phase preparation, which still needs professional knowledge.
Another way to identify fibrosis is to mark interstitial type III or type IV collagen
by immunohistochemistry, and the other methods have been described previously.
If the figures have negligible and bright background, the digital photographs will
have enough contrast. Thereby, the computer can recognize the positive region with
a single threshold and calculate the area fraction. In recent years, Sirius red staining
has also been gradually used for fibrosis measurement. The computer can assess
collagen by identifying the red intensity of slices or observing Sirius red slices with
polarizing microscope, collagen can be detected due to strong refraction. In the same
laboratory, these methods have good repeatability, so they are widely used. Once
the appropriate computer macro-instruction program runs, a slice can be completed
within 2 min. It is worth noting that the reproducibility may be significantly differ-
ent for various batches of staining slices. The Sirius red intensity is always quite
inconsistent in different laboratories and the refraction intensity seems to be entirely
dependent on the thickness of the slice. Therefore, the reproducibility of a laboratory
does not represent the repeatability of different laboratories (Robertsa et al. 2004).
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2.4.2 Biochemical Method

Hydroxyproline (Hyp) is one of the main components of collagen. Its content is
about 13.4% in collagen, very little in elastin, and barely in other proteins under
physiological condition. Therefore, the content of Hyp in different tissues can be
used as an important indicator to examine the metabolism of collagen tissues. The
detection principle is that the sample is hydrolyzed in hydrochloric acid solution to
release hydroxyproline, subsequently oxidized by chloramine T to produce oxide
containing pyrrole ring. The hydroxyproline oxide reacts with two methamidben-
zaldehyde to produce a red compound, and its absorption value will be measured
at the wavelength of 560 nm. However, it is generally recognized that the way to
determine hydroxyproline is not suitable for renal biopsy examination because of too
much tissue required. In addition, the following factors should be considered during
the process of determination: ➀ Water content of living tissue: edema often occurs in
the inflammation tissue, dehydration is needed before detection to avoid tricky judg-
ments;➁Hydrolysis time and temperature: High pressure (120 °C) makes acidolysis
to be easily completed in a short time to protect Hyp from excessive destruction; ➂
The influence of pH in the measurement system: The buffer capacity of citric acid
buffer is strong enough to neutralize pH difference of the sample to some extent,
but the result will be influenced if pH of the sample exceeds the citric acid buffering
capacity. Thus, the solution should be titrated to neutrality with NaOH after aci-
dolysis; ➃ Chromogenic temperature: the higher the chromogenic temperature, the
shorter chromogenic time needed; ➄ The effect of acid hydrolysate filtration on the
reaction. The centrifugation is used to remove the residue produced by acidolysis.
A small amount of the remaining residue will not affect the detection after further
diluted in the following steps (Yang and Du 2004).

2.4.3 Molecular Measurement

With the development of modern biology, rapid and semi-automatic methods of gene
or protein determination have been established to make the molecular measurement
of renal fibrosis practicable. Fibrosis specific marker is the core of molecular mea-
surement. In fact, collagen, as a fibrosis key molecule, is required to be detected to
evaluate fibrosis. The above-mentioned image analysis with collagen immunohisto-
chemical staining is one of the molecular measurements. However, it is not enough
to measure collagen only because we need to understand not only the amount of
collagen deposit at a certain time point but also the development trend of fibrosis.

Even if only collagen is selected as a detection index of fibrosis, it will not be
simple and easy-on assessment strategy. Collagen has many types, and each type is
a product of different alpha chains. Thus, any of these types are unable to reflect the
whole fibrosis. Furthermore, the mechanism of collagen deposition is complicated,
which is affected not only by collagen synthesis but also by the degradation. In
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addition, the activity of degrading enzyme is regulated by activating factors and
inhibitory factors.

The main factors contributing to fibrosis are persistent tissue injury, increased
number of activated myofibroblasts and continuous inflammatory response. The tis-
sue injury is the initiating factor of fibrosis, myofibroblast activation is the major
source of ECM, and inflammation can not only aggravate tissue injury but also
promote other cells activation to myofibroblasts through a variety of inflammatory
mediators. Hypoxia is the major factor to keep persistent tissue injury in the chronic
progressive kidney disease, thus, hypoxia-inducible factor -1 α (HIF-1α), a specific
marker of hypoxia, can reflect the extent of tissue hypoxia; α-smooth muscle actin
(α-SMA), as one of themainmolecular signs ofmyofibroblasts, is used to understand
the number of myofibroblasts in the detected tissue; transforming growth factor -β
(TGF-β) is the most important fibrosis promoting factor; most of inflammatory cells
related to renal fibrosis tissue are lymphocytes and macrophages, among them, both
CD4+ T lymphocytes and CD11b+ macrophages promote the development of fibro-
sis. Recent studies have found that toll-like receptor −4 (TLR4) not only mediates
innate immunity but also accelerates renal fibroblast aggregation and tubulointer-
stitial fibrosis (Campbell et al. 2011). Therefore, the detection of HIF-1α, α-SMA,
TGF-β, TLR4, CD4, and CD11b may help to understand the development trend of
fibrosis. So far, these molecules can be examined by immunohistochemistry, in situ
hybridization, and Western blot. Immunohistochemical method can represent not
only the expression intensity but also the expressing site. Furthermore, it is more
convenient and practicable among the described assays, although false positive and
false negative occur sometimes.

To demonstrate the relationship between the fibrosis markers and chronic scle-
rosis/fibrosis, Bob group investigated the renal tissues from primary and sec-
ondary glomerulonephritis with immunohistochemistry using antibodies against
SMA, vimentin, and TGF-β. Their data suggested a close correlation between the
interstitial SMA marker index and the degree of sclerotic/fibrosis (chronic index).
Specifically, the expression of vimentin and TGF-β is positively related to sclero-
sis/fibrosis (interstitial fibrosis, tubular atrophy, vascular hyalinosis/fibrosis, chronic
index) but negatively associated with glomerular filtration rate. This study indicates
that the other fibrosis-specific molecules except collagen can reflect not only the
degree of fibrosis but also predicting prognosis (Bob et al. 2008).

2.4.4 Artificial Intelligence-Assisted Pathological Diagnosis
System

Chronic kidney diseases are considered as a global public health challenge, the
available latest data show that about 12% and 10.8% of adults are suffering from
chronic kidney disease in the USA and China, respectively (Zhou et al. 2018). The
therapy of such diseases mostly depends on accurate pathological diagnosis. The
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doctors engaged in the pathological diagnosis of kidney biopsy are very few in China.
Such a large group of patients matched with a small team of professional doctors
exhibit a significant gap, and it is inevitable to spawn a series of serious problems
related to diagnostic work, such as overburdened work, high inaccurate report, and
delayed diagnostic report. Therefore, it is urgent to break the deadlock, and it is
lucky that the emerging of artificial intelligence pathological diagnosis system is
expected to crack this dilemma (Yan et al. 2018; Miller and Brown 2018; Tizhoosh
and Pantanowitz 2018).

The core of artificial intelligence is deep learning from virtual neural networks
(Lecun et al. 2015). With the advent of the big data age and the development of
a variety of more powerful computing devices including graphics handlers, deep
learning can make full use of a variety of massive amounts of data, and automatically
learn abstract knowledge expressing, that is, condensing raw data into a certain
knowledge (Russell. 2017). CT, MRI, and pathological images are the best materials
for artificial intelligence learning (Yu et al. 2017).

Artificial intelligence based on deep learning has been used in cytology diagnosis,
as well as in the histopathological diagnosis including breast cancer, gastric cancer,
lung cancer, and skin diseases, and the core roles are early tumor screening, disease
grading, and diagnosis of benign and malignant diseases. It has been showing its
unique advantages, although there is no extensively application at present (Savala
et al. 2018; Qaiser et al. 2017; Haj-Hassan et al. 2017; Yoshida et al. 2017; Coudray
et al. 2018; Olsen et al. 2018).

The pathological diagnosis of renal biopsy is quite different from that of routine
surgical pathology. Although only a small amount of renal tissue from fine nee-
dle puncture is collected, it is required to be used for frozen slices, paraffin slices,
and ultra-thin resin slices in each case, which are dyed by various staining tech-
niques including immunofluorescence, H&E, Masson, PAS/PASM, ultra-thin slices
double dyeing. Then, the tissues can be analyzed by fluorescence microscopy, opti-
cal microscopy, transmission electron microscopy, and polarizing microscopy, and
finally combined with clinical manifestations to make a diagnosis. Compared with
routine pathological diagnosis, renal biopsy diagnosis is more time-consuming and
laborious, and the intervention of artificial intelligence is more urgent. Artificial
intelligence has been applied to the management of clinical renal hemodialysis and
prediction and risk stratification of kidney outcomes in IgA nephropathy (Hueso et al.
2018; Chen et al. 2019). American scholars have reported that the computer can iden-
tify and count the glomeruli, but so far there is no clinic use of artificial intelligence
renal biopsy pathological diagnosis system based on deep learning (Rosenberg et al.
2016; Zee et al. 2018).

To establish an artificial intelligence pathological diagnosis system based on deep
learning, it is the key to prepare sufficient and standardized training sets (Yu et al.
2017; Olsen et al. 2018). The training set is made up of a series of accurately labeled
digital pathological images, thereby, accurate labeling is a prerequisite for making
high-quality models.

The training set originates from the deviation or incomplete digital pathological
images, which will lower the performance of the model to produce the distorted
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decision in the end. Renal biopsy pathological diagnosis mostly deals with a variety
of acute and chronic inflammatory diseases, and the pathological changes include the
increasing number of glomerular cells, the deposit of immune complexes and ECM,
the thickening of the capillary wall, the narrowing of the lumen. And all of them are
easy to be recognized by the machine, but it is complicated to analyze the lesions
with inconsistent morphology at different stages, moreover, the tissues stained with
numerous methods. Therefore, the accurately labeling lesions is a heavy workload
and challenging task.

Currently, there is no public training set can be available globally. Compared
with the judgment of glomerular, tubular, and vascular lesions, artificial intelligence
is less difficult to assess renal fibrosis, due to the collagen deposition in the tissue
can be revealed by Sirius Red staining or Masson staining or immunohistochemical
staining. Image recognition can be performed by RGB Channel separation and
convolution neural network model. After a lot of learning and training, the computer
can automatically identify and make a conclusion. Today, the problem is that renal
puncture tissue dyeing has not been standardized andmade a stable staining protocol.
It is hard to study when the dyeing quality is variable in different laboratories or
different batches in the same laboratory. For this reason, there is long way to go
before software could be used to assist the diagnosis of renal pathology.

2.5 Conclusion

The evaluation of renal fibrosis aims to determine the amount of collagen depo-
sition, and the examining methods can be divided into morphometry, biochemical
measurement, and molecular markers detection. Compared with clinical biological
and histological data, immunohistochemistry plays an important role in evaluating
glomerular diseases, but the classical semi-quantitative method of histology is still
not out of date. Computer-assisted image analysis cannot completely replace artifi-
cial grading method currently, however, artificial intelligence-assisted renal fibrosis
diagnosis system is urgently expected.
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Chapter 3
Current Opinion for Hypertension
in Renal Fibrosis

Hai-Jian Sun

Abstract Arterial hypertension remains to be a serious problem with
considerable morbidity and mortality worldwide in the present age. Hypertension
is a major risk factor for cardiovascular diseases such as stroke, myocardial infarc-
tion, renal failure, and heart failure. Hypertensive nephropathy is the second leading
cause of death in chronic kidney disease (CKD) around the world. Long-time hyper-
tension loading results in renal interstitial fibrosis, which is associated with aber-
rant activation of renal fibroblasts and excessive generation of extracellular matrix
(ECM) proteins. Increasing evidence supported that proteinuria, tubular hypertrophy,
oxidative stress, activation of renin–aldosterone–angiotensin system (RAAS), colla-
gen turnover, chronic inflammation, and vasoactive substances synergistically con-
tributed to the pathogenesis of hypertensive renal fibrosis. However, the mechanisms
involving the pathogenesis of hypertensive renal fibrosis are complex and not fully
understood. Also, the effective clinical therapy to halt or even reverse renal fibrosis in
hypertension is still limited. In this chapter, we aimed to provide an overview of the
main pathophysiologic and mechanistic features of renal fibrosis under hypertensive
state. The completion of the studies in these directions would improve our under-
standing of renal fibrosis in hypertension and also help us better screen treatment
strategies for preventing renal destruction associated with hypertension.

Keywords Hypertension · Kidney · Fibrosis · Chronic kidney disease

3.1 Introduction

A worldwide epidemic of chronic kidney disease (CKD) exists, and hypertensive
nephropathy is a vital cause for end-stage renal disease (ESRD) in both developed
and developing countries (Wei et al. 2013). With the increased morbidity and mor-
tality in patients with ESRD, novel therapeutic strategies should focus to reduce
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albuminuria, control blood pressure, restore renal function, and delay the progres-
sion of hypertensive nephropathy (Hart and Bakris 2010).

The kidney injury responses to hypertension are characterized by renal fibro-
sis, tubular hypertrophy, and glomerular alterations (Ghaderian and Beladi-Mousavi
2014). Dysregulation of renal homeostasis fundamentally triggers fibrotic scarring
and ultimate loss of renal function (Grabias and Konstantopoulos 2014). Hyperten-
sive renal fibrogenesis is a complex process involving a host of pathological scarring
processes such as dysregulated extracellular matrix (ECM) assembly, anchoring or
degradation, inflammatory cytokines formation, failed regeneration of tubular epithe-
lium,microvascular rarefaction, and activatedfibroblasts (Tampe andZeisberg 2014).
Moreover, endothelial-to-mesenchymal transition (EMT) in endothelial cells is also
considered as an alternative mechanism for renal fibrosis (Harris and Neilson 2006).
A comprehensive understanding of pro- and antifibrotic signaling pathways may
identify crucial indications for therapeutic strategies to prevent and treat renal fibro-
sis in hypertension. In this chapter, we will focus on the current signaling pathways
and targeted genes with high therapeutic potential in hypertensive renal fibrosis.

3.2 EMT in Hypertensive Renal Fibrosis

The transition from epithelial to mesenchymal phenotype is observed during embry-
onic development, and this phenomenon also takes place in hypertensive renal fibro-
sis (Dussaule et al. 2011). Initial studies suggest that about 30% of renal interstitial
fibroblasts may be derived from tubular epithelial cells (Iwano et al. 2002). Currently,
many researches support a notion that resident epithelial cells may dedifferentiate
to a fibroblast-like phenotype through EMT process (Grabias and Konstantopoulos
2014). According to previous studies, the contribution of tubular epithelial cells to
renal interstitial fibrosis is a subject of great interest.

In angiotensin II (Ang II)-infused hypertensive rats, the EMT in the peritubular
renal capillaries is detected before the onset of significant proteinuria or renal fibrosis,
further suggesting the close relationship between EMT and hypertensive renal fibro-
sis (Dussaule et al. 2011). Dietary salt intake induces hypertension, renal fibrosis,
and tubular EMT, as evidenced by reduced expression of E-cadherin and enhanced
expression of α-Smooth muscle actin (α-SMA) in rats (Wang et al. 2014). A toll-like
receptor 4 antagonist counteracts aldosterone-triggered hypertension, renal fibrosis,
and EMT in tubular epithelial cells (Zhang et al. 2015). These studies imply that
EMT is a critical mechanism involving in the progression of renal fibrosis at least in
experimental hypertensive models. Additional studies are needed to better recognize
the molecular mechanisms of EMT in hypertensive renal fibrosis, and these inves-
tigations could lead to develop novel therapeutic strategies for hypertensive renal
fibrosis.
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3.3 Role of Ang II in Hypertensive Renal Fibrosis

3.3.1 RAAS, Ang II, and Hypertensive Renal Fibrosis

It is well known that renin–aldosterone–angiotensin system (RAAS) is crucially
involved in hypertensive nephropathy (Udani et al. 2011). Within the RAAS, Ang II
is regarded as an essential mediator for hypertension and hypertensive nephropathy
(Wolf 2006). The level of renal Ang II is approximately one thousand-fold greater
than the circulating Ang II (Klahr and Morrissey 2000). Most of the deleterious
actions of Ang II are believed to be mediated by Ang II type 1 (AT1) receptors
(Higuchi et al. 2007). Chronic infusion of Ang II causes hypertension, along with
a fibrogenic phenotype involving the cortex and medulla in the kidney of murine
models (Lombardi et al. 2001; Zhao et al. 2008). Pharmacological blockade of Ang
II or antagonism of AT1 receptors retards or ameliorates renal fibrosis in several
models of experimental or genetic hypertension (Chatziantoniou et al. 2004). In fact,
Ang II receptor antagonists are widely used for the treatment of the hypertension in
addition to its antifibrotic effects on the kidney (Bascands and Schanstra 2004).

3.3.2 EMT, Ang II, and Hypertensive Renal Fibrosis

It is documented that Ang II contributes to ECM production and renal fibrosis by
activating many intracellular signaling pathways such as mitogen-activated protein
kinases (MAPKs), transforming growth factor-β (TGF-β)/SMAD and the NFκB
(nuclear factor κB) cascades (Ruiz-Ortega et al. 2006b; Mehta and Griendling 2007;
Ruster and Wolf 2011). Ang II stimulates the migration of inflammatory cells and
the production of chemokines and induces the synthesis of collagens by activation
of platelet-derived growth factor (PDGF), nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase activity, connective tissue growth factor (CTGF), epidermal
growth factor (EGF), and inflammation response (Fogo 2001a, b; el Nahas et al.
1997; McCarty 2006; Remuzzi et al. 2006; Klahr and Morrissey 2002; Modlinger
et al. 2004; Ruiz-Ortega et al. 2006a). The effects of these factors on renal fibrosis
have been well established in various models of hypertensive renal diseases (Klahr
and Morrissey 2000) (Fig. 3.1).

3.3.3 Downstream Mediators of Ang II in Hypertensive
Renal Fibrosis

Thedysregulation ofEMTsignaling pathways is important in the early stages of inter-
stitial fibrosis, andAng II contributes to EMT through induction of profibrotic factors
(Saad et al. 2010). Blockade of the MAPK cascade or RhoA-/Rho-associated kinase
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Fig. 3.1 Effects of Ang II/AT1 receptors axis on hypertensive renal damage. Angiotensin II (Ang
II) acts on AT1 receptor to induce various biological effects including cytoskeleton remodeling,
extracellular matrix generation, inflammatory response, macrophage infiltration, fibroblasts prolif-
eration, tubules epithelial cell differentiation, and apoptosis in the kidney, all of which may interact
with each other and eventually lead to hypertension and renal fibrosis

(ROCK) pathway diminishes Ang II-induced EMT in tubular cells (Rodrigues-Diez
et al. 2008). Knockout of cytochrome P450 4A14 attenuates hypertension and renal
fibrosis in Ang II-treated mice (Zhou et al. 2018). Ang II increases renal cytochrome
P450 1B1 activity, which contributes to renal dysfunction and damages including
renal fibrosis, tubular damage, and inflammation (Jennings et al. 2012). Infusion of
Ang II increases blood pressure and aggravates renal fibrosis in mice, which were
minimized in cytosolic phospholipaseA2α−/−mice (Khan et al. 2016). It is revealed
that interleukin 6 (IL-6) is a key downstream cytokine of Ang II, and it can directly
induce fibrotic gene expressions in the kidney (Zhang et al. 2012). CC chemokine
receptor 2 (CCR2) activation plays a central role in the development of hyperten-
sive nephropathy including renal fibrosis in Ang II-treated mice (Liao et al. 2008).
Moreover, tumor necrosis factor (TNF)-α is also involved in Ang II-evoked dendritic
cell infiltration and maturation, and dexamethasone immunosuppression normalizes
Ang II-induced hypertension and renal damage (Muller et al. 2002). Therefore, an
effective anti-fibrotic therapy via blockade of Ang II/AT1 receptor signaling may
develop attractive approaches for the treatment of hypertension and renal fibrosis.
These current findings provide a better understanding of the mechanisms by which
Ang II induces renal fibrosis in hypertension and open new therapeutic approaches
to control the hypertensive renal fibrosis induced by Ang II.
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3.4 Role of Oxidative Stress in Hypertensive Renal Fibrosis

3.4.1 NADPH, ROS, and Hypertensive Renal Fibrosis

A plethora of researches have verified that oxidative stress contributes to hyperten-
sive kidney diseases associated with inflammation, endothelial dysfunction, tissue
damage, and renal fibrosis (Lv et al. 2018). Excessive renal oxidative stress leads
to renal damage and hypertension and reversal of oxidative stress by antioxidants
decreases blood pressure and the related renal damage (Manning et al. 2005).

A number of studies have shown that chronic antioxidant treatment can effec-
tively suppress renal oxidative stress and improve renal function in hypertension
(Manning et al. 2005; Tian et al. 2006). NADPH oxidase is the main enzyme for
ROS production, thereby participating in various organ damages including renal
injury (Manning et al. 2005; Touyz et al. 2003). Among seven members of the NOX
family of membrane-bound NADPH oxidases, NOX1, NOX2, and NOX4 are abun-
dantly expressed in both human and rodent kidneys, and they exert a vital role in renal
oxidative stress, inflammation, and fibrosis (Decleves and Sharma 2014). NOX1 is
believed to mediate Ang II-induced hypertension (Jia et al. 2008), but the role of
NOX1 in pathophysiology of hypertensive renal injury is incompletely known (Lee
et al. 2015). An increase in NOX2 expression is found in the kidney of hyperten-
sive rats, and simultaneous treatment with l-carnitine attenuates the renal fibrosis
and oxidative stress in rats (Zambrano et al. 2014). There is still a dispute about the
role of NOX4 in the renal injury. It is reported that NOX4 exerts a renoprotective
action, and NOX4-deficient mice show the elevated tubulointerstitial fibrosis and
oxidative stress after obstruction (Decleves and Sharma 2014). Quite a few docu-
ments demonstrate that NOX4-mediated ROS generation is responsible for unilateral
ureteral obstruction or diabetes-induced renal fibrosis (Zhou et al. 2017; He et al.
2016). However, the functional role of NOX4 in hypertensive renal fibrosis is not
well-defined.

3.4.2 PPAR-γ , Oxidative Stress, and Hypertensive Renal
Fibrosis

Peroxisome proliferator-activated receptor-γ (PPAR-γ) belongs to a member of the
ligand-activated nuclear transcriptional superfamily that is extensively expressed in
the kidneys (Lv et al. 2018). The antifibrotic effects of PPAR-γ agonists are related
to the reduction of mitochondrial ROS (Lv et al. 2018) (Fig. 3.2). Rosiglitazone
treatment counteracts hypertension and exhibits anti-inflammatory and anti-fibrotic
actions in the kidney of deoxycorticosterone acetate-salt hypertensive rats (Bae et al.
2010). Administration of irbesartan activates PPAR-γ to ameliorate renal fibrosis,
glomerular injury, EMT, andoxidative stress in amousemodel of salt-sensitive hyper-
tension (Kusunoki et al. 2013). l-carnitine attenuates the renal fibrosis in hyperten-
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Fig. 3.2 Effects of pioglitazone on mitochondrial reactive oxygen species (ROS) during the devel-
opment of renal fibrosis. Activation of PPAR-γ with pioglitazone may attenuate mitochondrial
oxidative stress via several biological mechanisms: (1) upregulation of mitochondrial DNA, glu-
cose utilization, mitochondrial enzymes; (2) increasing mitochondrial biogenesis by stimulating
PPAR coactivator 1α and nuclear respiratory factor 1; (3) activating 5′AMP-activated protein kinase
(AMPK) to inhibit protein kinase C-β or mitochondrial fragmentation Ca2+ signaling; (4) reducing
cytochrome C oxidase activity. All these mechanisms are responsible for ameliorating effect of
PPAR-γ on mitochondrial ROS

sive rats, and its effects may be dependent on PPAR-γ pathway activation (Zambrano
et al. 2014). In short, a large body of evidence supports the protective role of PPAR-γ
agonists in hypertensive renal fibrosis.

3.4.3 Immune Activation, Oxidative Stress, and Hypertensive
Renal Fibrosis

Very recent studies have recognized a close link between immune activation and
oxidative stress in hypertensive end-organ damages including renal fibrosis (Har-
wani et al. 2012). The renal effects of immune activation remain to be fully defined,
but the roles of these cytokines in angiotensinogen production, sodium reabsorption,
and renal fibrosis have been emerged (McMaster et al. 2015). The formation of ROS
in dendritic cells leads to immune cell activation, cytokines release, and hyperten-
sive renal fibrosis (McMaster et al. 2015) (Fig. 3.3). It has been revealed that T-cell
suppressing agent mycophenolate mofetil retards blood pressure elevation and renal
inflammation in experimental hypertensive models (Muller et al. 2002; Franco et al.
2007). High-dose infusion of Ang II into mice lacking interferon (IFN)-γ receptor 1
results in less renal fibrosis without changing hypertension (Marko et al. 2012). In
conjunction with salt and water retention, T-cell-derived cytokines stimulate renal
ROS formation, glomerular damage, renal fibrosis, and injury, all of which pro-
mote hypertensive renal dysfunction (McMaster et al. 2015). Substantial additional
researches are needed to define the diagnostic and therapeutic tools based on T-cell-
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Fig. 3.3 Immune activation and hypertensive renal fibrosis. In hypertension, the excessive produc-
tion of reactive oxygen species (ROS) in dendritic cells induces oxidation of arachidonic acid and
isoketal formation. The forming proteins CD-80 and CD-86 by dendritic cells are presented to T
cells, which polarize T cells to produce and release specific cytokines including interleukin-1β (IL-
1β) and interferon γ (IFN-γ). These released cytokines promote the production of angiotensinogen,
and angiotensin I (Ang I) is converted to angiotensin II (Ang II) by intrarenal angiotensin converting
enzyme. Ang II upregulates transport channels such as sodium chloride cotransporter (NCC) in both
proximal and distal convoluted tubules. In combination with salt and water retention, activation of T
cells also triggers renal ROS generation, renal injury, and fibrosis. Certainly, the renal dysfunction
response to T-cell activation may exacerbate hypertension

mediated local inflammation for the treatment of the end-organ damage associated
with hypertension including renal fibrosis.

3.5 Role of MicroRNAs in Hypertensive Renal Fibrosis

MicroRNAs (miRNAs) are endogenously produced short RNAs with 21–25
nucleotides length, which play an important role in protein translation through bind-
ing to the 3′-untranslated region (UTR) of targeted genes (Cano and Nieto 2008).
Profiling miRNA study of human hypertensive nephrosclerosis biopsy discloses that
the levels of miR-141, miR-192, miR-200a, miR-200b, miR-205, and miR-429 are
strikingly increased (Wei et al. 2013; Wang et al. 2010; Petrillo et al. 2017). Com-
pared with control rats, the miR-29b expression in renal medulla of salt-sensitive
hypertensive rats is obviously increased and increased miR-29b protects rats from
hypertensive nephropathy (Liu et al. 2010). Low-dose paclitaxel treatment stimu-
lates miR-192 to inhibit TGF-β-Smad2/3 signaling, thus ameliorating renal fibrosis
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in another animal model with 5/6 nephrectomy (Sun et al. 2011). Downregulation
of miR-324-3p by ACE inhibitor suppresses hypertensive rat kidney damages, evi-
denced by less renal interstitial fibrosis (Macconi et al. 2012). Thus, a potential role
ofmiRNAs in hypertensive nephropathy is emerging. FormiRNA-based therapeutics
against hypertensive renal fibrosis, more investigations need to identify the promi-
nent responsible miRNAs and relevant target genes. Additionally, different miRNAs
are discovered in renal diseases, whereas the clinical translation of these markers in
hypertensive nephropathy is still lacking.

3.6 Conclusions and Perspectives

Hypertensive nephropathy is reflected by progressive renal fibrosis and renal insuf-
ficiency in association with high blood pressure, which is also a major complica-
tion of hypertension. From a therapeutic point of view, the imbalanced pro- and
antifibrotic signaling pathways may be a guiding principle for developing novel
antifibrotic strategies in hypertensive renal fibrosis and subsequent end-stage renal
damage. Prospective therapeutics based on these findings will bring new hope for
patients with hypertensive renal damage in the near future. Although our knowl-
edge of mechanosensitive signaling events in hypertensive renal fibrosis is still in its
infancy, a wide range of impressive studies focusing on hypertensive renal damage is
growing rapidly in recent years. More works are needed to provide a full understand-
ing of potential mediators in hypertensive renal fibrosis, which will undoubtedly help
to identify novel therapeutic targets or propel the development of novel therapies that
can halt or reverse hypertensive renal fibrosis.
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Chapter 4
A Glimpse of the Mechanisms Related
to Renal Fibrosis in Diabetic
Nephropathy

Ling-Feng Zeng, Ying Xiao and Lin Sun

Abstract Diabetic nephropathy (DN) is a common kidney disease in people with
diabetes, which is also a seriousmicrovascular complication of diabetes and themain
cause of end-stage renal disease (ESRD) in developed and developing countries.
Renal fibrosis is a finally pathological change in DN. Nevertheless, the relevant
mechanism of cause to renal fibrosis in DN is still complex. In this review, we
summarized that the role of cell growth factors, epithelial–mesenchymal transition
(EMT) in the renal fibrosis of DN, we also highlighted the miRNA and inflammatory
cells, such as macrophage, T lymphocyte, and mastocyte modulate the progression
of DN. In addition, there are certain other mechanisms that may yet be conclusively
defined. Recent studies demonstrated that some of the new signaling pathways or
molecules, such as Notch,Wnt, mTOR, Epac-Rap-1 pathway, may play a pivotal role
in the modulation of ECM accumulation and renal fibrosis in DN. This review aims
to elucidate themechanism of renal fibrosis in DN and has provided new insights into
possible therapeutic interventions to inhibit renal fibrosis and delay the development
of DN.

Keywords Renal fibrosis · Diabetic nephropathy · TGF-β ·
Epithelial–mesenchymal transition · miRNA

4.1 Introduction

Diabetic nephropathy (DN) is the main cause of end-stage renal disease (ESRD),
which is characterized by loss of normal nephrons, massive fibroblasts and myofi-
broblast hyperplasia, accumulation of extracellularmatrix (ECM)proteins, formation
of Kimmelstiel-Wilson nodules, thickening of the basement membrane and tubuloin-
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terstitial fibrosis (TIF) (Kanwar et al. 2011). Renal fibrosis result from DN is usually
considered to be irreversible. And the pathogenesis of DN has not been fully elu-
cidated. It is acknowledged that many cytokines, growth factors, and inflammatory
mediators directly or indirectly this process. The chapter will be reviewed the mech-
anisms of pathogenetic and renal fibrosis in diabetic nephropathy.

4.2 The Cell Growth Factors and Diabetic Renal Fibrosis

4.2.1 Transforming Growth Factor

Transforming growth factor beta (TGF-β) was discovered in 1980 by De Larco and
colleagues (de Larco and Todaro 1980), which has been linked with various organ
fibrosis, including kidney. The TGF-β superfamily members include TGF-β fam-
ily, activin, and bone morphogenetic protein (BMP). TGF-β is expressed widely in
the body, especially in bone, lung, and kidney. Many cells, like parenchymal cells,
lymphocytes, macrophages, and platelets, can express and release TGF-β. Abnormal
activation of TGF-β and its receptors, as well as the downstream signaling pathways,
can lead to increase extracellular matrix (ECM) accumulation and decreased degra-
dation, thus causing renal fibrosis. Almost all types of renal cells can secrete TGF-β
and express TGF-β receptors, which participate in the initiation and development of
DN renal fibrosis through autocrine and paracrine pathways (Hu et al. 2018).

TGF-β1, a well-studied fibrogenic cytokine, exerts its fibrogenic effect by acti-
vating the downstream Smad signaling pathway in both experimental animal models
and human kidney diseases (Hathaway et al. 2015). It is now evident that TGF-β1
activates Smad3 tomediate fibrosis, whereas overexpression of Smad7 prevents renal
fibrosis (Meng et al. 2015, 2016; Feng et al. 2018).

Notably, TGF-β mRNA was significantly increased in the glomerulus of DN
mice and was positively correlated with the increase of ECM accumulation and
the degree of renal fibrosis (Fukasawa et al. 2004). In addition, the plasma TGF-β
of diabetic mice is four times as high as that of normal mice (Wang et al. 2007).
Furthermore, when TGF-β cDNA was introduced into the kidney of normal mice
through glomerular arteriole by liposome, the expression of TGF-β in glomerulus
increased and glomerulosclerosis occurred within one week (March et al. 2018). In
vitro studies have also demonstrated that high glucose (HG) stimulated the expres-
sion of TGF-β in proximal tubular epithelial cells, glomerular endothelial cells, and
mesangial cells (MCs), and the increase of ECM accumulation, whereas antisense
oligonucleotides can antagonize these effects induced by HG (Meng et al. 2015; Tu
et al. 2011; Mou et al. 2016). Therefore, TGF-β was an important stimulus factor for
ECM accumulation and renal fibrosis.

Moreover, Tu et al. (2011) also found a significant increase of TGF-β expression in
podocytes ofDNpatients,which attributing toDN renal fibrosis. Ziyadeh et al. (2000)
found that anti-TGF-β neutralizing antibodies can rescue renal fibrosis in diabetic
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animal models, suggesting that the inhibition of TGF-β expression can delay the
progression of renal fibrosis. However, the application of anti-TGF-β antibody may
inhibit its anti-inflammatory effect, thereby aggravating the inflammatory damage of
kidney and inducing tumors formation and various autoimmune diseases (Voelker
et al. 2017). Therefore, the benefits and defects of anti-TGF-β therapy in DN still
need more in-depth researches. Additionally, another member of TGF superfamily,
BMP-7 is a pleiotropic protein, which plays a role in kidney development and many
kidney diseases (Manson et al. 2015). Saika et al. found that BMP-7 can inhibit TGF-
β1-induced epithelial–mesenchymal transition (EMT) formation and partly inhibits
monocyte chemotactic protein-1 (MCP-1)-induced EMT (Meng et al. 2013).

Athinamet al. found that the level of TGF-βwas gradually elevated in patientswith
impaired glucose tolerance, diabetes and DN, which suggested that TGF-β can be
used as a potential indicator forDN(Vasanthakumar et al. 2015).Meanwhile,Verhave
et al. (2013) found that TGF-β can independently predict the decline of renal function
and act as an indicator of risk stratification in DN patients. Additionally, Sharma et al.
demonstrated that inhibiting TGF-β by a smallmoleculemight ameliorate the decline
of estimated glomerular filtration rate (eGFR) (Dounousi et al. 2015).

4.2.2 Connective Tissue Growth Factor

The connective tissue growth factor (CTGF) is a member of the ECM protein fam-
ily. It is a cysteine-rich heparin-binding protein, which contains 349 amino acids
(36–38 KDa) (Cheng et al. 2014). Recent studies have revealed that CTGF was
closely related to renal fibrosis of DN (Turner et al. 2018). Glomerular and renal
interstitial CTGF expression was increased in animal models of type 1 and type 2
diabetes (Guha et al. 2007). Yokoi et al. (2008) demonstrated that overexpression
of CTGF gene in diabetic mice significantly increased proteinuria, mesangial pro-
liferation, and the production of collagens, and fibronectin (Fn). In addition, CTGF
participates in renal fibrosis through binding to integrin receptors on the surface of
the mesangial cells (MCs). Mason (2009) reported that CTGF bind to β-integrin and
activated p42/p44 mitogen-activated protein kinase (MAPK) and phosphatidylinosi-
tol 3-kinase (PI3K), causing ECMaccumulation in themesangial region.Meanwhile,
β-integrin neutralizing antibodies or specifically inhibiting the expression of MAPK
or PI3K can reduce CTGF-induced ECM accumulation. Besides, Crean et al. (2006)
found that CTGF can activate the PI3K-PKB pathway by the interaction with non-
specific receptors and promote depolymerization of actin in glomerularMCs, leading
to renal fibrosis. Furthermore, they confirmed that CTGF also can promote fibrosis by
mediating the TGF-β-Smad signaling pathway. Consecutively, subcutaneous injec-
tion of TGF-β for 7 days only induced transient renal fibrosis, while simultaneous
injection with CTGF-induced continuous renal fibrosis (Wang et al. 2011b). Further
studies suggested that CTGF can bind BMP-7 with high affinity, thus interfering
with BMP-7 signal through smad1/5 signaling pathway, and then enhancing TGF-β
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activity, causing structural and functional damage of the kidney in DN (Nguyen et al.
2008).

FG-3019, a human monoclonal antibody to CTGF, reduced microalbuminuria
and renal fibrosis in DN patients safely and effectively in phase I clinical observation
(Adler et al. 2010). Recent studies have shown that increased expression ofCTGFand
vascular endothelial growth factor-C (VEGF-C) inDNwas associatedwith lymphan-
giogenesis in TIF,while CTGFknockout can decrease the expression ofVEGF-C and
reduced lymphangiogenesis (Kinashi et al. 2017). Analogously, by treating diabetic
mice with a small molecule blocking CTGF, researchers can obviously reduce ECM
accumulation, delay the EMT process, and improve glomerulosclerosis (Reddy et al.
2013; Zhang et al. 2016a, b). Overall, these data revealed a promising prospect of
targeting CTGF in preventing DN, albuminuria, and renal fibrosis.

4.2.3 Angiotensin II

Angiotensin II (Ang II) is the most important bio-active substances in the renin–an-
giotensin system (RAS), the abnormal activation of Ang II is involved in the renal
fibrosis of DN (Lv and Liu 2015). Ang II not only causes hemodynamic changes
and leads to hypertension, but also acts as a growth-promoting factor that regulates
the expression of many renal cytokines and plays a key role in the development of
renal inflammation and fibrosis (Zha et al. 2017). The biological effects of Ang II
are mediated by a specific membrane receptor, such as the Ang II Receptor. Recent
studies have found that the level of Ang II was significantly increased in renal tis-
sues of patients with DN and animal models (Aggarwal et al. 2017). Ang II not only
participates in renal lesions through hemodynamic effects, but also promotes the pro-
liferation and hypertrophy of MCs; it leads the ECM accumulation and renal fibrosis
through non-hemodynamic effects (Rahimi 2016). Moreover, Ang II can stimulate
the expression and activation of oxidative stress protein p66Shc in tubular epithe-
lial cells (TECs) and participate in the oxidative damage of tubular cells through
induces the overproduction of ROS in tubular cells mitochondria. In addition, high
glucose can up-regulate Ang II expression in various renal cells, which can induce
the accumulation of ECM and promoting the renal fibrosis of DN (Wang 2015).
Generally, the mechanism of Ang II-induced renal fibrosis includes the promotion of
hypertrophy and proliferation of MCs through the TGF-β signaling pathway (Meng
et al. 2012). Ang II can induce EMT and the accumulation of ECM through TGF-β-
independent or TGF-β-independent pathway. Furthermore, Ang II can also produce
reactive oxygen species (ROS) (Verhave et al. 2013), increased the expression of
nuclear factor kappa (NF-κB), TGF-β, IL-6, tumor necrosis factor-α (TNF-α) and
chemokines, causing infiltration of macrophages and proliferation and differentia-
tion of interstitial fibroblasts, resulting in damage of glomerular endothelial cells and
tubulointerstitial fibrosis (TIF), resulting in a sustained decline in renal function and
chronic renal failure (Yacoub and Campbell 2015).
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At present, angiotensin-converting enzyme inhibitors (ACEI) and angiotensin
receptor blocker (ARB) have been extensively used in treating DN and delaying
renal fibrosis. It is known well that the decrease of blood pressure cannot fully
explain the effect of ACEI and ARB in reducing proteinuria, indicating that Ang II
has non-hemodynamic effects in renal fibrosis of DN (van der Sande et al. 2016).
Because in non-DN with normal blood pressure, Ang II blockade also exerts renal
protective effects (Umanath and Lewis 2018).

4.2.4 Hepatocyte Growth Factor

Hepatocyte growth factor (HGF) is a polypeptide growth factor that promotes hepato-
cyte regeneration and is widely expressed in organs derived frommesoderm (Mizuno
et al. 2008). It has various biological effects, such as stimulating cell proliferation and
differentiation, inhibiting cell apoptosis, and maintaining the structure and function
of the organs (Gohda 2002). In renal tissue, HGF is mainly expressed in renal inter-
stitial macrophages, glomerular epithelial cells, MCs and endothelial cells and exerts
its biological effect on these cells by the form of autocrine or paracrine (Libetta et al.
2016). The elevated the level of HGF was involved in various renal injuries, like the
nephropathy caused by nephrotoxic drugs and urinary tract obstruction, while HGF
maintained its inactive form in normal tissues (Nlandu et al. 2016).

In recent years, the mechanism by which HGF induces renal fibrosis has been
carried out. Mizuno and Nakamura (2004) found that exogenous HGF can reduce
glomerular hypertrophy in streptozocin (STZ)-induced mice and inhibits the expres-
sion of collagen I, Fn and α-smooth muscle actin (α-SMA), whereas anti-HGF anti-
body can aggravate its pathological changes in the kidney. Similarly, in HG-treated
MCs, the overexpression of HGF can reduce the expression of TGF-β, collagen
IV, and α-SMA. Besides, Zhang et al. (2016a b) have revealed that HGF can ame-
liorate podocyte injury and proteinuria in hyperglycemia conditions by promoting
autophagy via inhibition of the glycogen synthase kinase-3β (GSK-3β).

In addition, TGF-β inhibited the expression of HGF and led to renal fibrosis. In
turn, exogenous HGF mitigated fibrosis by decreasing the level of TGF-β (Esposito
et al. 2006). Current studies have been demonstrated that anti-fibrosis mechanisms
of HGF mainly include the following two aspects: 1. Promoting the degradation
of ECM: The degradation of ECM is mainly through two pathways, including the
matrixmetalloproteinases/tissue inhibitors ofmetalloproteinase (MMPs/TIMPs) and
plasminogen activator/plasminogen activator inhibitor (PA/PAI) signaling pathway.
In addition, HGF induced the expression of MMP-9 in tubule cells and antagonized
the inhibitory effect of TGF-βonTIMP-2 andplasminogen activator inhibitor-1 (PAI-
1) and then alleviating the tubulointerstitial fibrosis (TIF) (Esposito et al. 2006); 2.
Inhibiting the formation of EMT in epithelial cells Yang et al. (2003) found that HGF
can maintain the level of E-cadherin in renal TECs and inhibit the expression of α-
SMA induced by TGF-β. At present, HGF has been used for the treatment of hepatic
fibrosis, but its application in renal fibrosis caused by DN needs further identified.
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4.3 Renal Epithelial–Mesenchymal Transition and Diabetic
Renal Fibrosis

EMT is considered to be one of the initiating factors in the occurrence and develop-
ment of renal TIF (Loeffler and Wolf 2015). In addition, the intrinsic fibroblasts of
tubulointerstitium or exogenous fibroblasts derived from migration play an impor-
tant role in the accumulation of ECM and the process of renal fibrosis (Hay and Zuk
1995). The EMT process of TECs includes: 1. the disappearance of cell polarity and
the destruction of tight junctions between cells and cells, the loss of the original phe-
notype of TECs, such as the down-regulation of intercellular tight junction protein
E-cadherin, and the transformation of cells into mesenchymal cells; 2. destruction
of renal tubular basement membrane; 3. the renal TECs leave the renal tubules and
enter the interstitium through the damaged basementmembrane; 4. the epithelial cells
of renal tubulointerstitium transform into myofibroblasts expressing α-SMA (Singh
et al. 2018). Sanai et al. (2000) found that the expression of α-SMA significantly
increased in the kidney of diabetic mice.

The main factors triggering EMT in DN include 1. increased production of
advanced glycation end products (AGEs). Oldfield et al. (2001) proved that AGEs
can bind to its receptor (RAGE) and activate TGF-β1 to trigger EMT in TECs.
AGEs inhibitor (ALT711) can reduce the formation of EMT in tubular cells of STZ-
induced diabetic mice accompanied by a significant decrease of TGF-β1. Besides,
recent studies have revealed that AGEs can activate JAK/STAT and ERK1/2-MAPK
signaling pathways by binding to RAGE, triggering EMT and promoting ECM syn-
thesis (Huang et al. 2001).Moreover,AGEs also cause translocation and release of the
high-mobility group protein 1 (HMGB1), contributing to promoting the expression
of TGF-β and CTGF (Cheng et al. 2015). Meanwhile, after knocking out HMGB1 in
mice, the expression of TGF-β is weakened through induction of AGE-BSA depen-
dent RAGE pathway. And the high-mobility group protein 2 (HMGA 2) can be
induced by AGEs in HMGA2-knockout mice, which plays a role in inhibiting the
formation of reactive oxygen species (ROS) and the activation of p38MAPK (Hou
et al. 2018). Furthermore, Huang et al. (2013) confirmed that neuroglioma associ-
ated protein-2 (CLIPR-2) participated in the TIF progress through ERK1/2 signaling
pathway in the human proximal tubule cells (HK-2). On the other hand, epidermal
growth factor (EGF) and fibroblast growth factor (FGF) can trigger EMT in renal
TECs synergistic effect with TGF-β1 on EMT formation (Cheng et al. 2015). 2.
Hyperlipidemia: Insufficient insulin secretion decreased intake of glucose by adi-
pose tissue and the removal of triglycerides and cholesterol from plasma are the
main causes for hyperlipidemia in diabetic patients (Yakush 2017). For example,
Zeisberg et al. (2008) found that after 16 weeks of high-fat diet, the experimental
mice displayed a significant increase in total blood cholesterol and themorphological
change of the TECs was significantly changed compared with the control group fed
with common diet. In addition, the expression of α-SMA and vimentin in the TECs
was significantly increased, which verified that hyperlipidemia could induce EMT
and renal fibrosis (Li and Bertram 2010). 3. Proteinuria: Proteinuria causes dam-
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age to the renal tubules when the urine protein exceeds the reabsorption capacity of
TECs. It can enhance the activity of nuclear transcription factor NF-κB in TECs,
which further activates the transcription of a variety of cytokine genes lead to after
nuclear translocation, culminating in EMT and renal fibrosis (Wang et al. 1999).

4.4 Inflammatory Cells and Diabetic Renal Fibrosis

Recently, accumulated evidence has revealed that development of DNwas associated
with themany inflammatory cells, such asmacrophages, T lymphocytes, neutrophils,
and closely related to interstitial fibrosis as well (Moriya et al. 2004).

4.4.1 Macrophage

Macrophages are highly differentiated and mature cells in the mononuclear phago-
cyte system, which are differentiated after monocytes moving into tissues from blood
and play a critical role in specific immunity and non-specific immunity in tissues and
organs.Recent studies have demonstrated thatmacrophage infiltration of renal tissues
was one of the characteristic features of inflammatory response in DN and played
a central role in the development of DN (Tesch 2017). Macrophage infiltration was
found in the glomerulus and tubulointerstitium in both diabetic rodentmodels andDN
patients, and the degree of infiltration was positively correlated with interstitial fibro-
sis in DN (Tesch 2017). The mechanism of macrophage migrating to kidney in DN is
still unclear, but inflammatory chemokines/chemokine receptors and integrins, such
as intercellular adhesionmolecule-1 (ICAM-1), mononuclear/macrophage chemoat-
tractant protein-1 (MCP-1) and chemokine (CX3CL1), may involve in this process
(Okada et al. 2003; Yang et al. 2018; Navarro-Gonzalez et al. 2011).

Some studies have proved that the expression of various inflammatory fac-
tors, intercellular adhesion molecules, and chemokines was obviously increased
in diabetic kidney, which induced the adhesion between macrophage sand vascu-
lar endothelial cells, and then stimulated the production of MCP-1 and chronic
inflammatory factors (IL-1, TNF-α, etc.),resulting inwidespread aggregation of local
inflammatory cells in kidney, especially macrophages (Lim and Tesch 2012; Donate-
Correa et al. 2015; Aghadavod et al. 2016). Activated macrophages release nitric
oxide, platelet-derived growth factor (PDGF), Interleukin-1 (IL-1), tumor necrosis
factor-α (TNF-α), complement molecules, and metalloproteinases, etc. (Rousselle
et al. 2017). These factors eventually result in the damage of renal vascular endothe-
lial cells and proliferation of fibroblasts andMCs, glomerular hypertrophy as well as
renal interstitial fibrosis. The clinical application of ACE inhibitors such as enalapril
combined with immunosuppressants, like mycophenolate mofetil to delay the pro-
gression of DN may be related to the down-regulation of MCP-1 and ICAM-1 in



56 L.-F. Zeng et al.

kidney tissue of DN, the reduction of macrophage infiltration and renal interstitial
inflammation, and the inhibition of renal interstitial fibrosis (Egido et al. 2017).

Additionally, macrophage migration inhibitory factor (MIF) which is elevated in
diabetic kidney regulates the expression of many proinflammatory cytokines, includ-
ing interleukin-6 (IL-6), interleukin-1β(IL-1β), tumor necrosis factor α (TNF-α), and
plays a key role in macrophage accumulation and cell polarization in vitro (White
et al. 2014). Wang et al. (2014b) found that there was a significant decrease in blood
glucose, albuminuria, ECM accumulation, EMT, and macrophage activation in the
kidney of db/dbmice after treatingwith theMIF inhibitor ISO-1 for 8weeks. Besides,
they revealed that treatment with MIF to diabetic mice might activate macrophages
and cause podocyte damage. In addition, MIF can induce EMT formation and ECM
protein secretion in renal tubular cells (Wang et al. 2014b). Therefore, MIF inhibitors
may be a potential therapeutic approach for DN by inhibiting the activation of
macrophages (Chen et al. 2017; Hickey and Martin 2018).

4.4.2 T Lymphocyte

T lymphocytes, also known as thymus-dependent lymphocytes, are distributed in
the thymus-dependent region of peripheral lymphoid tissues and recycled through
lymphatic vessels, peripheral blood, and interstitial fluid (Bending et al. 1988). They
can affect humoral immunity and simultaneously participate in cellular immune
responses (Bruserud and Pawelec 1997). Both in DN animal model and patients, T
lymphocyte infiltration can be found in the renal interstitium (Wu et al. 2011). Under
the DN state with HG and activated RAS system, T lymphocytes migrate to kidney
under the effects of cell adhesionmolecules/inflammatory chemokines, such as LFA-
1/ICAM-1, MCP-1. And then the activated T lymphocytes can secrete inflammatory
molecules, like IFN-γ and TNF-α, thus activating endothelial cells and macrophages
and inducing endothelial cell transdifferentiation and renal fibrosis81. It suggested
that the abnormal activation andmigration of T lymphocytes contributed to the devel-
opment of renal fibrosis of DN. Moreover, studies proved that the tripterygium gly-
cosides could reduce the infiltration of T lymphocytes in diabetic kidneys of animal
models or DN patients by inhibiting the production of MCP-1 and the proliferation
of T lymphocytes, but promoting their apoptosis, thereby exerting anti-inflammatory
and antioxidant effects and finally reducing proteinuria and renal fibrosis (Gao et al.
2010).

Intriguingly, accumulated evidence demonstrated that the accumulation of IL-
17A produced by T helper cells (Th17 cells) in diabetic kidneys may help delay
the development of DN (Kim et al. 2015). CD4+ IL17A+ cells have been identi-
fied in monocytes isolated from kidneys of diabetic mice (Moon et al. 2012). In
diabetic patients, urine level of IL-17A was increased in the presence of microalbu-
minuria but decreased in the presence of macroalbuminuria (Kim et al. 2015). Mice
with IL-17A gene defect develop more serious renal injury of DN, while wild-type
(WT) diabetic mice receive a low dose of IL-17A that protects against DN. Notably,
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the IL-17A treatment was related to the reduction of the macrophage infiltration,
proinflammatory cytokines (MCP-1, IL-10, IL-6 and TNF-α) and STAT3 activation,
thus revealing an anti-inflammatory effect in diabetic mice (Mohamed et al. 2016).
Therefore, IL-17A can protect DN by alleviating the inflammatory response.

4.4.3 Mastocyte

Mastocytes originate from the bone marrow pluripotent progenitor cells. Under the
stimulation of various immune or non-immune factors, mastocytes can migrate from
bone marrow to renal tissue and develop into locally settled mast cells (He et al.
2017). The expression of MCP-1 in mast cells can be up-regulated by activation of
stem cell factor (SCF)/c-kit signaling pathway in DN, which subsequently induce
the aggregation of mast cells in renal tissue (Okayama and Kawakami 2006).

It has been proved that mastocytes were associated with renal interstitial fibrosis.
For example, mastocytes were significantly increased in renal interstitial of rapidly
progressive glomerulonephritis (RPGN) (Togawa et al. 2009), mesangial prolifer-
ative glomerulonephritis (Danilewicz and Wagrowska-Danilewicz 2005), and DN
(Goto et al. 2002), and the number of mastocytes in renal interstitial were positively
correlatedwith the ECMaccumulation and the degree of TIF (Balakumar et al. 2009).
Additionally, in DN, the mastocytes migrated to the kidney are activated to degranu-
late and release a series of inflammatory mediators, including TGF-β, renin, tryptase,
chymotrypsin, heparin, histamine, and cathepsin G, which play direct or indirect role
in glomerulosclerosis and TIF (Balakumar et al. 2009). Kidney biopsy in type 2 DN
revealed mast cell aggregation and degranulation. They are mainly found around the
glomerulus, paraperitoneal and perivascular areas, and their presence is related to
tubulointerstitial injury and disease progression (Zheng et al. 2012). Consequently,
it is reasonable to speculate that mastocytes may participate in the progression of DN
with renal interstitial fibrosis through inflammatory mediators released by degran-
ulation, though the specific molecular mechanism still needs to be further studied.

4.5 MicroRNA and Diabetic Renal Fibrosis

MicroRNAs (miRNAs) are small andhighly conserved endogenous noncodingRNAs
of 20–22 nucleotides in length, acting as post-transcriptional regulators of gene
expression by binding to the 3′-untranslated regions of messenger RNA (mRNA)
targets (Zhang et al. 2017; Chandrasekaran et al. 2012). In general, miRNAs lower
the expression of the target genes through inhibiting the translation of related genes
and/or promoting degradation of mRNA. Since the first miRNA, lin-4, was cloned in
1993 (Lee et al. 1993), over 2000 human mature miRNAs have been identified and at
least 60% of all human protein-coding genes are currently estimated to be regulated
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by miRNAs (Kato and Natarajan 2015). Increasing evidence suggests that aberrant
expression of miRNAs potentially underlies the development and progression of
various diseases, including DN (Trionfini and Benigni 2017). MiRNA dysregulation
may lead to disruption of podocyte homeostasis and EMT as well as accumulation of
ECM proteins related to fibrosis and glomerular dysfunction (Trionfini et al. 2015;
Zou et al. 2017; Assmann et al. 2018). Therefore, the function of miRNAs in the
pathogenesis of renal fibrosis in DN is non-negligible (Fig. 4.1).

4.5.1 MiR-192

The pleiotropic effects of miR-192 in kidney are both fibrogenic and anti-fibrotic,
which is highly expressed in kidney (Jenkins et al. 2012b). It is augmented by TGF-
β or HG treatment in MCs, podocytes, and tubular cells (Deshpande et al. 2013).
TGF-β1 increases the levels of miR-192 by directly up-regulating the expression of
Smad3 or blocking a Smad7-dependent mechanism, and up-regulation of miR-192
in turn mediates activation of TGF-β/Smad signaling in the fibrous kidney (Zou et al.
2017). TGF-β also can trigger miRNA circuits involving miR-192 to increase TGF-β
expression itself and accelerate DN (Chung et al. 2010; Kato et al. 2011).

In 2007, Kato et al. (2007) observed for the first time that miR-192 levels were
enhanced significantly in glomeruli isolated from STZ-injected diabetic mice, dia-
betic db/dbmice as well asMCs treatedwith TGF-β. MiR-192 increased the collagen
I-α2 (Col1a2) levels by inducing the expression of Smad-interacting protein 1 (SIP1)
(an E-box repressor), thereby leading to collagen deposition and renal fibrosis in dia-
betic glomeruli. Except SIP1, accumulating evidence suggested that by targeting the
other two E-box repressors zinc finger E-box-binding homeobox 1 (Zeb1) and Zeb2,
miR-192 can up-regulate the key fibrotic genes Col1a2 and collagen IV-α1 (Col4a1)
in MCs related to early DN (Kato and Natarajan 2015). In 2013, Deshpande et al.
(2013) demonstrated firstly that Zeb2 was even a target of miR-192 in human tissues.
Meanwhile, diabetic conditions, including TGF-β and HG, can induce a reciprocal
up-regulation of miR-192 and p53 in MCs and lead to enhanced expression of ECM
genes, thereby creating an amplification loop via Zeb2 repression and accelerating
the progression of DN. Besides, Hong et al. (2013) found that vascular endothelial
growth factor (VEGF) suppressed Smad3 and miR-192 and subsequently inhibited
TGF-β1-induced EMT. These data suggest that the elevation of miR-192 plays an
important role in the deposition of ECM and renal fibrosis of DN.

Moreover, miR-192 can be induced by TGF-β1 through promoter Smad-binding
elements and epigenetic regulationvia acetylationof the transcription factorEts-1 and
histone H3, which were activated by the serine and threonine kinase Akt, indicating
that miR-192 expression may be regulated by Akt inhibitors, such as MK-2206, or
histone acetyltransferases (Kato et al. 2013). Except Smads and p53, the expression
of miR-192 also regulated by hepatocyte nuclear factor-1 (HNF-1) in TECs (Chung
et al. 2010; Jenkins et al. 2012a).
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Fig. 4.1 Scheme of miRNAs and their potential roles in renal fibrosis of DN
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Lower miR-192 gene expression showed less severe phenotypes of DN (glomeru-
lar hypertrophy, fibrosis, and proteinuria) compared to WT mice, suggesting that
controlling miR-192 expression, and its downstream pathways may be beneficial
for treating DN (Deshpande et al. 2013; Natarajan et al. 2012; Putta et al. 2012;
Kato and Natarajan 2014). In the kidneys of STZ-induced diabetic mice, inhibition
of miR-192 with locked nucleic acid-modified anti-miR-192 (LNA-anti-miR-192)
oligonucleotides (oligos) significantly increased Zeb1/2 and decreased gene expres-
sion of collagen (Col1a2, Col4a1), TGF-β and fibronectin, thereby attenuating renal
fibrosis and proteinuria (Putta et al. 2012). Intriguingly, low-dose paclitaxel, an anti-
cancer agent, has been shown to ameliorate fibrosis in a rat remnant kidney model
by inhibiting Smad2/3 activation and down-regulating miR-192 (Sun et al. 2011b).
These results provided evidence for an anti-miRNA-based strategy to treat for DN.

However, another study found low expression of miR-192 in renal biopsies in
patients with DN at advanced-stage, which correlated with TIF and reduction in
eGFR (Krupa et al. 2010). In cultured human PTCs treated with TGF-β, the miR-
192 expression was decreased, while expression of the E-Box repressors Zeb1 and
Zeb2 was increased, thereby displaying TGF-β-mediated suppression of E-cadherin
(Krupa et al. 2010). Further study demonstrated a similar association between miR-
192 and E-cadherin in diabetic ApoE-deficient (Apoe−/−) mice (Wang et al. 2010).
To our knowledge, repression of E-cadherin is an early event that precedes other
alterations during EMT and involves in early step of fibrogenesis in DN (Simpson
et al. 2016). Therefore, loss of miR-192 expression promoted fibrogenesis in DN
perhaps by enhancing TGF-β-mediated down-regulation of E-cadherin and miR-192
may exert an anti-fibrotic effect in PTCs.

The reasons for these conflicting results are unclear but could be due to cell-
specific effects of miRNAs, differences studied in the animal models, as well as the
role of other molecules in renal cells, like p53 (Putta et al. 2012). Therefore, further
investigations arewarranted to explore the role ofmiR-192 in renal fibrosis and larger
diabetic cohorts are needed to determine whether miR-192 levels are increased in
DN patients at early stages and then decline at later stages due to tubular damage or
apoptosis.

4.5.2 MiR-21

MiR-21 is themost significantmicroRNA involved in fibrotic disorders, and its levels
are up-regulated in kidney diseases, including DN (Noetel et al. 2012; Chau et al.
2012; Kolling et al. 2017). Despite expression in MCs and podocytes, the eleva-
tion of miR-21 was primarily detected in the tubular regions, which were positively
correlated with the severity of TIF, glomerulosclerosis, and declining renal function
(Zhong et al. 2013; Glowacki et al. 2013; Chung et al. 2013; McClelland et al. 2015).
It has been demonstrated that the MiR-21 regulates downstream molecules of TGF-
β1 and involves in TGF-β1-mediated fibrotic signaling pathways as a pro-fibrotic
molecule in the kidney (Zhong et al. 2011).
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Zhong et al. (2013) found that renal miR-21 was markedly increased in diabetic
kidneys of db/db mice, which was associated with the development of microalbu-
minuria and renal fibrosis. In MCs and TECs from mouse, miR-21 was an important
mediator of HG-induced tubular cells fibrosis by targeting Smad7, an inhibitor of
TGF-β signaling, and overexpression of Smad7 was able to reverse the pro-fibrotic
effects of miR-21 through blocking Smad3 activation. In consistence with these
results, Lin et al. (2014) have recently identified Smad7 as a direct target of miR-21,
thus preventing the proliferation of tubular cells in a rat DN model.

McClelland et al. (2015) focused on the role of miR-21 in PTCs and found that
miR-21promoted renal fibrosis inDNby targetingSmad7 andphosphatase and tensin
homologue (PTEN), thereby causing the derepression of the Smad3-dependent and
PI3K-dependent TGF-β1-signaling pathways, respectively, as reflected by increases
in Smad3 and AKT phosphorylation, culminating in enhancing the expression of
pro-fibrotic and ECM genes. Moreover, they found simultaneous repression of both
Smad3 (miR-21–Smad7) andAKT (miR-21–PTEN) pathway via Smad3 knockdown
and PI3K inhibitor LY294002 (LY), respectively, which revealed that both of these
pathways contribute to the regulation of classic effects of TGF-β1 including modu-
lation of Collagen I, PAI-1 and Fn1 expression in PTCs. Notably, they thought there
still exists another miR-21 targeted pathway which is independent of Smad3 and
AKT and mediates the pro-fibrotic effects of TGF-β1.

Furthermore, it has shown thatmiR-21mimics enhancedTGF-β1-inducedEMT in
DN by directly down-regulating Smad7 and indirectly up-regulating Smad3, accom-
panied with an increase in collagen IV and Fn (Wang et al. 2014a). Conversely,
in STZ-induced diabetic mice, miR-21 antagonism rescued various functional and
structural parameters of DN, including TIF, mesangial matrix expansion, and albu-
minuria (Kolling et al. 2017). Intriguingly, by applying theLNA-200a (locked nucleic
acid-modified anti-miR-200a) in nuclear factor-like 2 (Nrf2)-null mice, Wu et al.
(2016) demonstrated that the curcumin analogueC66amelioratedDNbyboth inhibit-
ing miR-21 leading to down-regulation of Smad3 and activating Nrf2 through the
stimulation of miR-200a targeting Keap1. Collectively, miR-21 plays a key role in
the regulation of renal tubular ECM accumulation and renal fibrosis of DN. Silenc-
ing of miR-21 might be a novel efficient treatment strategy to halt the progression of
DN and the novel curcumin analogue with dual effects urgently needs to be further
tested.

In addition to TGF-β signaling, miR-21 triggered renal EMT by enhancing
Wnt/β-catenin signaling via targeting a suppressor of this pathway, dimethylargi-
nine dimethylaminohydrolase 1 (DDAH1), accompanied by an increase in α-SMA,
collagen I and Fn expression and a reduction in E-cadherin expression (Zou et al.
2017; Liu et al. 2016b). Besides, miR-21 also promoted renal fibrosis by targeting
MMP-9 and metalloproteinase inhibitor 1 in the KK-Ay mouse model of DN (Wang
et al. 2013).

By contrast, miR-21 was also reported in one study to be down-regulated in
db/db mice, and its overexpression blocked MCs proliferation by suppressing PTEN
expression, thus suggesting a protective role during diabetic kidney injury (Zhang
et al. 2009). In line with these data, genetic loss of miR-21 has also been shown
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to aggravate the progression of DN (Lai et al. 2015). Although these discrepancies
are as yet unexplained, the differences in disease nature and conditions should be
considered (Zhong et al. 2013).

4.5.3 MiR-200

The miR-200 family (miR-200a/b/c, miR-141 and miR-429) has been documented
as regulators of the epithelial differentiation and mediates EMT formation in fibrotic
diseases mainly by targeting TGF-β/Smad and Wnt/β-catenin signaling (Zou et al.
2017). Decreased of the miR-200 family plays a critical role in the repression of
E-cadherin by Zeb1 and Zeb2 during TGF-β1-induced EMT (Bracken et al. 2015).

Recent studies indicated that miR-200a/b/c and miR-141 were decreased in DN
as well as in renal TECs of rat treated with TGF-β (Zou et al. 2017). Wang et al.
(2011a) demonstrated that miR-200a/141 prevented TGF-β-dependent EMT and
renal fibrogenesis by repressing TGF-β1 and TGF-β2 expression, Smad-3 activation
and decreasingmatrix protein levels. In STZ-induced diabetic mice,Wei et al. (2014)
revealed a novel mechanism whereby hyperglycemia-induced aldose reductase to
regulate renal expression of miR-200a/141 to coordinately control hyperglycemia-
induced renal oxidative stress, fibrogenesis, and EMT by posttranscriptionally tar-
geting Kelch-like ECH-associated protein 1 (Keap 1), TGFβ2 and fibronectin. MiR-
200a also ameliorates DN and promotes degradation of Keap1 mRNA. Additionally,
Huang et al. (2015) reported that ectopic expression of miR-141 impeded the pro-
gression of TGF-β1-induced EMT through repression of homeodomain interacting
protein kinase 2 (HIPK2) expression, which was considered as a tumor suppressor
that activates Wnt, Notch and TGF-β-induced signaling while maintaining a high
expression level of E-cadherin (Zou et al. 2017).

The increased expression of miR-200b and miR-200c in mouse MCs treated with
TGF-β and renal glomeruli isolated from diabetic mice also has been reported (Kato
et al. 2011; Putta et al. 2012). MiR-200b/c can up-regulate collagen expression and
the autoregulation of TGF-β1 in mouse MCs by inhibiting Zeb1. And miR-200b
precursor was capable of ameliorating renal tubulointerstitial fibrosis by inhibit-
ing the synthesis of collagen I and III and Fn (Kato et al. 2011; Oba et al. 2010).
Besides, miR-200b/c can activate Akt by targeting friend of GATA protein 2 (FOG2),
an inhibitor of phosphoinositide 3-kinase (PI3K), leading to glomerular mesangial
hypertrophy in DN (Park et al. 2013). Collectively, it is inferable that the miR-200
family is an important regulator of renal fibrosis in DN. And miR-200a/141 mainly
acts as a protective molecule, while miR-200b/c primarily lies on promoting fibrosis
and progression of DN, but the concrete mechanism is not clear.
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4.5.4 MiR-29

MiR-29 family (miR-29a/b/c) has been increasingly noted to be a critical negative
regulator of EMT in fibrotic renal diseases by regulatingmultiple signaling pathways,
such as TGF-β/Smad, Wnt/β-catenin, and MAPK (Zou et al. 2017). In patients with
type 2 diabetes or in cultured renal PTCs under HG conditions, levels of miR-29
family are down-regulated. Decrease of miR-29 family members leads to increas-
ing collagen deposition/fibrosis by directly targeting multiple collagens (collagen
I/III/IV) in TECs, MCs, and podocytes (Wang et al. 2010; Chen et al. 2014).

Wang et al. (2012) observed low levels of miR-29 in mice models with vari-
ous pathologic similarities to the early and advanced stages of DN seen in humans.
They identified an important downstream regulatory role of miR-29 family in TGF-
β1-mediated fibrogenesis. Besides, they found that although administration of the
Rho-associated kinase (ROCK) inhibitor fasudil prevented renal fibrosis and restored
expression of renal cortical miR-29a/c, treatment with losartan resulted in a signif-
icant increase in miR-29b expression, which also attenuated the structural lesions
in diabetic rats by reducing the ECM proteins. Chen et al. (2014) validated that
under diabetic conditions,miR-29bwas largely down-regulated in response toAGEs,
which was related to up-regulation of collagen matrix (collagen I/IV) in MCs via
the TGF-β/Smad3-dependent mechanism. Moreover, diabetic miR-29a transgenic
mice also had lower fibrogenic factors expression, urinary protein secretion, and less
glomerular fibrosis compared with diabetic WTmice (Lin et al. 2014). Additionally,
Pan et al. (Pan et al. 2014) found that after treatment with Ang II to spontaneously
hypertensive rats (SHRs) and human embryonic kidney epithelial cells (NRK-52E),
the expression of miR-29b was decreased, while the expression of TGF-β, α-SMA,
and collagen I was up-regulated, which leads to the EMT formation. Analogously,
a recent report revealed that anti-diabetic drug linagliptin, a dipeptidyl peptidase-4
(DPP-4) inhibitor, can also confer renoprotection effects and ameliorate fibrosis in a
mouse model of DN via inducing miR-29 by targeting DPP-4 (Kanasaki et al. 2014).
Therefore, miR-29b may exert a protective effect on DN.

However, one study has shown that miR-29c was up-regulated in the kidney of
db/db mice and in endothelial cells and podocytes under HG conditions (Chen et al.
2014). The elevatedmiR-29c can activateRho kinase by directly decreasing the levels
of Sprouty homolog 1 (Spry-1), which subsequently induced ECM protein accumu-
lation and podocyte apoptosis. Furthermore, investigators also reported knockdown
of miR-29c in vivo by a specific antisense oligonucleotide significantly attenuated
albuminuria and kidney mesangial matrix accumulation in the db/db mice. Obvi-
ously, these results suggested a conflict role of miR-29 to the kidney with previous
studies (Long et al. 2011). The disparities among the various studies may partially
result from the different origin of cell lines and animal models, as well the functional
differences among the miR-29 family members.
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4.5.5 MiR-23b

Liu et al. (2016a) showed for the first time that miR-23b may act as a suppres-
sor of EMT in mouse with DN through repressing PI3K-AKT signaling pathway
activation by targeting HMGA2. They found that after treated with HG to HK-2
cells, a human proximal tubular cells line, a significant decrease in the expression
of miR-23b was observed. Similar results were also seen in the kidney tissues of
db/db mice. Conversely, they found that overexpression of miR-23b by administra-
tion ofmiR-23b agomir altered the expression levels of EMT-related genes, alleviated
hyperglycemia-inducedEMT formation, and improved renal functions in db/dbmice.
Additionally, HMGA2 knockdown or inhibition of the PI3K-AKT signaling pathway
with LY294002 mimicked the effects of miR-23b overexpression on HG-mediated
EMT, whereas HMGA2 overexpression or activation of the PI3K-AKT signaling
pathway prevented the effects of miR-23b.

Similarly, Zhao et al. (2016) confirmed that miR-23b was a commonly decreased
miRNA in the serum of patients with DN, in the kidneys of mouse with type 1 and
2 diabetes, and in HK-2 cells, human renal glomerular endothelial cells (HRGE)
and mouse podocytes exposed to HG. They identified a binding site in the miR-
23b promoter for p53. In vitro study inhibition of p53 through a 1-month injection
with p53siRNA or the upstream p38MAPK by a 24-h treatment with p38MAPK
inhibitor SB203580 enhances miR-23b expression. However, inhibition of Ras
GTPase-activatingproteinSH3domain-bindingprotein 2 (G3BP2) or overexpression
of miR-23b decreases expression of p53 and p38MAPK. MiR-23b targets G3BP2 to
alleviate fibrosis and albuminuria in DN.

4.5.6 MiR-30 Family

MiR-30 family (miR-30a/b/c/d/e), abundantly expressed in the kidney, has been
shown to protect podocytes by targeting Notch1 and p53 and be required for renal
development and homeostasis (Wu et al. 2014; Shi et al. 2008).

Peng et al. (2015) found that down-regulation of miR-30a in podocyte injury
animal models and in patients with focal segmental glomerulosclerosis (FSGS). In
addition, overexpression of miR-30a enhances epithelial markers but diminished
these mesenchymal markers. They found that miR-30a targeted nuclear factor of
activated T cells 3 (NFATc3) to protect cytoskeleton disorder or rearrangement in
podocytes by inhibiting the nuclear translocation of NFATc3.

On the other hand, miR-30c has turned out to be essential for normal kidney
homoeostasis and plays a protective role in DN independent of the benefits from
reduced blood glucose (Zou et al. 2017; Jiang et al. 2013). In addition, Zhao et al.
(2017b) found that in renal tubules of db/db mice and cultured HK2 cells exposed to
HG ambience, loss of miR-30c accompanied with increased EMT. And they identi-
fied Snail1 as a direct target of miR-30c by which miR-30c regulated EMT in DN.
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More importantly, they showed that the miR-30c inhibited Snail1-TGF-β1 axis in
TECsundergoingEMT, therebymodulating the activation of fibroblasts and thefibro-
genesis of myofibroblasts and finally protect against TIF in DN. In contrast, mouse
with miR-30c gene deficiency enhanced the secretion of TGF-β1 from epitheliums
and significantly promoted the progression of DN. This data indicates that miR-30c
can protect against hyperglycemia-induced EMT and delay the development of DN
via inhibiting Snail1-TGF-β1 pathway.

MiR-30e was down-regulated in tubular cells from obstruction-induced fibrotic
kidneys and TGF-β1-treated NRK-52E cells (Zou et al. 2017). A miR-30e mimic
increased the expression of miR-30e and significantly inhibited TGF-β1-induced the
EMT formation of tubular cells partly by down-regulating the levels of mitochon-
drial uncoupling protein 2 (UCP2), whereas a miR-30e inhibitor imitated TGF-β1
effects, indicating there is a crosstalk between mitochondria dysfunction and renal
fibrosis (Zou et al. 2017; Zhao et al. 2017a). Besides, Zhao et al. (2017a) found
that in the renal tissues of db/db mice and the renal TECs treated with HG ambi-
ence, miR-30e was reduced, while Glioma pathogenesis-related-2 (GLIPR-2) was
up-regulated, which was a direct target of miR-30e. More importantly, overexpres-
sion of miR-30e inhibits GLIPR-2, promotes the proliferation of renal TECs, and
inhibits EMT formation by down-regulating vimentin, α-SMA and up-regulating
E-cadherin, ultimately avoiding renal fibrosis in DN (Zhao et al. 2017a).

4.6 Signaling Pathways Involved in Diabetic Renal Fibrosis

4.6.1 Janus Kinase/Signal-Transducer and Activator
of Transcription (JAK/STAT) Pathway

The JAK-STAT signaling pathway is a cytokine-stimulated signal transduction path-
way, in which JAK proteins, a non-receptor tyrosine kinase, are activated by binding
to cytokines such as interleukin and interferon. The activated JAK proteins can fur-
ther activate STAT proteins, including STAT1, STAT2, STAT3, STAT4, STAT5a,
STAT5b, and STAT6 and so on, which contain SH2 and SH3 domains and act as
nuclear transcription factors (Jang and Baik 2013; Cai et al. 2015). STATs can com-
bine with a specific peptide segment containing phosphorylated tyrosine and then
initiate gene expression related to cell proliferation, differentiation, and migration,
thus participating in a variety of physiological processes (Chuang and He 2010).

High glucose can activate JAK/STAT signaling pathway, induce EMT and TIF.
Suppressor of cytokine signaling (SOCS) is the most important negative regulator
of JAK/STAT signaling pathway (Liau et al. 2018). SOCS2 reduces the expression
of TGF-β, Fn, and collagen by inhibiting the phosphorylation of STAT3 and JAK2
and alleviates the ECM deposition and TIF (Bao et al. 2015). Liu et al. (2014a) also
found that STAT1 was activated in human renal TECs treated with HG and diabetic
rats, which accompanied by the enhanced expression of α-SMA and inhibition of
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cytokeratin 18 (CK18) expression. However, the effect was blocked partially in that
of treated with the AG-490, an inhibitor of JAK2. In addition, a clinical study showed
that the patientswithDNafter oral administration of JAK1/JAK2 inhibitor baricitinib,
the level of proteinuria was effectively reduced and renal function maintained stable
(Liu et al. 2014b). Recent studies have found that the level of acetylation of STAT3 is
significantly increased in the diabetic rats, while treatment with a STAT3 acetylation
inhibitors, baricitinib,might effectively alleviate renal injury andproteinuria (Brosius
et al. 2016).

4.6.2 Protein Kinase C (PKC) Pathway

PKCbelongs tomulti-functional serine and threonine kinase and iswidely distributed
in the body, which plays a key role in glucose metabolism, cell differentiation, gene
expression regulation, and inflammatory process (Juan et al. 2012). It can be divided
into 3 categories and 12 subtypes: traditional PKCs (PKC-α/β1/β2/γ), which can
be activated by both Ca2+ and diacylglycerol (DAG); new PKCs (PKC-δ/ε/θ/μ/η),
which can be activated by DAG; atypical PKCs (PKC-λ/ζ), which are activated by
neither Ca2+ nor DAG (Zhang et al. 2014). The PKC pathway is considered to be the
central link in the cross-reaction of multiple signaling pathways. In chronic hyper-
glycemia states, PKCs (including traditional PKCs and new PKCs) can be activated
by the intermediate product DAG produced during glycolysis, the activated PKC
will phosphorylate the serine or threonine residues in many proteins, and exerting a
variety of biological functions (Teng et al. 2014).

It is well known that HG can activate PKC α, β1, β2 and then induces the pro-
duction of various growth factors, such as TGF-β and VEGF (Teng et al. 2014). It
further up-regulated the expression of ECM proteins, resulting in ECM accumula-
tion. Therefore, the application of various inhibitors for PKC subtypes is an effective
approach to the preventive the kidney injury of DN. Moreover, Menne et al. (2013)
have found that the treatment with CGP41252 (PKC-α and PKC-β inhibitors) to
STZ-induced mice, the activation of PKC-α and PKC-β were significantly inhibited,
which accompanied with effectively alleviated of the glomerular hypertrophy and
proteinuria.

4.6.3 Mitogen-Activated Protein Kinase (MAPK) Pathway

MAPKs include a group of serine/threonine protein kinases which can mediate the
transmission of extracellular signals into cells and exert many biological effects,
including cell division, proliferation, differentiation, migration, metabolic apop-
tosis, and gene expression (Burotto et al. 2014). The MAPK superfamily mem-
bers are divided into four subfamilies: P38MAPK, extracellular regulated protein
kinases (ERK), c-JunN terminal kinase (JNK)/stress activated protein kinase (SAPK)



4 A Glimpse of the Mechanisms Related to Renal Fibrosis … 67

and ERK5/big mitogen-activated protein kinase (BMK1) (Davis 1994). P38MARK
includes four subtypes (P38α/β/γ/δ), which can be expressed in renal cells. JNK is a
stress-activated protein kinase, including three subtypes (JNK1–3), of which JNK1
and JNK2 are normally expressed in the kidney (Ohta et al. 2018).

It is reported that HG stimulated the activation of p38MAPK in the renal proximal
TECs, which accompanied with up-regulated expression of MCP-1, TGF-β, VEGF,
Fn, and collagen (Rane et al. 2010). At the same time, de Borst et al. (2009) found that
treatment with TGF-β to fibroblasts can increase the expression of Fn and CTGF by
activation of the JNK signaling pathway. Moreover, the activation of JNK has been
correlated to the aggregation of interstitial macrophages, the expression of kidney
injury molecule-1 (KIM-1), and the declining renal function in human DN. Liu et al.
(2018) also reported that the use of baicalein (a specific inhibitor of P38MARK) can
effectively reduce the expression of p38MAPK, p-p38MAPK, and NF-κB P65 in
diabetic mouse, thereby alleviating the progression of DN and renal fibrosis.

4.6.4 Notch Signaling Pathway

The Notch signaling pathway is widely distributed in vertebrates and invertebrates.
It is a highly conserved signaling pathway composed of Notch ligand, Notch recep-
tor, and intracellular effector molecules. In mammals, the Notch signaling pathway
includes three Delta-like ligands (DLL1, DLL3, DLL4), two ligands belonging to
the Jagged family members (Jagged1, Jagged2), and four transmembrane receptors
(Notchl ~ 4) (Ben-Shushan et al. 2015). The interaction between theNotch ligand and
receptor leads to a change in the conformation of the Notch receptor, and the release
of the Notch intracellular domain (NICD) under the action of the protease (Lin et al.
2018). The released NICD translocates to nucleus and combines with transcription
factor CSL (CBF-l, Suppressor of hairless, and Lag-l) to form aNICD/CSL transcrip-
tional complex. Subsequently, the complex activates the transcription of Notch target
genes, including Hey and Hes genes, thus regulating cell proliferation, differentia-
tion, apoptosis, and substance metabolism (Kopan and Ilagan 2009; Bedogni 2014;
Lopez-Arribillaga et al. 2018). Sirin and Susztak (2012) confirmed the expression of
Notch pathway-related proteins in DN was enhanced. The co-expression of Jagged1
and Hes1 in renal TECs of patients with DN was enhanced by in situ hybridization,
and the expression of Notch1 protein in tubulointerstitium was closely connected
with interstitial fibrosis. Lin et al. (2010a) found that STZ-induced diabetic mice
treated with γ secretase, an inhibitor of Notch signaling pathway, the expression of
VEGF and nephrin return to normal, accompanied by reducing renal TIF.
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4.6.5 PI3K/Akt Signaling Pathway

PI3K is highly homologous with PKA and PKC, also called protein kinase B.
PI3K/Akt signaling pathway is multi-functional, which can mediate cell prolifera-
tion, differentiation, metabolism, and other physiological processes (Xu et al. 2015).
PI3K has a dual effect in both activities of serine/threonine protein kinase and phos-
phatidylinositol kinase, which is constituted by regulatory subunits (p85) and cat-
alytic subunits (p110). The activation of the PI3K/Akt pathway is amultistep process.
First, PI3K is activated by tyrosine kinase to generate PIP3. The binding of PIP3 to
the pH domain of Akt causes Akt to polymerize on the cell membrane and undergo
a conformational change. With the assistance of PDK1 and PDK2, the Thr308 and
Ser473 loci of Akt are phosphorylated. Activated Akt affects a series of physiolog-
ical processes in cells, including metabolism, protein synthesis, cell survival, and
apoptosis (Xu et al. 2015; Jafari et al. 2019; Zhang et al. 2018).

Studies have shown that the PI3K/Akt signaling pathway is closely related to ECM
accumulation and fibrosis in DN. Abnormal activation of Akt and overexpression of
TGF-β1 participated in the EMT formation in renal tubular induced byHGambience.
Besides, activation of Akt was associated with as well as overproduction of intersti-
tial ECM proteins and initiation of renal interstitial fibrosis in DN (Xie et al. 2015).
Yano et al. (Lu et al. 2015) found that Ginkgo biloba extract, an inhibitor of Akt
might alleviate renal interstitial fibrosis in DN. Additionally, Shemesh et al. (2014)
also found that AS101, trichlorotellurate, can delay the progression of DN through
pharmacological inhibition of Akt downstream pathway. As one of the inhibitors of
Akt, PTEN alleviates the deposition of ECM and in diabetic mice by inhibiting the
activation of Akt and the secretion of CTGF, thus alleviating the renal damage (Zhu
et al. 2016). They also found that overexpression of CTMP (one of the endogenous
inhibitors of Akt) in diabetic mouse model and human renal TECs cultured in HG
reduced the excessive accumulation of ECM in renal tubulointerstitium by decreas-
ing the expression of phospho-Akt (Ser473), TGF-β1, α-SMA, and the secretion of
collagenI/II (Wu et al. 2011; Brosius et al. 2016).

4.6.6 Epac-Rap1 Signaling Pathway

Cyclic adenosine monophosphate (cAMP) is the key second messenger molecule
that regulates various cellular functions including lipid metabolism, inflammation,
and cell differentiation. PKA as the only effector of the cAMP signaling pathway
exert an important role in the process (Wahlang et al. 2018). In 1998, de Rooij
et al. (1998) identified a new cAMP effector called activated carbon acetate (Epac),
which providing novel understanding of cAMP signaling pathway. Epac is a specific
guanine nucleotide exchange factor for Ras-related GTPase Rap1 and Rap2 and
acts as a “switch” in the activation of Rap molecules by converting the inactive
Rap-GDP to the active Rap-GTP form (Bos 2003). Recent studies have verified that
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Epac-Rap1 signaling pathway played an important role in renal fibrosis in DN. Lin
et al. (2002) firstly discovered that Rap1b was related to the pathogenesis of DN
and further studies demonstrated that Rap1b mediated Fn expression via the PKC
pathway in HG-induced MCs, which consequently established the role of PKC-
Rap1b-B-Raf signaling pathway in DN (Lin et al. 2002). Moreover, Yano et al.
(2007) found that Epac-specific agonist 8-pHPT-2-O-Me-cAMP, rather than PKA
inhibitors, significantly enhanced PI3K activity and inhibits the increase ofmesangial
matrix synthesis in MCs treated with Ang II. Besides, endothelin is an important
vasoconstriction regulator and plays an important role in the pathogenesis of DN
(Benz and Amann 2011). Kang et al. (1999) confirmed that in Rap1 participated in
stimulating the proliferation and adhesion ofMCs treatedwith endothelin through the
ET-1-Pyk2-p130Cas/BCAR3-Rap1 signaling pathway. Additionally, it is reported
that the expression of Epac protein was significantly increased in kidney tissue of
STZ-induced DN mouse or HG-stimulated HK-2 cells, which was associated with
cell hypertrophy and ECM accumulation.

4.6.7 Wnt/β-Catenin Signaling Pathway

The Wnt family of proteins belongs to a group of secreted lipid-modified glycopro-
teins which contain highly conserved cysteine residues with a molecular weight of
39–46KDa (Tripurani et al. 2018). There are 19 differentWnt proteins that have been
identified in humans and mice and most of which are composed of 350–380 amino
acid residue (Hwang et al. 2009). The Wnt/β-catenin signaling pathway plays a key
role in cell differentiation, proliferation, apoptosis, and migration through down-
stream key molecules such as GSK3β and β-catenin (Zhou and Liu 2016). Recent
studies have linked Wnt/β-catenin signaling pathway associated with the progres-
sion of renal fibrosis in DN (Hwang et al. 2009; Mariappan et al. 2008; Sun et al.
2011a). Mariappan et al. (2008) demonstrated that the phosphorylation of GSK-3β,
the key signaling molecule in the downstream of the Wnt in renal cortex of db/db
micewas significantly increased, whichwas related to the expression level of laminin
and Fn. In addition, GSK-3β promotes HG and high insulin-induced ECM synthesis
process in renal TECs and plays an important role in renal hypertrophy and ECM
accumulation in DN. Intriguingly, a study concluded that nicotine may enhance the
MCs proliferation and Fn production under HG milieus partly through activating
Wnt/β-catenin signaling pathway (Lan et al. 2018).

It has been demonstrated that the expression of Wnt and β-catenin in the kidney
tissue of diabetic mouse and in vitro cultured proximal TECs exposed to HG were
significantly increased, which consistent with the increased expression of CTGF and
Fn (Mu et al. 2013). Moreover, MCs transformation plays an important role in the
development of DN. Many studies have also shown that Wnt/β-catenin is associated
with EMT formation of macrophages in DN. On the other hand, activation of β-
catenin and the expression of its target genes can be detected in TECs exposed HG
ambience (Zhou et al. 2012; Liu 2010). For example, Snail and Twist, two of β-
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catenin target genes, which can inhibit the expression of E-cadherin in tubule cells
and increase the expression of Fn, α-SMA, and vimentin. Nevertheless, the inhibitor
of Snail or β-catenin might reverse HG-induced EMT in tubule cells (Liu 2010).
This data indicates that the Wnt/β-catenin signaling pathway was involved in the
development of DN and renal fibrosis. Meanwhile,Wnt pathway interacts with TGF-
β/Smad, Notch pathways and CTGF (Ho et al. 2012; Lin et al. 2010b; Xiao et al.
2013). Ho et al. (2012) reported that the expression of Wnt was down-regulated in
macrophages after treated with HG, which accompanied by an increase in expression
ofTGF-β andFn, and this effectwas remission inmacrophages transfectedwithWnt4
and Wnt5a.

4.7 Conclusion

Renal fibrosis in DN is the pathological change. In this chapter, we discussed various
cytokines, inflammatory cells, and a series of signaling pathways. Many signaling
pathways, like the JAK/STAT, TGF-β-Smad, Wnt/β-catenin, and Epac-Rap1 path-
way, are all involved in regulating the expression of ECM proteins or EMT in DN,
which play an important role in renal fibrosis of DN. We also highlighted the poten-
tial role of miRNAs in aggravating or alleviating the process of renal fibrosis in DN.
Despite these significant progresses, the detailed molecular mechanisms still need
to be further studied. With the advancement of modern medical technology, more
specific cytokines and key signaling molecules will be defined in the future, which
is beneficial for developing the novel therapeutic strategies for the treatment of renal
fibrosis in DN.
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Chapter 5
Polycystic Kidney Disease and Renal
Fibrosis

Cheng Xue and Chang-Lin Mei

Abstract Polycystic kidney disease (PKD) is a common genetic disorder charac-
terized by formations of numerous cysts in kidneys and most caused by PKD1 or
PKD2 mutations in autosomal dominant polycystic kidney disease (ADPKD). The
interstitial inflammation and fibrosis is one of the major pathological changes in
polycystic kidney tissues with an accumulation of inflammatory cells, chemokines,
and cytokines. The immune response is observed across different stages and occurs
prior to or coincident with cyst formation in ADPKD. Evidence for inflammation
as an important contributor to cyst growth and fibrosis includes increased inter-
stitial macrophages, upregulated expressions of pro-inflammatory cytokines, acti-
vated complement system, and activated pathways including NF-κB and JAK-STAT
signaling in polycystic kidney tissues. Inflammatory cells are responsible for over-
production of several pro-fibrotic growth factors which promote renal fibrosis in
ADPKD. These growth factors trigger epithelial mesenchymal transition and myofi-
broblast/fibrocyte activation, which stimulate the expansion of extracellular matrix
(ECM) including collagen I, III, IV, V, and fibronectin, leading to renal fibrosis
and reduced renal function. Besides, there are imbalanced ECM turnover regula-
tors which lead to the increased ECM production and inadequate degradation in
polycystic kidney tissues. Several fibrosis associated signaling pathways, such as
TGFβ-SMAD, Wnt, and periostin–integrin-linked kinase are also activated in poly-
cystic kidney tissues. Although the effective anti-fibrotic treatments are limited at the
present time, slowing the cyst expansion and fibrosis development is very important
for prolonging life span and improving the palliative care of ADPKD patients. The
inhibition of pro-fibrotic cytokines involved in fibrosis might be a new therapeutic
strategy for ADPKD in the future.
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5.1 Introduction

Polycystic kidney disease (PKD) is a genetic disorder which is characterized by the
formations of cysts in both kidneys and other organs. PKD can be divided into two
forms according to genetic pattern, autosomal dominant polycystic kidney disease
(ADPKD), and autosomal recessive polycystic kidney disease (ARPKD). ARPKD
affects approximately 1/20,000 individuals (Bergmann 2017). Its causative gene is
PKHD1 which encodes fibrocystin/polyductin. ADPKD affects about 1/1000 indi-
viduals (Wuthrich and Mei 2012; Xue et al. 2016). PKD1 and PKD2 are mainly two
pathogenic genes which encode polycystin-1 (PC1) and polycystin-2 (PC2), respec-
tively. Dysfunctional proteins of PC1/2 or fibrocystin influence the function of the
primary cilia (Zimmerman and Yoder 2015), which is involved in mechanosensation
to detect the fluid flow passing through the tubule lumen and regulate cell prolifer-
ation, oriented cell division, as well as cell polarity (Zimmerman and Yoder 2015).
BecauseADPKD ismore common thanARPKD, the data aboutADPKDand fibrosis
is abundant, this chapter only focuses on ADPKD.

Cyst growth inADPKD is associatedwith increases in epithelial cell proliferation,
dedifferentiation, and fluid secretion. The enlargement of cysts leads to the compres-
sion and obstruction of surrounding nephrons which could significantly decrease
the kidney function (Xue et al. 2018). At the late stage of ADPKD, cyst formation
is always accompanied by extracellular matrix (ECM) deposition and fibrosis for-
mation (Grantham et al. 2011). Fibrosis is characterized by excessive productions
of collagen accompanied by decompositions of connective tissues. Fibrosis further
reduces the renal function and eventually leads to end-stage renal disease (ESRD)
(Grantham et al. 2011). Experimental studies found that disruptions of polycystins or
primary cilia are associated with inflammation and fibrosis in a variety of polycystic
kidney models (Song et al. 2017). In general, increased inflammation and fibrosis
aggravates the disease progression. While inflammation and fibrosis are not primary
causes of ADPKD, several cells like macrophages and molecules like transform-
ing growth factor (TGF) β related to inflammation and fibrosis can influence renal
function and ADPKD progression (Liu et al. 2014; Song et al. 2017).

5.2 Inflammation in ADPKD

Inflammation is an important process prior to or coincident with fibrosis in ADPKD
(Fig. 5.1) (Harms et al. 2018). The immune response is observed across different
stages of ADPKD progression. Perhaps the earliest immune changes are triggered
by the loss of PC1/2 function, which may occur before the inflammation pathway
activation by renal injury in ADPKD (Karihaloo et al. 2011).
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Time

Cyst growth

Fibrosis

Inflammation

Fig. 5.1 Changes in renal cystic growth, fibrosis, and inflammation over time. Renal cystic growth
increases over time in human studies (solid line). The kidney volume does not increase or may
decrease in late stages, while the tissue becomes progressively more fibrotic in some animal studies
(dashed line). Abnormal immune inflammation increases over time (solid line). However, in late
stages, the progression magnitude of some immune responses may decrease due to the loss of
functional renal parenchyma (dashed line)

5.2.1 Inflammatory Cells in ADPKD

Renal interstitial inflammation infiltrate is one of the most notable characteristics
of ADPKD (Fig. 5.2). Among the inflammatory cells, macrophage is the most
extensively studied cell. Macrophages consist of heterogeneous cell types which
play specific roles in ADPKD progression (Karihaloo et al. 2011). Macrophage is
involved in innate immunity, tissue development, repair, and homeostasis. Intrigu-
ingly, macrophages could become polarized and express pro-inflammatory or anti-
inflammatory cytokines in response to signals in the tissue microenvironment (Gor-
don andTaylor 2005).On one hand,macrophages stimulatedwith interferon-γor LPS
demonstrate a pro-inflammatory Th1-like phenotype, which is referred to as M1-like
macrophage. M1 macrophage is characterized by expression of iNOS, interleukin
(IL) 1β, andTNF-α (tumor necrosis factorα) (Sica andMantovani 2012).On the other
hand, macrophages treated with IL 4 or 13 produce an anti-inflammatory response
and are referred to as M2-like macrophages. M2 macrophages express arginase 1
(Arg1) and IL10 and have wound healing and anti-inflammatory functions (Sica and
Mantovani 2012).However, in vivo studies found thatmacrophages display a range of
phenotypes that fall somewhere between the M1 and M2 spectrums and were able to
rapidly switch the phenotypes based on external cues. The tissue microenvironment
influenced the macrophage polarization (Swenson-Fields et al. 2013). For instance,
M1 macrophages could transit into M2 like polarization following phagocytosis of
apoptotic and necrotic cells or when cultured with renal epithelial cells.

In normal kidney, nearly half of the resident macrophages derive from the yolk sac
while the rest derive from the hematopoietic lineage (Schulz et al. 2012). Resident
macrophages play important roles in producing cytokines and monitoring surround-
ing cells in kidney. The second distinct source of macrophages is the infiltrating
macrophage, which rapidly accumulate in response to kidneys injury (Schulz et al.
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Fig. 5.2 A schematic summary of inflammation in ADPKD

2012). Infiltrating macrophages could produce pro-inflammatory cytokines and are
associated with kidney injury and fibrosis.

Both resident and infiltrating macrophages increase in polycystic kidney tis-
sue (Swenson-Fields et al. 2013). In rodent models, inflammatory cells includ-
ing macrophages were present prior to or coincident with cyst initiation, and
macrophages played important roles in promoting cyst formation (Bastos et al. 2009).
Karihaloo et al. found that infiltratingmacrophages contributed to the proliferation of



5 Polycystic Kidney Disease and Renal Fibrosis 85

the cystic lining cells (CLCs) and the progression of ADPKD inmurinemodels (Kar-
ihaloo et al. 2011). They also verified that primary cyst epithelial cells from ADPKD
promoted macrophages converting to theM2-like phenotype (Karihaloo et al. 2011).
On the contrary, macrophage depletion using clodronate showed the reduction of cyst
growth by influencing cell proliferation in ADPKD. Harris et al. established a model
for the contribution of macrophages to PKD progression and regarded activated
macrophages as a treatment target in ADPKD (Harris and Torres 2014). Recently,
we revealed an interaction between macrophages and CLCs which promoted cyst
growth in Pkd1−/−mice through the arginine-polyamine metabolic pathway (Yang
et al. 2018). Arg1-encoded protein, arginase-1, was predominantly expressed in
macrophages in a time-dependent manner in ADPKD (Yang et al. 2018). Multi-
stage macrophage depletion verified that macrophages expressing high arginase-1
levels accounted for late-stage cyst enlargement, and inhibiting arginase-1 activ-
ity significantly retarded cyst growth and effectively lowered the cyst enlargement
(Yang et al. 2018). In vitro experiments found that macrophages stimulated CLCs
proliferation, and L-lactic acid, primarily generated by CLCs, significantly increased
arginase-1 expression and polyamine synthesis in macrophages (Yang et al. 2018).
Therefore, arginase-1 secreted by macrophages may be a key molecule involved in
cyst formation process and may be a potential therapeutic target to delay ADPKD
progression.

The involvement of other inflammatory cells like T lymphocytes, neutrophils,
dendritic cells, and mast cells has been reported in ADPKD. The number of CD4-
positive T cells was increased in the interstitial tissue of ADPKD (Zeier et al. 1992).
Mast cells were found to be involved in PKD progression through the production of
pro-inflammatory factors including chymase and Ang II (McPherson et al. 2004).
Furthermore, elevated neutrophils were reported in human and canine PKD models
(Bernhardt et al. 2007). While a wide variety of inflammatory cells increased in
polycystic kidney tissue, future studies should focus on better understanding the
respective roles of these cells in cyst formation and fibrosis.

5.2.2 Inflammatory Chemokines and Cytokines in ADPKD

Chemokines are responsible for infiltration, activation, and polarization of inflamma-
tory cells and could regulate inflammatory cell behavior. One of the extensively stud-
ied chemokines in ADPKD is monocyte chemoattractant protein-1 (MCP-1, Ccl2),
which binds to its cognate receptor CCR2. CCR2 belongs to the CC chemokine
family of G-protein coupled receptors and typically expresses on the surface of T
cells or monocytes (Li et al. 2008a). MCP1 was markedly increased in the cyst fluid
of ADPKD patients and was associated with worsened renal function (Zheng et al.
2003). The increased expression of MCP-1 in rodent models of PKD paralleled the
result observed in humans (Cowley et al. 2001). In vitro models, MCP-1 was pro-
duced by PKD1−/− tubule epithelial cells compared to the control cells (Song et al.
2017). Based on the increased MCP1 expression across different species, MCP-1
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is proposed as a biomarker for ADPKD. Moreover, Cassini et al. (2018) found the
upregulation of MCP-1 preceded macrophage infiltration in mouse polycystic kid-
ney tissue. Macrophages accumulating around nascent cysts were pro-inflammatory
and induced tubular cell injury and proliferation-independent cystic dilation (Cassini
et al. 2018). One month later, macrophages switched to an alternative activation phe-
notype and further promoted cyst growth due to an additional threefold increase of
tubular cell proliferative rates (Cassini et al. 2018). In PKD1-MCP1 double-knockout
mice, there was a marked reduction in MCP-1 expression and macrophage numbers,
resulting in slower cyst growth and improved renal function (Cassini et al. 2018).
Treatment of PKD1−/−mice with Ccr2 inhibitor partially reproduced the improve-
ment seen with MCP1 knockout (Cassini et al. 2018). Therefore, MCP-1 promoted
macrophage accumulation and cyst growth via both proliferation-independent and
-dependent mechanisms in ADPKD.

In addition to MCP-1, levels of TNF-α also increased in ADPKD cyst fluid with
age and cyst severity (Li et al. 2008b). TNF-α is an immune cytokine which activates
inflammatory signaling pathways and plays important roles in several biological
processes. Furthermore, TNF-α plays a significant role in cyst formation where it
interferes with processing and presentation of PC2 (Li et al. 2008b). Inhibition of
TNF-α converting enzyme (TACE) led to a significant reduction in cyst volume (Dell
et al. 2001). Taken together, TNF-α is a key contributor to cyst formation in ADPKD.

5.2.3 Complement System In ADPKD

The complement system is activated by three pathways: the classical complement
pathway, alternative complement pathway, and lectin pathway. Three pathways con-
verge on C3, then C3 convertase cleaves C5 which activating C6–9. The alternative
pathway accounts for about 80–90% of the total complement activation, even when
initially triggered by the classical pathway or lectin pathway (Ricklin et al. 2010).
The end of the complement activation is the enhancement of antibodies and phago-
cytic cells to clear microbes and damaged cells from an organism, the promotion of
inflammation, and the activation of membrane attack complex.

Growing evidence suggested that activation of the complement cascade con-
tributed toADPKDprogression.Mrug et al. (2008) confirmed that innate immunity is
involved in thePKDprogression inmousemodel, particularly abnormalC3 activation
is a key element. Burtey et al. (Mrug et al. 2008) also confirmed the overexpression
of nine complement–component genes (including C3) in Han: SPRD rat. The pro-
teomic analysis of urine and cyst fluid from ADPKD patients with ESRD found 44
proteins including complement factors (Mason et al. 2009; Bakun et al. 2012. Mrug
et al. 2014) further found that antigenic C3 was present in CLCs and that C3 acti-
vation fragments (iC3b) was present in renal cysts and urine from ADPKD patients,
and iC3b might partly be responsible for cystogenic effects of M2 macrophages.
Moreover, we found an excessive activation of alternative complement pathway in
ADPKDprogression (Su et al. 2014). Firstly, we screened the glycoproteome of urine
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samples from ADPKD patients, revealed that levels of complement factor B (CFB)
and C9 increased along with disease progression. CFB is the key factor in comple-
ment alternate pathway, which is cleaved by factor D into two fragments: Ba and
Bb. Bb, a serine protease, then combines with complement factor 3b to generate the
C3 or C5 convertase which initiate and sustain the activation of alternative pathway.
Then, we evaluated the effect of the complement inhibitor rosmarinic acid (RMA)
in Pkd1−/− mice and Han: SPRD Cy/+ rats. RMA-treated models showed signifi-
cantly lower cystic index, better renal function, lower inflammatory cells, and reduced
fibrosis. We further explored the mechanism of CFB overexpression and alternative
complement pathway activation in ADPKD (Ming Wu 2016.). We observed that
the overexpression of CFB was associated with increased JAK2/STAT1 activity and
an enhanced expression of PC1 C-terminal tail (PC1-CTT). Moreover, STAT1 inhi-
bition by fludarabine in renal epithelial cells suppressed Arg1 expression induced
by PC1-CTT-CM, which suggested that PC1-CTT-induced macrophage activation
into M2 phenotype might be mediated by STAT1 and CFB. In conclusion, the above
findings prove that the complement activation, especially the alternative complement
pathway takes part in ADPKD progression.

5.2.4 Pathways of Inflammation in ADPKD

To date, NF-κB (Banzi et al. 2006; Qin et al. 2012) and JAK-STAT (Weimbs et al.
2013) pathways are the extensively studied pathways that correlatewith inflammation
in ADPKD. Pei et al. (Song et al. 2009) performed a global gene profiling in cysts
from PKD1 mutant human kidneys. The analysis displayed a rich gene transcrip-
tional profile for immune/inflammatory response including JAK-STAT and NF-κB
signaling pathway.

Several studies have explored the mechanism of the NF-κB activation in ADPKD.
NF-κB has been characterized as a key regulator of immune system for a long time
and is responsible for the transcription of the genes encoding pro-inflammatory fac-
tors including TNF-α, IL1, CcL3, Ccl4, andMCP-1 (Hayden and Ghosh 2011, 2012;
Pahl 1999). Qin et al. 2012 reported that c-Met and NF-κB-dependent overexpres-
sion of wnt signaling promoted cystogenesis in PKD. Park et al. (2010) reported
that receptor of advanced glycation end product upregulated intracellular NF-κB
signaling in PKD2 transgenic mice. Banzi et al. (2006) reported that PC1 activated a
PKCα-mediated NK-κB signaling. Taken together, NF-κB is activated and induces
inflammation responses in ADPKD.

The JAK-STAT pathway is the principal signaling mechanism for a wide array of
cytokines and growth factors (Rawlings 2004), involving cell proliferation, differ-
entiation, transcription, and immune response (John J. O’Shea 2013; Kaplan 2013).
Anil Kumar Bhunia et al. (2002) first reported that PKD1 and PKD2 regulated activa-
tion of the JAK-STAT signaling pathway. The CTT of PC1 could undergo proteolytic
cleavage (Qian et al. 2002; Wei et al. 2007) and nuclear translocation (Chauvet et al.
2004). In ADPKD kidneys, PC1 tail fragments are overexpressed, including both
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30 kDa (a full-length) and 15 kDa fragments (a half-length). Weimbs et al. observed
that cleavedPC1 tail interactedwith STAT6andP100, enhancedSTAT6activity (Low
et al. 2006). They further reported that membrane-anchored PC1 activated STAT3,
solubleCTTco-activatedSATA1, 3, and6, andSTAT3activated required JAK2which
interacted with PC1 tail (Talbot et al. 2011). In our laboratory, MingWu et al. (2016)
showed that the PC1-CTT regulated CFB expression through JAK2/STAT1 pathway.
We also showed that NF-κB acted as the downstream of PC1-CTT andmight mediate
PC1-CTT-induced CFB expression. The result suggested that targeting STAT1 and
NF-κB might be a strategy to decrease inflammation in ADPKD.

5.3 ECM in ADPKD

The characteristic of tubule interstitial fibrosis is the accumulation of ECM proteins
such as proteoglycan, collagen I, III, IV, V, elastin, fibronectin, and heparin sulfate
proteoglycan (HSPG) (Wilson et al. 1996). ECM is a complex of proteins which
fills the extracellular space in connective tissues. ECM mainly participates in cell
supporting, cell adhesion, proliferation, differentiation, and fibrosis (Wilson et al.
1992). Abnormalities of ECM accumulation are found in human polycystic kidney
tissue (pre-dialysis and ESRD) (Norman 2011; Wilson et al. 1992). ECM deposi-
tion and tissue remodeling are essential components of cyst progression (Wilson
and Burrow 1999). The ADPKD-associated ECM abnormalities include disordered
production, composition, and turnover (Wilson et al. 1996).Abnormalitiesmost com-
monly appeared in cyst surrounding and interstitial basement membrane structures
(Wilson et al. 1999).

Except the common factors which regulate the activity of pro-fibrotic pathways
are same with the chronic kidney disease (CKD), recent animal studies indicated that
polycystins might directly control ECMproduction (Liu et al. 2014). Upregulation of
TGFβ, the major pro-fibrotic growth factor, was observed in PKD1 knock-out mice,
and loss of PKD1 led to an increased responsiveness of cystic cells and fibroblasts
to TGFβ (Hassane et al. 2010; Liu et al. 2014). Moreover, enhanced TGFβ pathway
signaling and Smad2/3 nuclear localization were observed in ADPKD patients and
rodent models (Hassane et al. 2010). Similarly, the loss of polycystin was associated
with notochord collagen overexpression in zebrafish which was associated with fish
body axis curvature defects (Mangos et al. 2010). Therefore, polycystin mutations
play important roles in ADPKD-associated changes in ECM.

In addition, PKD-related changes in ECM were associated with other interstitial
fibrosis factors like hepatocyte growth factor, epithelial growth factor (EGF), and
fibroblast growth factor-1 (FGF1) (Du and Wilson 1995; Horie et al. 1994). Levels
of these pro-fibrotic factors increased over time in ADPKD (Du and Wilson 1995).
Pro-fibrotic factors might affect the pathobiology of early stages of ADPKD and the
highest levels were found in near end-stage or end-stage ADPKD.
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5.4 ECM Regulation and Turnover in ADPKD

When an imbalance of cytokines is generated in ADPKD, the abundance of pro-
fibrotic factors such as TGFβ, PDGF, connective tissue growth factor, FGF2, and
osteopontin are increased,whereas the abundance of anti-fibrotic factors such as bone
morphogenic protein (BMP) 7 and hepatocyte growth factor are decreased (Song
et al. 2017). More importantly, interstitial fibrosis is a consequence of both increased
ECM production and inadequate matrix degradation which is another key regulator
of fibrosis (Eddy 1996). Development of fibrosis in ADPKD and other fibrotic mod-
els depends on both the amount of produced ECM and the extent of matrix turnover
during disease progression. Matrix metalloproteinases (MMPs) are responsible for
degrading ECM proteins. Several classes of MMPs have been studied including
collagenases such as MMP1, MMP8, gelatinases, metalloelastase, membrane-type
MMPs, and others. Tissue inhibitors of metalloproteinases (TIMPs) inhibit MMPs
(Catania et al. 2007). Consistent with the abnormal ECM change observed in poly-
cystic kidney tissues, an imbalance renal expression of TIMPs andMMPs was found
in kidneys of PKD (Norman 2011).

In kidneys, many types of MMPs and TIMPs are expressed, including MMP 2, 3,
9, 13, 14, 24, 25, 27, 28, and TIMP 1, 2, and 3 (Catania et al. 2007). Among them,
MMP 1, 2, 9, 14, and TIMP1 are related to PKD (Catania et al. 2007). Increased
MMP activity and collagen expression could stimulate the cyst formation in PKD.
MMP2 is down-regulated in Han: SPRD rats, along with the upregulation of TIMP1
and TIMP2 (Schaefer et al. 1996). However, an overexpression of MMP2 was found
in kidneys or tubules in ADPKD mice (e.g., Cys1cpk mice and PKD1−/− mice)
(Hassane et al. 2010; Rankin et al. 1996). MMP-14 overexpression was found in
kidneys of PKD1−/− mouse, Cys1cpk mice, and Han: SPRD rats (Grantham et al.
2011; Schieren et al. 2006). The suppression of MMP14 by batimastat was found
to reduce cyst formation and kidney weight. Increased expressions of MMPs and
TIMPs could induce remodeling and thickening of the cystic membrane, and the
fibrosis was induced in CLCs (Song et al. 2017). Therefore, inhibitions of MMP 2,
14, and TIMP2 through sirolimus decreased the accumulation of ECM and alleviated
PKD progression (Follonier Castella et al. 2010).

In humans, ADPKD was associated with increases of serum levels of MMP1,
MMP9, and TIMP1 (Nakamura et al. 2000). There were increased levels of multiple
MMPs, TIMPs (e.g., MMP2, MMP3, MMP9, TIMP1 and TIMP2), and plasmino-
gen activator inhibitor 1 (PAI1) in both pre-dialysis and ESRD kidneys of ADPKD
patients (Nakamura et al. 2000). The overexpression of PAI1 was reported in both
human and mouse polycystic kidney tissues (Eddy 2009). It was believed that PAI1
was pro-fibrotic due to its ability to recruit macrophage and myofibroblasts to the
tubulointerstitial area (Eddy 2009).

The functional consequences of theseECMturnover regulators are not fully under-
stood in ADPKD. Consequences may include changes in several cellular functions
(e.g., proliferation and differentiation) and immune regulation (breakdown collagen I
into proline–glycine–proline (PGP) fragment) (Norman 2011; Snelgrove et al. 2010).
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PGP is an important regulator of inflammatory neutrophil accumulation which is the
key pathogenesis of chronic obstructive pulmonary disease (Snelgrove et al. 2010).
MMP9 which participated in the generation of PGP was upregulated in ADPKD.
PGP and other collagen fragments of ECM may play important immunoregulatory
and modulating effects in polycystic kidney tissues.

Interactions between cells and ECM or its degradation products are mediated by
matrix receptors such as integrins and syndecans (Geiger et al. 2001). Chemokine
receptors often interact with ECM components at focal adhesion complexes which
activate intracellular signaling to regulate major cellular processes (Ehrhardt et al.
2002). The complex interactions between ECM, receptors of ECM degradation frag-
ments, signaling pathways, and ensuing transcriptional activation of specific genes
form a unique microenvironment (Norman 2011). Studies demonstrated that several
ECM receptors were increased in PKD patients, including integrins α2, β1, α8, β4,
αv, syndecan-4, and integrin-associated focal adhesion kinase (Joly et al. 2003; Zelt-
ner et al. 2008). ECM receptors (integrins α and β) may localize on primary cilia
(McGlashan et al. 2006). Genetic disruption of integrin pathways could mitigate the
renal cyst formation in mice (Desmouliere et al. 1993). Moreover, a hypomorphic
mutation in laminin α5 gene could drive renal cyst formation (LeBleu et al. 2013).
Therefore, the cell–ECM interactions may take part in PKD pathogenesis.

5.5 Cells in Regulation of ECM in ADPKD

5.5.1 Myofibroblasts

Myofibroblasts are specialized cells which can exert contractile forces, mediate
wound healing, and substantially contribute to the ECM expansion and develop-
ment of renal interstitial fibrosis (Fig. 5.3) (Qi et al. 2006). The hallmark of myofi-
broblasts is the expression of cytoskeletal α smooth muscle actin (αSMA) (Norman
2011). αSMA-positive cells were found in kidneys of PKD1−/−mice and end-stage
kidneys of Han:SPRD rats (Hassane et al. 2010). There were also αSMA express-
ing interstitial cells in focal areas of early-stage kidneys and in widespread areas
of end-stage kidneys in ADPKD patients. The origin of myofibroblasts in polycys-
tic kidney may differentiate from different precursors such as resident interstitial
fibroblasts (LeBleu et al. 2013). In a model of renal fibrosis, most myofibroblasts
were derived through the proliferation of resident fibroblasts, although bone-marrow-
derived fibrocytes also contributed about 35% of total myofibroblasts in the kidney
(LeBleu et al. 2013). Myofibroblast transformation could be regulated by TGFβ or
by the alteration of calcium flux in PKD (Desmouliere et al. 1993; Follonier Castella
et al. 2010). Myofibroblasts also could differentiate from infiltrating inflammatory
cells (Wada et al. 2011).

After appropriate stimulation, fibroblasts may differentiate into myofibroblasts.
The stimulation may be enhanced in ADPKD in response to increased ECM-
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Fig. 5.3 Cells and pathways in the regulation of fibrosis in ADPKD. The persistent increase in
inflammatory cells including macrophages leads to enhanced secretion of pro-inflammatory and
pro-fibrotic cytokines which causes the transition of fibroblasts and fibrocytes to a myofibroblast
phenotype. These myofibroblasts produce large amounts of ECM proteins leading to the deposition
of collagen into ECM and fibrosis in ADPKD

promoting factors such as TGFβ, FGF1, platelet-derived growth factor (PDGF),
and insulin-like growth factors (IGF) I and II (Kuo et al. 1997). These changes also
included increased secretion ofMMP2 and heat shock protein 47. Similar changes of
TGFβ pathway activation and the proliferative response were observed in embryonic
fibroblasts in PKD1−/− mice (Nishio et al. 2005). In addition, fibroblast differen-
tiation to myofibroblasts could be modulated by macrophages that secrete growth
factors including FGF2, PDGF, galectin 3, and IGF binding protein 5 (Huen and
Cantley 2015).

5.5.2 Fibrocytes

Fibrocyte is another ECM producing cell. Fibrocytes differentiate from peripheral
blood leukocytes and express both hematopoietic and stromal cell markers, as well as
several chemokine receptors (Wada et al. 2011). The differentiation of fibrocytes is
enhanced by cytokines associated with repair and pro-fibrogenic Th2-type immune
response and is inhibited by pro-inflammatory Th1-type cytokines (Niedermeier
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et al. 2009). Because the speed of PKD progression was associated with the Th2-
type immune response, fibrocyte differentiation may be enhanced in cystic kidneys
and contribute to ECM abnormalities in ADPKD (Qi et al. 2006).

5.5.3 Inflammatory Cells

Inflammatory cells are involved in fibrosis progression of ADPKD. Inflammatory
cells serve as potent producers of pro-fibrotic, pro-inflammatory, and pro-mitotic
cytokines.Understanding the involvement of inflammatory cells and related signaling
pathways in cyst fibrosis will provide innovative insights into the mechanism of PKD
progression.

The most studied inflammatory cell associated with fibrosis in ADPKD is the
macrophage. The macrophage accumulation accelerates the proliferation of CLCs
and increases cytokines which cause fibrosis in ADPKD (Vernon et al. 2010).
Macrophages include a heterogeneous group of cell types which differ from origin
and activation (Anders and Ryu 2011). The involvement of macrophages in promot-
ing the accumulation and degradation of ECM was well established. Macrophages
secrete cytokines such as IL-10,MCP1,TNF-α, TGF-β, PDGF, orArg1,which induce
myofibroblast activation and ECM production (Anders and Ryu 2011). Then, myofi-
broblasts produce lots of ECM proteins which lead to fibrosis in polycystic kidneys.
M1 macrophages produce TNF-α and encourage inflammation. M2 macrophage
stimulates the tubular cell proliferation and fibrosis formation. In normal condi-
tion or ADPKD, renal epithelial cells could promote the differentiation of naïve
macrophages intoM2macrophages (Vernon et al. 2010). Recently, M2macrophages
associated with Th2 cytokine-driven responses were found to promote renal tissue
repair and fibrosis. M2 macrophages were also associated with ADPKD progres-
sion (Mrug et al. 2008). CD11b was used as the identification of the pro-fibrotic
bone-marrow-derived macrophage (Lin et al. 2009). However, some macrophage
types have fibrosis attenuating effects in ADPKD. Those macrophages produced
several matrix-degrading proteases including MMP1, 2, 8, 9, and 13 (Semedo et al.
2010). In a UUO model, adoptive transfer of bone-marrow-derived macrophages
into leukocyte-depleted mice could significantly attenuate fibrosis (Qi et al. 2006).
Together, these data suggest that different macrophage subtypes could promote or
regress fibrosis. In addition to macrophages, renal fibrosis and ECM abnormalities
may be enhanced by lymphocytes, CD11c dendritic cells, and mast cells.

5.6 Epithelial Mesenchymal Transition

Renal vascular and tubular epithelial cells or macrophages can transit to a myofi-
broblast phenotype through epithelial mesenchymal transition (EMT). TGFβ is rec-
ognized as the main EMT inducer. In PCK rats, an orthologous model of human
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PKD, e-cadherin and β-catenin in cystic tubules were attenuated and localized to
lateral areas of cell–cell contact (Mun and Park 2016). Epithelial cells in cysts of
PCK rats acquired mesenchymal features through EMT in response to cyst enlarge-
ment and participated in progressive renal fibrosis. However, EMT was found to
make negligible contributions to the pathogenesis of renal cysts of ADPKD (Mun
and Park 2016). Although EMT plays an important role in the formation of kidney
myofibroblasts, the extent of EMT and its importance for the fibrosis in ADPKD
patients is unknown.

5.7 Prognostic Value of ECM Abnormality in ADPKD

Recently, abnormal expression of collagen I and III derived fragments were identified
in the urine of young pre-dialysis patients with ADPKD (Kistler et al. 2009). ECM
remodeling may be an attractive predictive biomarker and a therapeutic target for
development. A follow-up study based on the analyses of urinary collagen fragments
provided further support for the hypothesis (Kistler et al. 2013). The study found
that urinary proteomic score (mostly urinary collagen fragments) predicted ADPKD
severity significantly (Kistler et al. 2013).

5.8 Fibrotic Signaling Pathways

Several intracellular signaling pathways in fibrosis are activated in ADPKD.

5.8.1 TGFβ-SMAD Signaling Pathway

TGFβ is highly expressed in CLCs of human and rodent models of PKD (Hassane
et al. 2010). The TGFβ pathway is usually related to fibrosis, proliferation, cell—
cell interaction, apoptosis, and cell differentiation (Sureshbabu et al. 2016). TGFβ

is secreted by macrophages, lymphocytes, and dendritic cells. When TGFβ binds
to its receptors, TGFβ receptor types I and II will assembly and activate receptor
I. Then, the activated receptor I phosphorylates receptor-regulated SMAD which
binds to the common-mediator SMAD (Leonhard et al. 2016). The SMAD complex
then translocates to the nucleus and activates gene transcription. Increased TGFβ

expression and SMAD signaling were found to correlate with the late-stage fibrosis
of ADPKD and play an important role in cyst fibrosis and the disease progression
rather than cyst initiation (Norman 2011). The expression of TGFR1 and 2was found
to be elevated in the PKD1−/−mouse model (Chen et al. 2008). Moreover, the inhi-
bition of TGFβ could decrease cyst formation and ADPKD progression. However,
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TGFβ2 was found to alleviate ADPKD progression and cystogenesis by controlling
the synthesis of ECM proteins and cell adhesion (Elberg et al. 2012).

Activin A is a cytokine belonging to the TGFβ family of growth factors. Dur-
ing kidney development, activin A is produced by ureteric bud (UB) and negatively
regulates UB branching (Yamashita et al. 2004). Furthermore, activin A is involved
in kidney regeneration following injury, suggesting an important role for activin A
during kidney formation or regeneration. The inhibition of activin A signaling could
slow the progression of PKD (Leonhard et al. 2016). In addition, the level of activin
A increased in PKD1−/−mouse model and was associated with conditions wherein
dysfunction of the cilia or polycystins caused rapid cyst formation (Yamashita et al.
2004). These studies indicated that activin A was a critical cytokine in cyst progres-
sion and ESRD since it was involved in epithelial regeneration and was capable of
inducing ECM gene expression in kidney (Yamashita et al. 2004).

5.8.2 Wnt Signaling

Because β-catenin regulates the EMT process, Wnt signaling pathways are closely
connected with fibrosis. There are three types of Wnt signaling pathways including
the canonical Wnt pathway, the non-canonical Wnt/Ca2 + pathway, and the non-
canonical planar cell polarity pathway. Wnt signaling regulates gene transcription,
proliferation, cytoskeletal structure, and cell migration (Komiya and Habas 2008).
When Wnt is absent, complexes that contain disheveled, glycogen synthase kinase-
3β, axin, and adenomatous polyposis coli degrade β-catenin in the canonical Wnt
pathway. WhenWnt is present, the complex is inhibited, then β-catenin accumulates
and functions as the transcription factor. A transgenic mouse model that constitu-
tively expressed β-catenin developed PKD (Qi et al. 2006). The activity of Wnt
signaling was increased in CLCs of patients with ADPKD (Mun and Park 2016).
The expression of Wnt4 related to EMT increased in jck mice (Stark et al. 1994).
In Gpr48−/− PKD mice, renal fibrosis was found to accompany the Wnt signaling
pathway activation (Dang et al. 2014). Moreover, the Wnt signaling regulated pri-
mary cilia formation. Genetic knockout of ciliary proteins Bbs1 andKif3a showed an
activation of Wnt signaling in transgenic mice compared with normal mice (Corbit
et al. 2008). Likewise, the upregulation of Wnt signaling increased the expression
of fibronectin. Together, the overactivation of Wnt signaling results in an increased
frequency of EMT and lead to fibrosis in ADPKD.

5.8.3 Periostin–Integrin-Linked Kinase Signaling

Periostin is a secreted proteinwhichbinds to theECMcomponents including collagen
I and fibronectin and has been implicated in collagen fibrillogenesis (Wallace et al.
2014). Periostin was markedly overexpressed and could promote cyst growth and
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interstitial fibrosis in PKD mice (Wallace et al. 2014). Several integrins including α

and β also were aberrantly expressed in CLCs. Integrin-linked kinase (ILK), which
is stimulated by periostin, directly binds to β integrins and links the ECM to the actin
cytoskeleton. Periostin-ILK signaling played a role in cytoskeleton reorganization
by recruiting regulatory proteins such as parvin, paxillin, and kindlin2 (Raman et al.
2017). Raman et al. (Raman et al. 2017) found that knockdown of ILK and its
downstream signaling strikingly reduced PKD fibrosis and extended the life of PKD
mice.

5.9 Anti-fibrotic Therapies in ADPKD

Slowing the cyst expansion and development of fibrosis is very important to pro-
longing life span and improving palliative care of patients with ADPKD. However,
the development of effective anti-fibrotic treatments in ADPKD patients is lim-
ited. Identifying the key molecular mechanism of fibrosis and how it contributes
to ESRD will provide novel targets for anti-fibrotic therapies (Vilayur and Harris
2009). For example, targeting of αSMA-positive cells for anti-fibrotic therapy to
help reduce scarring and retain renal function may be an attractive idea in the future
(Song et al. 2017). B-type natriuretic peptide overexpression was found to amelio-
rate renal fibrocystic disease through the guanylyl cyclase A-cGMP axis in a rat
model of ADPKD (Holditch et al. 2017). We previously found that rosiglitazone,
a peroxisome-proliferator-activated receptor-γ agonist, was able to down-regulate
the abnormally activated β-catenin signaling pathway and delay the progression of
fibrosis in Han: SPRD rats (Dai et al. 2010). In addition, targeting other fibrotic
factors may alter the pathobiology of cyst formation and ADPKD progression. For
example, overexpression of BMP receptor activin receptor like kinase 3 or BMP7
knockout, could trigger renal cysts formation in mice through SMAD/WNT sig-
naling (Hu et al. 2003). BMP7 treatment was found to attenuate the renal cystic
disease progression in Nek8 jck mouse model, and soluble activin-type IIB receptor
treatment could effectively block cyst formation in a mouse PKD model (Leonhard
et al. 2016). Similarly, EGF is another important regulator of cystic epithelial cell
proliferation through EGF pathway which is explored for therapeutic development
of ADPKD (Du andWilson 1995). Better understandings of mechanisms underlying
the initiation and progression of fibrosis in ADPKD are urgently needed.

5.10 Conclusion

The fibrosis is increased in the late-stage and end-stage ADPKD. Inflammation can
initiate fibrosis, causing thickening of tubular membrane and remodeling of the inter-
stitium. However, inflammation and fibrosis alone cannot generate ADPKD, which
also requires CLC proliferation. Following an increase in cystic cell proliferation,
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fibrotic cells and pro-inflammatory cytokines are elevated and then lead to the devel-
opment of inflammation, fibrosis, and proliferation. Macrophage and its secreted
cytokines accumulated in cystic fluids and urine of PKD. TGFβ, MMPs, and TIMPs
could trigger fibrosis in ADPKD. MMPs and TIMPs could induce the accumulation
of fibroblasts and collagen. The inhibition of cytokines involved in fibrosis could be
a therapeutic strategy for ADPKD.

References

Anders HJ, Ryu M (2011) Renal microenvironments and macrophage phenotypes determine pro-
gression or resolution of renal inflammation and fibrosis. Kidney Int 80:915–925

Anil Kumar Bhunia KP, Boletta Alessandra, Liu Lijuan, Qian Feng, Pei-Ning Xu et al (2002) PKD1
induces p21waf1 and regulation of the cell cycle via direct activation of the JAK-STAT signaling
pathway in a process requiring PKD2. Cell 109:157–168

Bakun M, Niemczyk M, Domanski D, Jazwiec R, Perzanowska A et al (2012) Urine proteome of
autosomal dominant polycystic kidney disease patients. Clin Proteomics 9:13

Banzi M, Aguiari G, Trimi V, Mangolini A, Pinton P et al (2006) Polycystin-1 promotes PKCalpha-
mediated NF-kappaB activation in kidney cells. Biochem Biophys Res Commun 350:257–262

Bastos AP, Piontek K, Silva AM, Martini D, Menezes LF et al (2009) Pkd1 haploinsufficiency
increases renal damage and induces microcyst formation following ischemia/reperfusion. J Am
Soc Nephrol 20:2389–2402

Bergmann C (2017) Genetics of autosomal recessive polycystic kidney disease and its differential
diagnoses. Front Pediatr 5:221

Bernhardt WM, Wiesener MS, Weidemann A, Schmitt R, Weichert W et al (2007) Involvement of
hypoxia-inducible transcription factors in polycystic kidney disease. Am J Pathol 170:830–842

Cassini MF, Kakade VR, Kurtz E, Sulkowski P, Glazer P et al (2018) Mcp1 promotes macrophage-
dependent cyst expansion in autosomal dominant polycystic kidney disease. J Am Soc Nephrol

Catania JM, Chen G, Parrish AR (2007) Role of matrix metalloproteinases in renal pathophysiolo-
gies. Am J Physiol Renal Physiol 292:F905–F911

Chauvet V, Tian X, Husson H, GrimmDH,Wang T et al (2004) Mechanical stimuli induce cleavage
and nuclear translocation of the polycystin-1 C terminus. J Clin Invest 114:1433–1443

Chen WC, Tzeng YS, Li H (2008) Gene expression in early and progression phases of autosomal
dominant polycystic kidney disease. BMC Res Notes 1:131

Corbit KC, Shyer AE, Dowdle WE, Gaulden J, Singla V et al (2008) Kif3a constrains beta-
catenin-dependent Wnt signalling through dual ciliary and non-ciliary mechanisms. Nat Cell
Biol 10:70–76

Cowley BD Jr, Ricardo SD, Nagao S, Diamond JR (2001) Increased renal expression of monocyte
chemoattractant protein-1 and osteopontin in ADPKD in rats. Kidney Int 60:2087–2096

Dai B, Liu Y,Mei C, Fu L, Xiong X et al (2010) Rosiglitazone attenuates development of polycystic
kidney disease and prolongs survival in Han: SPRD rats. Clin Sci (Lond) 119:323–333

Dang Y, Liu B, Xu P, Zhu P, Zhai Y et al (2014) Gpr48 deficiency induces polycystic kidney lesions
and renal fibrosis in mice by activating Wnt signal pathway. PLoS ONE 9:e89835

Dell KM,NemoR, SweeneyWE Jr, Levin JI, Frost P et al (2001) A novel inhibitor of tumor necrosis
factor-alpha converting enzyme ameliorates polycystic kidney disease. Kidney Int 60:1240–1248

Desmouliere A, Geinoz A, Gabbiani F, Gabbiani G (1993) Transforming growth factor-beta 1
induces alpha-smooth muscle actin expression in granulation tissue myofibroblasts and in quies-
cent and growing cultured fibroblasts. J Cell Biol 122:103–111

Du J, Wilson PD (1995) Abnormal polarization of EGF receptors and autocrine stimulation of cyst
epithelial growth in human ADPKD. Am J Physiol 269:C487–C495



5 Polycystic Kidney Disease and Renal Fibrosis 97

Eddy AA (1996) Molecular insights into renal interstitial fibrosis. J Am Soc Nephrol 7:2495–2508
Eddy AA (2009) Serine proteases, inhibitors and receptors in renal fibrosis. Thromb Haemost
101:656–664

Ehrhardt A, Ehrhardt GR,GuoX, Schrader JW (2002) Ras and relatives–job sharing and networking
keep an old family together. Exp Hematol 30:1089–1106

Elberg D, Jayaraman S, Turman MA, Elberg G (2012) Transforming growth factor-beta inhibits
cystogenesis in human autosomal dominant polycystic kidney epithelial cells. Exp Cell Res
318:1508–1516

Follonier Castella L, Gabbiani G, McCulloch CA, Hinz B (2010) Regulation of myofibroblast
activities: calcium pulls some strings behind the scene. Exp Cell Res 316:2390–2401

Geiger B, Bershadsky A, Pankov R, Yamada KM (2001) Transmembrane crosstalk between the
extracellular matrix–cytoskeleton crosstalk. Nat Rev Mol Cell Biol 2:793–805

GordonS, Taylor PR (2005)Monocyte andmacrophage heterogeneity.NatRev Immunol 5:953–964
Grantham JJ, Mulamalla S, Swenson-Fields KI (2011) Why kidneys fail in autosomal dominant
polycystic kidney disease. Nat Rev Nephrol 7:556–566

Harms JC, Song CJ, Mrug M (2018) The role of inflammation and fibrosis in cystic kidney disease
Harris PC, Torres VE (2014) Genetic mechanisms and signaling pathways in autosomal dominant
polycystic kidney disease. J Clin Invest 124:2315–2324

Hassane S, LeonhardWN, van derWal A, Hawinkels LJ, Lantinga-van Leeuwen IS et al (2010) Ele-
vated TGFbeta-Smad signalling in experimental Pkd1models and human patients with polycystic
kidney disease. J Pathol 222:21–31

Hayden MS, Ghosh S (2011) NF-kappaB in immunobiology. Cell Res 21:223–244
Hayden MS, Ghosh S (2012) NF-kappaB, the first quarter-century: remarkable progress and out-
standing questions. Genes Dev 26:203–234

Holditch SJ, Schreiber CA, Harris PC, LaRusso NF, Ramirez-Alvarado M et al (2017) B-type
natriuretic peptide overexpression ameliorates hepatorenal fibrocystic disease in a rat model of
polycystic kidney disease. Kidney Int 92:657–668

Horie S, Higashihara E, Nutahara K, Mikami Y, Okubo A et al (1994) Mediation of renal cyst
formation by hepatocyte growth factor. Lancet 344:789–791

Hu MC, Piscione TD, Rosenblum ND (2003) Elevated SMAD1/beta-catenin molecular complexes
and renal medullary cystic dysplasia in ALK3 transgenic mice. Development 130:2753–2766

Huen SC, Cantley LG (2015) Macrophage-mediated injury and repair after ischemic kidney injury.
Pediatr Nephrol 30:199–209

John J O’Shea, SMH, Louis M Staudt (2013) JAKs and STATs in immunity, immunodeficiency,
and cancer. N Engl J Med 368:161–170

Joly D, Morel V, Hummel A, Ruello A, Nusbaum P et al (2003) Beta4 integrin and laminin 5 are
aberrantly expressed in polycystic kidney disease: role in increased cell adhesion and migration.
Am J Pathol 163:1791–1800

Kaplan MH (2013) STAT signaling in inflammation. Jak-Stat 2(1):e24198
Karihaloo A, Koraishy F, Huen SC, Lee Y, Merrick D et al (2011) Macrophages promote cyst
growth in polycystic kidney disease. J Am Soc Nephrol 22:1809–1814

Kistler AD, Mischak H, Poster D, Dakna M, Wuthrich RP et al (2009) Identification of a unique
urinary biomarker profile in patients with autosomal dominant polycystic kidney disease. Kidney
Int 76:89–96

Kistler AD, Serra AL, Siwy J, Poster D, Krauer F et al (2013) Urinary proteomic biomarkers for
diagnosis and risk stratification of autosomal dominant polycystic kidney disease: a multicentric
study. PLoS ONE 8:e53016

Komiya Y, Habas R (2008) Wnt signal transduction pathways. Organogenesis 4:68–75
Kuo NT, Norman JT, Wilson PD (1997) Acidic FGF regulation of hyperproliferation of fibroblasts
in human autosomal dominant polycystic kidney disease. Biochem Mol Med 61:178–191

LeBleu VS, Taduri G, O’Connell J, Teng Y, Cooke VG et al (2013) Origin and function of myofi-
broblasts in kidney fibrosis. Nat Med 19:1047–1053



98 C. Xue and C.-L. Mei

Leonhard WN, Kunnen SJ, Plugge AJ, Pasternack A, Jianu SB et al (2016) Inhibition of activin
signaling slows progression of polycystic kidney disease. J Am Soc Nephrol 27:3589–3599

Li L, Huang L, Sung SS, Vergis AL, Rosin DL et al (2008a) The chemokine receptors CCR47
and CX3CR47 mediate monocyte/macrophage trafficking in kidney ischemia-reperfusion injury.
Kidney Int 74:1526–1537

Li X, Magenheimer BS, Xia S, Johnson T, Wallace DP et al (2008b) A tumor necrosis factor-
alpha-mediated pathway promoting autosomal dominant polycystic kidney disease. Nat Med
14:863–868

Lin SL, Castano AP, Nowlin BT, Lupher ML Jr, Duffield JS (2009) Bone marrow Ly6Chigh mono-
cytes are selectively recruited to injured kidney and differentiate into functionally distinct popu-
lations. J Immunol 183:6733–6743

Liu D, Wang CJ, Judge DP, Halushka MK, Ni J et al (2014) A Pkd1-Fbn1 genetic interaction impli-
cates TGF-beta signaling in the pathogenesis of vascular complications in autosomal dominant
polycystic kidney disease. J Am Soc Nephrol 25:81–91

Low SH, Vasanth S, Larson CH, Mukherjee S, Sharma N et al (2006) Polycystin-1, STAT6, and
P100 function in a pathway that transduces ciliarymechanosensation and is activated in polycystic
kidney disease. Dev Cell 10:57–69

Mangos S, Lam PY, Zhao A, Liu Y, Mudumana S et al (2010) The ADPKD genes pkd1a/b and
pkd2 regulate extracellular matrix formation. Dis Model Mech 3:354–365

Mason SB, Lai X, Bacallao RL, Blazer-Yost BL, Gattone VH et al (2009) The biomarker enriched
proteome of autosomal dominant polycystic kidney disease cyst fluid. Proteomics Clin Appl
3:1247–1250

McGlashan SR, Jensen CG, Poole CA (2006) Localization of extracellular matrix receptors on the
chondrocyte primary cilium. J Histochem Cytochem 54:1005–1014

McPherson EA, Luo Z, Brown RA, LeBard LS, Corless CC et al (2004) Chymase-like angiotensin
II-generating activity in end-stage human autosomal dominant polycystic kidney disease. J Am
Soc Nephrol 15:493–500

Ming Wu MC, Jing Ying, Junhui Gu, Mei Shuqin (2016) The C-terminal tail of polycystin-1
regulates complement factor B expression by signal transducer and activator of transcription 1.
Am J Physiol Renal Physiol 310:F1284–F1294

Mrug M, Zhou J, Woo Y, Cui X, Szalai AJ et al (2008) Overexpression of innate immune response
genes in a model of recessive polycystic kidney disease. Kidney Int 73:63–76

Mrug M, Zhou J, Mrug S, Guay-Woodford LM, Yoder BK, Szalai AJ (2014) Complement C3
activation in cyst fluid and urine from autosomal dominant polycystic kidney disease patients. J
Intern Med 276:539–540

Mun H, Park JH (2016) Inflammation and Fibrosis in ADPKD. Adv Exp Med Biol 933:35–44
Nakamura T, Ushiyama C, Suzuki S, Ebihara I, Shimada N et al (2000) Elevation of serum levels
of metalloproteinase-1, tissue inhibitor of metalloproteinase-1 and type IV collagen, and plasma
levels of metalloproteinase-9 in polycystic kidney disease. Am J Nephrol 20:32–36

Niedermeier M, Reich B, Rodriguez Gomez M, Denzel A, Schmidbauer K et al (2009) CD4 + T
cells control the differentiation of Gr1 + monocytes into fibrocytes. Proc Natl Acad Sci U S A
106:17892–17897

Nishio S, Hatano M, Nagata M, Horie S, Koike T et al (2005) Pkd1 regulates immortalized prolif-
eration of renal tubular epithelial cells through p53 induction and JNK activation. J Clin Invest
115:910–918

Norman J (2011) Fibrosis and progression of autosomal dominant polycystic kidney disease
(ADPKD). Biochim Biophys Acta 1812:1327–1336

Pahl HL (1999) Activators and target genes of Rel/NF-kB transcription factors. Oncogene
18:6853–6866

Park EY, Seo MJ, Park JH (2010) Effects of specific genes activating RAGE on polycystic kidney
disease. Am J Nephrol 32:169–178

QiW, Chen X, Poronnik P, Pollock CA (2006) The renal cortical fibroblast in renal tubulointerstitial
fibrosis. Int J Biochem Cell Biol 38:1–5



5 Polycystic Kidney Disease and Renal Fibrosis 99

Qian F, Boletta A, Bhunia AK, Xu H, Liu L et al (2002) Cleavage of polycystin-1 requires the
receptor for egg jelly domain and is disrupted by human autosomal-dominant polycystic kidney
disease 1-associated mutations. Proc Nat Acad Sci U S A 99:16981–16986

Qin S, Taglienti M, Cai L, Zhou J, Kreidberg JA (2012) c-Met and NF-kappaB-dependent overex-
pression of Wnt7a and -7b and Pax2 promotes cystogenesis in polycystic kidney disease. J Am
Soc Nephrol 23:1309–1318

Raman A, Reif GA, Dai Y, Khanna A, Li X et al (2017) Integrin-linked kinase signaling promotes
cyst growth and fibrosis in polycystic kidney disease. J Am Soc Nephrol 28:2708–2719

Rankin CA, Suzuki K, Itoh Y, Ziemer DM, Grantham JJ et al (1996) Matrix metalloproteinases and
TIMPS in cultured C57BL/6 J-cpk kidney tubules. Kidney Int 50:835–844

Rawlings Jason S, Rosler KM et al (2004) The JAK/STAT signaling pathway. J Cell Sci
117:1281–1283

Ricklin D, Hajishengallis G, Yang K, Lambris JD (2010) Complement: a key system for immune
surveillance and homeostasis. Nat Immunol 11:785–797

Schaefer L, Han X, Gretz N, Hafner C, Meier K et al (1996) Tubular gelatinase A (MMP-2) and its
tissue inhibitors in polycystic kidney disease in the Han: SPRD rat. Kidney Int 49:75–81

Schieren G, Rumberger B, Klein M, Kreutz C, Wilpert J et al (2006) Gene profiling of polycystic
kidneys. Nephrol Dial Transplant 21:1816–1824

Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N et al (2012) A lineage of
myeloid cells independent of Myb and hematopoietic stem cells. Science 336:86–90

Semedo P, Donizetti-Oliveira C, Burgos-Silva M, Cenedeze MA, Avancini Costa Malheiros DM
et al (2010) Bone marrow mononuclear cells attenuate fibrosis development after severe acute
kidney injury. Lab Invest 90:685–695

Sica A, Mantovani A (2012) Macrophage plasticity and polarization: in vivo veritas. J Clin Invest
122:787–795

Snelgrove RJ, Jackson PL, Hardison MT, Noerager BD, Kinloch A et al (2010) A critical role for
LTA4H in limiting chronic pulmonary neutrophilic inflammation. Science 330:90–94

Song X, Di Giovanni V, He N, Wang K, Ingram A et al (2009) Systems biology of autosomal
dominant polycystic kidney disease (ADPKD): computational identification of gene expression
pathways and integrated regulatory networks. Hum Mol Genet 18:2328–2343

Song CJ, Zimmerman KA, Henke SJ, Yoder BK (2017) Inflammation and fibrosis in polycystic
kidney disease. Results Probl Cell Differ 60:323–344

Stark K, Vainio S, Vassileva G, McMahon AP (1994) Epithelial transformation of metanephric
mesenchyme in the developing kidney regulated by Wnt-4. Nature 372:679–683

Su Z, Wang X, Gao X, Liu Y, Pan C et al (2014) Excessive activation of the alternative complement
pathway in autosomal dominant polycystic kidney disease. J Int Med 276:470–485

Sureshbabu A, Muhsin SA, Choi ME (2016) TGF-beta signaling in the kidney: profibrotic and
protective effects. Am J Physiol Renal Physiol 310:F596–F606

Swenson-Fields KI, Vivian CJ, Salah SM, Peda JD, Davis BM et al (2013) Macrophages promote
polycystic kidney disease progression. Kidney Int 83:855–864

Talbot JJ, Shillingford JM, Vasanth S, Doerr N, Mukherjee S et al (2011) Polycystin-1 regulates
STAT activity by a dual mechanism. Proc Nati Acad Sci U S A 108:7985–7990

Vernon MA, Mylonas KJ, Hughes J (2010) Macrophages and renal fibrosis. Semin Nephrol
30:302–317

Vilayur E, Harris DC (2009) Emerging therapies for chronic kidney disease: what is their role? Nat
Rev Nephrol 5:375–383

Wada T, Sakai N, Sakai Y, Matsushima K, Kaneko S, Furuichi K (2011) Involvement of bone-
marrow-derived cells in kidney fibrosis. Clin Exp Nephrol 15:8–13

Wallace DP, White C, Savinkova L, Nivens E, Reif GA et al (2014) Periostin promotes renal cyst
growth and interstitial fibrosis in polycystic kidney disease. Kidney Int 85:845–854

Wei W, Hackmann K, Xu H, Germino G, Qian F (2007) Characterization of cis-autoproteolysis
of polycystin-1, the product of human polycystic kidney disease 1 gene. J Biol Chem
282:21729–21737



100 C. Xue and C.-L. Mei

Weimbs T, Olsan EE, Talbot JJ (2013) Regulation of STATs by polycystin-1 and their role in
polycystic kidney disease. Jak-Stat 2:e23650

Wilson PD, Burrow CR (1999) Cystic diseases of the kidney: role of adhesion molecules in normal
and abnormal tubulogenesis. Exp Nephrol 7:114–124

Wilson PD, Hreniuk D, Gabow PA (1992) Abnormal extracellular matrix and excessive growth of
human adult polycystic kidney disease epithelia. J Cell Physiol 150:360–369

WilsonPD,Norman JT,KuoNT,BurrowCR (1996)Abnormalities in extracellularmatrix regulation
in autosomal dominant polycystic kidney disease. Contrib Nephrol 118:126–134

Wilson PD, Geng L, Li X, BurrowCR (1999) The PKD1 gene product, “polycystin-1,” is a tyrosine-
phosphorylated protein that colocalizes with alpha2beta1-integrin in focal clusters in adherent
renal epithelia. Lab Invest 79:1311–1323

Wuthrich RP, Mei C (2012) Aquaretic treatment in polycystic kidney disease. N Engl J Med
367:2440–2442

Xue C, Zhou CC, Wu M, Mei CL (2016) The clinical manifestation and management of autosomal
dominant polycystic kidney disease in China. Kidney Dis (Basel) 2:111–119

Xue C, Zhou C, Mei C (2018) Total kidney volume: the most valuable predictor of autosomal
dominant polycystic kidney disease progression. Kidney Int 93:540–542

Yamashita S, Maeshima A, Kojima I, Nojima Y (2004) Activin A is a potent activator of renal
interstitial fibroblasts. J Am Soc Nephrol 15:91–101

Yang Y, Chen M, Zhou J, Lv J, Song S et al (2018) Interactions between macrophages and cyst-
lining epithelial cells promote kidney cyst growth in Pkd1-deficient mice. J Am Soc Nephrol
29:2310–2325

Zeier M, Fehrenbach P, Geberth S, Mohring K, Waldherr R, Ritz E (1992) Renal histology in
polycystic kidney disease with incipient and advanced renal failure. Kidney Int 42:1259–1265

Zeltner R, Hilgers KF, Schmieder RE, Porst M, Schulze BD et al (2008) A promoter polymorphism
of the alpha 8 integrin gene and the progression of autosomal-dominant polycystic kidney disease.
Nephron Clin Pract 108:c169–c175

Zheng D, Wolfe M, Cowley BD Jr, Wallace DP et al (2003) Urinary excretion of monocyte
chemoattractant protein-1 in autosomal dominant polycystic kidney disease. J Am Soc Nephrol
14:2588–2595

ZimmermanK,Yoder BK (2015) SnapShot: sensing and signaling by cilia. Cell 161(692–692):e691



Chapter 6
Pathogenesis of Chronic Allograft
Dysfunction Progress to Renal Fibrosis

Cheng Yang, Ruochen Qi and Bin Yang

Abstract Kidney transplantation is a life-change measurement for the patients of
end-stage renal disease (ESRD). However, the renal allograft cannot avoid initial
acute kidney injury (AKI) and subsequent chronic allograft dysfunction (CAD),
gradually develops fibrosis and eventually loses function. It is imperative to disclose
the pathogenesis ofAKI andCAD in order to facilitate interventions.We have studied
the involvement of immunity, inflammation, and apoptosis in ischemia-reperfusion
injury (IRI) and/or immunosuppressant inducedAKImodels,with associated chronic
damage. Our research mainly focused on tubular epithelial cells (TECs) that are pas-
sive victims and also active participators in injury and mediate following repair or
fibrosis. Targeting not only fibroblasts/myofibroblasts, but also TECs, might be a
fundamental strategy to prevent and treat renal fibrosis. We have also evaluated the
potential application of siRNA targeting caspase-3 and tissue protective erythropoi-
etin derivatives, HBSP and CHBP, aiming to treat AKI and prevent CAD. Significant
improvements have been obtained, but timely diagnosis and precise therapy of AKI
and prevention of CAD progressing to ESRD are still very challenging. Modern
technologies such as microarray and sequencing analysis have been used to identify
biomarkers and potentially facilitate individual cell target treatment for transplant
patients.
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6.1 Renal Tubulointerstitial Fibrosis

Fibrosis is the characteristics of end-stage renal disease (ESRD) regardless of etiol-
ogy. How to prevent and reverse renal fibrosis in kidney diseases are seeking after
by clinicians and scientists alike. The severity of fibrosis predicts the progression of
disease, but does not correct well with glomerular filtration rate (GFR, Nicholson
et al. 1996). Although some renal injuries may initially target the glomeruli rather
than the tubulointerstitial compartment, the best predictor of prognosis in chronic
kidney disease (CKD) or chronic allograft dysfunction (CAD) is the degree of tubu-
lointerstitial fibrosis (TIF), often accompanied by tubular atrophy (TA), in kidney
biopsies (Liu et al. 2018b). Immunosuppressive drugs have developed rapidly, but
the long-term survival of transplant kidney is still challenging. Interstitial residential
cells, infiltrated innate immune cells, endothelial cells (ECs), pericytes, and tubular
epithelial cells (TECs) all actively contribute to CAD. Therefore, there are great
interests in understanding the pathogenesis of progressive CAD to renal fibrosis,
with more attentions on ECs, pericytes, and TECs (Fig. 6.1).

6.2 Tubulointerstitial Fibrosis in Transplanted Kidneys

Before 2005, chronic renal allograft dysfunction without typical manifestation of
rejection was pathologically classified as chronic allograft nephropathy (CAN). In
2005, the 8th Banff Conference on Allograft Pathology held in Edmonton eliminated
‘CAN’ (Solez et al. 2007), since the use of the non-specific term ‘CAN’ tended to
undermine recognition of morphological features that enable the diagnosis of spe-
cific causes of CAD. In the new Banff classification, the individual chronic lesions
are defined as IF, TA, arterial fibrous intimal thickening, arteriolar hyalinosis, mesan-
gial matrix increase, and transplant glomerulopathy (Solez et al. 2008). IF and TA,
in particular, almost invariably occurs together and is often considered as the single
parameter IF/TA (Sis et al. 2010). Because the tubulointerstitium comprises 90%vol-
ume of the kidney, IF/TA is generally the most prominent manifestation of structural
allograft deterioration.

Fibrosis develops in many patients during the first year after transplantation, most
of which is accumulated over the first 3 months. Afterward, the progressive rate of
fibrosis slows down significantly. It is likely that this early accumulation of fibro-
sis mainly results from self-limiting inflammation related to transplantation stress.
Nevertheless, fibrosis often progresses continuously (Vanhove et al. 2017). In a 10-
year follow-up study, severe CAN (old definition for CAD) presented in 58.4% of
patients, while glomerulosclerosis was shown in 37.3% of patients. The conclusion
was made that IF/TA is irreversible and results in declining renal function and graft
failure (Nankivell et al. 2003). Epithelial–mesenchymal transition (EMT) is a basic
pathologic process during renal fibrosis, but we have a focus here to discuss the
interaction between TECs and the immune system.
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Fig. 6.1 Mechanisms of acute injury to repair or CAD to renal fibrosis. IR-related AKI induces
immune responses, inflammation, and apoptotic and necrotic cell death. S1P and properdin are
released by injuredTECs, and also label damaged cells as ‘fineme’ signals, then facilitate the capture
by phagocytes to clear inflammation and initiate repair. Erythropoietin (EPO) released by interstitial
cells combines with EPO receptor that expressed on the phagocytes including macrophages and
TECs. The Jak-2/STAT3 pathway is a typical and classical signaling pathway that involves in EPO
receptor mediated repair and maybe also fibrosis



104 C. Yang et al.

6.3 Innate Immunity Activated by TEC Injury

Damage-associated molecular patterns (DAMPs) are released from necrotic cells
including TECs. DAMPs can activate Toll-like receptors (TLRs), NOD-like recep-
tors (NLRs), C-type lectin receptors, and inflammasomes on resident inflammatory
cells such as macrophages. All of these ligand–receptor actions drive the secretion
of proinflammatory cytokines and chemokines (Ising and Heneka 2018). Complex
chemokine gradients are formed via the cooperation of immune and non-immune
cells to recruit innate immune cells. The number of studies including ours have
demonstrated that the non-sterile inflammation cascade is induced by injured TECs
(Hu et al. 2012). For instance, in AKI, TECs underwent apoptosis and necroptosis
(Wang et al. 2016). The necrotic TECs release a number of DAMPs that activate
the innate immunity through identical pattern recognition receptors including TLRs
and inflammasomes. Mulay et al. showed that oxalate crystal formation inside TECs
induced TNF-α secretion via TNF receptor 1-dependent mechanism. Blocking either
TNF-α or TNF receptor 1 abrogated kidney injury and dysfunction (Mulay et al.
2016).

TECs loss accompanies by the initiation of the repair process. Although there are
different hypotheses about the regeneration of TECs, the most acceptable concept
is that the survived TECs dedifferentiate to regain the ability of proliferation. Up
to now, the precise mechanism of this process is still unknown, but recent studies
showed that dedifferentiated TECs contribute to myofibroblast activation and TIF
via the secretion of inflammatory mediators.

6.4 TECs Interacting with Macrophages

Macrophages are highly heterogeneous cells that exhibit distinct phenotype and func-
tion depending on the microenvironment conditioned by the type and the stage of
diseases. Classically, macrophages are classified into activated macrophages (M1)
and alternatively activated macrophages (M2) in vitro. M2 are subdivided further
into M2a, M2b and M2c according to their responses to different modulators. How-
ever, this classification does not truly reflect their phenotypes in tissue environment
in vivo. Recently, Anders and Ryu proposed four types of macrophages in vivo,
according to their predominant roles in the phases of wound healing, namely proin-
flammatory, anti-inflammatory, profibrotic, and fibrolytic macrophages (Anders and
Ryu 2011). In a recent study, TECs were found to be associated with profibrotic
macrophages. The exosome released from TECs packed with chemokine C-C motif
chemokine ligand 2 (CCL2) mRNA and transferred CCL2 mRNA from TECs to
macrophages. These signals provoked the activation and autocrine of macrophages
and then recruited additional myeloid cells (Lv et al. 2018). Interestingly, the cilia
in renal TECs can also activate chemokine signaling to recruit inflammatory cells.
Viau et al. identified a complex of ciliary kinase liver kinase B1 (LKB1) and several
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ciliopathy-related proteins including NPHP1 and PKD1. For homeostasis, this cil-
iary module suppresses the expression of inflammatory chemokine CCL2 in TECs.
Deletion of LKB1 or PKD1 in mouse renal tubules elevates CCL2 expression in a
cell-autonomousmanner and results in peritubular accumulation of CCR2+ mononu-
clear phagocytes, promoting a ciliopathy phenotype. This study suggests that cilia-
localized LKB1 regulates chemokine signaling, macrophage recruitment, and tissue
homeostasis in the kidney (Viau et al. 2018).

6.5 Autophagy in Tubulointerstitial Fibrosis

Autophagy is a double-edged sword in TIF. It is an intracellular homeostatic mecha-
nism and is important for the degradation of waste components from the cytoplasm
in acidic lysosomal compartments (Deretic et al. 2013). In diabetic nephropathy,
autophagy can degrade advanced glycation end products (AGEs) in TECs, while
specifically inhibiting autophagy inTECs results in accumulation ofAGEs alongwith
worsened inflammation and fibrosis (Takahashi et al. 2017). Another in vitro study
shows that overexpression of SK1 leads to enhanced autophagy activity and amelio-
rates fibrosis induced by TGF-β1 (Du et al. 2017). Despite the fact that autophagy
serves as a protective mechanism upon injury, a few more studies focusing on the
role of Atg5 reach controversial results. One study shows that genetic deletion of
Atg5 results in Atg5-mediated autophagy deficiency specifically in TECs, which
leads to marked cell cycle arrest at G2/M phase, increased COL1 deposition, and
severe interstitial fibrosis in an unilateral urinary obstruction (UUO) model, which
corresponds with the concept discussed above that autophagy plays as an antifibrotic
role in TECs (Li et al. 2016). However, another similar study also focused on the
role of Atg5 indicates that ablation of autophagy in TECs leads to significantly less
tubular senescence and reduced interstitial fibrosis 30 days after IRI (Baisantry et al.
2016). This is also consistent with an additional study that also showed amelio-
rated tubular injury and tubulointerstitial fibrosis in the mouse kidneys subjected to
proximal tubule-specific Atg7 knock out (KO). These results indicate the two-way
effects of autophagy in renal fibrosis. Indeed, autophagy can degrade unnecessary or
dysfunction components and prevent cell apoptosis, thus acting as a protective mech-
anism for cell survival. However, if severely damaged TECs managed to survive via
autophagy, these compromised cells may undergo maladaptive repair and pheno-
type change, thereby secreting proinflammatory and profibrotic cytokines, leading
to aggravated renal fibrosis (Livingston et al. 2016).
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6.6 Phagocytosis of Apoptotic TECs by EPO
Receptor-Related Pathways

Apoptosis is necessary for the clearance of inflammatory cells and injured TECs dur-
ing repair/remodeling, while apoptotic cells have to be rapidly removed by phago-
cytosis to avoid further damage (Yang et al. 2015b). The previous study showed
up-regulated caspase-3 in TECs is associated with apoptosis and inflammation in
IRI kidneys (Yang et al. 2001, 2012, 2005). The anti-inflammation, anti-apoptosis,
and pro-regeneration role of EPO have been broadly reported (Gilboa et al. 2017;
Lee et al. 2015). We revealed that the renoprotective function of EPO was associ-
ated with increased caspase-3 activity and inflammatory cell clearance via apoptosis
(Yang et al. 2011b). Several pieces of evidence revealed the role of EPO in the clear-
ance of apoptotic cells by macrophage in renal IRI (Brooks et al. 2015; Humphreys
et al. 2011; Kusaba et al. 2014; Poon et al. 2014). First, EPO receptor (EPOR) is
expressed on macrophages and the treatment of macrophages with EPO suppresses
inflammatory gene expression, which is associated with the engulfment of apoptotic
cells (Lifshitz et al. 2010). Second, the ‘find-me’ signal S1P is known to induce
hypoxia-inducible factor 1α (HIF-1α), a key regulator of EPO expression. Third,
EPO has been shown to ameliorate autoimmune diseases by promoting dead cell
clearance (Luo et al. 2013). Despite these published observations, how a hormone
critical for erythropoiesis functions in the clearance of dying cells remained a mys-
tery. In 2016, Luo et al. bridged this gap by demonstrating that EPO can prime
phagocytes for effective efferocytosis (Elliott et al. 2017; Luo et al. 2016a).

6.7 Complement System in Renal Fibrosis

Renal IRI, as well as other injuries, activates the complement system by endogenous
ligands that trigger proteolytic cleavage of complement components via three path-
ways: classical, lectin, and alternative pathways (CP, LP and AP). These eventually
direct the formation of a membrane attack complex (MAC) (Gorsuch et al. 2012).
The products of complement activation such as MAC (C5b-9), C3a and C5a play
pivotal roles in cell damage and amplify inflammatory responses by complement
receptor (CR)1 and CR3 recruiting and activating leukocytes (neutrophil/monocyte)
(Ricklin and Lambris 2013; Thurman et al. 2006; Zipfel and Skerka 2009).

There are many reasons to believe that complement is involved in renal IRI and
its inhibition might reduce the extent of injury. However, this is not always the
case as complement in renal IRI is complicated by many factors such as the stage
of injury and/or repair. Complement properdin might have a predominant role as
a pattern recognition molecule to opsonizing damaged cells facilitating phagocytic
clearance in repair, rather than amplifying complement activation in initial injury
(Zwaini et al. 2017). Renal TECs actively participate in the generation of mediators
including complement components upon renal IRI. Pharmacologic inhibitors, as well
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as complement component-deficient animals, have been used to dissect the role of
complement in renal IRI and also to achieve therapeutic intervention. Fortunately,
efforts in recent years have introduced the first complement inhibitor Eculizumab for
clinical treatment and also added more than a dozen promising candidates including
TT30 (AP inhibitor) and C1INH (recombinant human C1 Inhibitor) to the pipelines.
fB (C3bBb promotor) deficiency reduces complement 3 (C3) deposition, decreases
caspase-3 and tubular apoptosis, and protects the kidney from IRI (Thurman et al.
2003, 2006). These target complement components could also be potential biomark-
ers for the diagnosis of IRI in both native and transplanted kidneys. However, the
time frame and long-term effect of complement-oriented therapy need to be further
evaluated and optimized (Zwaini et al. 2017).

6.8 Metabolic Alteration of TEC Influence Fibrosis

In CAD or CKD, the number of functional nephrons decreases, creating more
metabolic work for the remaining ones. Similar to declining renal function leading
to glomerular hyperfiltration, the remaining TEC hypertrophy meets the increased
demand of reabsorbing water and solutes. This is in accordance with the concept
that protein intake correlates positively with proximal TEC hypertrophy (Johnston
et al. 1987), and augmented protein consumption in the subtotal nephrectomy model
in rats leads to more oxidative stress (Nath et al. 1990). TECs have a high level of
energy demand of adenosine triphosphate (ATP) that is mostly produced by fatty acid
oxidation. New findings indicate that dysregulation of fatty acid oxidation followed
by intracellular lipid accumulation profoundly affects the fate of TECs by promoting
EMT, inflammation, and eventually interstitial fibrosis (Kang et al. 2015). Other stud-
ies suggest that increased calories, rather than protein per se, increased the workload
of TECs and, conversely, limiting calories intake protects against TIF.

Hyperammonemia, in addition, is the clinical characteristic of hepatorenal syn-
drome (HRS) in patients with end-stage liver disease. Tubular dysfunction is an
important feature of renal injury in HRS. In a HRS rodent model, gene expression
analyses signified proximal TEC injury, tissue hypoxia, inflammation, and activa-
tion of the fibrotic gene program. Marked changes in renal arginine metabolism
(up-regulation of arginase-2 and downregulation of argininosuccinate synthase 1),
resulted in decreased circulating arginine levels. The results from a study performed
by Varga et al. suggest that hyperammonemia may contribute to impaired renal argi-
nine metabolism, leading to decreased eNOS activity, impaired microcirculation,
TEC death, tubulointerstitial nephritis, and fibrosis (Varga et al. 2018). Moreover,
in diabetic kidney disease, extracellular vesicles (EVs), which contain microRNA,
constitute a novel means of cell communication that may contribute to the inevitable
expansion of renal fibrosis (Jia et al. 2018).

Changes inmetabolism after injurymay be better understood from the perspective
of evolutionary trade-offs. Natural selection leads to changes that maintain kidney
function through the reproductive years but may promote renal decline after this
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time period (Chevalier 2017). For example, nephron loss leads to hypertrophy and
increased energy consumption by the remaining nephrons to maintain renal function
in the short term, but this cannot be sustained and eventually leads to tubular loss
and fibrosis. This evolutionary adaption may explain other responses in the CKD
kidney that are initially adaptive but lead to dysfunction such as senescence and
inflammation.

6.9 Impact of Immunosuppressive Agents on Fibrosis

The classical immunosuppressive agents include calcineurin inhibitors (CNI),
mycophenolic acid, and prednisone. Among these three mainstay immunosuppres-
sive agents, CNI has acute nephrotoxic effects, primarily resulting from hemody-
namic alterations (vasoconstriction of the afferent arterioles) and reversible tubular
dysfunction. The effects of different immunosuppressants on allograft fibrosis have
been revealed. Our previous study compared typical CNI [cyclosporine A (CsA) and
tacrolimus], mycophenolate mofetil (MMF), and rapamycin in long-term kidney
IRI model. We found that CsA, neither tacrolimus, rapamycin nor MMF, increased
interstitial inflammation and renal fibrosis (Yang et al. 2005). CNI, especially CsA,
mediates chronic nephrotoxicity through a variety of mechanisms: chronic vasocon-
striction and arteriolar narrowing resulting in persistent local hypoxia that stimulates
reactive oxygen species production and renin–angiotensin–aldosterone system acti-
vation, both of which have profibrotic effects (Krauskopf et al. 2005;Wu et al. 2018).

Efforts have beenmade to achieve a better immunosuppressive protocol to prevent
allograft fibrosis. The Symphony study established that the combination of low-dose
tacrolimus, MMF, steroids and daclizumab resulted in a lower rate of acute rejec-
tion, better graft survival, and better graft function at 1 and 3 years after transplanta-
tion compared with low-dose CsA, standard-dose CsA, or low-dose sirolimus-based
immunosuppression (Ekberg et al. 2007, 2009). The impact of CNI exposure on
graft histology is not as clear. Studies have reported both high and low CsA expo-
sures are independent predictors of IF/TA accumulation by 1–2 years (di Paolo et al.
2004; Krauskopf et al. 2005). In the BENEFIT study of belatacept versus CsA, both
belatacept arms had better renal function and lower prevalence of IF/TA (mainly
mild) on 1-year protocol biopsies (20–29%) compared with the CsA arm (44%)
(Vincenti et al. 2005). Microarray analysis of a small subgroup of 1-year biopsies
from the BENEFIT and BENEFIT-EXT showed that the CsA group was enriched for
gene sets associated with fibrosis and chronic allograft injury (Vitalone et al. 2014).
Comparative data with tacrolimus in that regard are currently lacking.
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6.10 Intervention Using Caspase-3 siRNA

Caspase-3 is one of the intracellular executing proteases, which was found in an
inactive phase in normal renal tissues. Caspase-3 could be stimulated through extrin-
sic death receptor-mediated pathways (such as TNF receptor) or intrinsic pathways
via mitochondrial stimulation, as well endoplasmic reticulum, and result in the acti-
vation of caspases (Lifshitz et al. 2010; Yang et al. 2007). Active caspase-3 has the
ability to regulate apoptosis during renal IRI, where it dismantles affected cells via its
proteolytic activity, developing apoptotic bodies, and upregulating ligands to attract
phagocytic cells (Luo et al. 2013, 2016b). Both human proximal TECs subjected to
hypoxia/reoxygenation and mouse kidneys exposed to ischemia for 30 min followed
by reperfusion for 24 h expressed higher cleaved caspase-3 protein, as well as more
apoptotic bodies, compared to the sham groups, respectively (Elliott et al. 2017). We
have previously shown up-regulated caspase-3 in TECs (Yang et al. 2001) associated
with apoptosis and inflammation in different IR-induced acute and chronic kidney
injury models (Yang et al. 2001, 2005, 2012). A recent study showed caspase-3 defi-
ciency had less microvascular congestion and activation in the early and later stage of
AKI model. After 3 weeks of AKI, caspase-3KO reduced microvascular rarefaction
and renal fibrosis, as well as decreased expression of α-smooth muscle actin and
reduced collagen deposition within peritubular capillaries (Yang et al. 2018).

The modification of caspase-3 has also been evaluated in our series of studies
using caspase-3 inhibitor (Yang et al. 2003, 2004), synthetic siRNA (Yang et al.
2015b), leukocyte deletion (Yang et al. 2010) and clinically used drugs atorvastatin
(Haylor et al. 2011), EPO and its derivatives helix B surface peptide (HBSP) (Wu
et al. 2013; Yang et al. 2013c; Zhang et al. 2017) and cyclic HBSP (CHBP, with
longer half-life and stronger potency) (Liu et al. 2018a; Yang et al. 2015a).

The significant achievement in siRNA therapy has been obtained in different
organ systems. The kidney is a comparatively easy target organ due to its unique
structural and functional characteristics and has great potential for clinical applica-
tions in humans. Targeting C3 and caspase-3 using siRNA, respectively, improved
renal function and histology in mouse IRI (Gobe et al. 2014; Sato and Yanagita
2013) and porcine kidney auto-transplant models (Kriz et al. 2011). We latterly uti-
lized specific caspase-3 siRNA of different designs and delivery routes in a series
of biological models of kidney transplant-related injuries (Yang et al. 2015b). A
new version of chemically modified caspase-3 siRNA had a profound protection in
TECs, isolated and auto-transplanted porcine kidneys, while its side effect and sys-
temic complementary response were also thoroughly investigated including changes
in innate immunity upon siRNA treatment. The most effective sequences of caspase-
3 siRNA selected in porcine proximal tubular cells (LLC-PK1) cells (Yang et al.
2011a) were then validated in isolated porcine kidneys, in which caspase-3 siRNA
silenced caspase-3, attenuated inflammation and apoptosis, improved renal histol-
ogy and function (Yang et al. 2011c). Caspase-3 siRNA preserved porcine kidneys
were further auto-transplanted for 2 days, but not protected (Yang et al. 2013a), as
complementary systemic feedback activated the innate immunity (Yang et al. 2013b).
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Moreover, newserumstabilized caspase-3 siRNAwas administrated locally in kidney
preservation and also intravenously in recipients. The 2-week auto-transplanted kid-
neys were finally protected without significant off-target effects (Yang et al. 2014).
Although the siRNA target p53 has been used in a phase I clinical trial, and we
paid attention to the serum stability and immune tolerance of siRNA, and also give
siRNA once at the early stage of injury to protect kidneys for long-term, the future
challenges of siRNA therapy include organ-/tissue-/cell-specific delivery and time-
controlled silence, aswell as selecting therapeutic targets in the different cause, stage,
and location of injury.

6.11 Intervention Using EPO and Its Derivatives

EPO and its derivatives have been found to be renoprotective in different studies.
EPO-derived HBSP only recognizes the tissue protective receptor, a heterodimer of
EPOR and β common receptor (EPOR/βcR) that activates anti-inflammation and tis-
sue repair pathways (Wu et al. 2013;Yang et al. 2013c; Zhang et al. 2017). EPOR/βcR
is not expressed in normal tissues, but could be locally up-regulated earlier than EPO
production upon injury (Collino et al. 2015; Dahan et al. 2016). We previously
demonstrated that HBSP inhibited caspase-3 and improved renal IRI in mouse mod-
els (Wu et al. 2013; Yang et al. 2013c). Others also showed that HBSP reduces
macrophage M1/M2 ratio, suppresses endothelial apoptosis (Ueba et al. 2013), and
highly expressedEPOR/βcRmediateswound healing (Saqib et al. 2009).We recently
demonstrated that the expression ofEPOR/βcRwas gradually increased byprolonged
reperfusion time from 6 h to 1 w. In addition, 72-h renal IRI was more severe in prop-
erdin KOmice with further increased EPOR/βcRmainly located in TECs.Moreover,
increased caspase-3 and apoptosis were greatly reduced by HBSP treatment, regard-
less of mouse genetic phenotype (unpublished data with abstracts accepted by meet-
ings: Nephrology Dialysis Transplantation, Volume 33, Issue suppl_1, May 2018,
Page i103, https://doi.org/10.1093/ndt/gfy104.FP214; UKKW2018, P212: https://
www.ukkw.org.uk/abstracts-from-uk-kidney-week/).

The renoprotection and its underlying mechanism of EPO, HBSP and CHBP have
also been studied. EPO decreased myeloperoxidase (MPO)+ neutrophil infiltration
and proinflammatory mediator gene expression in rat IRI kidneys (Solez et al. 2008).
EPO also induced a dose-dependent increase in caspase-3 precursor and stimulated
caspase-3 cleavage in cisplatin-treated LLC-PK1. EPO increased activated caspase-
3, apoptotic cells, and MPO+ cells in tubular lumens, but decreased apoptotic cells
in tubular areas with decreased IL-1β activation and macrophage L1+ cells (Sis et al.
2010). HBSP and CHBP remained the renoprotective properties of EPO, but not
its erythropoiesis function (Nankivell et al. 2003; Sato and Yanagita 2017; Vanhove
et al. 2017). In addition, HBSP (ARA290) has been applied in a phase I clinical
trial. Nevertheless, the mechanistic signaling pathways of EPOR/βcR and EPOR on
TECs regulating phagocytosis and innate immunity in self-recovery post-renal IRI
or progress to CKD/CAD need to be further explored. In addition, organ/cell target

https://doi.org/10.1093/ndt/gfy104.FP214
https://www.ukkw.org.uk/abstracts-from-uk-kidney-week/
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Fig. 6.2 Renoprotection of caspase-3 siRNA, EPO and its derivatives. The caspase-3 siRNA
first protected porcine renal TECs against hydrogen peroxide-induced injury. The renoprotection
of naked caspase-3 siRNA with the same sequences was further validated in an ex vivo isolated
porcine kidney perfusion model, then shown that the siRNAwas effective for cold preservation, but
not in auto-transplanted kidneys without systematic siRNA treatment. Finally, the modified siRNA
of caspase-3, by locked nucleic acid stabilized the siRNA in serum, significantly protected 2-week
transplanted kidneys. In addition, the renoprotection of EPO and its derivatives were assessed in
transplant-related renal injury models. Based on the essential structure of HBSP, we synthesized
cyclic HBSP with more potent effects in vivo. CHBP is our patent drug for kidney protection with
anti-inflammation and anti-apoptosis property

delivery of caspase-3 siRNA as a novel treatment might be achieved by caspase-3
siRNA conjugated with HBSP that is a ligand of EPOR/βcR. It should be possible
to move biomarker-based individualized transplant care from a research hypothesis
to clinical implementation (Fig. 6.2) (Menon et al. 2017).

6.12 Conclusion

Kidney transplantation is a mature therapy for ESRD patients. However, CAD
remains a major concern for allograft failure. IF/TA is one of the most important
manifestations of CAD. In recent years, TECs are drawing an increasing attention in
the development of kidney injury and allograft failure. TECs activelymediate not only
IR-induced AKI, but also the progression of AKI to CAD, even renal fibrosis. The
inflammatory cytokines produced and released by injured TECs initiate complement
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activation and subsequent inflammation. This also further activates inflammatory
cells and promotes TECs death, which might lead to the development of CAD and
renal fibrosis. In addition, certain cytokines, such as properdin, secreted by TECs
during the processes of repair and regeneration might result in TEC dedifferentiation
significantly contribute to the clearance of inflammation, and the change of local
microenvironment for remodeling. Although fibroblasts/myofibroblasts are execu-
tors of renal fibrosis, TECs seem to be major initiators. Targeting TECs might be
another fundamental strategy to prevent and treat renal fibrosis. We believe that opti-
mized siRNA therapy, in conjunction with advanced genetic screening technologies,
together with erythropoietin derived peptides, could facilitate timely and individual
treatment even pre-implantation to prevent and intervene CAD and renal fibrosis in
near future.
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Chapter 7
How Acute Kidney Injury Contributes
to Renal Fibrosis

Li Yang

Abstract Acute kidney injury (AKI) is a widespread clinical syndrome directly
associated with patient short-term and long-term morbidity and mortality. During
the last decade, the incidence rate of AKI has been increasing, the repeated and
severe episodes of AKI have been recognized as a major risk factor chronic kidney
diseases (CKD) and end-stage kidney disease (ESRD) leading to global disease bur-
den. Proposed pathological processes and risk factors that add to the transition ofAKI
to CKD and ESRD include severity and frequency of kidney injury, older age, gen-
der, genetics and chronic health conditions like diabetes, hypertension, and obesity.
Therefore, there is a great interest in learning about the mechanism of AKI leading to
renal fibrosis, the ultimate renal lesions of CKD. Over the last several years, a signifi-
cant attention has been given to the field of renal fibrosis with impressive progression
in knowing the mechanism of renal fibrosis to detailed cellular characterization and
molecular pathways implicated in tubulointerstitial fibrosis. Research and clinical
trial are underway for emerging biomarkers detecting early kidney injury, predicting
kidney disease progression and developing strategies to efficiently treat AKI and
to minimize AKI progression to CKD and ESRD. Specific interventions to prevent
renal fibrosis are still experimental. Potential therapeutic advances based on those
molecular mechanisms will hopefully offer promising insights into the development
of new therapeutic interventions for patients in the near future.
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7.1 Introduction

Acute kidney injury (AKI) is a syndrome of reduced glomerular filtration rate (GFR)
and reduced urine production, which can be caused by a large number of diseases,
treatment side effects, and complications. Till this day, not a single therapy has been
proven to recuperate the outcome of AKI. Traditionally, the renal function decline
after AKI has been believed to be a reversible process, the resolution of AKI and
the improvement of renal function and parameter have generally been considered
to be efficient processes, and that in surviving patients, AKI would have no effect
on long-term renal function. Owing to numerous recent studies, this ideology has
changed now and its shown that there is a strong connection between AKI and the
development to chronic kidney disease (CKD) (Basile et al. 2012).

Apart from reducing kidney function acutely, many diseases can damage the cells
in the kidney,which has the ability to repair aftermild injury, but if repairmechanisms
are disordered, or if the injury-causing stimulus continues, severe damage results in
scarring (fibrosis) and an associated progressive loss of kidney function.

Before the last decade, the exact mechanisms involved in CKD progression after
AKI were still largely unknown and several different hypotheses were proposed,
as this topic has acquired immense interest and studied extensively, now, there is
growing evidence that AKI may lead to renal fibrosis when the adaptive responses
and dedifferentiation go wrong after the injury (Ferenbach and Bonventre 2015). It is
now been largely recognized that AKI is better prevented than being treated lately. As
it is now largely known that even the milder form of AKI has an adverse outcome and
may progress to renal fibrosis which is final common pathways to various terminal
kidney diseases like CKD and ESRD. There is developing confirmation that patients
who had survived a scene of AKI, even with clear recuperation in renal function, will
have a significant future risk of progressing to chronic kidney disease (CKD) (Chawla
et al. 2011; Chawla and Kimmel 2012; Leung et al. 2013). Albeit different clinical
factors, for example, preexisting illness and old age assume a part, the severity ofAKI
is by all accounts the most critical risk factor for future CKD (Heung and Chawla
2014). Quantitative appraisal of the AKI severity may recognize patients who are at a
high risk of AKI-CKD transition, so that proper follow-up and secondary prevention
may be implemented or studied in this population (Farris and Alpers 2014).

7.2 Epidemiology of AKI to CKD Transition

There is a strong epidemiological indication of a causal clinical connection between
the clinical syndrome of acute kidney disease (AKI) and the consequent develop-
ment of chronic kidney disease (CKD) (Coca et al. 2009; Hsu 2012). AKI and CKD
are an interconnected clinical syndrome as AKI leads to worsening of CKD and
CKD predisposes to the clinical entity of AKI. The tubules of the kidney play an
integral role in the fibrotic response, which ultimately leads to progressive kidney
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disease. CKD is gaining in prevalence worldwide and has a strong negative effect
on an individual’s quality of life both physically and mentally, apart from increasing
the morbidity and mortality. In the course of the most recent two decades, the occur-
rence of CKD has increased more than three times; furthermore, as stated by the
World Health Organization (WHO), it will be one of the three most common reasons
for death and disability worldwide by 2020 (Lozano et al. 2012). A meta-analysis
of observational data demonstrates that AKI increases the risk of CKD by almost
eightfold (Coca et al. 2012).

A study in developed nations (USA, Canada,Western Europe, and Australia) esti-
mated 1.5 million AKI survivors per year with approximately 15–20%who progress
to advanced CKD within 24-month period resulting in approximately 300,000 cases
of advanced CKD per year (Chawla and Kimmel 2012). According to a nationwide
survey in China, approximately 3 million adult AKI patients are admitted to the hos-
pitals across the country every year and of whom 50% develop CKD, which would
result in 1.5 million cases of CKD per year (Chawla and Kimmel 2012).

The US Centers for Disease Control and Prevention project that 47% of 30-year-
olds will develop CKD during their lifetime. Eleven percent of individuals with
stage 3 CKD will eventually progress to end-stage renal disease (ESRD), requiring
dialysis or kidney transplantation. CKD is also one of the strongest risk factors for
cardiovascular disease. The most important AKI-CKD progressing factor identified
by the public health system is lack of post-AKI period assessment guidelines, poor
follow system, and cost factor.

7.3 Risk Factors and Etiologies Affecting the Trajectory
of AKI to CKD

Developing evidences during the last several years from epidemiological and exper-
imental findings have revealed that AKI itself is an important risk factor for the
development of CKD and may also promote the CKD transition to end-stage renal
disease (ESRD), including very few of the studies demonstrating the mechanism of
AKI to CKD transition (Chawla et al. 2014; Lewington et al. 2013; Venkatachalam
et al. 2010). Evidence has suggested that there exists a population heterogeneity in
AKI to CKD continuum, various risk factors both extrinsic and intrinsic play an
active role, in an excellent review on risk factors of AKI-CKD transition. Hewitson
et al. (2017) have explained the concluded important factors affecting the AKI dis-
ease progression. Such factors are explained below. [A] Nature. The nature of the
injury, in each case, the degree of fibrosis is driven in part by the extent of the tubule
damage, and the duration of injury-causing stimuli, with severity and frequency of
tubule injury being shown to determine prognosis (Takaori et al. 2016). Consistent
with this, the severity of AKI predicts progression to CKD. [B] Age, a progressive
reduction in renal function is common with aging, albeit with wide variability. Both
hemodynamic and structural changes occur (Ishani et al. 2009; Zhou et al. 2008)
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and aging rats can be shown to have impaired redox homeostasis (Aydin et al. 2012)
and angiogenesis (Kang et al. 2001). These changes predispose older kidneys to new
acute organ injury as well as aggravating progression of CKD. [C] Genetics, it is
estimated that about 25% of incident dialysis patients have close relatives with CKD
(Freedman et al. 2005), and the distinct susceptibilities of different rodent strains to
experimental CKD strongly suggest that genetic variations affect renal fibrogenesis
(Kokeny et al. 2010). Similarly, familial clustering and disparities in the prevalence
of CKD across race suggest a strong genetic component to progression. [D] Gender,
many studies have also indicated a gender basis to the progression of senescence and
CKD, with epidemiological studies showing that females have a lower prevalence
and slower rate of progression than males (Yu et al. 2010). Nevertheless, other inves-
tigations suggest that the male dominance is due to damaging effects of testosterone
(Baylis 1994; Hewitson et al. 2016) rather than the protective effects of estrogen.
In addition, there is an acquired evidence that the pathophysiology, clinical char-
acteristics, and prognosis of the cardiovascular and renal disease are totally unique
among men and women, which is quite possible since the physiology of both the
opposite gender is different. [E] Controllable risk factors like obesity, type 2 dia-
betes, and hypertension/ischemic nephropathy which are also considered the most
common causes of CKD in developed nations are also an important factor which
may complicate AKI and recovery from AKI (Goldstein et al. 2013; Moonen et al.
2018). There are numerous causes of AKI, also differing in frequency based on
age, gender, environment, and geographical regions. But the most common one is
recognized in three categories, such as prerenal associated with hypovolemia, renal
acute tubular necrosis, and post-renal acute urinary obstruction. In many patients,
AKI presents with an integrated etiology, often having the coexistence of sepsis,
ischemia–reperfusion injury (IRI), and exposure to the nephrotoxic drugs. Although
the initial injurymechanism is different for AKI with different clinical and biological
characteristics, it is generally accepted that all primary causes of CKD share a com-
mon pathogenetic path to progressive injury leading to the destructive consequences
of scarring (fibrosis) (Nogueira et al. 2017). In a very interesting review, Hultström
et al. describe the in-common mechanisms behind tissue damage in AKI caused by
different underlying diseases. Comparing six high-qualitymicroarray studies of renal
gene expression after AKI in disease models (gram-negative sepsis, gram-positive
sepsis, ischemia–reperfusion injury, malignant hypertension, rhabdomyolysis, and
cisplatin toxicity) identified 5254 differentially expressed genes in at least one of the
AKI models; 66% of genes were found only in one model, showing that there are
unique features to AKI depending on the underlying disease. There were in-common
features in the form of four genes that were differentially expressed in all six models,
49 in at least five, and 215 were found in common between at least four models
(Hultstrom et al. 2018).
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7.4 The Proposed Mechanisms of Renal Fibrosis

Acute kidney injury in most circumstances is multifactorial in origin, whether it
is associated with ischemia–reperfusion injury, sepsis caused by various infections,
toxins or autoimmune disease. During AKI several distinct pathophysiological pro-
cesses occurs at the same time and in sequence including microcirculatory dysfunc-
tion, endothelial cell dysfunction, formation of microvascular thrombi, inflammation
and recruitment of different leukocytes and cytokines, tubular cell injury, tubular
and renal venous congestion (Bellomo et al. 2017; Sharfuddin and Molitoris 2011).
When it comes to AKI, tubular epithelial cell injury and peritubular interaction have
great significance for renal fibrosis. Tubular epithelial cells injury occurs early dur-
ing ischemia and involves alterations to the cytoskeleton and in surface membrane
polarity. ATP depletion causes rapid disturbance of the actin cytoskeleton structure,
which perturbs tight junctions and in turn leads to back leak of the tubular filtrate.
Loss of cell–cell interaction and cell adhesionmolecules results in flattened nonpolar-
ized epithelial cells, denuded basement membranes, and expression of mesenchymal
markers. Na+/K+ -ATPase pumps, normally located at the basolateral membrane and
tethered by the actin–spectrin cytoskeleton, redistribute to the apical membrane of
the proximal tubular cell and are internalized into the cytosol during ischemic injury.
Morphologically, proximal tubular cells lose their brush borders, undergo swelling,
and blebbing of microvilli during injury, leading to cast formation (Sharfuddin and
Molitoris 2011).

Under ideal conditions, injured proximal tubular cells undergo differentiation
and subsequent re-epithelization. Recovery of proximal tubular cells begins with
integrin reattachment, reassembly of the actin cytoskeleton, repolarization of the
surface membranes, and redistribution of the sodium pumps back to their basolateral
location and renal function recovers completely after an episode of AKI. The reversal
of the pathophysiological process of AKI determines the timeline and the trajectory
of renal recovery. However, it is observed under many circumstances that the severe
forms of AKI or AKI on previously compromised renal function lead to epithelial
dedifferentiation inducing profibrotic signals result inmaladaptive repair and chronic
kidney disease (CKD). Risk factors for maladaptive repair include increasing age,
reduced baseline renal function, and prolonged duration and severity of AKI (Canaud
and Bonventre 2015). If the repair process is maladaptive (which will be discussed in
detail below) under the influence of profibrotic signals, matrix proteins accumulate in
glomerulus which is termed as glomerulosclerosis, whereas tubulointerstitial fibrosis
(TIF) is the presence of matrix protein replacing the tubules and/or the surrounding
interstitium. Many of the renal injuries may involve both the glomeruli and tubular
compartments, but the best predictor of renal survival in CKD of all the etiologies is
the amount of TIF in kidney biopsies (Nath 1992).

Recently in laboratory science, several animal models were studied for the patho-
physiology and therapy of AKI and for the prevention to renal fibrosis, although no
animal model could exactly mimic all the alteration caused by progression of renal
disease in humans such as renal fibrosis, because the factors associated with it are not
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completely understood; hence, the extrapolation of outcomes from animal models
must be done very carefully. Most commonly investigated models in animals are
ischemia/reperfusion injury induced by clamping of both the renal pedicles; other
less commonly conducted models include toxic injury models, for example, cisplatin
and folic acid injury and a sepsis model using cecal ligation and puncture, these mod-
els have given us some insights into the causal pathways and mechanism of renal
fibrosis and therapeutics options (Nogueira et al. 2017; Schmiedt et al. 2016).

Over the last several years, with the help of the knowledge gained from this
animal model’s research experiments, many different theories and mechanism have
been proposed on this abnormal recovery of AKI which may lead to renal fibrosis if
the disease progresses.

The hypothesis of epithelial–mesenchymal transition (EMT) states that after
injury, the kidney tubular cells undergo a phenotypic transition characterized by
loss of epithelial markers and gain of mesenchymal features. Liu proposed four key
events occur in tubular EMT in renal fibrogenesis, based on the studies of tubulointer-
stitial changes following experimental unilateral ureteric obstruction (UUO) in vivo
and on the response of epithelial cells in vitro to TGFβ1, an inducer of EMT. These
are the following events: loss of epithelial adhesion, cytoskeletal reorganization, de
novo synthesis of α-SMA, disruption of the tubular basement membrane, and finally
enhanced cell migration and invasion of the interstitium (Liu 2004, 2010). How-
ever, such concept has been debated; recent studies have demonstrated that genetic
cell lineage tracing could not confirm a direct contribution of epithelial cells to the
myofibroblast population in the fibrotic kidney (Kriz et al. 2011).

The idea of EMTwas again supported by two studies and offered new insights into
the potential role of tubular EMT in the development of renal fibrosis. These studies
found out that tubular epithelial cells undergo a partial EMT; during the progression
of the disease, the cell expresses the markers for both epithelial and mesenchymal
cells and remains associated with the basement membrane. Lovisa et al. have further
demonstrated that this partial EMT is sufficient to induce tubule function impairment
through the arrest of cell cycle in the G2 phase leading to an abnormal recovery of
tubular epithelial cells which will further progress to renal fibrosis (Lovisa et al.
2016).

Endothelial-to-mesenchymal transition (EndMT) is a subtype of EMTwhere spe-
cific epithelial cells known as endothelial which are a single layer of cells lining
vessels serving as a permeable membrane transition into a mesenchymal cell type.
EndMT has also been described in several publications as a contributor to the devel-
opment and progression and renal fibrosis (Cruz-Solbes and Youker 2017). Zeisberg
et al. carried out a landmark experiment to confirm the contribution of EndMT in
renal fibrosis in three different types of animal models: unilateral ureteral obstruc-
tion nephropathyUUO, streptozotocin-induced diabetic nephropathy, and a surrogate
for Alport syndrome (Zeisberg et al. 2008). The result showed that approximately
30–50% of fibroblasts co-expressed the endothelial marker CD31 and mesenchy-
mal markers FSP-1 and αSMA; they confirmed this finding with endothelial lineage
tracing using dual transgenic mice. Li et al. also confirmed that EndMT occurs and
contributes to the early development of diabetic renal interstitial fibrosis. They did so
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by looking at a streptozotocin-induced diabetic nephropathy model using endothe-
lial lineage-traceable mice to identify if EndMT occurred in diabetic renal interstitial
fibrosis (Li et al. 2009).

However, recent development in the understanding of renal fibrosis has come up
with new and reasonable evidence for the mechanism responsible for normal and
abnormal repair and drew an important link between injury, abnormal repair, and
development of fibrosis, stating that fibrosis is a characteristic of maladaptive repair
(Fiorentino et al. 2018) that can result when the regenerating tubules become growth
arrested, fail to differentiate, and undergo atrophy, these tubules also exhibit patho-
logical signaling, paracrine, and autocrine activity that perturbs normal interaction
between different renal and renal interstitial cells. There is a significant cellular cross
talk between tubular epithelial–epithelial cell, tubular epithelial–fibroblast, epithe-
lial–endothelial cells, and epithelial–inflammatory cells. One of the main changes is
the interaction of pericytes and peritubular capillary endothelium. The maladaptive
process results in dissociation of pericytes from capillaries is leading to capillary dis-
integration and microvascular rarefaction, pericyte to myofibroblast transformation,
endothelial dysfunction, chronic inflammatory infiltrates, renin–angiotensin system
(RAS) activation, mitochondrial dysfunction and epigenetic changes, all the patho-
logical changes ultimately causing renal fibrosis (Chou et al. 2017). Maladaptive
repair and progression of tubulointerstitial fibrosis is a complex process that involves
several different types of cells and molecular pathways. Renal biopsies from the
human with AKI and also CKD patients offer us a snapshot in time and usually
shows all these pathological changes at once, making it difficult to decide the rel-
ative importance of each cellular compartment and sequence of events leading to
renal fibrosis. In recent years a lot of attention was focused on myofibroblast and its
origin (Chang et al. 2012), as this interstitial cell is thought to be the main produc-
ers of ECM, but new findings have highlighted the role of the proximal tubule and
proximal tubular epithelial cell (PTEC) a specialized tubular segment just adjacent
to the glomerulus, as not only the target of injury but also an important mediator of
renal fibrosis progression (Bonventre 2014).

In the below section, we will discuss the maladaptive changes in cells and molec-
ular mechanism implicated in tubulointerstitial fibrosis

7.5 The Maladaptive Repair

7.5.1 The Role of Proximal Tubular Epithelial Cells
in Maladaptive Repair

The tubulointerstitium consists of multiple cell components including tubular epithe-
lial, mesenchymal (fibroblast and pericytes), endothelial, and inflammatory cells all
of which contribute to fibrosis progression.
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Researches done over a period of several years have made clear that proximal
tubular epithelial cells (PTECs) play an important role in the histopathology of renal
injury, both in AKI and CKD. After an acute ischemic or toxic insult, PTECs (mostly
those of proximal S3 segment) are most susceptible to injury (Bonventre and Yang
2011). Ischemia–reperfusion injury anddrug-induced renal injury lead to a significant
increase in production of reactive oxygen species (ROS) heavily contributing to
PTEC injury (Granger and Kvietys 2015; Hosohata 2016). The PTECs are highly
sensitive due to (i) the high metabolic activity/demand of these cells; (ii) medullary
region is highly prone to hypoxia; and (iii) increased exposure to intra-tubular toxins
due to upstreamwater absorption (Canaud and Bonventre 2015). The innate immune
features of PTECs facilitate them to act as immune responders to a wide range of
insults, with the subsequent production and release of bioactive mediators that drive
the interstitial inflammation.

Senescent epithelial cells andG2/M cell cycle arrest of epithelial cells is an impor-
tant mediator of CKD. Senescence is a cell fate decision when cell cycle arrest
becomes permanent. Although this is generally the case, some senescent cells that
do not express p16INK4a can resume growth after inactivation of p53 (Beausejour
et al. 2003). Senescence has been studied extensively in response to DNA dam-
age where some cell types undergo apoptosis, whereas others, particularly epithelial
cells, undergo a senescence response. Besides serious levels of DNA damage, high
levels of reactive oxygen species (ROS) are considered a major cause of senescence
induction (Munoz-Espin and Serrano 2014; Sturmlechner et al. 2017). DNA dam-
age leads to the activation of the ATM/ATR pathway, following CHK2 activation
which phosphorylates cdc25 and p53, causing the G2/M arrest by CDK1 inhibition
(Goodarzi et al. 2003; Yan et al. 2016). An important finding validating the involve-
ment of G2/M arrest in renal injury was reported by Yang et al. in 2010 (Yang et al.
2010). By inspecting tubular epithelial cell cycle behavior after renal injury, they
noted a causal association between epithelial cell cycle arrest at the G2/M phase
and subsequent development of renal fibrosis due to maladaptive repair. They char-
acterized the cell cycle profile of PTECs after an acute insult in five experimental
mouse models of AKI: moderate bilateral ischemia–reperfusion injury (IRI), severe
bilateral IRI, unilateral IRI, aristolochic acid nephropathy (AAN), and unilateral
ureter obstruction (UUO). These models resemble the three most common causes
of AKI seen in humans: ischemia, toxic exposure, and obstruction (Le Clef et al.
2016). All animal models, except moderate IRI, showed that the injury led to the
development of severe fibrosis demonstrating the chronic fate of the kidney. They
also found that many tubular cells arrested in the G2/M phase of the cell cycle result
in activation of the DNA repair response with the resultant production and secretion
of profibrotic factors, such as transforming growth factor beta (TGFβ), Collagen
1 (Col I), and CCN2, formerly known as connective tissue growth factor (CTGF)
(Moonen et al. 2018). Mounting evidence has also shown that the injured PTEC that
is transformed into a secretory phenotype and can recruit a variety of proinflamma-
tory cytokines that drive the immune response in an autocrine manner or indirectly
through infiltrating leukocyte in a paracrine manner, thus causing tubulointerstitial
inflammation. A variety of cytokines and profibrotic factors have been shown to be
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produced by activated TECs, including IL-1b, IL-18, IL-15, IL-16, TNF-a, TWEAK,
Fas ligand, CTGF, and vascular endothelial growth factor, platelet-derived growth
factor (PDGF). Proinflammatory cytokines and profibrotic growth factor produced
or recruited by injured TEC are listed in Table 7.1.

Transforming growth factor-β1 (TGF-β1) is one of the most crucial soluble medi-
ators of renal fibrosis. Both angiotensin II exposure and Snail1 overexpression induce
TGF-β1 production in tubular cells (Grande et al. 2016; Macconi et al. 2014), par-
ticularly when TEC is under arrest in the G2/M phase. Elevated TGF-β1 expression
leads to a variety of paracrine and autocrine effects on target cells. TGF-β1 is a potent
mitogen for fibroblasts and causes myofibroblast transformation (Meng et al. 2015).
TGF-β1 also causes tubular cell apoptosis and induces the EMT program, leading to
the production of an increased matrix. It also causes tubular cell hypertrophy, which
may be closely linked to increased matrix production (Gewin et al. 2012; Lopez-
Hernandez and Lopez-Novoa 2012). Stress-induced activation of the c-Jun amino-
terminal kinase (JNK) pathway in cells of the glomerular and tubulointerstitium is a
common feature of chronic kidney disease. JNK signaling acts to increase TGF-β1
expression, to promote activation of latent TGF-β1, and to promote transcription of
profibroticmolecules via direct phosphorylation of the linker region of Smad3 (Gryn-
berg et al. 2017). Ample progress has been made in identifying miRNA molecules
which regulate TGF-β/Smad3 induced fibrosis. TGF-β specifically promotes fibrosis
by increasing levels of miR21, miR-433, and miR-192 which amplify TGF-β signal-
ing and stimulate dedifferentiation of tubular epithelial cells (Chung and Lan 2015).
One of the main therapies for chronic kidney disease is inhibition of the production
or action of angiotensin II (Ang II) as Ang II is an inducer of TGF-β production and
activation (Macconi et al. 2014). Autocrine TGF-β signaling increases PTEC produc-
tion of PDGF-β and CTGF/CCN2 that can signal neighboring fibroblast and induce
TIF (Geng et al. 2012). CTGF is an essential cofactor for TGF-β signaling. CTGF
interacts directly with the TGF-β receptor, downregulation of Smad7 activity, and
inhibition of bone morphogenetic protein 7. CTGF can also bind LRP6, stimulating
β-catenin activity (Kok et al. 2014). CTGF also promotes inflammatory cell infil-
tration in the renal interstitium by activating NF-kappaB pathway (Rodrigues-Diez
et al. 2015). PDGF is another profibrotic growth factor produced by the epithelial
cell that interacts with fibroblast. PDGF-β produced by injured TEC may increase
PDGF-receptor phosphorylation and consequent signaling on neighboring fibroblast
promotes TIF (Tang et al. 1996). The intrarenal renin–angiotensin system activation
plays an important role in CKD progression; there is extensive research available
that the major fraction of Ang II in renal tissues is produced from angiotensinogen
by PTECs and it is converted to Ang I (Kobori et al. 2007). RAS production in the
kidney has also shown to be Wnt/β-catenin dependent (Zhou et al. 2015). As dis-
cussed above, Ang II can stimulate TGF-β expression in cultured murine PTECs to
promote inflammatory and fibrotic responses. Wnt/β-catenin signaling is a pathway
involving the renal recovery from AKI. In the acute phase of injury, Wnt/β-catenin is
likely to be protective. A lot of nephrotoxic events lead to marked accumulation of β-
catenin in renal tubules (Zhou et al. 2016). In both renal ischemia/reperfusion injury
and folic acid nephropathy, tubule-specific ablation of β-catenin has been shown
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Table 7.1 Proinflammatory cytokines and profibrotic growth factors induced by injured TEC

Cytokines/factors Effects References

IL-6 Proinflammation Yard et al. (1992)

IL-18 Triggers proinflammatory cytokines Yang et al. (2015)

IL-34 Neutrophil and macrophage
recruitment

Baek et al. (2015)

IL-6 Proinflammation Yard et al. (1992)

IL-15 CD103+ T-cell recruitment Wong et al. (2003)

IL-1β Triggers proinflammatory cytokines
and initiates acute-phase responses

Leemans et al. (2014)
Anders (2016)

IL-16 CD4+ T-cell recruitment Wang et al. (2008)

CSF-1 Macrophage recruitment and
adhesion

Menke et al. (2009)

Polarization into an M2 phenotype Wang et al. (2015)
Huen et al. (2015)

TNF-α Triggers proinflammatory
cytokines innate and adaptive
immunity apoptosis

Al-Lamki and Mayadas (2015)

Fas ligand Apoptosis Lorz et al. (2000)

TWEAK Cell death in the presence of
TNF-α/IFN-γ

Sanz et al. (2014)

Proinflammation Sanz et al. (2011)

VEGF Macrophage recruitment Schrijvers et al. (2005)

Endothelial cell proliferation and
survival

Ninichuk et al. (2006)

CTGF Triggers proinflammatory cytokines Rodrigues-Diez et al. (2015)

Profibrotic fibroblast proliferation Geng et al. (2012)

PDGF Profibrotic Kimura et al. (2005)

Fibroblast proliferation
Fibroblast to myofibroblast
differentiation

Chen et al. (2011)

TGF-β Profibrotic Wu et al. (2013)

Tubular cell dedifferentiation Meng et al. (2015)

Fibroblast to myofibroblast
differentiation

Lamouille et al. (2014)

Hh Profibrotic Fabian et al. (2012)

Fibroblast to myofibroblast
differentiation

Ding et al. (2012)

Pericyte to myofibroblast
differentiation

Zhou et al. (2014)

Notch Profibrotic Murea et al. (2010)

(continued)
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Table 7.1 (continued)

Cytokines/factors Effects References

Epithelial–mesenchymal transition Bielesz et al. (2010)

Wnt Fibroblast to myofibroblast
differentiation

Maarouf et al. (2016)

RAS↑ Tan et al. (2014)

RAS components Proinflammatory Liu et al. (2006)

Triggers growth factors (TGF-b,
CTGF)

Wolf et al. (1999)
Chen et al. (2006)

ET-1 Proinflammatory Gerstung et al. (2007)

Profibrotic Gomez-Garre et al. (2001)
Zager et al. (2013)

Exosome Fibroblast to myofibroblast
differentiation

Borges et al. (2013)

Epithelial–mesenchymal transition Zhou et al. (2013b)

Complement Epithelial–mesenchymal transition Tang et al. (2009)

RAS activation Zhou et al. (2013a)

to exacerbate kidney injury by increasing TEC apoptosis (Zhou et al. 2012). How-
ever, persistent activation of Wnt signaling has a decisive role in driving AKI-CKD
progression because sustained Wnt signaling causes uncontrolled fibroblast acti-
vation, RAS activation, inflammation, and excessive deposition of ECM (Maarouf
et al. 2016). The relationship between mitochondrial dysfunction and CKD has been
long suspected, but the exact mechanism connecting mitochondrial dysfunction to
CKD has remained indefinable (Galvan et al. 2017). Also, mitochondrial dysfunc-
tion is thought to be pathogenic in AKI (Che et al. 2014; Hall and Schuh 2016).
The proximal tubules are densely packed with mitochondria; PTEC generates ATP
mainly via mitochondrial oxidative phosphorylation, whereas other renal cells like
endothelial cells, podocytes, and mesangial cells exhibit more flexibility in their
glycolytic capacity to generate energy (Wirthensohn and Guder 1986). Under stress-
ful condition, mitochondrial fragmentation and permeability alteration contribute
significantly to tubular dysfunction and cell death. Funk and Schnellmann demon-
strated persistent disruption of mitochondrial homeostasis after AKI, which in turn
may result in decreased cellular respiration accompanied by a reduction in cellular
adenosine triphosphate, all contributing to the development of ensuing CKD (Funk
and Schnellmann 2012). Plenty of evidence suggests that a mitoprotective drug like
SS-31 can target the mitochondrial membrane to prevent the permeability transition
and is very effective in diminishing ischemic AKI and the development of interstitial
fibrosis (Liu et al. 2014).
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7.5.2 The Role of Endothelial Dysfunction in Maladaptive
Repair

AKI-induced endothelial injury has long-term chronic disease implications. Basile
and colleagues documented that renal vascular network is significantly compromised
following acute ischemic injury (Basile 2007). Hörbelt M and colleagues have also
confirmed this finding; they found a nearly 45% drop in vascular density 4 weeks
after an ischemic insult. This reduction in capillary vascular density is termed as
a capillary rarefaction (Horbelt et al. 2007). Capillary rarefaction in the kidneys
is thought to promote hypoxia, impair hemodynamic responses, and predispose to
chronic kidney disease (CKD) progression and hypertension development. Consis-
tent with decreased renal oxygenation in CKD is the increased expression of the
oxygen-sensitive α-subunit of hypoxia-inducible factor (HIF). These heterodimeric
basic helix-loop-helix transcription factors HIF-1 andHIF-2 are keymediators medi-
ating a cellular adaptation to hypoxia by regulating glycolysis, angiogenesis, erythro-
poiesis, and cell survival decisions. HIF-1 and HIF-2 are furthermore involved in the
regulation of biological processes that are relevant to wound healing, tissue repair,
and fibrogenesis, such as extracellular matrix synthesis and turnover, cell adhesion
and migration, and epithelial to mesenchymal transition (EMT) (Haase 2012). There
is conflicting opinions regarding the effect of HIF on CKD pathophysiology, which
seems to depend on the pathological discourse. At one point, stimulation of HIF and
HIF-regulated genes by CoCl2 has been shown to exert renoprotective role in the
hypoxic tubulointerstitium in ratswith nephritis (Tanaka et al. 2005) and hypertensive
type 2 diabetes (Ohtomo et al. 2008).

At another point, an inappropriate and prolonged activation of HIF is well known
to play a pivotal role in initiating and promoting renal fibrogenesis via regulation of
multiple signaling pathways in CKD. HIF activation can stimulate inflammatory cell
proliferation and recruitment to the site of injury in animal models of CKD, which
plays a role in setting up the fibrous scar formation. Additionally, activated HIF
binds to its profibrogenic downstream genes and induces maladaptive expression of
matrix modifying factors directly in hypoxic TECs, such as collagen I, plasminogen
activator inhibitor 1 (PAI1), endothelin-1 (ET-1), connective tissue growth factor
(CTGF), matrix metallopeptidase 2 (MMP-2), and tissue inhibitor of metallopro-
teinase 1 (TIMP1), which lead to increased production of interstitial collagen and
decreased degradation of ECM (Liu et al. 2017).

There is a bidirectional relationship between tubular epithelial cells and capillary
endothelial cells. Primary tubular epithelial cell injury promotes capillary rarefaction
(Bonventre 2012) and capillary rarefaction further promotes hypoxic tubular cell
injury, thus creating a vicious circle. There are several examples in which tubular
injury precedes capillary rarefaction. Additionally, capillary rarefaction decreases
tubular blood and oxygen supply, promoting the loss of tubular cell viability and
tubular atrophy and interstitial fibrosis (Kida et al. 2014). Various mechanisms have
been suggested to play a role in the development of capillary rarefaction; the very first
hypothesis proposed nearly 20 years ago was that excessive collagen production by
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myofibroblasts reduces peritubular blood flow, causing tubular hypoxia and nephron
dropout (Fine et al. 1998); following this hypothesis, a huge interest is shown in
this field, and various other mechanisms were inflammation, an altered endothelial-
tubular epithelial cell cross talk, a relative deficiency in angiogenic growth factors,
increased activity of TGF-β1 and thrombospondin-1, loss of pericytes, vitamin D
deficiency, a link to lymphatic neoangiogenesis and INK4a/ARF (cyclin-dependent
kinase inhibitor 2a; CDKN2A) (Afsar et al. 2018).

Basile et al. have also shown that acute ischemia decreases the expression of angio-
genic vascular endothelial growth factor (VEGF) while raising the expression of the
VEGF antagonist, a disintegrin, and metalloproteinase with thrombospondin motif 1
(ADAMTS-1) (Basile et al. 2008). By contrast, administration of a VEGF fragment
(VEGF-121) during repair preserved microcapillary density, indicating that VEGF
agonism may be a therapeutic approach to prevent AKI-induced capillary rarefac-
tion (Leonard et al. 2008). Pericyte–endothelial interactions also play an important
role in capillary rarefaction. Pericytes produce angiopoietin-1, a growth factor that
stabilizes the microvasculature by activating the endothelial Tie2 receptor. After
renal injury, endothelium-derived angiopoietin-2, an antagonist of angiopoietin-1,
increases, favoring capillary leakiness and pericyte loss (Tsai et al. 2014). Pericyte
disintegration and loss lead to structural instability of blood vessels and to capillary
rarefaction. Furthermore, detached pericytes are key precursors of myofibroblasts.
Pericytes-turned myofibroblasts contribute to interstitial fibrosis that leads to further
capillary rarefaction (Kramann and Humphreys 2014).

During hypoxia, TGF-β1 directly causes endothelial cell apoptosis and capil-
lary pruning finally leading to vascular dropouts (Ballermann and Obeidat 2014).
Thrombospondin-1 could enhance the fibrotic response by both activating TGF-β
and employing antiangiogenic actions, thus leading to capillary rarefaction (Gewin
et al. 2017). Inhibition of thrombospondin expression ameliorated tubulointerstitial
fibrosis by promoting VEGF production and restoring peritubular capillary density.

7.5.3 The Role of Inflammatory Cells in the Maladaptive
Repair

The interstitial inflammatory cells specifically macrophages and dendritic cells are
important modulators of CKD. Generally, the macrophages and dendritic cells popu-
late the uninjured renal interstitium, act as an antigen-presenting cell, and also carry
out their phagocytic function; these inflammatory cells expand both through local
proliferation and infiltration of circulating monocytes and subsequent differentiation
after the renal injury. This persistent leukocyte accumulation and activation inside the
kidney would promote extended periods of ischemia due to vascular congestion and
may induce direct tubular and endothelial cell damage by the release of inflammatory
mediators (Nelson et al. 2012; Weisheit et al. 2015).
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Macrophages and dendritic cells in the injured kidney display appreciable plas-
ticity and functional heterogeneity with different overlapping roles. These cells
are identified with different markers by multicolor flow cytometry, for example,
macrophages (CD11b, F4/80, and CD68) and dendritic cells (CD11c, MHCII, and
CD80/86) (Weisheit et al. 2015). Macrophages can be classified into many subtypes,
but they are broadly classified either asM1 (classically activated) orM2 (alternatively
activated) macrophages. During AKI, M1 macrophages are known as proinflamma-
tory and make cytokines such as IL-1, IL-6, and TNF-a, and they promote inflamma-
tion whereas M2 are mainly reparative and anti-inflammatory, they express arginase,
mannose receptor, IL-10, and IL-4 receptor-a. However, in CKD M2 macrophages
may stimulate tubulointerstitial fibrosis through the production of various profibrotic
growth factors. A variety of experimental cell depletion strategies have shown that
decreasing the number of interstitial macrophages reduces kidney fibrosis (Mosser
and Edwards 2008).

Recent reviews and studies have shown that there is a significant cross talk between
injured TEC and inflammatory cells. Injured renal epithelia induce the inflammatory
response by the production of chemokines and chemoattractant cytokines that bind
to receptors on inflammatory cells to promote migration of macrophages and den-
dritic cells to the site of injury. Injured proximal tubules can also promote local
macrophage proliferation through the production of macrophage colony-stimulating
factor (Gewin et al. 2017).

Themacrophage phenotype, the timing relative to PTEC injury, and localmicroen-
vironment affect the epithelial/inflammatory cell cross talk leading to progression
of CKD. Animal models of AKI, a risk factor for CKD progression, suggest that a
proinflammatory, M1 macrophage phenotype predominates at 1–3 days post-injury.
Depleting macrophages using clodronate or genetic methods may improve injury
in this phase. However, at later time points, there is a switch to a reparative, M2
macrophage subtype that promotes recovery from injury. Depletion of macrophages
at this later stage can impair renal recovery and lead to CKD (Vinuesa et al. 2008). In
CKD, unlikeAKI, theM2 phenotype is likely to promote TIF due to the production of
factors like TGF-β, PDGF, and galectin-3 (Henderson et al. 2008). Therefore, a con-
tinuous epithelial injury may affect TIF progression through chemokine-dependent,
increasedM2macrophage infiltration.Although injured epithelia also alterDCpolar-
ization through cytokine production, there are fewer data to support a role for DCs in
TIF progression (Kitching 2014; Machida et al. 2010). Other inflammatory immune
cells like (lymphocytes, natural killer cells) have also shown to play a role in CKD,
but there are not many studies to mention here.

7.5.4 The Role of Myofibroblast in the Maladaptive Repair

Tubulointerstitial fibrosis is marked by an exuberant and pathological deposition of
extracellular matrix (ECM) consisting of collagen I, III, and IV, laminin, fibronectin,
perlecan, and heparin. Research on animal models of kidney disease has identified
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myofibroblasts as major matrix-producing cells contributing to fibrosis after injury.
Myofibroblasts can be defined by being α-smooth muscle actin (α-SMA) positive
and are mainly located in the renal interstitium and to a lesser extent in glomeruli in
various animal models of renal fibrosis. The amount of myofibroblasts is proportion-
ally related with severity of renal fibrosis. However, the diverse lineage and mixed
phenotypic heterogeneity of myofibroblasts make them a difficult therapeutic target.
Due to their central importance, the cellular origin of these cells is a critical question
that has been extensively studied in animal models, but contradictory data leave this
as a subject of an ongoing debate.

Interstitial myofibroblasts have been proposed to originate from one or more
of five sources: fibroblasts, pericytes, bone marrow-derived myofibroblast, tubular
epithelial–mesenchymal transition (EMT), or endothelial/mesenchymal transition
EndMT. However, the role of EMT in renal fibrosis is rigorously challenged by
lineage tracing studies and other recent scientific evidence (Sun et al. 2016).

Fibroblasts are inactive cells found within the interstitial space, important for
maintaining the structural integrity of kidneys by producing a basal level of the
extracellular matrix. Injured epithelia are potent producers of growth factors and
cytokines such as TGF-β, PDGF, hedgehog, and Wnt ligands. Injured PTECs have
paracrine effects on surrounding cells such as fibroblasts, causing them to transform
into myofibroblasts. Activated fibroblasts have increased stress fibers, and they pro-
liferate and produce ECM components such as collagens leading to progressive TIF
(Baum and Duffy 2011).

The recent discovery of a functionally distinct subset of extracellular matrix-
producing cells called pericytes might be another major source of myofibroblasts.
Pericytes are stromal cells which stay in close contact with interstitial capillary
endothelial cells and regulate capillary permeability. An interesting study by Kra-
mann et al. identified a group of Gli1-positive perivascular mesenchymal-like peri-
cytes such asmyofibroblast progenitors, as shownby lineage tracing and cell ablation.
Using transgenic Gli1-CreERt2/tdTomato mice in an experimental model of fibrosis,
Gli1þ cells proliferated within the interstitial region and acquired expression of NG2
and α-SMA as myofibroblasts (Kramann et al. 2015).

Myofibroblasts may also originate from bone marrow-derived cells (BMDCs)
which migrate into the kidney in response to injury. In the UUO model of kidney
fibrosis, transplantation of transgenic bone marrow expressing the red fluorescent
protein (RFP) under the control of α-SMA promoter (α-SMA-RFP) demonstrated
35% of the myofibroblasts was derived from bone marrow cells (LeBleu et al. 2013).

Fibrocytes are hematopoietic or bone marrow-derived collagen-producing cells
expressing vimentin and CD34 marker; they infiltrate renal parenchymal tissue and
may contribute to fibrogenesis. Patients with chronic allograft nephropathy with
interstitial fibrosis had a large number of myofibroblasts derived from the recipient.
Immunostaining of hematopoietic markers like CD11b, CD34, CD45, CD115, and
Gr1, together with intracellular collagen I, was used to identify fibrocytes in kidneys.
Specific cell ablation of αSMA-positive fibrocytes after bonemarrow transplantation
showed a significant reduction of renal fibrosis (Mack and Yanagita 2015).
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TGF-β1 is synthesized by injured TEC in the kidneys as latent complexes cova-
lently bound to the extracellularmatrix (Huang et al. 2008).ActiveTGF-β1 is released
via proteolytic cleavage from the extracellularmatrix and binds to the TGF-βII recep-
tor and starts Smad-dependent and Smad-independent signaling pathways. Phospho-
rylated Smad2/3 complex together with Smad4 translocates into the nucleus to mod-
ulate transcription of a number of target genes. TGFβ1 promotes progressive renal
fibrosis by stimulating extracellular matrix synthesis, preventing its degradation,
mediating tubular epithelial cells and endothelial cells to undergo EMT or EndoMT,
respectively (Li et al. 2009).

7.6 Biomarkers Implicated in AKI—CKD Transition

New biomarkers of AKI are significant recent developments and typically indicates
a specific component of AKI pathophysiology, such as epithelial tubular injury,
cell cycle arrest, systemic inflammatory pathways, and glomerular filtration. AKI
biomarkers will hopefully beneficial in different clinical processes, including diag-
nosing AKI earlier, prognostication of clinical outcomes, and prediction of response
to therapy.

Biomarkers of AKI can be used to inference the short- and long-term adverse out-
comes in various patient care settings. The commonly observed short-term outcomes
are in-hospital mortality, need for renal replacement therapy (RRT), and length of
stay. At present, there are evidences that biomarkers of AKI are related to long-term
mortality, but the data are lacking to suggest that biomarkers of AKI are related to
other important long-term patient outcomes, such as cardiovascular events and CKD,
although prospective studies are ongoing like ASSESS-AKI study. The Assessment,
Serial Evaluation, and Subsequent Sequelae of Acute Kidney Injury (ASSESS-AKI)
study is prospectively studying the long-term outcomes in hospitalized patients, with
orwithout chronic kidney disease, after an episode of acute kidney injury, to ascertain
the natural history of acute kidney injury and define the risk factors for progression
and for the development of complications, including cardiovascular disease, and
the relationship between putative biomarkers and long-term outcomes (Go et al.
2010). Some of the AKI biomarkers may yield additional predictive information
beyond that is provided by the AKI event itself. Several long-term follow-up studies
have identified a subgroup of patients who suffer from “subclinical AKI.” While
these patients do not have AKI as defined by serum creatinine, they have elevated
biomarkers of tubular injury and fare worse than patients without elevated biomark-
ers of AKI (Haase et al. 2011). This proposes that biomarkers of AKI may provide
additional prognostic information beyond that offered by serum creatinine and serum
creatinine-based current AKI definitions.
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7.6.1 Serum and Urine Kidney Injury Molecule 1

KIM-1 expression is markedly upregulated after ischemia–reperfusion injury reflect-
ing the proliferating dedifferentiated epithelial cells of the proximal tubules, and it
appears to peak at approximately 48 h. It is known to promote epithelial cell regen-
eration and regulates tubule cell apoptosis. In murine AKI models, KIM-1 overex-
pression reduces kidney fibrosis and the development of ESRD (Humphreys et al.
2013). Sustained KIM-1 elevation in blood, however, indicates persistent tubular
injury, which would be a risk for the development of CKD/ESRD. Urinary KIM-1
shows a similar correlation of kidney injury; hence, the persistent KIM-1 levels may
be used to prognosticate development of ESRD.

7.6.2 Neutrophil Gelatinase-Associated Lipocalin (NGAL)

Intrarenal NGAL is highly upregulated following ischemic or nephrotoxic kidney
injury. A urinary NGAL has been proposed as a potential marker of kidney disease
progression to ESRD in animalmodels (Ko et al. 2010). Human studies, though small
and few, have shown the possible utility of high baseline levels of plasma and urinary
NGAL in predicting progression [reference]. The area under the receiver operating
characteristic curve (AUC) is estimated at 0.78 for baseline urine NGAL and 0.70
for baseline serum NGAL (Bolignano et al. 2009), suggesting potential utility in
prognostication post-AKI kidney disease progression.

7.6.3 Liver-Type Fatty Acid-Binding Protein

Liver-type fatty acid-binding protein is considered as a renal protective protein in
general. It binds to and promotes the metabolism of fatty acids and has antioxidant
properties. Urinary L-FABP levels are elevated almost immediately after AKI and
peak within 6 h correlating strongly with renal ischemic time (Susantitaphong et al.
2013). L-FABP levels are also increased in patients with known renal disease risk
factors of hypertension and diabetes in the absence of overt kidney damage, further
improving its potential to be used to identify patients at increased risk.

7.6.4 Interleukin-18

Interleukin-18 (IL-18) is a 22-kD proinflammatory cytokine formed in the proximal
tubular cells. Urinary IL-18 is elevated following renal injury (Parikh et al. 2004).
The mature IL-18 induces inflammatory response through upregulating NF-kappaB
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pathway including TNF-α, iNOS, chemokines MCP-1, and MIP-2, which causes
inflammation by macrophage and neutrophils induction (Wu et al. 2008). IL-18
worsens tubular necrosis in ischemia–reperfusion injury (Parikh et al. 2004) and
animal models via Fas/Fas ligand pathways (Yano et al. 2015). Interrupting the IL-
18 signaling has consistently shown to decrease kidney injury.

7.6.5 Renin–Angiotensin System Activation

Renin–angiotensin system (RAS) activation, especially intrarenal activation, causes
progression of AKI and transition from acute to chronic kidney injury. Urinary
angiotensinogen is considered a novel prognostic marker for AKI. AKI patients
with elevated urinary angiotensinogen have been shown to progress to higher stages
of AKI with higher mortality rates (Alge et al. 2013b). In patients with post-cardiac
surgery AKI, elevated urinary angiotensinogen had an AUC of 0.75 for predicting
progression of AKI to stage 3 and predicting mortality (Alge et al. 2013a). Mea-
surement of urinary angiotensinogen can help with delineating AKI patients who are
at risk of having accelerated CKD and could possibly benefit from RAS blockade
agents.

7.7 Renal Antifibrotic Treatment

Renal fibrosis is the common final outcome of different progressive kidney diseases
and, in the majority of chronic kidney diseases, becomes a leading target for antifi-
brotic interventions. The current therapeutic approaches for the reversal or inhibition
of progression ofmany chronic kidney diseases are either not enough effective or safe
to be used as treatment regimen in the clinical practice; because of this reason, drugs
to cure kidney fibrosis are not in clinical yet. At present, the available medications for
the treatment of renal fibrosis are angiotensin-converting enzyme (ACE) inhibitors
(e.g., captopril), angiotensin II receptor blockers (ARBs), and renin inhibitors. They
are used only to improve the symptoms and delay the progression of chronic kidney
diseases, but this drug also comes with serious limitations. The safety and efficacy
of these medications depend on different key factors such as the stage and type
of chronic kidney disease, the causal fibrosis leading molecular mechanisms, and
the patient medical history. The present research work done on the pathways and
mechanisms of fibrogenesis has revealed impressive preclinical evidence showing
that fibrosis can be slowed, arrested, or even be reversed. Research indicates that
multiple ligands of TGF-β/Smads are the direct mediators for renal fibrosis; hence,
inhibition of the TGF-β/Smads signaling pathway using various strategies can sig-
nificantly reduce renal fibrotic lesions and ameliorate kidney injury, suggesting that
targeting the TGF-β/Smads signaling pathway could be a new strategy for effective
therapies.
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Other drugs that are being developed for CKD-related fibrosis are targeting the
key players that are known in the molecular mechanisms of fibrosis such as CTGF,
endothelin-1, mothers against decapentaplegic homolog (SMAD) 3 and 4, phos-
phodiesterase type 5, bone morphogenetic protein (BMP)-7, and NADPH oxidase
(NOX) 1 and 4 (Nastase et al. 2018).

7.8 Conclusion

Currently, there are not many therapeutic strategies for preventing progression after
AKI. However, staggering advancements have been made in recent years to deter-
mine the risk factors, mechanisms, the role of cellular cross talk, molecular path-
ways involved, maladaptive repair under the influence of proinflammatory cytokines,
profibrotic growth factor (Fig. 7.1), and the role of novel biomarkers in AKI-CKD
transition. It is highly surprising that the planned clinical follow-up of the patients
who survived AKI is very low, given the increasing incidence of AKI and its associa-
tion with the progression to CKD. More information can be acquired with the proper
clinical follow-up ofAKI survivors, which can helpwith short- and long-term clinical
trials and research by making a better animal model that can elaborate the under-
standing of AKI-CKD transition which is ultimately necessary for preventing TIF
and developing more effective therapies to halt TIF progression to CKD.

Fig. 7.1 Acute kidney injury to chronic kidney disease transition. Depicting the risk factors,
proposedmechanisms, cellular dynamics, andmolecular signaling pathway of fibrosis development
after acute kidney injury
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Chapter 8
Role of Endothelial Cells in Renal
Fibrosis

Zhen Yang, Li-Jie He and Shi-Ren Sun

Abstract Renal fibrosis has been regarded as the common pathway of end-stage
renal failure. Understanding the fundamental mechanism that leads to renal fibrosis
is essential for developing better therapeutic options for chronic kidney diseases.
So far, the main abstractions are on the injury of tubular epithelial cells, activation
of interstitial cells, expression of chemotactic factor and adhesion molecule, infil-
tration of inflammatory cells and homeostasis of ECM. However, emerging studies
revealed that endothelial cells (ECs) might happen to endothelial-to-mesenchymal
transition (EndMT) dependent and/or independent endothelial dysfunction, which
were supposed to accelerate renal fibrosis and are identified as new mechanisms for
the proliferation of myofibroblasts as well. In this chapter, we are about to interpret
the role of ECs in renal fibrosis and analyze the related molecules and pathways of
both EndMT and EndMT independent endothelial dysfunction.

Keywords Endothelial cell · Renal fibrosis · EndMT · Endothelial dysfunction

8.1 Introduction

The high prevalence and burden of chronic kidney diseases (CKD) have been well
established, and it has emerged as a major threat to public health due to its 13% inci-
dence rate (Coresh et al. 2007). Meanwhile, 45% of total deaths can be attributed to
fibrotic disorders (Wynn 2008). Nowadays, it is well-known that all primary causes of
CKD share a common pathogenetic pathway of progressive injury due to the destruc-
tive consequences of renal fibrosis, although numerous different kinds of diseases
including glomerulonephritis, metabolic diseases, diabetes mellitus, atherosclerosis,
obstructive nephropathy, interstitial nephritis, cystic nephropathies and polycystic
kidney disease, can be major causes of CKD (Cho 2010). Since renal fibrosis has
been the common final pathway to end-stage renal disease (ESRD), it is warranted
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to elucidate the mechanisms of renal fibrosis and develop better therapeutic agents
for CKD.

So far, the scientists mainly focus on the injury of tubular epithelial cells, acti-
vation of interstitial cells, expression of chemotactic factor and adhesion molecule,
infiltration of inflammatory cells and homeostasis of ECM (Iliescu et al. 2010; Kang
et al. 2001). Emerging studies revealed that endothelial dysfunction is dependent
or independent of endothelial-to-mesenchymal transition (EndMT), which has been
supposed to accelerate renal fibrosis and identified as a new mechanism for the pro-
liferation of myofibroblasts (Piera-Velazquez et al. 2011). Moreover, it has excited
particular and extensive concern about the injury and/or loss of renal microvascu-
lar and subsequently hypoxia and ischemia, by which eventually leads to the renal
fibrosis. In this chapter, we will focus on the role of ECs in renal fibrosis.

8.2 The Function of ECs

Generally, ECs compose the internal surface of the vessels and play the essential role
in vascular homeostasis. Apart from its classical barrier role, the endothelium also
takes part in many physiological processes including the control of vasomotor tone,
the response of tissue inflammation and thrombosis (Deanfield et al. 2007; Feletou
and Vanhoutte 2006). The endothelium structure is highly heterogeneous inside the
renal microvessels environment, where ECs are multifunctional and highly special-
ized from the preglomerular arterioles to the peritubular capillary bed. Despite gradu-
ally rising interest in the identification of endothelial diseases associated with CKD,
limited researches have investigated endothelial alterations during kidney injury.
Fortunately, recent evidence has provided some novel insights into the pathophysio-
logical role of intrarenal endothelium in the progression of CKD (Fig. 8.1) (Guerrot
et al. 2012).

The main physiological functions of ECs include as follows: (1) Barrier func-
tion: The vascular endothelium can prevent the adherent and harmful substances
such as thrombocyte and leukocyte from invading vessel while the intact structure
of endothelium has the agonistic effects to the lipid deposition; (2) Endocrine func-
tion: ECs can synthesize and secrete a variety of vasoactive substances including
endothelium-dependent contraction factor such as endothelin (ET), angiotensin II
and thromboxane as well as the endothelium-dependent relaxing factor such as nitric
oxide (NO), prostacyclin, bradykinin, endothelium-dependent hyperpolarizing factor
and so on; (3) Regulation of vascular tone: ECs regulate the relaxation and contrac-
tion of blood vessels by releasing vasodilators and vasoconstrictors. Among these,
ET and NO maintain a relative dynamic balance under physiological conditions
to regulate renal vascular tone and kidney function; (4) Anticoagulation and fibri-
nolysis: Under vascular injury or stress, vascular ECs secrete vasoactive substances
including thrombomodulin-1 (TM-1), vollWillebrand factor (vWF), tissue-type plas-
minogen activator (t-PA), etc., to coordinate the balance between procoagulant and
anticoagulation to prevent thrombosis; (5) Involvement in inflammatory response:
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Fig. 8.1 Schematic view of the pathophysiological role of endothelial activation in CKD pro-
gression. ADMA, asymmetric dimethylarginine; ROS, reactive oxygen species; AGE, advanced
glycation end products; TGF, transforming growth factor; TNF, tumor necrosis factor; IL, inter-
leukin; IFN, interferon; EndMT, endothelial–mesenchymal transition; Cx40, Connexin 40: Cx43,
Connexin 43 (Guerrot et al. 2012)

ECs express multiple adhesion molecules including selectin family, integrin family
and immunoglobulin superfamily while tumor necrosis factor (TNF) can activate
these adhesion molecules to exert the inflammatory effect; (6) Regulation of vascu-
lar remodeling: There are a large number of receptors on the ECs, which transmit
the detected signals to the smooth muscles or secrete physiological factors through
the smooth muscle-endothelial junction and cooperate with the smooth muscle to
construct the vascular remodeling.

8.3 The EndMT and the Renal Fibrosis

In the past, epithelial–mesenchymal transition (EMT), characterizing by a pheno-
typical change occurred in epithelial cells which diminish their inherent cell–cell
basement membrane linkage as well as their structural polarity to spindle-shaped
and morphologically similar to mesenchymal/myofibroblast cells, was regarded as a
crucial role to contribute to the tubular epithelial cells injury and renal fibrosis (Sun
et al. 2009).

Recently, EndMT, first discovered in heart development (Markwald et al. 1975),
was supposed to play a role in renal fibrosis as well. It was confirmed to be cru-



148 Z. Yang et al.

cially important in forming the valves and septa of the heart during embryogenesis
(Kisanuki et al. 2001; Mercado-Pimentel and Runyan 2007). In adult organism,
EndMT can be initiated by different pathological destructions including trauma,
inflammation or aging and then the fibrosis of the associated organs occur due to
these alterations such as cardiac fibrosis, pulmonary fibrosis, hepatic fibrosis, corneal
fibrosis, intestinal fibrosis, wound healing as well as renal fibrosis (Piera-Velazquez
et al. 2011; Rieder et al. 2011).

In 2008, an outstanding work achieved by Zeisberg et al. firstly identified the
crucial role of EndMT in renal fibrosis by three mouse models: unilateral ureteral
obstruction (UUO; a model used to simulate progressive tubulointerstitial fibrosis),
streptozotocin (STZ)-induced diabetic nephropathy and alpha 3 chain of collagen
type IV (COL4A3) knockout mice (a mouse model for Alport syndrome). In their
study, they demonstrated that a remarkable ratio of myofibroblasts could co-express
the endothelium marker CD31, the myofibroblast markers α-smooth muscle actin
(α-SMA) and fibroblast-specific protein-1 (FSP-1) in all three models.What is more,
they declared that the 40–50% activated fibroblast cells were derived from ECs
(Zeisberg et al. 2008).

It was verified by another group that EndMT occurred and contributed to the
proliferation of myofibroblasts in the early stage of renal fibrosis in diabetic mouse
models (STZ-induced diabetic nephropathy). And a considerable number of myofi-
broblasts of an endothelial origin in the fibrotic kidneys were recognized from the
diabeticmousemodels (Li et al. 2009). These data suggest that bothEMTandEndMT
contribute to the activated fibroblasts/myofibroblasts responsible for renal fibrosis in
CKD.

8.4 The Mechanisms of EndMT in Renal Fibrosis

8.4.1 The Cellular Mechanisms of EndMT in Renal Fibrosis

The role of EndMT in kidney fibrosis is the differentiation and activation of fibrob-
lasts or myofibroblasts from endothelia and supplying the matrix that generates
mesenchymal cells. These cells implicate a disparate set of biomarkers including
VE-cadherin, CD31, TIE1, TIE2, vWF and cytokeratins. Resembling EMT, ECs
diminish their adhesion and apical–basal polarity to form highly invasive, migratory,
spindle-shaped and prolonged mesenchymal cells during EndMT. Meanwhile, the
changed biochemical process includes decreased expression of endothelial mark-
ers and elevated mesenchymal markers (α-SMA, N-cadherin, fibronectin, vimentin,
types I and III collagen, MMP-2 and MMP-9, etc.) (Fig. 8.2) (Liu 2011; Medici and
Kalluri 2012).

Nowadays, we have realized that cytokines secreted by stem cells would accumu-
late in the destructed kidney, which came along with the ECs proliferation or angio-
genesis to accelerate renal regeneration (Ishikane et al. 2008; Togel et al. 2007). Then,
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Fig. 8.2 Changes in cellular characteristics during EndMT. The EndMT program causes decreased
expression of endothelialmarkersVE-cadherin,CD31,TIE1,TIE2, vWFand again ofmesenchymal
markers FSP-1, α-SMA, N-cadherin, vimentin, fibronectin, type I and type III collagen, and MMP-
2 and MMP-9. Distinct changes in cell polarity and morphology accompany EndMT, as well as
the loss of cell–cell junctions and increased motility. FSP-1, fibroblast-specific protein-1; α-SMA,
α-smooth muscle actin; TIE, tyrosine kinase with immunoglobulin-like and EGF-like domains;
PDGFRb, platelet-derived growth factor receptor b; MMP, matrix metalloproteinase (He et al.
2013)
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a study showed that mouse kidney progenitor-like cells (MKPCs) were able to be
isolated from Myh9-targeted mutant mice and displayed pluripotent activity in vitro
and in vivo (Lee et al. 2010). Subsequently, scientists found that conditionedmedium
derived from MKPCs resulted in transforming growth factor beta (TGF-β)-induced
EndMT in vitro due to its antifibrotic activity. The latest in vivo study demonstrated
that intravenous administration of MKPCs might prevent 5/6 nephrectomized mice
from renal fibrosis via preservation of angiogenic processes (Chen et al. 2015).

The role of hyperuricemia in CKD is still controversial. However, a recent study
revealed an initial and essential role of uric acid (UA) in the progression of renal
disease. It is notable that UA-induced renal disease could be resulted from oxidative
stress and local inflammation during afferent arteriopathy, which eventually lead
to glomerular hypertrophy and interstitial fibrosis due to the endothelial dysfunc-
tion. Moreover, the latest study showed that UA per se could mediate a phenotypic
transition of epithelial and ECs via an induction of oxidative stress and glycocalyx
shedding, which could be one of the mechanisms of UA-induced kidney disease
(Kang 2018).

8.4.2 The Molecular Mechanisms of EndMT in Renal
Fibrosis

Renal fibrosis could be induced by the activation of numerous cell types that act
cooperatively and expose to an extremely complicated microenvironment under the
regulation of various biological mediators including TGF-β/Smad signaling, bone
morphogenic protein (BMP), angiotensin (Ang) II, connective tissue growth factor
(CTGF), advanced glycation end products (AGEs), fibroblast growth factors (FGF),
other growth factors andmicroRNAs (He et al. 2013). Apart from these factors above,
we will analyze the newest molecules and pathways of EndMT as follows.

8.4.2.1 C3a/C5a-Aktsignal

More than a decade ago, scientists already identified the Akt pathway as a significant
role in I/R injury (Loverre et al. 2004) and vascular homeostasis for its regulation on
inflammation and cell survival (Shiojima and Walsh 2002). Then, Pasquale Ditonno
et al. further demonstrated that the number of CD31+/α-SMA+ and CD31+/FPS-1+
cell increased during I/R injury, which indicated EndMT and eventually diminished
the density of renal peritubular capillaries and promoted tissue fibrosis. Meanwhile,
the progression of EndMT gradually vanished, with an intact density of peritubu-
lar capillaries and remarkable alleviation in renal fibrosis when the complements
(C3a/C5a, etc.) were blocked. On the other hand, the complement (C3a/C5a) would
enhance the EndMT with elevated expression of fibroblast markers and declined
expression of specific endothelial markers when ECs were activated by anaphyla-
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toxins in vitro, indicating the regulation of Akt pathway was crucial for the C3a and
C5a-induced EndMT in vitro. Moreover, blocking complement in vivo led to inhi-
bition of Akt signaling pathway, which alleviated EndMT and tissue fibrosis. Con-
siderably, these results probably disclose a new role of complement in the EndMT
via the Akt pathway and shed some light on inhibiting complement as a potential
clinical therapy of tissue fibrosis (Curci et al. 2014).

8.4.2.2 SIRT3-Foxo3a-Catalase Pathway

Sirtuins (SIRTs) are nicotinamide adenine dinucleotide-dependent class III histone
deacetylases,which consist of sevenmammalianmembers (SIRT1-7). SIRT3 is local-
ized in themitochondrialmatrix and is highly expressed in tissueswith highmetabolic
turnover (Haigis and Guarente 2006; Newman et al. 2012; Onyango et al. 2002). A
recent publication reported that SIRT3 depletion increased vascular oxidative stress
and promoted endothelial dysfunction (Dikalova et al. 2017). But its role in EndMT
and hypertensive renal injury still needs further elucidation. Transcription factor
Foxo3a (forkhead box O3a) is a downstream target of SIRT3 and regulates the cel-
lular antioxidant defense (Chen et al. 2014). Oxidative stress can promote EndMT
(Sanchez-Duffhues et al. 2016). In this study, they used SIRT3−/− and SIRT3-TgEC
(SIRT3 EC-specific transgenic) mice to investigate the possible role of SIRT3 in
EndMT and hypertensive renal injury. They investigated the specific mechanism of
SIRT3-mediated suppression of EndMT in Ang II-induced renal fibrosis and iden-
tified that Foxo3a-reactive oxygen species (ROS) may be a downstream target of
SIRT3 (Lin et al. 2018).

8.4.2.3 DKK3-Wnt Pathway

Apart from C3a/C5a-Akt signal and SIRT3-Foxo3a-catalase pathway, the DKK3-
Wnt pathway also plays a role in the EndMT and renal fibrosis. Notably, Dickkopf-3
(DKK3) is specifically expressed in the fibrogenic secretome, acting as the ligand of
the Wnt/β-catenin pathway. In accordance with its localization, DKK3 could signifi-
cantly promotemyofibroblast activation and accelerate the transition fromfibroblasts
to myofibroblasts by antagonized effects of Wnt pathway inhibitor—DKK1. A new
study showed that DKK3 could prohibit endothelial outgrowth, enhance myofibrob-
last formation and activate the EndMT, by which the angiogenic competence was
hampered in RMVECs. Meanwhile, DKK3 could be downregulated by the adminis-
tration of Wnt pathway suppressor—sulindac sulfide, along with the hampered renal
fibrosis. Thus, this novel mechanism implicated that DKK3 could promote the for-
mation of myofibroblasts and EndMT, resulting in the handicap of angiogenesis due
to the DKK3’s role of the agonist of the Wnt pathway. In addition, sulindac sulfide,
a potent inhibitor of the Wnt pathway, should be noticed for its suppressing function
of nephropathy-induced DKK3 expression and renal fibrosis (Lipphardt et al. 2019).
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8.5 The Molecular Mechanisms of EndMT Independent
Endothelial Dysfunction

Despite an increasing number of studies onEndMT, controversies still exist regarding
the existence of EndMT in kidney disease, as well as its role in disease development
(Cruz-Solbes andYouker 2017). On the other hand, in addition to the EndMT in renal
fibrosis, there are other molecules and pathways participating in the development and
progression of renal fibrosis and kidney diseases as well.

Therefore, we should also pay attention to the “EndMT independent endothe-
lial dysfunction.” Obviously, the “endothelial dysfunction” not only resulted from
EndMT but also from other factors. However, it is still hard to exactly define the
“endothelial dysfunction” so far because this versatile “homeostasis break” actually
consists of a series of handicaps in vasomotor responses, antithrombogenic proper-
ties, vascular permeability, leukocyte recruitment and ECs proliferation. Indeed, it is
supposed to include plenty of syndromes characterized by alterations in dissimilar
endothelial functions (Joannides et al. 1995; Thuillez and Richard 2005). Thus, in
this chapter, we attempt to give a comprehensive review on the “EndMT indepen-
dent” pathways and to elaborate what has been clarified in favor and against these as
follows.

8.5.1 Smad3 Linker Phosphorylation

Transforming growth factor (TGF)-β1/Smad3 signaling pathway, as the most signif-
icant one involved in endothelial dysfunction, contributes to tissue fibrosis via the
phosphorylation of Smad2 and Smad3 (Matsuzaki 2012). It is reported that fibrob-
lasts from Smad3−/− mice fail to auto-induced TGF-β1 expression (Piek et al. 2001).
In addition, it is observed that Smad3 was indispensable of several models of tissue
fibrosis (UUO, diabetic nephropathy and angiotensin II-induced renal and cardiac
fibrosis), indicating a crucial role for TGF-β/Smad3 signaling in tissue fibrosis (Fuji-
moto et al. 2003; Huang et al. 2010; Liu et al. 2012; Sato et al. 2003; Wang et al.
2007). Phosphorylation is recognized as an important mechanism regulating Smad3
transcription factor activity and the fibrotic response (Flanders 2004; Kretzschmar
andMassague 1998; Li et al. 2010; Zimmerman and Padgett 2000). One study found
that endothelial dysfunction could exacerbate renal interstitial fibrosis via enhanced
Smad3 linker phosphorylation, resulting in increased fibroblast proliferation and
collagen production. While resolvin D1 (RvD1) could alleviate renal fibrosis in the
mouse models, and further research revealed that RvD1might prevent from endothe-
lial dysfunction and inhibited Smad3/JNK pathway (Sun et al. 2013).
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8.5.2 LPS-Binding Protein

In addition to the Smads, we should pay attention to the lipid A-containing
lipopolysaccharide (LPS), a typical component of gram-negative bacteria and their
walls, acting as a predominant role in the pathogenesis of sepsis (Ronco et al. 2000).
As in gram-negative sepsis, during endotoxemia, LPS induces uncontrolled cytokines
release, activation of coagulation on ECs (Zarjou and Agarwal 2011), which lead to
shock, multiple organ damage and even death (Ramnath et al. 2008). Acute kid-
ney injury (AKI) is a frequent complication of sepsis and endotoxemia (Zarjou and
Agarwal 2011). LPS activated EC (Dunzendorfer et al. 2004) and tubular epithe-
lial cells (Bussolati et al. 2002) through the toll-like receptor-4 (TLR-4), myeloid
differentiation protein-2 (MD-2) and CD14 complex, subsequently triggering both
proinflammatory and cytoprotective functions (Singla et al. 2011). In a swine model,
the LPS administration would lead to the acute tubulointerstitial fibrosis which
was related to dysfunctional α-SMA + ECs verified by Ki-67+ without apoptosis
(caspase-3-). Additionally, the expression of vimentin and N-cadherin as well as
the mRNA synthesis of collagen I were remarkably elevated in vitro due to the
EC dysfunction led by LPS. In accordance, administration of citrate-based CPFA
could apparently maintain the EC phenotype in both peritubular capillaries and renal
arteries, which eventually extenuated the acute fibrosis in endotoxemic animals. Fur-
thermore, it was observed that inhibiting LPS-induced collagen I production could
diminish the effects of LPS on EC dysfunction by removal of LBP from plasma.
These evidences implicate EC dysfunction plays a crucial role in the acute pro-
gression of tubulointerstitial fibrosis in LPS-mediated AKI. Moreover, it might be
a future therapeutic option to protect against EC dysfunction and tissue fibrosis in
endotoxemia-induced AKI by specifically removing the LPS adaptor protein LBP
(Castellano et al. 2014).

8.5.3 IGF-1R-VE-Protein Tyrosine Phosphatase

Two decades ago, the insulin-like growth factor-1 receptor (IGF-1R) was already
implicated in the regulation of cellular proliferation, differentiation and survival
(Pollak 2000). Subsequently, there are an increasing number of studies showing that
IGF-1R is a protective factor in ECs (Chisalita and Arnqvist 2004). Recently, it
was reported that H2O2-mediated apoptosis was hampered by IGF-1 via improving
mitochondrial dysfunction due to its protective role of maintaining the mitochondrial
membrane potential and repressing caspase-3 activity in HUVECs. The mechanism
was supposed to be the specific binding of IGF-1 to IGF-1R in kidney and retinal ECs
(Pandini et al. 2002; Paneni et al. 2013; Spoerri et al. 1998), butwhether IGF-1Rplays
a protective role in CKD-induced pathological responses is unknown. In this study,
it is supposed that IGF-1R could stabilize the VE-protein tyrosine phosphatase/VE-
cadherin complex, which is beneficial for maintaining endothelial barrier function.
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In accordance, renal fibrosis would be aggravated by the block of IGF-1R due to the
endothelial dysfunction (Ferrannini and Solini 2012).

8.5.4 Glucose Uptake

In the normal physiological conditions, approximately 90% of glucose reabsorption
was facilitated by sodium-glucose cotransporter 2 (SGLT2) in the convoluted seg-
ments of renal proximal tubules where the sodium ion and glucose were transported
at a 1:1 stoichiometry from the tubule lumen into the cells (Nakano et al. 2015). AKI
is a common clinical syndrome defined as a sudden onset of reduced renal function
(Munshi et al. 2011), leading the survivors an increased risk of developing CKD
(Gammelager et al. 2014), myocardial infarction and heart failure which might influ-
ence AKI at the same time or after (Zhang et al. 2018). In this study, they found that
treatment with luseogliflozin (A sodium-glucose cotransporter 2 inhibitor) after I/R
attenuated the endothelial rarefaction, renal hypoxia and renal interstitial fibrosis,
which implied a novel intervention strategy that the elevation of VEGF-A was par-
tially beneficial for attenuating renal fibrosis by the administration of luseogliflozin
which reduced the glucose absorption in the GLUT2-downregulated tubules (Bishop
et al. 2009).

8.5.5 Renal Hedgehog Interacting Protein

The renal hedgehog interacting protein (Hhip), a component of the hedgehog path-
way, also plays a significant role in the endothelial dysfunction and renal fibrosis.
At the beginning, it is identified as a classical antagonist of all Hh ligands includ-
ing Sonic, Indian and Desert (Bosanac et al. 2009; Chuang and McMahon 1999;
Coulombe et al. 2004; Holtz et al. 2015; Kwong et al. 2014; Zhao et al. 2014). An
early study in kidney diseases showed that Hhip could hamper nephrogenesis by its
dramatical elevation in the kidneys of the diabetes mice models. Recently, a group
declared that Hhip gene could be upregulated by high glucose (25 mM D-Glucose)
in a time- and dose-dependent manner in cultured metanephric mesenchymal cells,
while this elevation would be reversed by insulin, indicating the intimate relation-
ship between glucose with Hhip. Alongwith the hyperglycemia-mediated renal Hhip
expression, nephropathy development in diabetes was accelerated and eventually
resulted in the glomerular endothelial dysfunction and renal fibrosis (Arfian et al.
2016).
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8.5.6 Vitamin D and Vascular Remodeling

Vitamin D has been reported to attenuate kidney fibrosis in UUO model due
to reduction of myofibroblast formation, inflammation and tubular cell apoptosis
(Martínezmiguel et al. 2014). Vitamin D regulates endothelin-1 and NO produc-
tion in ECs culture (Sureka et al. 2014). However, the role of their interactions in
the pathology of diseases has not been fully understood. It was reported that ET-
1/ETBR/eNOS upregulated under the renoprotective effects of vitamin D, which
attenuated vascular remodeling and ischemic conditions in kidney fibrosis.

8.6 The Endothelial Repair from AKI to CKD

The kidney has a main function in the retention of total body homeostasis, which acts
as a precise machine with many indispensable components including the glomeruli,
tubular system, interstitium and vasculature (Sureka et al. 2014). In the kidney, the
endothelium is the thin layer lining the interior surface of blood vessels and lym-
phatic vessels. Notably, the kidney has one of the organs containing the richest
and most diversified ECs populations. ECs from renal arteries, arterioles, capillar-
ies, venules, veins and glomerular capillaries have distinctive phenotypic features
(Bernatova et al. 2014; Gimbrone and Garcia-Cardena 2013; Rajendran et al. 2013).
Endothelium forms a passive barrier, dynamically regulating the permeability of
the microvasculature. Phenotypic variations among ECs are mainly responsible for
mediating adhesion and leukocytes recruitment (Persson 2015; Shen et al. 2016).

Epithelial–mesenchymal transition was characterized by a phenotypical change
occurred in epithelial cells which diminish the inherent cell–cell basement mem-
brane linkage as well as their structural polarity to turn to the spindle-shaped and
morphologically similar to mesenchymal/myofibroblast cells and was supposed to
contribute to the extracellular matrix (ECM) accumulation and renal fibrosis (Carew
et al. 2012; Du et al. 2018; Shu et al. 2018). On the other hand, ECMdeposition in the
zone between peritubular capillaries and tubules hampered tubular normal function
including removing toxins and inducing cellular transport. Therefore, the abundant
accumulation of ECM in interstitial and glomeruli is the most remarkable hallmark
of renal fibrosis and responsible for kidney destruction (Choi et al. 2015; Theocharis
et al. 2016). Eventually, renal fibrosis can be labeled with abundant deposition of
ECM composing of collagen I, III and IV, fibronectin, laminin, heparan and perlecan
in tubulointerstitium, in particular the surrounding peritubular capillaries (O’Neill
et al. 2013; Pushpakumar et al. 2015).

All types of progressive CKD inevitably induced renal fibrosis which finally leads
to end-stage renal diseases (ESRD). Therefore, clarifying the pathogenesis of renal
fibrosis might essentially promote the realization and intervention for renal failure.
On the other hand, AKI represents a significant risk factor for the development of
CKD (Demirjian et al. 2014; Drawz and Rahman 2015). Notably, the renal endothe-
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lial function may underlie impairment in renal perfusion which might contribute to
the potential transition from AKI to CKD. How endothelial repair is mediated by
different cell types following vascular injury in AKI is still unclear. Meanwhile, it
was considered that endothelial dysfunction acts as a contributor from AKI to CKD
(Basile et al. 2018). Some studies showed that tubular damage was exacerbated in
renal ischemia-reperfusion, manifested as endothelial swelling (Yasuda et al. 2012),
increased expression of adhesion molecules such as P-selectin and ICAM-1 (Boesen
et al. 2012; Collett et al. 2017) and recruited various leukocyte populations (Fig. 8.3).
Paracrine factors, such as cytokines and the danger signals from stressed epithelium,
might be the potential link between the epithelial and vascular compartment, finally
lead to the transition from AKI to CKD (Molitoris 2014). It has also been demon-
strated that low nephron endowment at birth leads to not only CKD but also AKI
development. Another study also revealed that the number of nephrons decreased
with age (Suzuki and Arakawa 1991). In addition, although a canonical function of
fibroblasts in pathological conditions is a driver of renal fibrosis, fibroblasts are also
directly involved in the diverse pathogenesis from AKI to CKD progression (Zal
et al. 2014; Zhu et al. 2014).

Fig. 8.3 Alterations in endothelial function contribute to the extension phase of AKI. On the left,
a peritubular capillary is shown in close apposition to the tubular epithelium in a normal kidney.
In response to injury, endothelial swelling narrows capillary space. Increased adhesion molecule
expression facilitates leukocyte attachment, contributing to erythrocyte rouleaux formation and
disrupting normal blood flow. Reduction in flow contributes to reduced shear stress and inhibition
of NO formation, a potential trigger for endothelial–mesenchymal transition (EndMT). Addition
potential contributors toward EndMT include a reduction in trophic support from damaged tubules
or injury-activated pericytes (Basile et al. 2018)
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One study showed that endothelial response might directly result in ischemia by
altering the endothelial cytoskeletal structure, subsequently lead to reduced endothe-
lial cell-adhesion complexes, endothelial mitochondrial damage in peritubular cap-
illary and inflammation following ischemia (Fig. 8.4) (Liu et al. 2014; Mooren et al.
2014). Both ischemia and sepsis are known to induce glycocalyx shedding. Mean-
while, the casualty of endothelial cell barrier effect might trigger the coagulation
cascades and consequently impair renal function through causing interstitial edema
and elevated intratubular pressure (Basile 2007; Fu et al. 2015).

In addition, late outgrown endothelial cells were separated from culture of blood
cells on collagen by exorcizing non-adherent monocytes and subsequent expansion,
which were defined as endothelial colony forming cells (ECFCs) (Kawasaki et al.
2015). ECFCs express classic markers of ECs including CD31 and VEGFR2 as well
as other markers. The peritubular capillary (PTCap) circulation comprises a network
of capillary ECs consisting of cortical PTCaps. Up to now, the injury repair responses

Fig. 8.4 Failed vascular recovery leads to peritubular capillary rarefaction following AKI. Concur-
rent with the resolution of GFR and tubular repair recovery of the capillary endothelium is inefficient
due to a combination of EndMT and low endothelial proliferation. Infiltration of pro-angiogenic
hematopoietic cells provides pro-angiogenic stimulation but renal endothelium is unresponsive due
to the lack of HPP-ECFC activity intrinsic in the kidney. Expansion of fibroblasts or myofibrob-
lasts, which derive from either pericyte activation or EndMT, may occlude blood vessels leading to
a rarefied capillary bed (Basile et al. 2018)
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of the ECs of PTCaps are still poorly understood, with a reduction in PTCap density
in AKI (Basile 2004). The renal ECs seem to possess poor regenerative capacity,
despite with patchy postinjury hypoxic domains that would promote angiogenesis.
Generally, angiogenesis is indispensable for the maintenance of tissue function in
serious ischemia and growth of new capillaries by sprouting and absorbing from
pre-existing capillaries (Mentzer and Konerding 2014). After the injury, ECs exhibit
activated caspase-3, suggesting that apoptosis may be responsible for vascular rar-
efaction (Horbelt et al. 2007).

8.7 Conclusion

Recently, endothelial dysfunction is supposed to be a multifaceted disorder that
plays a crucial role in complications involved in kidney diseases in addition to the
tubular epithelial cell damage and the interstitial cells activation. Apart from the
well-established systemic endothelial dysfunction associated with CKD, emerging
evidence highlights direct implications of renal endothelial activation in fibrogenesis
via both the EndMT and EndMT independent pathways. These studies reveal that
renal endothelium might be a potential therapeutic aim of CKD as well as AKI.
The next objective includes inhibition of EndMT or other EndMT independent path-
ways, for example, through editing the gene of endothelial proinflammatory medi-
ators, pharmacological preserving eNOS production in varied shear stress status, or
maintaining endothelium derivative hyperpolarizing factors.
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Chapter 9
Mesangial Cells and Renal Fibrosis

Jing-Hong Zhao

Abstract The main cellular constituents in glomerular mesangium are mesangial
cells, which account for approximately 30–40% of the total cells in the glomerulus.
Together with the mesangial matrix, mesangial cells form the glomerular basement
membrane (GBM) in the glomerulus, whosemain function is to perform the filtration.
Under the pathologic conditions, mesangial cells are activated, leading to hyperpro-
liferation and excess extracellular matrix (ECM). Moreover, mesangial cells also
secrete several kinds of inflammatory cytokines, adhesion molecules, chemokines,
and enzymes, all of which participate in the process of renal glomerular fibrosis.
During the past years, researchers have revealed the roles of mesangial cells and
the associated signal pathways involved in renal fibrosis. In this section, we will
discuss how mesangial cells are activated and its contributions to renal fibrosis, as
well as the molecular mechanisms and novel anti-fibrotic agents. Full understanding
of the contributions of mesangial cells to renal fibrosis will benefit the clinical drug
developing.

Keyword Mesangial cell · Glomerulosclerosis · Renal fibrosis · TGF-β

9.1 Introduction

Renal fibrosis is a final common pathological consequence of most chronic progres-
sive kidney diseases. Fibrosis is characterized by a loss of capillary networks and
a deposit of fibrillary collagens in both renal interstitial and glomerular compart-
ments. As known, the activities of the interstitial components, especially fibroblasts,
are closely correlated with renal interstitial fibrosis. However, in recent years, more
andmore studies have found that renalmesangial cells also play important roles in the
pathogenesis of glomerular fibrosis which ultimately leads to glomerular sclerosis.

Among renal cells, the glomerular mesangial cells share most phenotypical sim-
ilarities with the fibroblasts. As one of the major matrix-producing cells, mesangial
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cells can secretemesangialmatrix (MM) components, such as type IV and typeV col-
lagens and fibronectin, which contribute to the excess extracellular matrix (ECM).
Moreover, mesangial cells also secrete several kinds of inflammatory cytokines,
adhesion molecules, chemokines, and enzymes, all of which also participate in the
process of renal fibrosis. An in-depth understanding of the mesangial dysfunction
and the associated mechanisms will not only help us orchestrate multiple patho-
physiological processes in renal fibrosis, but also provide novel insights into the
development of novel therapeutic approaches. Thus, this chapter will spotlight on
the basic knowledge and recent advances of researches about mesangial cells.

9.2 What Are Mesangium and Mesangial Cells?

The mesangium is a cluster of mononuclear stellate cells embedded in ECM. It
occupies a pivotal anatomical position that located between the capillaries and the
glomerular basement membrane (GBM) in the glomerulus. Mesangial cells are the
main cellular constituents in mesangium. It is estimated that the mesangial cells
account for nearly one-third of the total number of glomerulus cells (Olivetti et al.
1977, 1980). Morphologically, the mesangial cells are low cytoplasm-to-nucleus
ratio, with many cytoplasmic processes containing fibrils (Makino 1988). Location-
ally, the endothelial cells are incompletely surrounded by GBM and epithelial cells
(podocytes), leaving a gap for direct communication between mesangial cells and
endothelial wall (Makino 1988). This area is considered as the juxtamesangium of
the capillary wall. While the areas where there is no direct contact are defined as
extraglomerular mesangium (Mené et al. 1989). The most significant characteristic
of the extraglomerular mesangium is a separation between mesangial cells and the
GBM by mesangial-derived ECM (Andrews and Coffey 1983). Based on the micro-
scope, the ECM performs as a dense net with large amount of microfibrils, anchored
to cell membranes via fibronectin, one of the most major components of the ECM
(Silva et al. 1986; Makino 1988; Kriz et al. 1990). This extraordinarily structural
arrangement may result in two major functional consequences: First, because of the
luxuriant components of cytoskeleton, the mesangial cells can contract similar to
smooth muscle cells and exert mechanical traction on the GBM and the endothe-
lial capillary lining by mesangial processes and intermediary ECM. This contractile
peculiarity not only can prevent an abnormal capillary hydrostatic pressure, but also
subtly maintaining steady of capillary nerves. In addition, given that an abundant of
mesangial processes stretching into the capillary lumen, it is conceivable that even
a minor reduction or slight alteration of this area will sensibly affect the filtering
proportion and ultrafiltration rate of the glomerulus. On the other hand, inflamma-
tory swelling of the mesangium and endothelial cells may directly affect glomerular
ultrafiltration (Johnston and Latta 1977; Latta and Fligiel 1985). Second, the con-
tact between endothelial filtration surfaces and the mesangium provides a structural
basis for the plasma ultrafiltration through the mesangium (Latta et al. 1960; Latta
and Maunsbach 1962; Latta and Johnston 1978; Keane and Raij 1981). Resem-
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bling the hydrophilic and polyanionic composition of the GBM, this structure of the
mesangium guarantees an ideal sieving for macromolecules of blood flow (Latta and
Lee 1983).

In ultrastructural studies, the body of endothelial cells is often found associated
with the juxtamesangial portion of the capillary (Sakai and Kriz 1987). The two cell
types generally present wide contact surfaces without specialized membrane junc-
tions that are often filled by a thin layer of ECM, indicating the absence of electrical
linkage. The proximity of the two cells is interesting in view of the proposed role
of endothelial cells in clearing deposits of filtered macromolecules by cytoplasmic
envelopment and transfer to mesangial areas (Latta and Maunsbach 1962; Elema
et al. 1976; Cattell et al. 1982). Numerous studies have suggested that two major
routes exist for mesangial filtration, a rapid influx of material through fenestrations,
which is rate limited by particle size and charge, and a slow, cell-mediated uptake
and processing in which both endothelial and mesangial cells are implicated (Latta
and Johnston 1978; Latta and Lee 1983; Latta and Fligiel 1985). The frequent accu-
mulation of immunocyte deposited in this area in glomerulonephritis may represent
overloading of these cell-dependent mechanisms. Efflux of macromolecules filtered
across the mesangium seems to occur through three ways as follows (Michielsen
and Creemers 1967; Latta 1970; Elema et al. 1976): (1) transfer across the GBM and
epithelial foot processes into the urinary space, (2) flow through channels and the
fibrillar matrix network into efferent capillaries, or (3) concentration at the glomeru-
lar hilus in proximity to the juxtaglomerular apparatus. This latter site, where tracers
often accumulate at variable intervals after injection, is likely to provide access to
the lymphatic drainage.

In conclusion, structural and functional characteristics justify the definition of
mesangial cells asmyofibroblasts—mesenchymal cells share features of both smooth
muscle and fibroblasts (Michielsen and Creemers 1967). Marked analogies between
these three cell types in culture support the concept of a multipotent interstitial cell
of the kidney glomerulus, which is different at structural, mechanical, secretory,
and metabolic functions. Altered environmental conditions, such as inflammation
or metabolic disease states, may modify its (mesangial cells) phenotype to express
characteristics better suited to perform specific tasks (Fig. 9.1).

9.3 Role of Mesangial Cell on Glomerular Fibrosis and its
Response to Injury in Associated Diseases

Renal glomerular fibrosis is a process by which normal, functional glomerular tis-
sue is replaced by accumulated deposits of ECM (Eddy 1996). It represents a final
common pathway for glomerular lesions in all progressive forms of renal diseases,
particularly associating with primary renal diseases such as immunoglobulin A (IgA)
glomerulonephritis or metabolic diseases such as diabetic nephropathy (Hewitson
and Becker 1995; Chen et al. 2003; Simonson 2007; Qian et al. 2008; Schmekel et al.



168 J.-H. Zhao

Fig. 9.1 Physiological sketch of mesangium

2010). To date, numerous studies have documented host of factors which play instru-
mental role in orchestrating fibrosis by multiple mechanisms. However, the initial
pathogenesis of renal fibrosis is still uncertain. It is conceivable that three major cells
of the glomerulus may participate in glomerular fibrotic process: podocyte, endothe-
lial and mesangial cells (Eddy 2000; Liu 2006). The published genetic data of human
nephrotic syndrome and the findings of transgenic murine podocyte abnormalities
suggest that the damage of the visceral epithelial cell triggers glomerulosclerosis
(Shirato et al. 1996;Wendt et al. 2003;Wharram et al. 2005;Wiggins et al. 2005; Shi
et al. 2008). This assertion is supported by luxuriant data, implicating those potential
epithelial cell stressors such as glomerular hypertension, hyperfiltration, or hypertro-
phy act as a detrimental role in sclerosis (Hostetter et al. 1981; Yoshida et al. 1989;
Bidani et al. 1990; Miller et al. 1991; Ichikawa et al. 2005). Although podocytes play
an important role in orchestrating glomerular sclerosis, it may not be the direct pre-
cursor of myofibroblasts which induce the major secretion of fibrillary collagens and
accelerate progression of fibrosis. Still others suggest a role for glomerular endothe-
lial cells (Liang et al. 2016a). Toyoda and his coworkers document that diminished
endothelial cell fenestration can promote renal progression in diabetic nephropathy
(Toyoda et al. 2007). Nevertheless, a reduction in the density and size of endothelial
fenestrations seems prevailingly to lower glomerular hydraulic permeability, which
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directly correlates much closer with GFR than fibrosis. The only other morphometric
variable to correlate remarkably with glomerular fibrosis is mesangial area. The last
possibility is the most attractive because, in many models of glomerulosclerosis, a
common major event of any origin is an increase of the mesangial compartment size,
attributable to both mesangial matrix deposition and mesangial cell proliferation and
hypertrophy (Ruef et al. 1992; Yuan et al. 2017). However, still very little is known
about the mechanisms and functional understandings of mesangial cells in process
from fibrosis to sclerosis.

Accumulating evidence demonstrate that mesangial cells are activated in numer-
ous glomerular diseases, proliferate, and undergo a phenotypic alteration. This phe-
notypic modulation transforms the resting mesangial cell to express both smooth
muscle-like (characterized by expression of α-smooth muscle actin) and fibroblast-
like (characterized by generation of interstitial collagens such as type I and type
III in addition to normal mesangial matrix constituents) features, supporting that the
“activated” mesangial cell may be regarded as a type of myofibroblast (Johnson et al.
1992, Patel et al. 2003). It is presumable that proper response of glomerular injury
allows its structure to restore. However, the organism often chooses an overcom-
pensatory reaction after injury, which results in mesangial proliferation along with
abnormal deposition of ECM, consequently inducing glomerular fibrosis or sclerosis.

For instance, large amounts of evidences have indicated that high glucose not only
induced mesangial proliferation, but also stimulated the cell into expressing some
pro-inflammatory factors (such as IL-1β, IL-6, TNF,CCL2/3, CXCL8) or pro-fibrotic
constituents (such as TGF-β, fibronectin), mediated activation of reactive oxidation
stress (ROS) to enhance oxidative stress level, and consequently triggered glomeru-
lar fibrosis (Nahman et al. 1992; Yuan et al. 2011; Zhang et al. 2012). Moreover,
in diabetic rodent model, nodular expansion of glomerular mesangium is always
along with increased quantities of ECM, and over 60% amount of type IV colla-
gen, fibronectin and laminin are secreted by mesangial cells after glucose treatment
(Reidy et al. 2014).

Another glomerular disease related closely tomesangial disorder is IgAnephropa-
thy. A high level of circulating IgAwhich derived from a defective immune clearance
or an increased production can increase risk of glomerulonephritis. The mesangial
trapping of serum IgA immune complexes appears to be the most important event
eliciting the IgA nephropathy (Pillebout and Nochy 2010). Both serum IgA and
macromolecular IgA can react with mesangial matrix components (such as laminin,
fibronectin, or type IV collagen), and the binding of IgA to them contributes to affin-
ity between IgA and mesangium (Coppo et al. 1993). Owing to the high affinity,
IgA prefers to deposit in mesangium area and targets to mesangial cells. In vitro
study, the secretory IgA isolated from patients with IgA nephropathy can result in
cultured human mesangial cells hypercellularity and stimulate the cell into secreting
pro-inflammatory cytokines production (Liang et al. 2015). There is relentless accu-
mulation of mesangial matrix with progressive IgA nephropathy, finally leading to
glomerulosclerosis.

To date, a widespread recognized understanding of these unfortunate events is
glomerular ECM accumulation. Actually, more than one paper support that the ECM
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accumulation often appears to begin in the mesangium (Pugliese et al. 1994; Fogo
1999). It has also been proposed that accumulation of mesangial-derived ECM in
the mesangial interstitial space could alter the living conditions and further influence
the cell status.

In another aspect, activated mesangial cells also secrete less matrix metallopro-
teinases (MMPs) which are capable to degrade matrix, assisting the maintenance of
excess ECM (Chen et al. 2003; Mason and Wahab 2003; Alsaad and Herzenberg
2007). In addition, filtered macromolecules may be trapped in the mesangium, ini-
tiating an inflammatory response that could play a pivotal role in stimulating ECM
synthesis (Santini et al. 2008; Min et al. 2009). A unifying hypothesis can be con-
structed that includes participation by all of the cellular elements of the glomerulus.
Glomerular capillary hypertension or a genetic or acquired abnormality of podocyte
adhesion or structure permits hyperfiltration of macromolecules. Paracrine signals
from the injured podocyte stimulate endothelial cell expression of leukocyte adhe-
sion molecules and impair endothelial cell fibrinolytic activity (Eremina et al. 2006).
Signals from epithelial or endothelial cells to the mesangium, or direct delivery of
pro-inflammatory substances through the glomerular filtrate, initiate a process that
culminates in the accumulation of ECM (Eremina et al. 2006; Daehn et al. 2014).

The critical determinant of matrix accumulation is the balance between ECM syn-
thesis and dissolution. This net matrix turnover reflects rates of matrix production
(affected by transcription and translation) or degradation (determined by synthesis
and activity of ECM proteases and their inhibitors) and factors that affect the suscep-
tibility of the ECMproteins to degradation, such asMMP-2 andMMP-9,microRNAs
(miR-21, miR-192, miR-377, miR-382, miR-491-5p, miR-29, and miR-200), gly-
cosylation or the stability with which these proteins have been incorporated into the
matrix (Chang et al. 2006; Kato et al. 2007, 2011; Howe et al. 2012). Recently, efforts
have been directed toward modeling the cellular events regulating glomerular ECM
dissolution. Meanwhile, ample approaches of physiological, pharmacological, and
molecularmedicine have been used to study how variousmediators initiate ormodify
intracellular signaling pathways to cause mesangial cell matrix accumulation.

9.4 Role of Mesangial-Derived Biofactors on ECM

More than 30 years ago,Mauer and his colleagues documented a definite relationship
between mesangial matrix expansion and renal diseases progression by demonstrat-
ing that the degree of mesangial expansion strongly predicts the clinical manifesta-
tions (Mauer et al. 1984). Since then, the major challenge to investigators has been
to elucidate the underlying mechanisms that culminate in ECM accumulation.

As known, the mesangial cells generate their own matrix and embed themselves
in it. There are two major functions of its matrix: to provide strong flexible sup-
port for glomerular capillaries and to create channels for filtering and addressing
macromolecule (Latta andFligiel 1985). Just resembling other extracellularmatrixes,
mesangial matrix is comprised of collagens; glycoproteins including fibronectin and
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Fig. 9.2 Sketch of mechanisms associated with mesangial-induced fibrosis

laminin A, B1, and B2; proteoglycans including heparin sulfate and chondroitin sul-
fate proteoglycans; nidogen and so on (Fogo 1999). The amount of these constituents
is carefully modulated by mesangial cells during health but can be significantly dis-
ordered in disease. Inversely, the matrix can influence the growth and proliferation
of cells as well. In this part, we will review some vital biofactors that appear to be
critical in the aberrant development of ECM (Fig. 9.2).

9.4.1 Transforming Growth Factor-β

As one of growth factors expressed in the glomerulus, transforming growth factor-
β (TGF-β) has been confirmed to be associated with many cases of kidney dis-
eases, including various glomerular diseases and diabetic nephropathy (Hoffman
et al. 1998; Diamond-Stanic et al. 2012; López-Hernández and López-Novoa 2012).
Although effective therapy for renal fibrosis is still lacking, a host of studies has
well documented that TGF-β is the key mediator in CKD associated with progres-
sive renal fibrosis. The transgenic rodents for over expression of TGF-β would ulti-
mately develop into renal fibrosis (Liu 2006; Hewitson 2009). While considerable
researches show that TGF-β exerts differently on different renal resident cells, in
mesangial cell, upregulation of the TGF-β gene can promote the proliferation of
mesangial cells so that produce excess matrix which may directly lead to a deteriora-
tion glomerulosclerosis and subsequently incur severe renal fibrosis (Schnaper et al.
2003). Conversely, intrarenal infusion of antisense oligonucleotides to decline the
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expression of TGF-β can alleviate glomerular sclerosis in rodentmodels of nephropa-
thy (Lee and Song 2009; Mathew et al. 2011). TGF-β exerts a significant role for
mesangial cell hypertrophy by mediating the expression of connective tissue growth
factor (CTGF) (Li et al. 2012). Strong evidence has been provided that TGF-β also
influences the glomerular ECM accumulation (Lee and Song 2009). In vitro studies
show that TGF-β1 stimulates the production of type I and IV collagens, laminin,
fibronectin, and heparan sulfate proteoglycans in both murine and human mesan-
gial cells (Lee and Song 2009). Moreover, Baricos and his coworkers demonstrate
that TGF-β can stimulate ECM accumulation by dramatically downregulating the
degradation of ECM through inhibiting MMPs and inducing its antagonist (tissue
inhibitor of metalloproteinases, TIMPs), which is paralleled by an increase of its
ingredient, such as collagens (Baricos et al. 1999). In cultured mesangial cells and
its conditioned media, TGF-β1 increases the production of type-I and -IV collagens
at both protein and mRNA levels (Hubchak et al. 2009).

9.4.2 Platelet-Derived Growth Factor (PDGF)

As one of the most important mitogen factors for kidney, PDGF can be produced by
platelets, endothelial cells, and mesangial cells (Shultz et al. 1988). PDGF can be
induced by many factors including other two growth factors (EGF and FGF), TNF-
α, TGF-α/β, and INFγ. Not only could be PDGF able to regulate mesangial cells
proliferation but also it directly stimulated ultraproduction of ECM (Throckmorton
et al. 1995).Recent observation indicated that specific inhibitionof thePDGF-Bchain
by antisense mRNA significantly attenuated the overexpression of type I collagen
and a-SMA (Throckmorton et al. 1995). Meanwhile, the antagonism of PDGF-D, an
isoform of PDGF family, ameliorated epithelial–mesenchymal transition (EMT) in
a rat model of mesangial proliferative glomerulonephritis (MsPGN), although it did
not influence the loss of E-cadherin, but downregulated the tubular de novo vimentin
expression (as we know, de novo expression of vimentin and a-SMA and the tubular
epithelial loss of E-cadherin expression are major features of EMT) (Floege et al.
2007).

9.4.3 Pro-inflammatory Cytokines

The most related pro-inflammatory cytokines are tumor necrosis factor-α (TNF-α),
interleukin-1 (IL-1), IL-6, and IL-8. These cytokines can not only stimulate the pro-
duction of reactive oxygen species (ROS) and prostaglandin E2 (PGE2) in mesangial
cells, but also induce the proliferation and differentiation of inflammatory cells, such
as T- and B-cells, leading to mesangial dysfunction and immune response in kid-
neys (Dorsam et al. 2000). In the early 1990s, numerous studies have found that IL-1
could stimulate humanmesangial cells to synthesize and release IL-6 and -8, assisting



9 Mesangial Cells and Renal Fibrosis 173

monocytes or neutrophils in adhering to vascular endothelium of glomeruli and reg-
ulating the remodeling of mesangial matrix (Radeke and Resch 1992). However, in
the past few years, researchers put muchmore attention to themolecular mechanisms
about how these cytokines influence cell functions. Liang et al. further discovered
that the over-production of IL-1β, IL-8, and TGF-β1 induced by secretory IgA in
mesangial cells was promoted by the downregulation of micro RNAs, such as miR-
100-3p and -877-3p, which ultimately triggered the glomerular fibrosis (Liang et al.
2016b). The other groups additionally founded that a combination of IL-1β and TNF-
α induces the expression of inducible NO synthase mainly through the NO/HIF axis,
while hypoxia-driven signaling proteins, such as collagens, PDGF, and the secretory
phospholipase A2, contribute to the proliferative and pro-fibrotic effects in renal
cells (Kishida et al. 2005). Meanwhile, as the most vital inflammatory mediator,
TNF-α has been proved to possess cytotoxicity and mesangial proliferation effects
and induce mesangium contraction and cytoskeletal rearrangement, resulting in the
alteration of GRF, which ultimately contribute to renal dysfunction and even fibrosis
(Cooker et al. 2007). Moreover, mesangial-derived IL-6 can regulate the growth and
differentiation of the mesangial cells themselves via inducing over-production of
ROS and matrix components, and the levels of IL-6 are positive correlated with the
degree of glomerular fibrosis (Eitner et al. 1997).

9.4.4 Chemokines

The present data imply that inflammation is responsible for the initiation and progress
of primary renal injury, while the mesangial-derived chemokines are regarded as a
vital accomplice of inflammation, mostly because they are secreted locally, acting
on resident leukocyte as soon as the damage begins. These chemokines can fur-
ther recruit inflammatory cells, as well as accelerate their adhesion and migration
through the endothelium, thus promoting inflammatory cells to arrive at the injury
site. Therefore, resembling the cytokines, chemokines and their receptors become
the new center of attention.

On the basis of bioactivity, chemokine superfamilies are divided into four sub-
classes: C, CC, CXC, and CX3C. The classical mesangium-derived members are
monocyte chemotactic protein 1 (MCP-1), RANTES, and macrophage inflamma-
tory protein 1α (MIP-1α), all of which belong to the CC-subclass. The pleiotropic
cytokines, IL-8 and interferon-inducible protein 10 (IP-10), are belong to CXC-
subclass. Murine glycoprotein TCA3, which is secreted from mesangial cells upon
stimulation, is a member of CX3C-subclass (Zlotnik and Yoshie 2000).

The functions of these chemokines are thoroughly studied in past decades.MCP-1
stimulated monocyte recruitment, retention, and proliferation within the mesangium
after administration of oxidative modification of low-density lipoprotein, which
played a critical role similar to that of systemic vascular cells in the pathobiologi-
cal cellular events associated with glomerular fibrosis. In many cases, the excessive
production of ROS represented a common mechanism of injury-induced chemokine
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and adhesion molecule activation (Yang et al. 2016). For example, Jia and colleagues
suggested that glucose-induced MCP-1, TGF-β1 and fibronectin (FN) expression in
mesangial cells related to the scathing (fibrotic) level of glomeruli and interstitial
in diabetic nephropathy, whose early characteristics include glomerular hypertrophy
and ECM accumulation (Xu et al. 2013). Presumably, the underlying mechanisms of
high glucose-enhanced mesangium proliferation and MCP-1 expression are partly
through activating the ROS/NF-κB signaling pathway. Meanwhile, Liu et al. further
discovered that the mRNA expression of MCP-1 and the serum level of intracel-
lular cell adhesion molecule-1 (ICAM-1) were both upregulated after treated with
high glucose, and such increases were carried out most likely through hampering
TGF-β signaling pathways (Liu et al. 2012). In addition, antisense MCP-1 could
decrease mesangial cell proliferation and pathological injury in mesangial prolifer-
ative glomerulonephritis (MsPGN) model rats by decreasing expression of MCP-1
and CCR2; and suppressed mesangial cell proliferation and matrix accumulation in
anti-Thy-1 MsPGN model rats, although which did not entirely depend on TGF-β1
(Liu et al. 2013). Additionally, mesangium also expresses chemokine receptors, such
as CCR1 and 7, CXCR3, which means mesangial cells are both source and target
of these bioactive factors secreted during injury. For example, human macrophage
inflammatory protein-2 (MIP-2) could increase MCP-1 and RANTES expression
to modulate mesangial cells migration and proliferation in vitro study (Uguccioni
et al. 2010). Meanwhile, CCR7 is capable to regulate proliferation and apoptosis in
mesangial cells (Banas et al. 2002).

9.5 Signal Pathways Associated with Glomerular Fibrosis

9.5.1 TGF-β Signaling Pathway

TGF-β is a master regulator of renal fibrosis (Meng et al. 2016). As mentioned
above, numerous studies have manifested that increased expression and activation
of pro-fibrotic TGF-β are associated with renal fibrosis. For the canonical TGF-β
signaling pathway, TGF-β binds to TGF-β receptor 2 (TGFR2), which recruits and
activates TGFR1 to activate receptor signaling. Subsequently, Smad2 and Smad3 are
phosphorylated and translocate to the nucleus and activate the transcription of specific
targets. It has been found that Serine-204 in the linker region of Smad3 mediated
the collagen-I response to TGF-β in a cell phenotype-specific manner (Browne et al.
2013). Alternatively, binding of TGF-β with TGFR can also activate a wide variety
of Smad-independent pathways (noncanonical signaling) to modify cell function.
The involvement of TGF-β was evident by the findings that blockade of TGF-β1 in
animalmodels of kidney disease reduces fibroblast activation and collagen deposition
(Fig. 9.3).

Actually, TGF-β signaling is more complex than expected. Under the normal
condition, TGF-β is synthesized in a precursor, which is kept as an inactive form
with other two protein, the latency-associated peptide (LAP) and the latent TGF-β-
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Fig. 9.3 Signaling pathways associated with mesangial activation

binding protein (LTBP). However, the latent TGF-β complex, which is secreted into
the extracellular space, can be cleaved by a wide range of proteases to release active
TGF-β. As for the role of Smad proteins, each member (Smad2, Smad3, or Smad4)
exerts distinct and even opposing functions in the regulation of renal fibrosis. Smad3
is the sole member that can bind directly to Smad-binding elements within gene
promoters, while Smad2 or Smad4 has no such domains (Piek et al. 2001).

The associationwithSmad4 is important for the translocation of theSmad2/3 com-
plex into the nucleus (Meng et al. 2013). The Smad-mediated signaling induced by
TGF-β can be controlled by a negative feedback mechanism: Smad7 is the inhibitor
of TGF-β/Smad canonical signaling (Nakao et al. 1997). Smad7, whose transcrip-
tion can be induced by the Smad3-containing complexes, competes with Smad2 and
Smad3 for binding to activated TGFR1 and thus reduces TGF-β/Smad signaling
(Shi and Massagué 2003). Under the condition of glomerular fibrosis, e.g., diabetic
nephropathy, elevated TGF-β and phosphorylated Smad2/3 are found in many stud-
ies, suggesting the involvement of the canonical TGF-β signaling. On the other hand,
many drugs with anti-fibrotic activity exert their biological functions by inhibiting
this pathway.

For the Smad-independent TGF-β signaling, pathways associated with TGF-β
activated kinase 1 (TAK1), phosphatidylinositol 3-kinase (PI3K)/AKT, Rho-like
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GTPase, and MAPK are thought to mediate the biological functions of TGF-β. This
noncanonical signaling mainly depends on the activation of other signal pathway
induced by the TGF-β receptors, showing the cross talk with other pathways (Zhang
2009). Unlike those studies in cancer research, the noncanonical TGF-β signaling
attracts relative less attention.

The most often studied cross-talking pathway is MAPK, including ERK, JNK,
and p38-MAPK. TGF-β is shown to induce ERK activation in a Smad-independent
manner. Upon TGF-beta stimulation, the activated TGFR recruits and directly phos-
phorylates ShcA proteins, which leads to the ShcA association with Grb2 and Sos,
and subsequent activation of receptor tyrosine kinases with ERKMAP kinases (Lee
et al. 1977). This suggests that recruitment of tyrosine kinase signaling pathways
may account for aspects of TGF-β biology that are independent of Smad signaling.
Moreover, all the MAPK kinases are activated in CKD, while genetic or pharmaco-
logic strategies to block p38 or JNK have been shown to suppress renal fibrosis in a
variety of animal models. For example, in a rat model of severe crescentic anti-GBM
glomerulonephritis, JNK inhibitor CC-401 prevented severe glomerular and tubu-
lointerstitial lesions demonstrated by the reduction in myofibroblast accumulation
and collagen deposition (Maet al. 2009). In addition, in vitro studies show thatMAPK
can upregulate TGF-β1 expression in various renal cells including fibroblasts and
mesangial cells. In high glucose-treated mouse mesangial (MES13) cells, the gene
transcription TGF-β was induced by high glucose and exogenous S100B through
ERK1/2 and p38 MAPK pathway (Chuang et al. 2015). Interestingly, a 2004 study
showed mesangial cells could produce thrombospondin-1 for activation of latent
TGF-β1 via p38 MAPK and JNK, but not ERK1/2, which suggests an indirect link
between MAPK and TGF-β signaling (Naito et al. 2004).

TAK1, also known as mitogen-activated protein kinase kinase kinase 7
(MAP3K7), is a member of the serine/threonine protein kinase family. This kinase
mediates the signaling transduction induced by TGF-β and morphogenetic protein
(BMP) and controls a variety of cell functions including transcription regulation and
apoptosis. TGF-β can activate TAK1 directly, which plays a critical role in the pro-
gression of fibrosis. Besides TGF-β, TAK1 can also be activated by various stimuli
including environmental stresses and inflammatory cytokines. Then the activated
TAK1 transduces signals to several downstream targets, including the JNK, p38
MAPK, and IKK. In response to environmental stresses, it forms a complex with
TAK1-binding protein 1 and 2 to activate pro-inflammatory signaling pathways. In a
mouse model of ischemia-induced renal fibrosis, intraperitoneal injection of TAK1
inhibitor was found to ameliorate renal function and fibrosis, in which p38 MAPK
was involved in (Zhou et al. 2018). In mouse mesangial cells, rapid activation of
endogenous TAK1 activity and collagen induction were induced by TGF-β, which
was companiedwith the activation ofMKK3 and p38MAPK (Kim et al. 2007). Simi-
lar effects of TGF-β-induced TAK1 activation were obtained in fibroblasts (Hocevar
et al. 2005). These studies clearly indicated that TAK1 was a major regulator of
TGF-β signaling and played an important role in renal pro-fibrotic response.

The Rho-family GTPase, including RhoA, Rac1, and Cdc42, is associated with
cytoskeletal signaling. These molecules function as switch proteins, alternating
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between an active (GTP-bound) and an inactive (GDP-bound) state. This pathway
has been implicated in fibrogenesis, which can be activated by TGF-β in a Smad-
independentmanner. BothRhoA andRac1 are rapidly activated in response to TGF-β
in human mesangial cells (Hubchak et al. 2009). Moreover, the induction of type I
collagen expression stimulated by TGF-β was diminished by inhibiting Rac1 activ-
ity and was increased by a constitutively active Rac1 mutant. RhoA and its down-
stream target ROCKwere activated in diabetic rat kidneys and high glucose-induced
glomerular mesangial cells, in which TGF-β signaling was robust activated. How-
ever, the activation of RhoA/ROCK was inhibited by berberine treatment (Xie et al.
2013). More recently, TGR5 was found to suppress high glucose-induced upregu-
lation of fibronectin in rat glomerular mesangial cells by inhibiting RhoA/ROCK
signaling (Xiong et al. 2016).

9.5.2 Wnt/β-Catenin Signaling Pathway

TheWnt family consists of structurally related proteins, which have been implicated
in oncogenesis and in several developmental processes, as well as in maintaining
tissue homeostasis and initiating organ repair following injury. There are 19 secreted
Wnt signaling proteins that have been identified in humans and mice. The secreted
Wnt molecules can bind to cell-surface receptors, such as the seven transmembrane
receptor frizzled protein and the low-density lipoprotein receptor-related protein
(LRP). Similar to TGF-β signaling, there exist canonical and noncanonical Wnt
pathways. The canonical Wnt pathway through β-catenin has been well established.
Under inactive condition, β-catenin is bound toAxin and adenomatous polyposis coli
(APC) and phosphorylated by glycogen synthase kinase-3β (GSK-3β) at N-terminal
residues and then leads to the degradation of β-catenin.However, whenWnt signaling
is activated by various stimulator, Wnt ligands activate FZD and LRP targeting APC
and Axin, which leads to the dephosphorylation of GSK-3β and the recruitment
of the cytosolic proteins Dishevelled (Dvl). Subsequently, the phosphorylation and
the degradation of β-catenin are inhibited. Ultimately, β-catenin translocates to the
nucleus and activates T-cell factor (TCF) and lymphoid enhancer factor (LEF) to
regulate the gene expression of Wnt targets (Xiao et al. 2013). Extensive studies
have shownWnt/β-catenin signaling is involved in renal cell injury and renal fibrosis
(Fig. 9.3).

The role ofWnt/β-catenin signaling in renal fibrosis remains controversial.Wnt/β-
catenin signaling is silenced in the adult kidney. However, it can be activated follow-
ing renal injury as part of the repair response. A protective role for Wnt/β-catenin
signaling has been demonstrated in healing and repair following acute kidney injury
(Peng and Dong 2012). Excessive activation of the Wnt/β-catenin signaling path-
way results in chronic kidney disease (CKD) progression. Numerous studies have
demonstrated that CKD rat kidney tissues exhibited moderate renal fibrosis and sig-
nificantly increased expression levels of β-catenin and apoptosis-associated proteins.
Moreover, response to Wnt/β-catenin signaling is found to be cell-type specific, as
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reverse effects on mesangial cell and tubular cells have been investigated during past
decades. It has also been shown that high glucose or hyperglycemia can induce apop-
tosis of mesangial cells, which is one of the main causes of DN. A 2010 study found
that high glucose induced the phosphorylation of Ser45-β-catenin and reduction of
nuclear β-catenin levels, which was mediated by Dickkopf-1 (DKK-1), an endoge-
nous inhibitor of Wnt/β-catenin signaling (Peng and Dong 2012). Further studies of
this group confirmed that sustained Wnt/β-catenin signaling rescued high glucose
induction of TGF-β-mediated renal fibrosis, and curcumin resumed HG depression
of Wnt/β-catenin signaling (Ho et al. 2016). These studies suggest that modulation
of Wnt/β-catenin signaling is a viable alternative strategy to rescue the TGF-β1-
mediated fibrotic signaling pathway in diabetic renal injury. However, β-catenin was
found increased in TNF-α-treated mesangial cells, another cell model of glomerular
fibrosis. Silencing of β-catenin by siRNA could attenuate cell apoptosis induced by
TNF-α and decrease the mRNA expression of various fibrosis markers (Lin et al.
2017). In injured renal tubular epithelia cells, Wnt/β-catenin signaling is upregu-
lated in acute kidney injury and CKD, which is different from that of mesangial cells
(Gewin 2018). Most importantly, inhibition of Wnt/β-catenin signaling can reduce
fibrosis in experimental kidney disease including diabetic nephropathy, obstructive
nephropathy, adriamycin nephropathy, chronic allograft nephropathy, and polycystic
kidney disease. Thus, the roles of Wnt/β-catenin need further elucidation. Special
attention should be paid to the animal models and the cell types involved.

Cross talk between theWnt/β-catenin andTGF-β signaling in renal fibrosis attracts
much attention. It has been demonstrated that knockdown of β-catenin by siRNA
inhibited the mRNA expression TGF-β, which resulted in decreased expression of
renal fibrosis markers (Lin et al. 2017). It has also been found that Wnt ligand can
induce the production of TGF-β, suggesting a direct regulation of TGF-β (Peng and
Dong 2012). In addition, β-catenin was found to interact with TGF-β to regulate
EMT in tubular cells (Gewin 2018). On the other hand, TGF-β can activate Wnt/β-
catenin signaling. TGF-β1 treatment induced Wnt1 expression, β-catenin activation,
and stimulated the expression ofWnt/β-catenin downstream target genes (Zhou et al.
2012). Thus, TGF-β and β-catenin can counter-regulate each other, depending on the
animal models or cell types.

9.5.3 EGFR Signaling

The epidermal growth factor receptor (EGFR) is a transmembrane glycoprotein that
is a member of the tyrosine kinase superfamily. Binding of the protein to a lig-
and induces receptor dimerization and tyrosine autophosphorylation. Besides EGF,
other ligands such as heparin-binding EGF-like growth factor (HB-EGF), TGF-α,
and amphiregulin can activate EGFR. Upon activation by its ligands, the autophos-
phorylation of several tyrosine residues of EGFR occurs, which elicits downstream
activation and signaling. The downstream signaling initiates several signal transduc-
tion cascades, including ERK and signal transducer and activator of transcription
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3 (STAT3), and subsequently the induction of various cellular responses, such as
proliferation, angiogenesis, and inhibition of apoptosis (Fig. 9.3).

Upregulation of the EGFR is involved in the regeneration of tubular epithelium
after acute tubular necrosis, and exogenously administered EGF could attenuate the
severity and duration of renal failure in early studies (Fine et al. 1992). However,
activation of EGRF signaling is thought to be involved in renal fibrosis nowadays.
Unlike other signal pathway, activation of EGFR signaling leads to renal fibrosis in all
type of renal intrinsic cells (e.g., tubular epithelial cells, interstitial cells, and mesan-
gial cells). In serum-induced mesangial cell, three growth factors in the EGF family
were significantly induced as revealed by high-density oligonucleotide microarrays,
which was thought to be associated with the proliferation of mesangial cell (Mishra
et al. 2002). The author also confirmed the functional EGFR activation by using
an EGFR-selective kinase inhibitor and a specific antibody, which suggest a role
for EGFR signaling in control of mesangial cell growth. In cultured mesangial cells,
inhibition of EGFRwith erlotinib abrogated aldosterone-induced expression of ECM
proteins, cell proliferation, and migration (Sheng et al. 2016). Similar results were
observed in HB-EGF-treated mesangial cells. Moreover, activation of the EGFR
was also investigated in several animal models, while either genetic or pharmaco-
logic inhibition of EGFR significantly suppresses renal fibrosis. In Sprague Dawley
rats with five-sixths nephrectomy, treatment of EGFR inhibitor erlotinib significantly
blunted the progression of CKD, as evidenced by reduced levels of serum creatinine,
proteinuria, and renal cortical profibrogenic genes and scores of glomerulosclerosis
and tubulointerstitial damage (Yamamoto et al. 2018). Also, in a murine model of
uninephrectomy, erlotinib-treated rats exhibited relieved structural lesion comparing
with rats treated with aldosterone alone, as characterized by glomerular hypertrophy,
mesangial cell proliferation, and expansion (Sheng et al. 2016). Similarly, the reno-
protective effects of erlotinib were observed in a rat model of anti-Thy 1.1-induced
experimental glomerulonephritis (Rintala et al. 2016). The role of EGFR signaling
was also determined in diabetic nephropathy, which is characterized by glomeru-
lar hypertrophy. In primary mesangial cells, EGFR and downstream Akt activation
was induced by high glucose, which was prevented by siRNA to either HB-EGF or
ADAM17 (Uttarwar et al. 2011). Moreover, targeted deletion of EGFR attenuated
diabetic nephropathy in streptozotocin-induced mouse diabetic nephropathy. These
studies suggest that EGFR might be a potential therapeutic target for modulating
renal fibrosis. Although the EGF level was increased in the serum of patients with
diabetic nephropathy at all stages of CKD compared to healthy controls, a decreased
expression of EGF mRNA was unexpectedly found in renal biopsy samples from
DN patients (Lindenmeyer et al. 2007). The discrepancy might be explained by
differences in disease stage or differences between species.

For mechanism, EGFR signaling always elicits downstream signal cascades.
MAPK and PI3K-Akt are the major signaling cascades downstream of EGFR acti-
vation, which partially depends on the animal model or cell types. Moreover, acti-
vation of the EGFR can induce Smad3 phosphorylation and fibrotic response via
ROS-dependent mechanisms, suggesting that EGFR signaling can crosstalk with
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TGF-β signaling to regulate its activation and mediate its biological consequences
(Samarakoon et al. 2013).

9.5.4 Akt Signaling

Proteins of the Akt family are serine/threonine kinases, which can be activated by
growth factors, such as the insulin-like growth factor-1 receptor (IGFIR), PDGF,
EGF, and TGF-β, or by other stimuli. The activation is rapid and specific, and it is
abrogated by mutations in the pleckstrin homology domain of Akt. In mammalian
cells, this family contains three closely related and highly conserved isoforms. The
tissue distribution and function of each isoform are different. In kidney, Akt2 is the
main isoform related to renal disease (Fig. 9.3).

Akt acts as a major signal node in signal transduction cascades. Under normal
condition, Akt is maintained in an inactivated state. Growth factors and other stimuli
are shown to activate Akt through phosphatidylinositol 3-kinase (PI3K). Thus, Akt
is a critical mediator of growth factor-induced cell survival. Moreover, survival fac-
tors can suppress apoptosis in a transcription-independent manner by activating Akt,
which in turn phosphorylates and inactivates components of the apoptoticmachinery.
For the signal transduction cascade of PI3K/Akt, PI3K is a heterodimeric protein
complex, which can be activated by receptor tyrosine kinases, G-protein-coupled
receptors, or Ras proteins. The biochemical function of PI3K is to convert phos-
phate dylinositol-4,5-diphosphate (PIP2) to phosphatidylinositol-3,4,5-triphosphate
(PIP3), which form binding sites for PH domain-containing proteins, such as Akt
and PDK1. Therefore, Akt and PDK1 are recruiting them to the membrane, where
Akt is phosphorylated by PDK1 at Thr308 and by mammalian target of rapamycin
complex-2 (mTORC2) at Ser473, leading to the activation of Akt. Subsequently, the
activated Akt regulates its effectors, such as mTORC1, GSK3β, proapoptotic Bcl-2
family members, NF-κB, orMdm2, which ultimately promote cell proliferation, sur-
vival, and tumor growth. This pathway can be negatively regulated by phosphatase
and tensin homolog (PTEN) and tuberous sclerosis complex 1 (TSC1) and 2 (TSC2).

Numerous studies indicate that Akt plays a role in glomerular mesangial hypertro-
phy and ECM accumulation (Lan and Du 2014). As mentioned above, growth factor
receptors with tyrosine kinases activity activate PI3K/Akt. This event can be found
in TGF-β- and EGF-treated mesangial cells, which were accompanied by obvious
cell hypertrophy (Ghosh-Choudhury and Abboud 2004). Moreover, the expression
of fibrotic proteins induced by TGF-β is also regulated by PI3K/Akt signal transduc-
tion. In addition, PTEN, the negative regulator of PI3K/Akt, was found to be down-
regulated in high glucose-treated mesangial cells and in the streptozotocin-induced
diabetic kidney cortex and glomeruli (Mahimainathan et al. 2006). Similarly, the
effect of PTEN on AKT/mTORC1 was demonstrated in TGF-β-treated mesangial
cells via a new mechanism, in which miR-21 was involved (Dey et al. 2012). It is
reported that mesangial cell proliferation induced by PDGF and EGF was also cou-
pled to the activation of Akt both in vitro and in vivo, which is inhibited by lipoxins,
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endogenously produced eicosanoids with a spectrum of bioactions (Mitchell et al.
2004). Autophagy, a process to maintain metabolic homeostasis, is found involved in
diabetic nephropathy. More recently, triptolide was found to restore autophagy and
alleviate fibrosis in DKD rats and high glucose-incubated human mesangial cells
through the Akt/mTOR pathway (Li et al. 2017). All these studies clearly indicate
that Akt activation is related to mesangial cell survival and glomerular fibrosis. In
human, the finding that a dominant negative mutation of Akt (R274H) caused severe
hyperinsulinemia and diabetes confirmed the role of Akt in suchmetabolic disorders.
Impaired insulin-stimulated PI3K/Akt has also been implicated in human diabetic
nephropathy.

One of the Akt effectors is NF-κB, which plays an important role in pro-
inflammation. The role of Akt/NF-κB in mesangial cells and glomerular fibrosis
will be discussed later.

9.5.5 Antioxidant NRF2/ARE Pathway

Like other organs, the kidney relies on aerobic metabolism and oxidative phosphory-
lation for energy production necessary for its normal physiological functions. Loss
of ATP production due tomitochondrial dysfunction is associatedwith increased free
radical generation and oxidative stress, which is one of the major mechanisms for the
pathogenesis of renal fibrosis. Under normal physiological conditions, the produc-
tion of ROS activates many beneficial effects for signaling pathways that maintain
homeostasis, but excess production of ROS is detrimental. Generally, oxidative stress
can result from an imbalance between the production of free radicals that are often
increased by mitochondrial dysfunction and reduced antioxidant defenses. Espe-
cially, impairment of antioxidant systems disturbs downstream signaling events dur-
ing the pathogenesis of CKD, contributing to renal senescence and cell apoptosis, as
well as renal fibrosis. In cultured mesangial cells, high glucose can induce ROS pro-
duction, which results in continuous oxidative stress. Many antioxidant systems that
directly scavenge the excessive free radicals have been studied during past decades.
Among them, nuclear factor erythroid 2-related factor 2 (NRF2) is a master regulator
of cellular antioxidant activity. NRF2 is a transcription factor which is a member of
a small family of basic leucine zipper (bZIP) proteins. It is ubiquitously expressed in
a wide range of tissue and cell types, where it is held in the cytoplasm as an inactive
complex bound to Kelch-like ECH-associated protein 1 (Keap1). Upon oxidative and
electrophilic insults, Nrf2 dissociates from its cytoplasmic repressor Keap1 and then
translocates to the nucleus, where it binds to antioxidant response element (ARE)
and regulates gene expression (Lee and Johnson 2004). Many of these NRF2 targets
oppose inflammatory and oxidative damage, and the targets include glutathione S-
transferase, superoxide dismutase, glutamylcysteinyl synthetase, heme oxygenase-1
(HO-1), and so on. Currently, it is estimated that the total number of Nrf2 targets is
about 250 (Fig. 9.3).
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Accumulating evidence indicates that Nrf2/ARE signaling is protective in var-
ious models of renal disease, including renal fibrosis. Most studies investigating
the role of Nrf2 were carried out in diabetic nephropathy. The glomeruli of human
diabetic nephropathy patients were under oxidative stress and had elevated Nrf2
levels. The importance of Nrf2 was revealed by the fact that Nrf2 knockout (KO)
diabetic mice exhibit more severe renal injury as compared with wild-type (WT)
diabetic mice (Jiang et al. 1998). Moreover, impaired Nrf2 activity and decreased
expression of its antioxidant targets have been observed in CKD animal models.
On the contrary, NRF2 activation improves DN in mice. For example, Gong et al.
found that polydatin promotes the Nrf2 activity to resist the upregulation of FN and
ICAM-1 in diabetic mice kidneys (Gong et al. 2017). Similarly, hydrogen sulfide
was found to alleviate diabetic nephropathy in a streptozotocin-induced diabetic rat
model, as Nrf2 antioxidant pathway was activated by hydrogen sulfide (Zhou et al.
2014). More recently, MDM2 was found to control NRF2 antioxidant activity in
prevention of DN via inhibition of P53 (Guo et al. 2018). Of interest, many natural
products have been shown to reduce renal oxidative stress and slow the progression
of CKD by activating Nrf2/ARE pathway. These Nrf2 activators include resveratrol,
curcumin, oleanolic acid, sulforaphane, and cinnamic aldehyde. The role of antioxi-
dant Nrf2/ARE pathwaywas also confirmed in culturedmesangial cells. Astaxanthin
(AST) is a fat-soluble xanthophyll carotenoid with remarkable antioxidative capac-
ity, and its renoprotective effects were demonstrated by the finding that it promoted
Nrf2/ARE signaling to inhibit HG-induced renal fibrosis in glomerular mesangial
cells (Huang et al. 2013). Another source of ROS in kidney is related to the over-
loading of advanced glycation end products (AGEs). AGEs can boost the generation
of ROS in glomerular mesangial cells, which can be attenuated by Sirt1 through
Nrf2/ARE antioxidative pathway (Hayden and Ghosh 2004). All these studies sug-
gest activating Nrf2 signaling may be helpful in protecting against diabetic renal
fibrosis.

9.5.6 NF-κB Pathway

As mentioned above, pro-inflammatory cytokines contribute to mesangial dysfunc-
tion and immune response in kidneys. On the one hand, inflammatory cytokines
from other cells, e.g., infiltrated macrophage and T-cells, can lead to the prolifera-
tion of mesangial cells and matrix deposition. On the other hand, mesangial cells can
also produce these cytokines under the condition of detriment insults. Here, we will
discuss the NF-κB pathway associated with the latter situation (Fig. 9.3).

In general speaking, NF-κB participates in processes that lead to kidney dam-
age and renal fibrosis. So far, five mammalian proteins of the Rel/NF-κB family
have been cloned and characterized. These proteins include p50/NF-κB1, p52/NF-
κB2, RelA/p65, RelB, and c-Rel. All Rel/NF-κB proteins can form either homo-
or heterodimers, with the exception of RelB which is unable to homodimerize or
heterodimerize to c-Rel and RelA (Hayden and Ghosh 2004). The most abundant
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form of NF-κB is NF-κB1 complexed with RelA, which is often designated “classi-
cal NF-κB.” NF-κB is a ubiquitous transcription factor involved in many biological
processes. It is held in the cytoplasm in an inactive state by specific inhibitors.
Activation of the NF-κB system occurs in response to ligand binding to cell-surface
receptors, which lead to the degradation of the inhibitor. Subsequently, NF-κBmoves
to the nucleus and activates transcription of specific genes. These cell-surface recep-
tors include Toll-like receptor family, the TNF receptor family, the T- and B-cell
receptor, and angiotensin II receptor (Massy et al. 1999). In addition, NF-κB can
also be activated by cross talking with other signal transduction cascade. For exam-
ple, activated MAPK is thought to be the physiological activator of NF-κB, which
was demonstrated by the finding that rapeseed protein-derived antioxidant peptide
RAP alleviated renal fibrosis through MAPK/NF-κB signaling pathways in diabetic
nephropathy (Zhang et al. 2018). Likewise, Ji et al. found that andrographolide ame-
liorates diabetic nephropathy by attenuating hyperglycemia-mediated renal oxida-
tive stress and inflammation via Akt/NF-κB pathway (Ji et al. 2016). As mentioned,
activated NF-κB can induce gene expression of many targets, which harbor NF-
κB-responsive sequence in their promoter regions. After NF-κB activation, the gene
expression of inflammatory cytokines and pro-inflammatory mediators in mesangial
cell will robust increase, which ultimately lead to cell proliferation.

All Rel proteins are expressed in mesangial cells. The detriment insults lead-
ing to NF-κB activation in mesangial cells include cytokines (IL-1β and TNF-α),
immunoglobulins (IgA), angiotensin II, aldosterone, high glucose, AGEs, C-reactive
protein, and growth factors such as TGF-β, anti-DNA antibodies, and adiponectins.
It has been shown that high glucose can induce NF-κB activation as evident by IκB
degradation and nuclear accumulation of NF-κB in mesangial cells (Ji et al. 2016).
Recent studies focus on the regulation of NF-κB activity in diabetic nephropathy.
Betulinic acid (BA), a pentacyclic triterpene derived from the bark of the white birch
tree, has been demonstrated to have many pharmacological activities. Its inhibitory
effect on NF-κB pathway was investigated in high glucose-induced mesangial cells
and diabetic rat kidneys (Wang et al. 2016c). Liuwei Dihuang Pill (LDP) also has
similar inhibitory effect on NF-κB pathway in mesangial cells (Xu et al. 2017). Of
note, the epigenetic regulation of fibrogenic program in mesangial cells treated with
high glucose was revealed by a recent study in which H3K9/14 hyperacetylation was
found closely associated with NF-κB or CREB motifs, and was further confirmed
by chromatin immunoprecipitation assays (Ji et al. 2016). All these studies suggest
inhibition ofNF-κB activationmight be beneficial formesangial cells and glomerular
fibrosis, especially for diabetic nephropathy.

9.5.7 Mechanisms Based on Noncoding RNA

Epigenetic regulations are involved in the maintenance of renal cell functions in
health and disease. It is a very interesting topic that how the “second genetic code”
impacts the fate of mesangial cells and glomerular fibrosis. Among these epige-
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netic mechanisms, studies based on noncoding RNA gain much attention (Wanner
and Bechtel-Walz 2017). Noncoding RNAs are arbitrarily separated into long non-
coding RNAs (lncRNAs) (>200 nucleotides) and short ncRNAs (<200). And the
latter can be further divided into three classes, namely microRNA (miRNA), small
interfering RNA (siRNA), and piwi-interacting RNA (piRNA). Both lncRNAs and
short ncRNAs influence gene expression but via different mechanisms. During the
past decades, understanding of the functions and molecular mechanisms of miRNAs
is better than that of other ncRNAs. MiRNAs are 21–25 nucleotides long and can
cleave mRNA with the help of the Dicer-containing RNA-induced silencing com-
plex. miRNAs have been intensely investigated and found to regulate various disease
progresses including renal fibrosis, even some miRNAs are can be treated as thera-
peutic targets. However, the functional roles and molecular mechanisms of lncRNAs
are less understood. It has been reported that lncRNAs can regulate gene expres-
sion and epigenetic mechanisms on the chromatin level (Mercer and Mattick 2013).
As a large class of pervasive transcriptions in the genome, numerous lncRNAs are
reported to be involved in various kinds of diseases, including renal fibrosis.

It has been found thatmiR-21 expression is correlatedwith tubulointerstitial injury
in kidney biopsies of diabetic patients. In cultured mesangial cells, miR-21-mediated
repression of Cdc25a and Cdk6 resulted in impaired cell cycle progression and sub-
sequent mesangial cell hypertrophy (Kölling et al. 2017). A 2016 study showed that
decreased miR-29a expression and attenuated Wnt/β-catenin signaling were con-
comitantly detected in glomeruli of STZ-induced diabetic mice, while gain of miR-
29a function in diabetic mice substantially increased the expression of β-catenin
and blocked the expressions of pro-fibrotic gene markers in glomerular mesangium
(Hsu et al. 2016). This work suggested a protective effect of miR-29a on diabetic
glomerular dysfunction bymodulation of DKK1/Wnt/β-catenin signaling. Similarly,
upregulation of miR-27a was found in high glucose-treated mesangial cells and in
the kidney glomeruli of STZ-induced diabetic rats, while knockdown of miR-27a
prevented high glucose-induced mesangial cell proliferation and also blocked the
upregulation of ECM-associated pro-fibrotic genes (Wu et al. 2016). Then functions
of other miRNAs such as let-7b, miRNA-21, miR-29b, miR-130b, miR-135a, miR-
150, miR-192, miR-215, and miR-302 were also analyzed in mesangial cells and
related animal models. These studies indicate miRNAs are highly involved in the
maintenance of mesangial cell functions and can be treated as therapeutic targets.

The number of references about the involvement of lncRNAs in mesangial cells
and glomerular fibrosis is constantly growing. By using lncRNA microarrays, the
differential expressed lncRNAs were detected, and lncRNA CYP4B1-PS1-001 was
significantly downregulated in response to early diabetic nephropathy in vitro and
in vivo. Further analysis showed overexpression of CYP4B1-PS1-001 inhibited pro-
liferation and fibrosis of mesangial cells (Wang et al. 2016a). Another work of this
group showed that lncRNAENSMUST00000147869 protectedmesangial cells from
proliferation and fibrosis induced by diabetic nephropathy (Wang et al. 2016b).
Yi et al. showed that lncRNA Gm4419 knockdown could obviously inhibit the
expressions of pro-inflammatory cytokines and renal fibrosis biomarkers, and reduce
cell proliferation in MCs under high glucose condition, whereas overexpression of
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Gm4419 could increase the inflammation, fibrosis, and cell proliferation in MCs
under low-glucose condition (Yi et al. 2017). Mechanically, Gm4419 could activate
the NF-κB pathway by directly interacting with p50, the subunit of NF-κB. Simi-
larly, other lncRNAs such as ASncmtRNA-2, Erbb4-IR, and 1700020I14Rik were
also functionally analyzed in mesangial cells, and their association with the expres-
sion of pro-fibrotic factors was confirmed. These suggest lncRNAs can function as
novel targets for the research of mesangial cells and renal glomerular fibrosis.

9.6 Implication of Anti-fibrotic Agents

Treatment for renal fibrosis is limited and only partially successful. To date, the
clinical trials which have been completed to evaluate the safety and efficacy of anti-
fibrotic therapies inmesangial-associated glomerular fibrosis account for only a small
portion. The current data from multiple studies provide us significance to pursue
further researches to consummate a better understanding and application of these
anti-fibrotic agents.

9.6.1 Drugs

As an oral pyridone derivative drug, pirfenidone (PFD) exerts anti-inflammatory and
especially anti-fibrotic effects in various progressive fibrotic diseases. The clinical
evaluation of PFD for its safety and efficacy has been pinpointed in renal fibro-
sis such as diabetic nephropathy and irreversible glomerulosclerosis and numerous
extra-renal fibrotic disorders such as idiopathic pulmonaryfibrosis andmyelofibrosis.
PFD not only ameliorates the morphological alterations of glomeruli and decreases
proteinuria, but cuts off the accumulation of ECM inmesangium to prevent glomeru-
lar sclerosis. The most significant mechanism involved is that PFD can suppress the
activity and production of TGF-β, which correlates closely with phenotypic alter-
ation of mesangial cells to myofibroblasts causing an over-production of mesangial
matrix. However, the side effects of PFD on mesangial cells remain to be elucidated
by further rodent studies and clinical trials. Taken together, PFD is a promising agent
for individuals with irreversible glomerulosclerosis.

In contrast to the Western medicine, there is accumulating evidence document
that traditional Chinese medicine and the herb compounds isolated from medicinal
plants are widely used in the treatment of renal fibrosis. Although some herbs such as
aristolochic acids are considered to be renal pro-fibrotic, the others such as baicalein
are widely used in China to treat patients with chronic renal failure and have been
recognized as anti-fibrotic drug in kidneys. It has been reported that baicalein played
a renoprotective role via inflammation-independent anti-fibrotic activities. Besides
baicalein, quercetin, which share a similar core structure with baicalein, is one of the
most abundant flavonoids in human diet, manifested a dose-dependent anti-fibrotic
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activity and relatively low cytotoxicity in diabetic nephropathy. In addition, quercetin
can reduce oxidative stress and oxidative stress-induced signaling in cultured mesan-
gial cells. More importantly, people can intake quercetin from fruits and vegetables
instead of medicine.

9.6.2 HDAC Inhibitors

Acetylation of core histones is governed by opposing actions of a variety of histone
acetyltransferases (HATs) and histone deacetylases (HDACs). Under pathological
condition, the balance of normal histone acetylation can be disrupted, which leads to
hyperacetylation or hypoacetylation of core histones and subsequently altered gene
expression. Aberrant regulation of HDACs and HATs is found to disrupt the balance
of normal histone acetylation. Likewise other disease model, deregulation of HDACs
is found associated with renal fibrosis and many studies have demonstrated a role of
histone acetylation in the progression of renal fibrosis (Chun 2017).

To recover from the setting of hypoacetylation, small molecular inhibitors of
HDACs (termed as HDACi) have been tested for anti-fibrotic activity in various
types of animal models. A number of structurally diverse HDAC inhibitors have
been developed, many of which are currently being evaluated in clinical trials, espe-
cially for cancer therapy. In 2003, Mishra et al. found that TSA treatment could
significantly decrease the urine-protein excretion and the proliferative hallmarks of
glomerulonephritis associated with systemic lupus erythematosus (SLE)-induced
lupus in mice for the first time (Mishra et al. 2003). Based on the chemical structure,
HDACi can be classified into the following categories: hydroxamic acids [such as
suberoylanilide hydroxamic acid (SAHA)]; cyclic peptide (such as FK228); short-
chain and aromatic fatty acids (such as butyrate); benzamides (such as MS-275), and
miscellaneous compounds. Many inhibitors are HDAC-type-specific, while some
inhibitors are member-specific. For example, valproic acid (VPA) exerts inhibition
of both class I and class II HDACs, with a high potency for class I HDACs, while
Tubastatin A is a specific selective inhibitor of HDAC6. Increasing evidence has
clearly indicated the inhibition of HDAC enzymes with specific inhibitors might
become an important therapeutic approach for experimental renal fibrosis. A lot of
biological effects of HDACi on mesangial cell have been confirmed, which include
inhibition of cell proliferation and ECM accumulation, inhibition of inflammatory
response and cytokines. For example, pretreatment with the HDAC inhibitor tricho-
statin A (TSA) or valproic acid (VPA) partially reversed human renal mesangial
cells (Dai et al. 2016). SAHA, a Class I/II HDAC inhibitor approved by US FDA
for cutaneous T-cell lymphoma (CTCL), was found to reduce EGFR protein and
mRNA in cultured renal cells and in diabetic kidneys (Gilbert et al. 2011). Another
study revealed that VPA, class I and II inhibitors, ameliorates STZ-induced diabetic
nephropathy and experimental kidney fibrosis (Van Beneden et al. 2013). All these
studies suggest a prospective clinical application of HDACi.
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9.7 Conclusion

Increasing evidence has clearly indicated that mesangial cells play a crucial role in
the pathogenesis of renal glomerular fibrosis. The increased cell numbers resulted
from hyperproliferation and the accumulation of ECM induced by enhanced gene
expression of pro-fibroticmarkers ultimately lead to renal glomerular fibrosis. There-
fore, maintenance of mesangial cell functions and reversal of aberrant gene expres-
sion benefit the normal renal function. This might become an important therapeutic
approach for chronic fibrotic kidney diseases.
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Chapter 10
Role of Podocyte Injury
in Glomerulosclerosis

Chen-Chen Lu, Gui-Hua Wang, Jian Lu, Pei-Pei Chen, Yang Zhang,
Ze-Bo Hu and Kun-Ling Ma

Abstract Finding new therapeutic targets of glomerulosclerosis treatment is an
ongoing quest. Due to a living environment of various stresses and pathological
stimuli, podocytes are prone to injuries; moreover, as a cell without proliferative
potential, loss of podocytes is vital in the pathogenesis of glomerulosclerosis. Thus,
sufficient understanding of factors and underlying mechanisms of podocyte injury
facilitates the advancement of treating and prevention of glomerulosclerosis. The
clinical symptom of podocyte injury is proteinuria, sometimes with loss of kidney
functions progressing to glomerulosclerosis. Injury-induced changes in podocyte
physiology and function are actually not a simple passive process, but a complex
interaction of proteins that comprise the anatomical structure of podocytes at molec-
ular levels. This chapter lists several aspects of podocyte injuries along with potential
mechanisms, including glucose and lipid metabolism disorder, hypertension, RAS
activation, micro-inflammation, immune disorder, and other factors. These aspects
are not technically separated items, but intertwined with each other in the pathogen-
esis of podocyte injuries.

Keywords Podocyte injury · Glomerular sclerosis

10.1 Introduction

10.1.1 The Structure and Physiology of Podocytes

The glomerular filtration membrane constituted by three components, porous
endothelial cells, glomerular basement membrane (GBM), and epithelial cells in
the GBM, which also called podocytes. Podocytes are highly differentiated epithe-
lial cells consist of three distinct parts: cell body, major processes, and foot processes
(FPs). Podocytes have a voluminous cell body, which is at the central position of the
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cell and lies in the urinary space. The cell body contains a nucleus, abundant endo-
plasmic reticulum, a well-developed Golgi system, lysosomes, and mitochondria.
The densely distributed organelles in the cell body suggest a high level of anabolic
and catabolic activity.Microtubules and intermediate filaments, such as vimentin and
desmin, are the dominated cytoskeleton components in cell body to accounts for the
unique shape of podocytes (Pavenstadt et al. 2003). From the cell body, podocytes
give rise to primary processes that reach to glomerular capillary, forming an affixation
by FPs.

Podocytes are polarized epithelial cells which contain a apical/luminal and a basal
cell membrane. The apical surface domain forms a few fingerlike protrusions which
bulge into Bowman’s space. The apical domain is negatively charged, which limits
the passage of albumin (also negatively charged) andmaintain the separation of adja-
cent podocytes by anion charge. The basal cell membrane mediates the affixation
to the GBM by α3β1 integrin and α- and β-dystroglycans, which play the function
by connecting to certain matrix proteins within the GBM (Kreidberg et al. 1996;
Raats et al. 2000). Both of apical and basal membranes contain numerously dis-
tributed cholesterol-rich domains, and it was found that specific membrane proteins
of podocytes are obviously arranged in rafts (Schwarz et al. 2001; Simons et al.
2001).

FPs functionally consist of a luminal or apical membrane domain and a basal cell
membrane domain. FPs are characterized by a podosome-like cortical network of
short, branched actin filaments and by the presence of highly ordered, parallel con-
tractile actin filament bundles, which are thought to modulate the permeability of the
filtration barrier through changes in FP morphology (Greka and Mundel 2012). The
foot processes of neighboring podocytes are bridged by slit diaphragm (SD), which
is the site of convective fluid flow through the visceral epithelium and the final bar-
rier to urinary protein loss. Similar to the apical membrane domain of podocytes, the
SD is also covered by a thick surface coat mainly constituted by sialoglycoproteins,
including podoendin, podocalyxin, and others, which are responsible for the high
negative surface charge of the podocytes. In addition, several molecules, including
ZO-1 (zonula occludens protein), nephrin, CD2AP (CD2-associated protein), FAT,
and P-cadherin, have all been shown to be expressed within the SD, and some of
those molecules play a major role for its integrity (Pavenstadt et al. 2003).

The unique shape of podocyte and the maintenance of its processes are owing to a
well-developed cytoskeleton, which serves as the podocyte’s “backbone.” And also,
the actin-rich cytoskeleton makes podocytes to be able to alter shape continually and
dynamically. The cytoskeleton is comprised by microfilaments (7–9 nm diameter),
intermediate filaments (10 nm diameter), and microtubules (24 nm diameter), which
are mainly defined by their diameter. Microtubules and intermediate filaments are
predominant cytoskeletal constituents in the cell body and the primary processes.
In the FPs, microfilaments are the main cytoskeletal component, which consist of
a network with densely accumulated F-actin and myosin. FP actin cytoskeleton is
extensively distributed in all three domains of FPs, resulting to an important role
of actin for the function and dysfunction of podocytes. FP effacement requires the
activation of actin filaments reorganization, a process which is regulated by multiple
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signaling events involving integrin activation, G protein-coupled receptor (GPCR)
and growth factor receptor, and calcium (Ca2+) influx pathways as upstream modu-
lators of the actin cytoskeleton (Takeda et al. 2001).

The complex architecture of podocytes, in particular on themaintenance of highly
ordered, parallel, contractile actin filament bundles in FPs, is required for the highly
specialized functions of podocytes, which include (i) a size barrier to protein; (ii)
charge barrier to protein; (iii) maintenance of the capillary loop shape; (iv) counter-
acting the intraglomerular pressure; (v) synthesis and maintenance of the GBM; (vi)
production and secretion of vascular endothelial growth factor (VEGF) required for
GEN integrity (Shankland 2006).

Podocyte is the most differentiated cell type in the glomerulus, which plays a
crucial role in the glomerular filtration barrier. Podocyte foot processes with the
interposed SD represent the last filtration barrier of GBM. The SD is a subtle signal
transduction unit characterized by a modified adherens junction that bridges the
30–50-nm-wide filtration slits (Reiser et al. 2000). Transmembrane proteins such as
nephrin and FAT constitute the rod-like units of SDwhich are connected by numerous
linear bar, forming a network with pores the same size as or smaller than albumin
(Mundel and Kriz 1995). Meanwhile, negatively charged apical domain of SDworks
as a charge barrier to prevent the albumin loss. Thus, the podocyte is the important
size and charge barrier of GBM, and podocytes’ damage leads to the disruption of
GBM integrity and proteinuria.

Podocytes stabilize glomerular architecture owing to FPs counteract distensions
of the glomerular basement membrane, which is regulated by vasoactive hormones.
In this regard, they are responsible for 40% of the hydraulic resistance of the filtration
barrier (Pavenstadt 2000). ANG II regulates the contractile state of their foot pro-
cesses by activating a Cl− conductance and increasing [Ca2+]i, cAMP in podocytes,
thereby modulating the ultrafiltration coefficient Kf. Other agonists such as AVP,
oxytocin, norepinephrine, and parathormone have also been reported to modulate
[Ca2+]i in podocytes. Vasoactive hormones may also alter charge properties of the
podocyte and thereby enhance urinary protein excretion (Pavenstadt 2000).

VEGF family consists of five secreted homodimeric glycoproteins: VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and placental growth factor. In human and murine
kidneys, VEGF-A isoform is constitutively expressed in podocytes, while playing
its role mainly by contact with VEGFR-1 and VEGFR-2 predominately localized
on the glomerular endothelial cells. It was assumed that VEGF-A is critical for the
regulation of endothelial cell survival, proliferation, differentiation, and migration
as well as endothelium-dependent vasodilatation and vascular permeability (Advani
2014). The complex paracrine signaling pathway between podocytes and glomerular
endothelial cells plays a central role in maintaining the structure and integrity of the
kidney filtration barrier.
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10.1.2 The Role of Podocyte Injury in the Progresses
of Glomerulosclerosis

Podocyte injury is the common pathological process in many glomerular diseases
such as minimal change disease, membranous glomerulopathy, focal segmental
glomerulosclerosis (FSGS), diabetic nephropathy (DN), and lupus nephritis. Physi-
ological stresses or pathological stimuli like mechanical stress, oxidative stress, and
immunologic stress disrupt the homeostasis of glomerular filtration barrier. Tran-
scapillary pressure increment is induced by glomerular hypertension/hyperfiltration,
and podocyte processes’ elongation is induced by capillary expansion contribute to
cytoskeletal dysregulation and intrinsic stress (Neal et al. 2007). Pathological factors,
such as ischemia–reperfusion, chemical/toxic substances from the primary urine,
usually cause reactive oxygen species (ROS) production in podocytes (Chen et al.
2013). It was also reported that aldosterone and angiotensin II promoted receptor-
mediated ROS generation in podocytes (Liu et al.2013). Immunologic stress is
induced by cytokine/complement, such as CC chemokine receptor 2, tumor necrosis
factor, and sublytic C5b-9-mediated intracellular stress in podocytes (Nagata 2016).

Typical electron microscopy manifestations of podocyte injury include micro-
cystic, pseudocystic changes, vacuolization, the presence of cytoplasmic inclusion
bodies, and detachment from the GBM. Besides those changes, foot process efface-
ment is themost characteristic change in podocyte injury. The damage of SD proteins
contributes to cytoskeleton disorganization, leading to podocyte effacement and pro-
teinuria (Shankland 2006). SD between adjacent podocytes is constituted predomi-
nantly by SD proteins including nephrin, podocin, CD2AP, Neph1, and FAT1. Muta-
tions/abnormalities of those proteins result proteinuria and kidney disease. Stud-
ies have shown that SD proteins regulate cytoskeleton organization and podocyte
shape by interacting with proteins associated with actin cytoskeleton. FAT-1 is an
organizer of actin polymerization. CD2AP connects the nephrin complex with the
actin-modifying proteins WASP, CAPZ, cortactin, and the Arp2/3 complex.

Reduced podocyte number causes proteinuria and glomerulosclerosis. Podocyte
detachment, podocyte apoptosis, and the lack of adequate podocyte proliferation are
three main reasons leading to the decrease in podocyte number also called “podocy-
topenia.” The lack of charge- and size-selective barriers induced by podocyte loss
leads to proteinuria. Studies havedemonstrated the correlationof podocytes reduction
with the onset and progression of glomerulosclerosis. Because podocytes counter-
act the outward forces of glomerular pressures and maintain capillary loop shape,
podocyte loss results to local bulging of theGBMwhenglomerular pressures increase
in many renal diseases. The denuded GBM tends to form a synechia attachment by
contacting with the parietal epithelial cells and Bowman’s capsule, which is thought
to be the first “committed step” of focal segmental glomerular sclerosis (FSGS) (Kriz
et al. 1994, 1998a, b).

Podocytes maintain a healthy intraglomerular environment by cross talk with
glomerular endothelial cells. Endothelial cell swelling and attenuation of fenestrae
are observed in podocyte injury models by ultrastructural study (Kriz et al. 2013).
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It was illustrated that podocyte injury disrupts intracapillary homeostasis, causing
thrombotic micro-angiopathy and mesangial abnormalities by reducing VEGF sig-
naling (Eremina et al. 2008; Kobayashi et al. 2015).

Glomerulosclerosis is a terminal consequence of podocyte injury. The classic type
of glomerulosclerosis, as defined by segmental obliteration of glomerular capillar-
ies by the extracellular matrix, has been believed to progress to complete sclerosis
without regression (Nagata 2016). In early stage of FSGS, cellular lesions including
transformed podocyteswere accompanied by segmental sclerosis, supporting the fact
that podocyte damage might be an early event of glomerulosclerosis. In a recent ele-
gant review by Kim JS and his colleagues, the essential steps of glomerulosclerosis
were suggested as follows: (1) increased glomerular capillary pressure and filtration
flow through podocyte slits, (2) foot process effacement as an adaptive response, (3)
podocyte hypertrophy and glomerulomegaly, (4) mismatch between glomerular tuft
growth and podocyte hypertrophy, (5) stretching and attenuation of podocyte cell
body, (6) pseudocysts formation by hindered flow of filtrates beneath the podocyte
that is partially detached on bare areas of GBM, (7) complete podocyte detach-
ment by enlarged pseudocysts and adhesion to Bowman’s capsule, (8) glomerular
tuft’s adhesion to Bowman’s capsule, (9) spreading of filtrates to interstitium out of
nephron through adhesion structure, and (10) interstitial proliferation and nephron
degeneration (Kim et al. 2016).

10.2 The Role of Glucose Metabolism Disorder in Podocyte
Injury

Podocytes’ injury and depletion was a crucial step in the development of albumin-
uria in DN. In DN, the number of podocyte-specific markers and podocytes number
is decreased, which leads to the occurrence of albuminuria and further develops
into glomerulosclerosis. Hyperglycemia is the main pathological change of diabetes
and plays an important role in promoting the occurrence and development of DN.
Increased intracellular glucose could induce multiple cell and molecular events in
podocyte: (1) generation of reactive oxygen species (ROS) and advanced glycation
end products (AGEs), (2) increased flux of polyols and hexosamines, (3) activation
of protein kinase C (PKC), (4) increased cytokines and growth factors, (5) aberrant
Notch signaling, and (6) activate the renal RAS. These abnormal molecular patho-
logical changes mediate the functional and morphological changes of podocytes in
a direct or indirect way, including podocyte hypertrophy, epithelial mesenchymal
transition (EMT), podocyte detachment, and podocyte apoptosis.

Podocyte injury is a key factor in the development of DN. Recent studies in both
type 1 and type 2 diabetes have proposed that a reduction in the number of podocytes
may lead to the development of proteinuria. It is reported that the structure and func-
tion of podocytes are abnormal under high glucose conditions, such as podocyte
fusion, septal injury, and podocyte loss. There has been evidence that podocytes pos-



200 C.-C. Lu et al.

sess a completely functional system for glucose uptake (Lewko et al. 2005). Coward
et al. have revealed that the cultured human podocytes express glucose transporter
(GLUTs) in two forms: GLUT1 and GLUT4, which participate in insulin-dependent
glucose transport to the cell (Coward et al. 2005, 2007). In addition, the podocyte
split protein, such as Nefin, is also involved in glucose transport. Schiffer et al. have
demonstrated that podocytes also express another insulin-sensitive glucose trans-
porter, GLUT8 (Schiffer et al. 2005). GLUT1 is the primary glucose transporter in
most cells as well as in podocytes (Coward et al. 2005, 2007). In diabetes, hyper-
glycemia and alteration of glucose transporter cause increased intracellular glucose
concentration in podocyte and lead to severe impairment of the glomerular filtration
barrier. Conversely, Zhang et al. found that enhancement ofGLUT1expression in dia-
betic podocyte significantly reduced the mesangial expansion and fibronectin accu-
mulation by inhibiting the expression of vascular endothelial growth factor (VEGF)
(Zhang et al. 2010). Similarly to other cells, under high glucose condition, podocyte
can undergo many pathological changes induced by aberrations in various cellular
and molecular events. High glucose induces generation of advanced glycation end
products (AGEs) and reactive oxygen species (ROS), increased flux of polyols and
hexosamines, increased activity of protein kinaseC (PKC), upregulated expression of
cytokines and growth factors including vascular endothelial growth factor (VEGF),
and transforming growth factor-beta (TGF-β), induces aberrant Notch signaling, and
activates the renal RAS (Anil Kumar et al. 2014).

Pathomechanism of podocyte injury in DN mainly includes podocyte hypertro-
phy, EMT, podocyte detachment, and podocyte apoptosis. Podocyte hypertrophy is
the initial stage of podocyte injury in early DN. Hyperglycemia upregulated the
expression of cyclin-dependent kinase p27kip1, which leads to further cell cycle
arrest and hypertrophy. It was found that p27kip1-/- mice had significantly improved
renal damage in DN (Wolf et al. 2005). Several studies suggested high glucose-
induced podocyte hypertrophy by activating mTORC1 pathway (Fantus et al. 2016).
In addition, hyperglycemia increased expression of nuclear STAT3 via the activa-
tion of the upstream signal transduction element Gp130, which eventually leads to
podocyte hypertrophy. Excessive hypertrophy could result in degenerative changes
in podocyte structure and functions, leading to its detachment from glomerular base-
ment membrane (GBM). Previous studies have shown that phenotype conversion
of podocyte was involved in the early stage of podocyte deletion in DN by induc-
ing podocyte detachment or podocyte apoptosis. Podocyte EMT is a manifestation of
podocyte phenotype conversion and one of the initiating factors leading to a variety of
glomerular diseases. When EMT occurs, the cells lose their original characteristics,
resulting in disappearance of intercellular contact, impaired cell polarity, and expres-
sion of mesenchymal markers such as alpha smooth muscle actin (alpha-SMA) and
fibroblast-specific protein 1 (FSP1). EMT is also an explanation for podocyte deple-
tion in DN (Yamaguchi et al. 2009). Emerging evidence suggested that podocytes
could undergoEMT inDN, characterized by loss of epithelial features such as nephrin
and P-cadherin, while expressing mesenchymal markers such as FSP-1, type I col-
lagen, and fibronectin (Reidy and Susztak 2009). Xing et al. (2015) demonstrated
that stimulation with high glucose for 48 h could activate the PI3 K/AKT pathway
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in podocyte, and thereby induce the protein expressions of α-SMA and desmin. Dai
et al. (2012) suggested that connective tissue growth factor (CTGF) and integrin-
linked kinase (ILK) were involved in high glucose-induced phenotypic alterations of
podocytes. Lv et al. (2013) findings elaborated that Rac1/PAK1 signaling contributed
to high glucose-induced podocyte EMT via promoting β-catenin and Snail transcrip-
tional activities, which could be a potential mechanism involved in podocytes injury
in response to stimuli under diabetic conditions. Guo et al. indicated high glucose
can also activate β-catenin and Snail expressions by upregulating GSK-3β. In addi-
tion, hyperglycemia-induced podocyte detachment by decreasing the expression of
key proteins involved in the foot process actin cytoskeleton, split diaphragm (SD)
integrity, and podocyte–GBM interactions. A3b1 integrins are the important trans-
membrane protein involved in anchoring foot processes in the GBM. High glucose
regulates the expression of integrin subunits and inhibits the synthesis of agrin.
Therefore, high glucose affects not only the structure of podocytes, but also their
ability to adhere to GBM (Chen et al. 2000; Han et al. 2006; Yard et al. 2001). It
is found that high glucose can alter podocyte adhesion by decreasing expression of
integrin α3β1v which was an important receptor that could tightly connect podocyte
with the GBM and participated in the adhesion function of podocyte. In addition,
α-Actinin, an actin filament for protein crosslink, is also an important factor required
for podocyte adhesions (Dandapani et al. 2007). High glucose and AGE treatment
resulted in α-actinin-4 expression changes and induces cytoplasmatic translocation
in podocyte (Ha 2006). There are some evidences that podocyte apoptosis played a
role in reduction in density and number of glomerular in DN. High glucose led to
podocyte apoptosis by increased production of ROS, activation of poly(ADP-ribose)
polymerase, NF-kB, and p38 MAP kinase (Susztak et al. 2006; Szabo et al. 2006).
In diabetes, the surface receptors of the AGEs are upregulated in the podocytes
(Tanji et al. 2000). Binding AGEs to receptors activates activated transcription factor
FOXO4, which also induced podocyte apoptosis via p38 protein kinase signaling
pathways (Cohen et al. 2005). In addition, high glucose increased the protein expres-
sion of Nestin, which is a VI intermediate filament protein-related cell cytoskeleton,
thereby increased podocyte apoptosis rate (Liu et al. 2012). High glucose increased
the expression of TGF-β1 in podocyte. TGF-β1 could induce podocyte apoptosis by
directly activate Smad7, p38 MAP kinase, and Notch pathway (Li et al. 2004).

In addition to its direct effects, elevated glucose may act indirectly, via the proin-
flammatory response, Ang II-dependent pathways, and lipid accumulation. Under
high glucose conditions, secretion of the MCP-1 protein by cultured podocytes was
increased rapidly (Han et al. 2004), and similar effect was observed in podocyte stim-
ulated with AGEs (Gu et al. 2006). Podocyte can also express TNF-α, a cytokine
produced by various immune cells, in response to high glucose stimulation and in
diabetic conditions (Ikezumi et al. 2008; Ruster et al. 2009). High glucose could
stimulate activity and expression of the local RAS components in podocyte, includ-
ing Ang II and its AT1 receptors (Yoo et al. 2007). Following that, it was recently
demonstrated that local RAS activation would lead to podocyte injury through a
variety of pathways. Ang II could induce podocyte apoptosis through activation of
NADPH oxidase and production of ROS, and upregulate the expression of GLUT
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transporters (Gill and Wilcox 2006; Nose et al. 2003). In addition, Ma et al. found
that lipid accumulation in podocytes was increased under the high glucose stimula-
tion, which is mediated through the disruption of low-density lipoprotein receptor
(LDLr) pathway (Zhang et al. 2015a). Interestingly, reducing lipid accumulation in
podocytes decreased the protein expression of SMA and increased the expression
of nephrin in podocyte. These studies reveal that high glucose-induced lipid accu-
mulation is involved in the podocyte injury in DN. Therefore, the above shows that
high glucose could induce various other metabolic disorders and indirectly lead to
podocyte injury.

10.3 Lipid Metabolism Disorder in Podocyte Injury

Lipid metabolism disorder is commonly observed in patients with chronic kidney
disease (CKD), accompanied by increased fasting triglyceride levels and decreased
high-density lipoprotein cholesterol (HDL-C) (Bianchi et al. 2016). It is increasingly
recognized that dysregulation of lipidmetabolism is involved in the development and
progression of CKD, such as obesity-related renal disease and DN (de Vries et al.
2014). Podocytes, as specialized cells of glomerulus, play an important role in the
pathologist of CKD when they are injured (Fiorina et al. 2014). And excessive lipid
accumulation in podocytes can lead to cellular dysfunction and death, which is called
lipotoxicity.

10.3.1 Cholesterol

Between neighboring podocytes, there is a unique interdigitating structure bridged
by SD, maintaining the proper glomerular filtration (Ruotsalainen et al. 1999).
Researches have revealed that SD is a lipid raft structure containing multiple
podocyte-specific proteins, such as podocin and nephrin (Schermer and Benzing
2009). In particular, podocin can recruit and bind to cholesterol to form SD, and this
binding can influence the composition of lipid membrane, allowing cholesterol to
contact with the ion-channel transient receptor potential canonical 6 (TRPC6) (Huber
et al. 2006). This suggests that cholesterol homeostasis is essential for glomerular
functions. However, excessive cholesterol can also negatively disrupt the mutual
binding of podocyte SD proteins, or interfere with the binding between podocyte SD
proteins and caveolin-1, a lipid raft-associated protein, binding nephrin, and Cluster
of Differentiation 2 (CD20)-associated protein (Sorensson et al. 2002)



10 Role of Podocyte Injury in Glomerulosclerosis 203

The content and distribution of cellular cholesterol regulated by cholesterol
synthesis and intracellular trafficking.

It is regulated by some functional proteins such as ATP-binding cassette trans-
porter A1 (ABCA1) involving cholesterol efflux, 3-hydroxy-3-methyl-glutaryl CoA
reductase (HMG-CoA reductase,HMGCR) regulating cholesterol synthesis and low-
density lipoprotein receptor (LDLR) mediating cholesterol influx. The expression of
HMGCR and LDLR is regulated by some transcription factors, such as the sterol
regulatory element-binding protein (SREBP), under negative feedback loops. When
cells are rich in cholesterol or its derivatives, the transcription of LDLR gene or other
genes necessary to lipid synthesis are suppressed. As a result, the cells are not able
to generate and uptake cholesterol, and then establish cholesterol homeostasis. In
contrast, when intracellular sterols are exhausted, the transcriptions of SREBP tar-
get genes will be activated, increasing intracellular cholesterol (Zhang et al. 2016).
This enables cellular cholesterol homeostasis despite physiological fluctuations in
cholesterol requirements and exogenous supply.

However, it is demonstrated that the cellular cholesterol imbalance of podocytes
can induce proteinuric glomerular diseases (Merscher et al. 2014). It is demonstrated
that human glomerular podocytes express ABCA1, HMGCR, and LDLR (Merscher-
Gomez et al. 2013).Ma et al. found that somepathogenic factors such as inflammation
can disrupt LDLR pathway (Zhang et al. 2015b). Thus, excessive lipid accumulates
in podocytes, resulting in effacement of the foot processes and epithelial mesenchy-
mal transition of podocytes (Zhang et al. 2015b). It is recently demonstrated that
human podocytes treated with the sera from diabetic kidney disease (DKD) patients
had increased cholesterol accumulation compared with human podocytes exposed
to the sera of patients with diabetes, but no DKD. This was associated with a reduc-
tion of ABCA1 and an impairment of cholesterol efflux (Merscher-Gomez et al.
2013). Besides, it is showed that c-x-c motif ligand 16 (CXCL16) is the main scav-
enger receptor for oxidized LDL (oxLDL) in human podocyte (Gutwein et al. 2009).
The expression of glomerular CXCL16 was increased in patients with membranous
nephropathy, accompanied with higher levels of oxLDL (Gutwein et al. 2009). And
in diabetic db/db mice, CXCL16 pathway was activated, in parallel with increased
cholesterol accumulation in kidney (Hu et al. 2018). In vitro, oxLDL can induce loss
of nephrin expression from cultured podocytes (Bussolati et al. 2005).

In summary, cholesterol metabolism disorder can destroy the structure and func-
tion of podocytes, leading to the progression of CKD.

10.3.2 Fatty Acids and Triglycerides

In addition to hypercholesterolemia, free fatty acids (FFAs) can also affect podocyte
function in kidney disease. The essential role of fatty acids is to form the phospholipid
bilayers of the cell membranes and act as phospholipid messengers, transmitting
vital intracellular signals (Lee 2011). Normal cellular fatty acid homeostasis reflects
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a balance between generation or delivery and utilization. SREBP-1c is involved
in fatty acid and TG synthesis, targeting lipogenic enzymes including acetyl-CoA
carboxylase (ACC) and fatty acid synthase (FAS) (Horton et al. 2002). FFAs can be
transported into cells by the scavenger receptor platelet glycoprotein 4 (also called
as CD36) or via the assistance of vascular endothelial growth factor B (VEGF-B)
(Hagberg et al. 2010; Masuda et al. 2009). Cellular FFAs are esterified or transported
into the mitochondria for oxidation and subsequent energy production (Lee 2011).

Palmitic and stearic acids, belonging to saturated FFAs (SFAs), and oleic acid,
belonging to monounsaturated FFAs (MUFAs), account for 70–80% of plasma FFAs
(Raclot et al. 1997). SFAs can induce insulin resistance and cell death, involving the
pathogenesis of diabetes mellitus type 2 (T2DM) (Lennon et al. 2009; Sieber et al.
2010). In contrast,MUFAs can prevent SFA-induced lipotoxicity (Sieber et al. 2010).
In human podocytes, insulin resistance can be induced by palmitic acid (Lennon
et al. 2009). It is observed that insulin sensitivity in glomeruli of obese and diabetic
rats is reduced (Mima et al. 2011). Podocyte-specific insulin receptor knockout mice
develop albuminuria and glomerulosclerosis, indicating that normal insulin signaling
is critical for podocyte function and survival (Welsh et al. 2010). These findings imply
that FFAs play potential roles in insulin resistance, promoting the development and
progression of obesity-related renal disease and DN.

In the tubulointerstitial and glomerular segment of renal biopsies obtained from
patients with DN, endoplasmic reticulum (ER) stress is observed (Sieber et al. 2010).
Importantly, in a T1Dmousemodel, the progression of DN can be attenuated by ame-
liorating ER stress (Qi et al. 2011). ER dyshomeostasis can decrease the ER fold-
ing capacity, thereby leading to accumulation of unfolded and misfolded proteins.
This in turn initiates the unfolded protein response (UPR), adaptively maintaining
proper ER function (Ma and Hendershot 2001). But if ER stress persists, apoptosis
will be induced by the proapoptotic transcription factor C/EBP homologous pro-
tein (CHOP) (Rasheva and Domingos 2009). In podocytes, ER stress induced by
palmitic acid results in the upregulation of several UPR markers/effectors, such as
the ER chaperone heavy chain-binding protein (BiP), and CHOP, while monoun-
saturated palmitoleic and oleic acids only upregulated BiP but not CHOP (Sieber
et al. 2010). As BiP can attenuate palmitic acid-induced apoptosis (Laybutt et al.
2007), the beneficial effect of MUFAs may own to the upregulation of BiP. In addi-
tion to the unfolded proteins, alterations in ER membrane lipid composition can also
sensitively affect the expression of the ER stress sensor inositol requiring enzyme
1 (IRE-1) (Promlek et al. 2011). It is shown that small molecule compound 4m8C,
specific IRE-1 inhibition, can attenuate palmitic acid-induced podocyte death (Sieber
and Jehle 2014).

Enhanced FFA uptake by podocytes is induced by increased expression of CD36
and a decrease in fatty acid β-oxidation, leading to excessive intracellular lipid accu-
mulation (Soetikno et al. 2013). In animal model of type 1 diabetes (T1D), increased
expression of SREBP-1 in renal results in upregulation of enzymes responsible for
FFA synthesis and as a consequence of a high level of triglyceride (TG) in renal
(Hashizume and Mihara 2012). Accumulated lipids in podocytes limited mitochon-
drial fatty acids β-oxidation. It inducedmitochondrial damage and inhibition of AMP
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kinase (AMPK) activity, leading to endoplasmic reticulum (ER) stress, autophagy,
and apoptosis in podocytes. As a result, mitochondrial dysfunction caused decreased
podocyte density and increased in foot process width, together with inflammation
(Szeto et al. 2016). Renal accumulation of TG is associated with reduced expression
of the ultrasensitive energy sensor AMPK strongly. This suggests that the imbal-
ance between energy-generating and energy-consuming pathways might be related
to podocyte dysfunction in DKD and other disorders in CKD, due to lipid accumu-
lation (Wahl et al. 2016). And hypertriglyceridemia can also increase podocytic de
novo expression of desmin, which represents podocyte injury (Joles et al. 2000).

10.3.3 Gangliosides and Sphingolipids

Since the first description that glycosphingolipid accumulation in the renal results in
glomerular hypertrophy in streptozotocin (STZ)-induced diabetic mice, several stud-
ies have highlighted the role of sphingolipids and gangliosides in podocyte biology
(Merscher-Gomez et al. 2013).

Analysis of kidney biopsy compartments from 14 patients with Fabry disease
using unbiased quantitative stereology indicated age-dependent accumulation of
globotriaosylceramide (Gb3) in podocytes (Najafian et al. 2011). In vitro, globotriao-
sylsphingosine (known as lysoglobotriaosylceramide) acts as a profibroticmetabolite
in cultured human podocytes (Sanchez-Nino et al. 2011). Ganglioside GM3 (GM3)
is a receptor for soluble Flt1, locating in lipid raft domains in the SD of podocytes.
Binding of soluble Flt1 to GM3 plays essential roles in autocrine preservation of
the podocyte actin cytoskeleton and in prevention of proteinuria (Jin et al. 2012).
O-acetylated disialosyllactosylceramide (GD3), a sialic-acid-containing lipid, was
identified as a podocyte-specific ganglioside in rat (Reivinen et al. 1992). Treating
mice with an antibody against GD3 caused nephrin phosphorylation and dislocation
from the podocyte SD (Simons et al. 2001).

It is an emerging concept that sphingolipids act as modulators of podocyte func-
tion in FSGS and other glomerular diseases. Patients with FSGS are more likely
to have recurrence of proteinuria after kidney transplantation. And the number of
acid sphingomyelinase-like phosphodiesterase 3b (SMPDL3b) positive podocytes is
decreased in patients with recurrent proteinuria (Fornoni et al. 2011).

To sum up, lipid metabolism disorder is involved in the pathogenesis of podocyte
injury. Cholesterol helps form SD between podocytes, maintaining the proper
glomerular filtration. LDL-cholesterol uptake is mediated via the LDLR or CXCL16
and may cause ER stress. Cholesterol metabolism is regulated by several nuclear
receptors and transcription factors, including SREBP. Excessive cholesterol accu-
mulation in podocytes may contribute to kidney disease. Free fatty acids are pri-
marily transported via CD36, causing oxidative and ER stress based on the degree
of saturation. Sphingolipids and gangliosides also play a role in podocyte biology.
Binding of soluble Flt1 to GM3 plays essential roles in autocrine preservation of the
podocyte actin cytoskeleton and in prevention of proteinuria (Fig. 10.1).
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Fig. 10.1 Lipid metabolism disorder is involved in the pathogenesis of podocyte injury

10.4 Role of Hypertension in the Damage of Podocytes

Hypertension has become the second leading cause of end-stage renal disease
(ESRD) after diabetes mellitus (Udani et al. 2011). High blood pressure can affect
renal vessels, glomeruli, and tubulointerstitium. Recently, more and more stud-
ies have indicated that podocyte damage play an important role in hypertensive
nephrosclerosis. Decreased intrarenal podocyte and increased urinary podocyte were
observed in hypertensive nephrosclerosis (Wang et al. 2009). As terminally differen-
tiated cells, podocyte loss leads to denudation of the glomerular basement membrane
(GBM) and focal adhesion of the tufts to Bowman’s capsule, which finally results in
glomerulosclerosis and reduced filtration (Cellesi et al. 2015).

Podocyte loss in hypertension includes detachment of viable cells and apoptosis
(Kriz et al. 2013). The major factor for podocyte loss in hypertension is the cap-
illary hypertension, which cause glomerular hypertrophy and hyperfiltration (Kriz
and Lemley 2015). Glomerular hypertrophy results in relatively decreased podocyte
density. Puelles et al. (2016) examined the effect of hypertension on podocyte deple-
tion using kidneys obtained from autopsy, and they did not observe a difference in
total podocyte number solely driven by hypertension, while the relative podocyte
depletion is associated with glomerular hypertrophy which resulted in the reductions
in podocyte density. Hyperfiltration gives rise to increased shear stress by elevating
driving force and augmenting GBM area. Podocytes cultured in vitro are sensi-
tive to shear stress, which induces reorganization of cytoskeleton (Friedrich et al.
2006), and this helps them to cover an expanding GBM which further leads to foot
process effacement. In desoxycorticosterone-trimethylacetate (DOCA) hypertensive
mice, chloride intracellular channel 5A, which is highly enriched in podocytes foot
process, protects against hypertension-induced podocyte injury through weakening
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the tensile strength of the actin cytoskeleton in Rac1-dependent manner (Tavasoli
et al. 2016). This has been considered to be the protective response for podocyte
to escape detachment. However, this strategy is not always successful and finally
results in podocyte detachment from GBM, as seen in progressive stage of fawn-
hooded hypertensive (FHH) (Kriz et al. 1998c) and DOCA hypertensive rat model
(Kretzler et al. 1994). Apoptosis is another cause for podocyte loss under shear stress
in hypertension, which is before or in conjunction with cell detachment (Kriz et al.
2013; Ying et al. 2000).

Besides mechanical stress, renin–angiotensin–aldosterone system (RAAS) plays
central role in the pathogenesis of hypertensive nephrosclerosis, mainly through its
actions on the subtype 1 receptor. Mechanical strain increased angiotensin II produc-
tion and upregulation of angiotensin receptor 1 (AT1) in cultured podocytes, while
the increased apoptosis induced by mechanical strain was also in an angiotensin
II-dependent manner (Durvasula et al. 2004). Increased angiotensin II results in
decreased expression of podocin and integrin β1, which are both vital in viable
podocytes adhesion to the GBM and interaction of podocytes with other GBM com-
ponents. This might elucidate that the elevated intraglomerular pressure is translated
into a maladaptive response in podocyte probably due to the activation of local tissue
angiotensin system. Furthermore, angiotensin II is also considered to be associated
with the rearrangement of the actin cytoskeleton (Macconi et al. 2000). Aldosterone,
an important mediator of the effect of angiotensin, has become a hot spot concern
in hypertensive nephropathy. Using only the inhibition of aldosterone by eplerenone
dramatically alleviated podocyte injury in Dahl salt-hypertensive rats, an animal
model inclined to hypertensive glomerulosclerosis (Nagase et al. 2006). In a double-
blind, randomized, placebo-controlled trial, additional use of low-dose eplerenone
to renin–angiotensin system inhibitors has renoprotective effects in hypertensive
patients with non-diabetic chronic kidney disease (Ando et al. 2014). These findings
suggested that aldosterone plays an important role in hypertension-induced podocyte
injury. The underlying mechanism is primarily due to aldosterone-induced mito-
chondrial dysfunction, which increased oxidative stress. In uninephrectomized rats
infused with aldosterone and fed with high-salt diet, podocyte-associated proteins
nephrin and podocin were dramatically decreased, along with reduced nicotinamide-
adenine dinucleotide phosphate oxidase activation, increased oxidative stress, and
enhanced aldosterone effector kinase Sgk1. Thus, podocyte is the prominent target
for aldosterone by inducing oxidative stress and Sgk1 (Shibata et al. 2007). Selective
mineralocorticoid receptor (MR) antagonist eplerenone also ameliorated the salt-
induced proteinuria and podocyte injury in hypertensive rat model (Nagase et al.
2007).

After detachment from GBM, podocyte moves through meshes of Bowman’s
capsule to the urine and might keep alive. Unfortunately, the detection of viable
podocytes in the urine is a complex procedure, which is still unavailable in all labo-
ratories. However, elevated mRNA levels of podocin and nephrin can be examined
in urine of hypertensive patients (Kelder et al. 2012). Recent studies suggested that
increased podocyte-derived extracellular vesicles may predict podocyte stress and
subsequent podocyte loss in hypertensive patients, which might provide a novel
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non-invasive detective method (Kwon et al. 2017). Podocytes, as the gatekeepers of
protein in glomerular filtration barrier, are major targets of high blood pressure. In
all, hypertension could cause mechanical stress and the activation of RAAS (men-
tioned below). Mechanical stress further induces capillary hypertension, promoting
glomerular hypertrophy and hyperfiltration. These changes would lead to reduced
podocyte density and the reorganization of cytoskeleton in podocytes, resulting in
detachment of viable podocyte and podocyte apoptosis, progressing to final glomeru-
losclerosis. More studies are needed to prove that podocytes can be the detective
marker for hypertensive nephrosclerosis and find the more specific method for early
diagnosis and treatment.

10.5 Activation of RAS in Podocyte Injury

Hemodynamic changes and RAS of the glomeruli are key factors of CKD patients’
persistent proteinuria and disease progression.Many investigations suggest that local
intrarenal RAS activation contributes to kidney tissue injury (Gurley et al. 2011), and
RAS activation accelerates renal injury by various mechanisms.

Angiotensinogen (AGT), the original of RAS, transforms into Ang II through
the conversion of Ang I as a result of the enzymatic cleavage process by renin and
ACE. As the most active peptide of RAS, Ang II was demonstrated to induce TGF-β
expression and provoke oxidative stress and inflammation, which are main factors
in the initiation, development, and progression of CKD (Ruggenenti et al. 2012).

Under a condition of continuous glomerular hypertension in CKD, podocytes
may undergo actin cytoskeletal reorganization, compensatory hypertrophy, weak-
ened local adhesion ability due to downregulation of adhesion molecules of base-
ment membrane cells, and apoptosis of podocytes induced by local Ang II activation.
The continuous increase of Ang II caused by mechanical stress further affects the
capillary intraglomerular pressure, resulting in a vicious circle and contributing to
the pathogenesis of glomerulosclerosis (Ruster and Wolf 2011). In addition to caus-
ing podocyte lesions by altering glomerular hemodynamics, Ang II also has a direct
effect on the structure and functions of podocytes, which is mentioned later in this
section.

Podocytes, in possession of a complete RAS (Marquez et al. 2015), can produce
functional RAS elements themselves and participate in local RAS systems as well,
playing an important role in not only its own physiological process but pathological
status (Fig. 10.2). It has been reported that mechanical stress and high glucose could
increase the production of local Ang II and AT1 receptor (AT1R) in podocytes (Dur-
vasula et al. 2004; Durvasula and Shankland 2008), with inducing the expression of
other RAS elements (Sakoda et al. 2011).

There are also important elements of the RAS system expressing in human dif-
ferentiated podocytes, including angiotensin, renin, ACE, AT1R, and AT2R subtype
mRNA, but the related proteins were not detected (Liebau et al. 2006). Therefore,
podocytes could not only be a target of the damage caused by Ang II, but a source of
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Fig. 10.2 Renin–angiotensin system (RAS) in podocytes

localizedAng II aswell. However, it has been found thatAng II secreted by podocytes
was not blocked by renin inhibitors, ACEI, and chymase inhibitors (Liebau et al.
2006), suggesting that there might be an unknown pathway for Ang II formation in
podocytes.

Velez et al. (2007) used Matrix-Assisted Laser Desorption/Ionization Time of
Flight Mass Spectrometry (MALDI-TOF-MS) to quantify the presence of RAS-
related peptide chains in rat podocytes, in order to further explore the role of
podocytes in the metabolism of RAS elements. As a result, after co-incubated with
Ang I, mesangial cells mainly produced Ang II while the main product of podocytes
was Ang (1–7) with almost no Ang II. Furthermore, it was confirmed that podocyte-
producing Ang (1–7) is mainly through the neprilysin pathway, as ACE-mediated
Ang II production did not result in an increase of Ang II concentration in podocytes,
which might be related to podocytes’ degradation of Ang II through ACE2 and
aminopeptidase A pathways.

As a new member of RAS, ACE2 might have a negatively regulatory effect on
ACE-produced Ang II of traditional RAS, mainly by accelerating the degradation of
Ang II to attenuate its effect, and through the generation of Ang (1–7), which has
the most expression in podocyte RAS. There has been no evidence that podocytes
express the receptor of Ang (1–7), i.e., Mas, yet Ang (1–7) and its receptor seem to be
involved in the renal protection for DN, such as regulating inflammation, oxidative
stress, and retaining the progression of renal fibrosis.

Therefore, podocytes probably play an essential role in maintaining the balance
of local RAS system in the kidney, similar to that between systemic Ang II and
intrarenal RAS system, by degrading the systemic Ang II filtered from the glomeruli,
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and/or promoting the conversion of glomerular-filtratedAng I andAGT toAng (1–7),
thereby regulating the damage caused by the whole systemic Ang II to the kidney.

The pathways of Ang II signaling mediating podocyte injury can be generally
divided into the following aspect:

(1) To damage the function of the pore membrane and structure of the cytoskeleton

TheSD is an essential structure of the glomerular filtration barrier,which is connected
to the foot processes adjacent to podocytes. Nephrin and zonula occludens (ZO)-1
are main proteins of SD, preventing macromolecules from entering the urine. It has
been found that SD is susceptible to damage, leading to decreased expression of
nephrin and ZO-1, and cytoskeletal reorganization of podocytes.

It has been found that the expression of nephrin in renal biopsy specimens from
patients with T2DM-induced DKDwas significantly reduced compared with healthy
volunteers, and the patient’s urinary concentration of nephrin was significantly pos-
itively correlated with their urinary protein level (Jim et al. 2012). Ren et al. (2012)
have found in vitro that Ang II could directly cause the downregulation and dephos-
phorylation of nephrin, which mediates podocyte injury. Besides, application of
ACEI and ARB has been reported to inhibit the rearrangement of cytoplasmic ZO-1
and reduced the degree of proteinuria (Macconi et al. 2000).

(2) To induce podocyte apoptosis

One of the main causes of podocyte loss in CKD patients is podocyte apoptosis, and
the occurrence of urinary podocyte plays an important role in glomerular sclerosis.

Ang II reportedly could induce the apoptosis of rat podocytes cultured in vitro in
a dose- and time-dependent manner, and this process required cells to be exposed
to TGF-β and TGF-β antibody could inhibit apoptosis of podocytes (Ding et al.
2002). After activation of TGF-β in diabetic glomeruli, the nuclear factor κB might
be inhibited via the gene Smad7, resulting in podocyte apoptosis.

The advanced glycation end products (AGEs) were also found to activate the RAS
system of podocytes, upregulate Ang II levels, and induce podocyte apoptosis via
a AGEs receptor-PIK3/protein kinase B (Akt)-dependent signaling pathway; ARB
could attenuate Ang II-induced podocyte apoptosis.

(3) To cause cell phenotypic transformation and hypertrophy

p27Kip1 encodes a protein which belongs to cyclin-dependent kinase (Cdk) inhibitor
proteins, which could control the cell cycle progression at G1 phrase, thereby inhibit-
ing cell proliferation. It was found that Ang II could directly increase the levels of
p27Kip1 mRNA and protein in podocytes cultured in vitro and in vivo in DN, which
was inhibited byARB.Ang II-induced upregulation of p27Kip1 expressionmight lead
to podocyte hypertrophy (Xu et al. 2005). It was also observed that Ang II can upreg-
ulate the expression of p27Kip1 protein, causing pathological podocyte hypertrophy
similar to that in a DN text (Romero et al. 2010).

As an essential factor promoting the progression to renal fibrosis, EMT in
podocytes will result in loss of epithelial markers with de novo expression of EMT
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markers; inmore severe cases, it may lead to podocyte detachment from the glomeru-
lar basement membrane, thereby aggravating proteinuria and glomerulosclerosis (Li
et al. 2015; Loeffler and Wolf 2015). A recent study reported that a high concentra-
tion of glucose and Ang II promoted EMT in podocytes, which could be reversed by
silencing TCF8 (Bai et al. 2017).

(4) To induce podocyte membrane depolarization and damage the charge barrier

Studies by using patch clamp recording technique in isolated glomeruli in vitro have
demonstrated that Ang II could cause sustained and irreversible depolarization of
podocyte membranes. Stimulation of Ang II resulted in an immediate calcium influx
of cultured podocytes (Greka andMundel 2011). Studies have confirmed that TRPC6
colocalized with podocyte nephrin and podocin, and its functional mutation could
disrupt the integrity of the pore membrane, leading to proteinuria and FSGS (Reiser
et al. 2005; Winn et al. 2005). Numerous studies have found that abnormal calcium
signaling may be the main cause of related podocyte diseases. For example, calcium
increases evoked by Ang II are primarily mediated via TRPC6 channels and this
pathway could be pharmacologically targeted to abate the development of DKD
(Nijenhuis et al. 2011; Sonneveld et al. 2014).

(5) To induce podocyte autophagy

As terminally differentiated cells, podocytes mainly reduce intracellular accumula-
tion of damagedDNAandmacromolecular substances through autophagy rather than
cell division (Pan et al. 2008). In vitro experiments, animal experiments, and human
kidney biopsy indicate that podocytes have a high-level basis of autophagy, which
plays an important role in maintaining the stability of podocytes. Recent research
using a CKD animal model has demonstrated that autophagy is an essential intra-
cellular process to encourage the survival of renal cells (Huber et al. 2012), while
excessive and dysfunctional autophagy might result in podocyte injury (De Rechter
et al. 2016). It has been found that Ang II could enhance the ROS production and
increase oxidative stress in the renal system by enhancing the activity of systematic
NADPH, leading to detrimental podocyte autophagy (De Rechter et al. 2016; Yadav
et al. 2010), the underlying pathways ofwhich is dependent or independent onmTOR
(Mao et al. 2016). A recent study has found that autophagy could enhance the cell
viability of Ang II-treated podocytes, suggesting improving autophagy may become
a new targeted therapy to relieve Ang II-induced podocyte injury (Gao et al. 2017).

Traditionally concerned solely as an inactive precursor of renin, prorenin actually
participates in the functional regulation of body through the hydrolysis of AGT to
produce ANG I and can also bind to prorenin/renin receptor (PRR) (non-proteolytic
pathway) to activate, like mitogen-activated protein kinases (MAPKs), initiating
intracellular signal transductions. The plasma prorenin/renin ratio in diabetic patients
was significantly higher, and the prorenin levels began to increase before the appear-
ance of micro-albuminuria without changes in renin levels (Sakoda et al. 2011),
suggesting that prorenin itself exerts somewhat important effects on DN.

Immunofluorescence double-labeling studies have showed that prorenin activated
by non-proteolytic pathway coexistedwith the podocytemarker nephrin, and electron
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microscopy also displayed that PRR was distributed on podocyte foot processes
(Ichihara et al. 2006). Handle region peptide (HRP) is a polypeptide blocker of
prorenin receptor. Ichihara et al. (2006) have found that gene deletion of AT1R or
using ACEI inhibitor could to some extent delay the occurrence of proteinuria and
glomerular sclerosis in streptomycin-induced DN rats, while continuous instillation
of HRP could almost completely block the progression of DN. It is noteworthy
that the MAPK signaling pathway was activated in AT1R-deficient mice, and HRP
could significantly inhibit MAPK, indicative of an equally important role of prorenin
coupling with PRR-induced angiotensin-independent pathway in diabetic kidney
injuries. Besides, Sakoda et al. (2010) have confirmed that adding prorenin to human
podocytes cultured in vitro could increase the intracellular level ofAng II and activate
the MAPK intracellular signal transduction pathway, resulting in podocyte damage.

10.6 Roles of Micro-inflammation in Podocyte Injury

10.6.1 Definition of Micro-inflammation State

Inmammalians, the acute-phase reaction is beneficial for eliminating acute insults for
protection against microorganisms, limiting tissue damage, and maintaining home-
ostasis. This reaction would become disadvantageous under a chronic condition
called micro-inflammation.

Micro-inflammation is a state with low-intensity, chronic persistent and dominant
inflammation caused by the infection of non-pathogenic microorganisms, which is
characterized by mild persistent elevation of inflammatory cytokines in the systemic
circulation (Kaysen 2001; Schomig et al. 2000). Micro-inflammation is a continuous
and relatively secretive action, the essence of which is immune inflammation.

10.6.2 Diagnosis and Detection of Micro-inflammation State

Micro-inflammation state has no obvious clinical symptoms, there is no specific diag-
nostic criteria, and the diagnosis of micro-inflammation relies mainly on the exami-
nation of circulating inflammatory biomarkers such as C-reactive protein (CRP) and
serum amyloid A (SAA), tumor necrosis factor alpha (TNF-α), and interleukin-6
(IL-6). The acute-phase reactants including the above proteins are mainly synthe-
sized by hepatocytes, such as complement components, coagulation proteins, and
metal-binding proteins. It is important to note that when we are in the diagnosis
of micro-inflammatory state, other causes and diseases of increased inflammatory
markersmust first be ruled out, such as connective tissue disease and recentmicrobial
infection.



10 Role of Podocyte Injury in Glomerulosclerosis 213

During acute-phase reaction, the concentration of CRP may increase over 1000-
fold compared with normal levels (Kaysen 2001). In addition, CRP follows the
course of a disease with little delay due to its short half-life. CRP is supposed to
bind multiple other binding specificities such as opsonin of bacteria, immune com-
plexes, and chromatin. CRP reflects not only the activity of inflammation, is also a
sign of cytokine activation, its levels was positively associated with the degree of
infection. The diagnosis of state of micro-inflammation based on CRP is the level
of CRP > 8 mg/L but not more than 10–15 mg/L. SAA is a sensitive acute-phase
reactant in micro-inflammatory state. The level of SAA obviously rises before other
acute-phase reaction proteins.

10.6.3 The Mediators of Micro-inflammation State

A variety of inflammatory cytokines have emerged as being closely involved in the
micro-inflammation state. Immune cells and intrinsic renal cells such as podocytes
secrete proinflammatory cytokines including interleukin-1 (IL-1), IL-6, TNF-α, and
monocyte chemoattractant protein-1 (MCP-1), which may contribute to the inflam-
matory process and aggravate diseases progression. For DN as an example, a strong
induction of MCP-1 and keratinocyte chemoattractant (KC) by fetuin-A (FetA)
or lipopolysaccharide (LPS) is associated with exacerbated palmitic acid-induced
podocyte death. Moreover, the prevention of MCP-1 and KC secretion and inhibi-
tion of IL-1 attenuates the inflammatory and ultimate cell death response elicited by
FetA alone or combined with palmitic acid. The study offers evidence that inflamma-
tion aggravates palmitic acid-induced podocyte death and the IL-1β signaling might
be novel potential therapeutic targets for prevention and treatment of DN (Orellana
et al. 2017).

Infiltrating macrophages/monocytes are associated with chronic, low-grade
inflammation. The macrophages can interact with resident renal cells to generate a
proinflammatory micro-environment that amplifies tissue injury and promotes scar-
ring.

Macrophage-derived TNF-α had a direct role in the progression of DN. Condi-
tional deletion of TNF-α from macrophages markedly reduced albuminuria, lessen-
ing the increase of plasma creatinine and histopathologic lesions (Awad et al. 2015).
Likewise, tonicity-responsive enhancer-binding protein (TonEBP) in macrophages
promotes hyperglycemia-mediated proinflammatory activation and chronic renal
inflammation leading to DN and CKD (Choi et al. 2018).

10.6.4 Lipid-Related Inflammatory Signals

Lipids such as triglycerides and cholesterol may accumulate ectopically in the kid-
ney, which contributes to a lipotoxicity process. Palmitic acid-treated podocytes
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had intracellular lipid accumulation and abnormal lipid metabolism, accompanied
by the process of inflammation, insulin resistance, and rearrangements of the SD
and actin cytoskeleton of podocyte. Thus, lipotoxicity accelerated podocyte damage
through lipid accumulation related inflammation (Martinez-Garcia et al. 2015).

Lipoproteins includingLDL,VLDL, and IDLmight act as proinflammatorymedi-
ators, which promote the production of inflammatory cytokines, such as TGF-β,
platelet-derived growth factor (PDGF), and IL-6 secreted from human mesangial
cells. Lipoprotein-mediated cytokine production may cause recruitment of mono-
cytes, lipid-mediated cell proliferation and apoptosis, and extracellular matrix pro-
duction, thus contributing to podocyte injuries and glomerulosclerosis.

10.6.5 Micro-inflammation Promotes Podocyte Injuries

10.6.5.1 Micro-inflammation and Insulin Resistance of Podocytes

Chronic inflammation can reduce podocyte insulin sensitivity. Nucleotide-binding
oligomerization domain-containing 2 (NOD2) is a subtype of intracellular pattern
recognition receptor (PRR), playing functions in innate immunity. Of particular
interest, increased levels of NOD2 were observed in DN patients and high fat diet
(HFD)/STZ-induced mice models. Furthermore, HFD/STZ-induced diabetes mice
models with NOD2 knock-out showed reduced podocyte injury and proteinuria com-
pared with wild-type diabetic mice (Du et al. 2013). In vitro, NOD2 which was
activated by bacterial component muramyl dipeptide in podocytes reduced insulin-
induced glucose uptake and inhibited serine phosphorylation of IRS-1.Another study
has explored the role of other PRR toll-like receptors (TLRs) in the db/dbmicemodel
of DN. Administration of a selective TLR2/4/6 inhibitor GIT27 improved insulin
sensitivity, reduced albuminuria and urinary nephrin levels, indicative of reduced
podocyte damage. TLR4 expression in podocytes was found to be highest expressed
(Cha et al. 2013). Given the links between some specific PRRs activation and insulin
stimulation in podocytes, how podocyte insulin responses are altered following PRRs
activation and inhibition may need specifically investigated.

IKB/NF-κB is another important pathway of insulin resistance in podocyte, and
NF-κB expression was increased in kidney tissues of patients with type 2 diabetes.
NF-κB can increase the level of IRS serine phosphorylation and the expression of
inflammatory MCP-1, IL-6, and TNF-α. Moreover, the increased expressed inflam-
matory factors can further activate the NF-κB. The inflammatory cytokines and the
activation of NF-κB pathway form positive feedback to induce insulin resistance.
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10.6.5.2 Micro-inflammation and Dyslipidemia Act Synergistically
in Podocyte Injury

Xu et al. reported that chronic systemic inflammation exacerbates lipid accumu-
lation in the kidney of ApoE knockout mice by diverting lipid from the plasma
to the kidney via the SCAP-SREBP2-LDLr pathway and causing renal injury (Xu
et al. 2011). Consisted with this, IL-1β stimulation in vitro increased the lipid accu-
mulation in the podocytes by increasing the expression of lipid metabolism related
proteins, for instance, LDLr, sterol regulatory element-binding protein-2 (SREBP-2)
and SREBP cleavage-activating protein (SCAP), and through promoting transloca-
tion of the SCAP/SREBP-2 complex from the endoplasmic reticulum to the Golgi in
the podocytes (Zhang et al. 2015b). Compared with db/db mice, podocyte injury was
more severe in db/db mice with subcutaneous casein injections, which are supposed
to induce inflammatory stress in vivo. Altogether, inflammation may be associated
with high risk for chronic renal fibrosis.

10.6.5.3 Intrinsic Proinflammatory Signaling in Podocytes

Activation of intrinsic proinflammatory signaling in podocytes such as NF-κB sig-
nal pathway aggravates podocyte injury and proteinuria. In STZ-induced diabetic
micemodels with Ccr2 knock-out, transgenic CCR2 overexpression in the podocytes
resulted in significantly increased albuminuria and podocyte loss, without concur-
rent increase in kidneymacrophage infiltration or inflammatory cytokine production.
These findings support that activation of CCR2 signaling cascade in podocytes medi-
ates diabetic renal injury, which is independent ofmacrophage recruitment (You et al.
2017).

IL-20, a proinflammatory cytokinewhich is upregulated by high glucose andTGF-
β1, can increase MCP-1 and TGF-β1 expression in podocytes and induce apoptosis
in podocytes through activating caspase-8. In STZ-induced early DN mice models,
anti-IL-20 monoclonal antibody (7E) treatment or IL-20R1-deficiency led to lower
blood glucose and improved renal functions, and IL-20 is proved to be expressed in
podocytes. Collectively, intrinsic proinflammatory signaling in podocytes contributes
to podocyte damage (Fig. 10.3).

10.7 Immune Disorder in Podocyte Injury

Immune injuries are common causes of podocyte damage. Processes interfering
with podocyte’s structural or functional integrity lead to disruption of the glomerular
filtration barrier.
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Fig. 10.3 Scheme pattern of micro-inflammation-mediated podocyte injury

10.7.1 Immunoactive Molecules Expressed at Podocytes

10.7.1.1 Complement and Complement Regulatory Protein

Primary-cultured human podocytes synthesize and secrete complement C3 physio-
logically, and the stimulation of inflammatory factor INF-γ could increase the produc-
tion of C3. Under physiological conditions, C3 produced by glomerular podocytes
can resist the invasion of foreign pathogens and protect local tissues.C3 activation can
lead to decreased immune complex formation and increased disintegration. On the
other hand, C3 activation leads to increased production of vasoactive molecules and
chemokines,which in turn recruitsmore inflammatorymediators into the glomerulus.
The activation of complement would produce proinflammatory components of com-
plement, i.e., C5a. In immune complex diseases and ischemia-reperfusion injury,
C5a is an important mediator that triggers an inflammatory cascade (Heller et al.
1999).

The kidney is one of the organs that are most susceptible to abnormally activated
complement, which can be seen in various glomerulonephritis. The main pathogene-
sis of idiopathic membranous nephropathy (IMN) is caused by the binding of IgG to
the intrinsic antigen on the basement membrane side of glomerular podocytes, which
combine to form an antigen–antibody complex, thereby activating the complement-
forming membrane attack complex (Takano et al. 2013). In IMN, the concentrations
of complement cleavage products such as C3a, C5a and C5b-9 are significantly
increased. C5b-9 is the final product of complement activation in three pathways of
complement activation, causing podocyte injury not through conventional lysis, but
probably via the mechanism related to the activation of corresponding intracellular
signaling pathways in a subdissolved form. Ronco and Debiec have confirmed that
the podocyte surface antigen megalin binded to the corresponding antibody under-
went an immune complex reaction, activated the complement system, and promoted
the formation of the membrane attack complex C5b-9 (Ronco and Debiec 2007).
As a stimulant of podocytes, c5b-9 could destroy podocyte cytoskeletal proteins,
inserting in the membrane to increase cell permeability, and activating a series of
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transduction pathways, resulting in the diffuse thickening of GBM and defects in
glomerular filtration barrier, clinically leading to significant proteinuria.

In addition, podocytes begin to express complement receptor 1 (CR1, or C3bR, or
CD35) during the capillary synthesis stage of renal development and are evenly dis-
tributed on the cell membrane and the membrane of foot processes. CR1 is expressed
as a cofactor of the complement factor I and expressed in most circulating cells. CR1
is the only physiological blocker of complement synthesis in podocytes and inac-
tivates the lysate of complement to promote the clearance of immune complexes,
protecting podocytes from complement-mediated damage (Alexander et al. 2007).
It has been reported that the production of CR1 was reduced in several glomerular
diseases, making podocytes vulnerable to complement attacks.

Complement regulatory proteins include Crry, CD59, and decay acceleration fac-
tors (DAF or CD55), which are vital to limiting the activation of podocyte comple-
ment (Cheng et al. 2018). Podocyte expression of Crry and CD59 could inhibit C3
invertase and the synthesis of C5b-9, thus to protect podocytes from injuries induced
by antibody-complement activation. In addition, podocytes both in vitro and in vivo
could be detected of DAF. In a mouse model of nephritis, deficiency of DAF resulted
in serious podocyte foot fusion, indicating that DAF might protect podocytes from
complement-mediated injury (Bao et al. 2009).

10.7.1.2 Cytokines and Chemokines

In both physiological and pathological texts, podocytes of humans, rats, and mice
all express the receptors of cytokines interleukin 4 (IL-4), IL-10, and IL-13. After
stimulating podocytes cultured in vitro with IL-4 and IL-13, the skeletal structure and
intercellular-link protein of podocytes were damaged and the permeability increased
(Ha et al. 2017; Kim et al. 2017), suggesting that IL-4 and IL-13 could damage
podocytes by binding to its receptors.

In early minimal change disease (MCD), FSGS, and MN, podocytes increasingly
express inflammatory mediators IL-1 α/β along with IL-1 type 1 receptor (IL-1 RI),
and IL-1RI is decreasingly expressed at late stage of the diseasewhen glomerular cell
hyperplasia and sclerosis appear (Brahler et al. 2012), indicating that thesemolecules
participate in podocyte damage and repair, glomerular local inflammation.

In addition, both podocytes cultured in vitro and renal tissue express receptors of
functional CC chemokine receptor (CCR) and CXC chemokine receptors (CXCR),
which could couple with corresponding chemokines to promote the production of
cytoplasm Ca2+ and ROS and be involved in podocyte injuries (Huber et al. 2002).
Moreover, it has been found that podocytes themselves could produce IL-8 (ligand
of CXCR1/CXCR2), thus podocytes could be activated via autocrine.

CXCL16 might play an important role in the inflammatory response of kidney
diseases. Podocytes overexpress CXCL16 under the stimulation of proinflammatory
factors. Soluble CXCL16 plays a chemotactic role in inflammation and immune
response, while transmembrane CXCL16 removes oxLDL (Gutwein et al. 2009),
which is harmful to the kidney. Therefore, abnormal expression of CXCL16 in
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podocytes might cause renal damage due to excessive immune-inflammatory reac-
tion or an accumulation of oxLDL. It has been found that the expression of CXCL16
and oxLDL in the glomeruli of MN patients increased not only significantly but con-
sistently aswell (Gutwein et al. 2009). The inflammatory factor IFN-γ is the strongest
stimulator of CXCL16, which upregulates several forms and overall cell expression
levels of CXCL16, consequently promoting podocyte damage (Wang et al. 2014).

10.7.1.3 Toll-like Receptors (TLRs)

Under physiological conditions, podocytes of humans andmice could express TLR4.
Stimulating cultured murine podocytes in vitro with the ligand of TLR4-like LPS,
lipid A, and fibrins (endogenous ligand), resulted in an increasing expression of
CCL and CXCL. In the mouse model of cryoglobulinemia membrane proliferative
glomerulonephritis, podocytes expressed more TLR4, promoting the synthesis and
secretion of chemokines and further leukocyte recruitment and glomerular injury
(Banas et al. 2008). It has been shown that under the stimulation of endogenous TLR4
ligand, podocytes upregulate TLR4, promote the production of proinflammatory
chemokines, and actively participate in the recruitment of inflammatory cells, all
leading to glomerular injuries (Banas et al. 2008).

Apart from TLR4, other members of the TLR family have also been proved to
participate in podocyte injury. A recent study has pointed out that the overexpression
of TLR-8 correlates with the progression of podocyte injury in glomerulonephritis,
suggesting that altered levels of urinary Tlr8 mRNA might reflect the degree of
podocyte injury in murine autoimmune GN (Kimura et al. 2014).

TLR-7 and TLR-9 expressed by B cells and dendritic cells have been considered
as important molecules involved in the pathogenesis of systemic lupus. Recent study
demonstrated that active LNonset in childhood expressedmore TLR-9, accompanied
byweakened expression of podocyte SDprotein nephrin, podocin, and synaptopodin;
in the meantime, patients showed proteinuria and high ds-DNA antibody and low
complement (Machida et al. 2010). Therefore, under pathological conditions, TLRs
link the innate immune system with podocyte and glomerular injuries.

10.7.1.4 Costimulatory Factors

B7-1(CD80) belongs to the immunoglobulin superfamily, mainly expressed in
antigen-presenting cells, and provides a costimulatory signal by coupling with cor-
responding molecular receptors expressed on T cells, i.e., CD28 and CTLA 4, reg-
ulating the immune responses induced by activated T cells. It has been found that
B7-1 was expressed on podocytes of lupus nephritis (LN) (Reiser et al. 2004), and
the expression of podocyte B7-1 in LN patients and LN mouse models is positively
correlated with the degree of proteinuria. However, new evidence has stricken up
a discordant tune (Baye et al. 2016), leading to further mandatory studies of the
application of B7-1 blockers in treating proteinuric patients (Novelli et al. 2016a).
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Studies have shown that under the induction of hypoxia, high glucose, or bacteri-
ocin lipopolysaccharide (LPS), the expression ofB7-1would be induced in podocytes
which does not occur under physiological conditions, and participate in podocyte
cytoskeletal reorganization and the pathogenesis of proteinuria (Chang et al. 2013;
Fiorina et al. 2014; Shimada et al. 2012).

In the glomerulus of nephritis, podocyte-expressedB7-1may also recruit T cells to
where GBM is damaged and promote further inflammation. Podocytes from necrotic
crescentic nephritis rat model and cultured rat podocytes in vitro could express both
MHC I/II molecules and intercellular adhesion molecule 1 (ICAM-1) after stimu-
lation of IFN-γ, suggesting that cytokines could present the antigen to infiltrating
T cells (Goldwich et al. 2013). Recently, it has been pointed that compared to nor-
mal people, MCD patients but not FSGS patients excreted more urinary B7-1, while
podocytes of relapsed MCD patients and FSGS patients did not express B7-1, thus
B7-1 might be used to identify MCD and FSGS (Novelli et al. 2016b).

10.7.2 Immune Disorder and Podocyte Injuries

The glomerulus is a well-recognized target of miscellaneous immune-mediated
injuries, and the pathogenesis of immune-mediated glomerular disease is multifac-
torial (Fig. 10.4).

Fig. 10.4 Sequences of immune-mediated podocyte injury
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10.7.2.1 Anti-podocyte Antibody

InMN, the surface molecules of glomerular podocyte act as antigens and trigger sys-
tematic immune responses, resulting in the formation of in situ immune complexes.
The classic animal model of MN, Heymann nephritis, reproduces typical mesangial
lesions by eliciting auto-antibodies against the podocyte membrane protein megalin
in rats (Ronco and Debiec 2005).

It has been reported in vivo that the occurrence of human newbornsMNwas due to
the production of auto-antibodies against glomerular podocyte membrane proteins.
Neutral endopeptidase (NEP) is a membrane protein expressed on the surface of
human podocytes. Studies have shown that neonatal MN occurs due to the presence
of anti-NEP auto-antibodies in children (Herrmann et al. 2012). Its origin is due to the
mother’s carrying the relevant mutation gene and lacking NEP. If the mother bred a
normal healthy fetus, the mother will produce an anti-NEP antibody against the fetus
during pregnancy and the antibody enters the fetus through the placenta. Anti-NEP
antibodies react with NEP antigens on fetal podocytes, forming an immune complex
on the epithelial side, leading to neonatal MN. Although the incidence of this type
of patients is very low, its pathogenesis confirms the role of anti-podocyte antigen
antibodies in the development of human MN (Pozdzik et al. 2015).

10.7.2.2 T Cell Dysfunction

T cell dysfunction and the release of cytokines (circulatory factors) causing podocyte
injury are associatedwith the formation of proteinuria inMCDpatients. It is currently
believed that the cytokines produced by Th1 and Th2 cells in T cells are involved
in the occurrence of MCD, but the cytokines produced by Th2 cells (IL-4, IL-8,
IL-13) might be more important (Mack 2009). Animal experiments have found that
the injection of IL-8 to rats can reduce the content of heparin sulfate on the surface of
podocytes, weaken the membrane filtration barrier of charge, and trigger proteinuria.
There are also receptors for IL-4 and IL-13 on the podocyte, and the increase of
circulating or local IL-4 and IL-13 can directly damage the podocyte through the
receptors on the podocyte and increasing the permeability of the filtrationmembrane.

Shimada et al. (2011) have proposed that MCD is the result of a “two-hit” attack
from podocyte immune dysfunction: The first hit is the effects of bacterial products,
viruses, and various cytokines on podocytes, resulting in an abnormal expression
of CD80 in podocytes, and further cytoskeleton reorganization and morphological
changes of podocytes, increasing the permeability of GBMwhich might bring about
proteinuria. However, due to the self-regulation of the body, podocytes can downreg-
ulate the expression of CD80. If the auto-regulatory function of podocytes and the
body is defective, the sustained expression of CD80 would lead to proteinuria and
even MCD. Moreover, Ishimoto et al. (2011) also observed increasing expression of
CD80 in the urine ofMCD patients; in view of the fact that the expression of CD80 in
podocytes can be induced by IL-13 and bacterial products through the TLR pathway
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and regulated by CTLA4, suggesting that defective immune functions of podocytes
is an essential cause of MCD.

10.7.2.3 Antigen–Antibody Immune Complex

Certain exogenous antigens (small molecular weight, positively charged) are
implanted on the epithelial side and can also lead to the formation of in situ immune
complexes. Hepatitis B virus (HBV)-associated nephropathy is often manifested as
mesangial lesions (especially in children), and HBeAg plays an important role in its
occurrence. The HBeAg molecule is of small mass and negatively charged and can
be implanted across the glomerular basement membrane (GBM) on the epithelial
side, triggering the formation of in situ immune complexes (Gupta and Quigg 2015).

Under inflammatory conditions, podocytes would inhibit the expression of MHC
class II molecules, promoting the remove of immune complexes from the GBM. In
some cases, podocytes might act as antigen-presenting cells themselves, taking up
and processing antigens to initiate specific T cell responses. There has been evidence
that transgenic mice with a loss of MHC class II exclusively in podocytes developed
only a very moderate degree of nephrosclerosis and glomerular crescent formation
compared to the control animals, indicative of their defective capacity to activate
CD8+ T cells (Goldwich et al. 2013).

10.8 The Role of Other Factors in Podocyte Injury

Viral infection, such as human immunodeficiency virus (HIV)-1, parvovirus B19,
cytomegalovirus (CMV), hepatitis B virus (HBV), and hepatitis C virus (HCV),
is associated with podocyte injury. HIV-associated nephropathy (HIVAN) mostly
manifests collapsing glomerulopathy or classic FSGS (Chandra and Kopp 2013).
Podocyte infection is associated with podocyte injury and dedifferentiation and rapid
loss of renal function. Studies have reported that HIV virus can be internalized by
podocytes in vitro, which might be associated with receptors, such as viral coat pro-
tein gp120, and subsequent endocytosis, phagocytosis, or pinocytosis (Bruggeman
2017). Although the transmission of virus in vitro has been well documented, fur-
ther studies are needed to demonstrate the definite mechanism by which the virus
enters podocyte in vivo. Structural viral proteins, gag and pol, and non-structural pro-
teins, vpr, nef, and tat, have been considered to be associated with HIVAN (Conaldi
et al. 2002; Reid et al. 2001; Zuo et al. 2006). HBV is a major cause for membranous
nephropathy andFSGSscarcely,which canbe diagnosed by evidence ofHBVantigen
or antibodies on kidney biopsy. The possible mechanisms of HBV-induced podocyte
injury might be as follows: detective infection of the cells by HBV, deposition of
circulating immune complex in renal cells, effects of HBV-induced immunological
mediators (Bhimma and Coovadia 2004; Sakai et al. 2011).
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Podocytes are also targets of some toxicity drugs, which may further progress to
glomerulosclerosis. For example, gold, bucillamine, and d-penicillamine, which are
used for the treatment of rheumatoid arthritis, are confirmed to cause MN. The pos-
sible mechanism might be closely related to stress, energy metabolism, and inflam-
mation (Fujiwara et al. 2011; Seguin et al. 2005). Other drugs, like non-steroid
anti-inflammatory drugs and interferon, also can be inductor of podocyte injury.
Organic solvents, like gasoline, dimethylbenzene, and formaldehyde, can induce
podocyte injury including foot process fusion and decreased expression of nephrin
and podocin (Qin et al. 2012).

Hypoxia can be induced by various pathogenic conditions including hypertension
and diabetes. Chronic hypoxia can trigger endoplasmic reticulum (ER) stress, which
result in increased ROS. Nephrin and alpha-actin-4, the structural components of SD,
are subject tomutations,which cause defective protein folding in theERof podocytes.
The underlingmechanismmight include transient receptor protein 6 and complement
complex and increased expression of MCP-1 (Chen et al. 2011; Cybulsky 2013;
Maekawa and Inagi 2017). Targeting hypoxia and ER stress and the possible signal
networks might be the novel target for intervention of podocyte injury in CKD.

10.9 Summary

Living in an environment of a variety of pathological stresses and stimuli, podocytes
adapt to maintain the integrity and stability of the glomerular basement membrane,
depending on their highly differentiated characteristics which also reflect the vulner-
ability of this barrier.

The different responses of podocytes to injury are associated with the pathol-
ogy and prognosis of glomerular diseases. As a vital type of renal intrinsic cells,
podocyte damage is an important cause of nephrotic proteinuria and glomerular
sclerosis. However, as a highly differentiated terminal cell, podocyte has no prolif-
erative potential, and loss of podocyte is associated with poor renal outcomes such
as increased proteinuria, glomerulosclerosis, and renal disease progression.

Podocytes have different responses to injuries, including endoplasmic reticulum
stress and autophagy reactions caused by abnormal energy metabolism. This chapter
lists several aspects of podocyte injuries along with potential underlying mecha-
nisms, including glucose and lipid metabolism disorder, hypertension, RAS activa-
tion, micro-inflammation, immune disorder, and other factors. These aspects are not
technically separated items, but intertwined with each other in the pathogenesis of
podocyte injuries.

Injured podocytes would undergo a series of morphological changes: FP disap-
pearance, cellular shrink, pseudocysts form, cell hypertrophy, cytoplasmic lysoso-
mal enrichment, etc. These changes eventually cause podocytes to detach from the
GBM. Moreover, due to the lack of proliferative capacity, the number of glomeru-
lar podocytes would become less and less, until reduced by more than 20% when
glomerulosclerosis occurs.
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Glomerulosclerosis is not a specific disease but a state representing podocyte
injury which is mediated by diverse causes. Podocytes interact with GBM and cap-
illary loops tightly, dysfunction of which is an early event leading to glomeruloscle-
rosis. Glomerulosclerosis seems like a station to stay in just before arriving to desti-
nation. Unanswered questions in the pathogenesis of podocyte injury and glomeru-
losclerosis are still ill-defined, and the causing list will continue to grow. Uncovering
the selective targeting to pathogenesis and underlying mechanism of podocyte injury
and glomerulosclerosis is bound to provide clues to answer for treatment and pre-
vention of the disease in the future.
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Chapter 11
How Tubular Epithelial Cell Injury
Contributes to Renal Fibrosis

Bi-Cheng Liu, Tao-Tao Tang and Lin-Li Lv

Abstract The renal tubules are the major component of the kidney and are vulner-
able to a variety of injuries including ischemia, proteinuria, toxins, and metabolic
disorders. It has long been believed that tubules are the victim of injury. In this review,
we shift this concept to renal tubules as a driving force in the progression of kid-
ney disease. In response to injury, tubular epithelial cells (TECs) can synthesize and
secrete varieties of bioactive molecules that drive interstitial inflammation and fibro-
sis. Innate immune-sensing receptors on the TECs also aggravate immune responses.
Necroinflammation, an auto-amplification loop between tubular cell death and inter-
stitial inflammation, leads to the exacerbation of renal injury. Furthermore, TECs
also play an active role in progressive renal injury via mechanisms associated with
the conversion into collagen-producing fibroblast phenotype, cell cycle arrest at both
G1/S and G2/M checkpoints, and metabolic disorder. Thus, a better understanding
the mechanisms by which tubular injury drives AKI and CKD is necessary for the
development of therapeutics to halt the progression of CKD.

Keywords Tubular epithelial cells · Renal fibrosis · Renal inflammation · Chronic
kidney disease · Acute kidney injury

11.1 Introduction

The renal tubules and tubulointerstitium make up a significant portion of the kid-
ney and are the major sites in response to injuries. Increasing evidence shows that
tubular epithelial cells (TECs) play diverse roles in renal repair or progression to
chronic kidney disease (CKD). The innate immune characteristics demonstrate TECs
as immune responders to a wide range of insults, with the consequent production
and release of bioactive molecules that drive interstitial inflammation and fibrosis.
Accumulating evidence shows that renal function decline correlates better with tubu-
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lointerstitial damage than that of glomerular injury (Risdon et al. 1968; Bohle et al.
1979;Mackensen-Haen et al. 1981).Maladaptive repair of injured tubules after acute
kidney injury (AKI) also leads to the progression of CKD (Ferenbach and Bonventre
2015; Venkatachalam et al. 2015). Thus, TECs should be regarded not only as victims
in the context of kidney disease but also as key inflammatory and fibrogenic cells
that drive the progression from acute to chronic kidney disease, which will be the
focus in this review. It should be noted that due to the length limitations, this review
focuses on the emerging mechanisms by which TECs play a driving role in renal
injury, whereas other potentially important factors/pathways not directly related to
this topic are not discussed here.

11.2 Tubule-Derived Factors Associated
with Tubulointerstitial Inflammation and Fibrosis

In response to stress and injury, TECs can be transformed into a secretory phenotype,
with the consequent production and release of various bioactive molecules to favor
the recruitment of inflammatory cells, the activation of fibroblasts, and the loss of
endothelial cells, which eventually drive tubulointerstitial inflammation and fibrosis.

11.2.1 Pro-inflammatory Cytokines

In response to renal injury, TECs become activated and can actually facilitate the
inflammatory response through induction of a variety of pro-inflammatory cytokines
(e.g., interleukin, tumor necrosis factor, colony stimulating factor, and growth factor).
After the first report of TNF-α and IL-6 produced by TEC following IL-1 stimulation
(Jevnikar et al. 1991; Yard et al. 1992), a variety of cytokines produced by activated
TECs are known including IL-1β, IL-18, IL-34, IL-16, CSF-1, TWEAK, VEGF,
CTGF, and so on. In TECs, NLPR3 inflammasome activation causes the release of
mature IL-1β and IL-18 during kidney injury (Leemans et al. 2014; Anders 2016).
Observations by Menke and Wang showed that expression of CSF-1 is upregulated
in TECs during kidney injury and may be responsible for the polarization of renal
macrophages and recovery from AKI (Menke et al. 2009; Wang et al. 2015b; Huen
et al. 2015). Baek et al. identified that TEC-derived IL-34 plays a key role in recruiting
kidney macrophages and causing persistent kidney injury and the development of
CKD (Baek et al. 2015).
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11.2.2 Chemokines

Chemokines are a family of small molecular cytokines with chemotactic activity.
TECs are rich sources of CCL subfamily (includingMCP-1/CCL2, RANTES/CCL5,
and MIP-1/CCL3) and CX3CL subfamily (fractalkine/CX3CL1), which have spe-
cific effects on monocytes and monocyte-derived lineages (Chung and Lan 2011).
MCP-1/CCL2 is one of the most widely studied chemokines in AKI and CKD (Wang
et al. 1997, 2000; Furuichi et al. 2003). CXCL8/IL-8 andCLCL12/SDF-1 are overex-
pressed after TECs injury and are chemotactic for a number of leukocyte populations
(Li and Nord 2002, 2009; Zuk et al. 2014). A recent study reported that CXCL5 is
increased in tubular cells following the induction of nephrotoxic nephritis and is
responsible for the recruitment of neutrophils during acute renal tissue injury (Dis-
teldorf et al. 2015).

11.2.3 ROS

It has become clear that oxidative stress contributes to CKD progression via myriad
effects (Small et al. 2012; Massy et al. 2009; Nie and Hou 2012). Oxidative stress
implies an increasedproductionof reactive oxygen species (ROS), including superox-
ide anion (O2

−), hydrogen peroxide(H2O2), and hydroxyl anion (OH−). In response
to multiple stimuli and agonists, mitochondrial dysfunction and NADPH oxidases
have been recognized as the major contributors to ROS generation in TECs (Tang
and Lai 2012; Sedeek et al. 2013). For instance, Ang II leads to tubular hypertrophy
and TECs apoptosis via ROS-dependent mechanisms (Wolf et al. 2001; Leung et al.
2011). Albumin acts through epidermal growth factor receptor to stimulate NADPH
oxidase and ROS production. ROS then activates NF-κB,which then ultimately leads
to activation of ERK1/ERK2 pathway (Reich et al. 2005). In addition, albumin has
also been shown to stimulate tubulointerstitial inflammation via the mROS-mediated
activation of Nlrp3 inflammasome (Liu et al. 2014).

11.2.4 CRP

C-reactive protein (CRP) is an acute-phase protein, which is rapidly synthesized by
the liver in response to infection, inflammation, and tissue damage. Besides its use as
a biomarker of inflammation, CRP has been recognized as a pathogenic mediator in
diabetic kidney disease (Liu et al. 2011), obstructive nephropathy (Li et al. 2011), and
AKI (Pegues et al. 2013; Tang et al. 2014; Lai et al. 2016). CRP is also inducible by
high glucose in human TECs and promotes renal inflammation and fibrosis through
activation of TGF-β/SMADandNF-κBsignaling pathways under diabetic conditions
and unilateral ureteral obstructive nephropathy (Liu et al. 2011; Li et al. 2011). Recent
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studies have demonstrated that CRP promotes AKI by causing TEC G1 cell-cycle
arrest via CD32-Smad3–dependent p27-driven inhibition of the cyclin-dependent
kinase 2/cyclin E mechanism (Tang et al. 2014; Lai et al. 2016).

11.2.5 Growth Factors

Transforming growth factor (TGF-β), connective tissue growth factor (CTGF),
platelet-derived growth factor (PDGF), and vascular endothelial growth factor
(VEGF) are the best-described growth factors involved in the tubulointerstitial fibro-
sis, of which TGF-β derived from injured TECs has long been considered as one of
the most important pro-fibrotic growth factors (Yang et al. 2010; Lan et al. 2012;
Geng et al. 2012; Meng et al. 2016; Wu et al. 2013; Grande et al. 2015). Both Ang
II exposure and Snail 1 overexpression can induce TGF-β1 production by TECs
(Grande et al. 2015; Macconi et al. 2014). After the hypoxic injury, TECs undergo
cell cycle arrest. Particularlywhen cells are under arrest in theG2/Mphase, these cells
produce large amounts of TGF-β1 (Yang et al. 2010). Increased TGF-β production
by TECs can promote TIF through paracrine signaling to activate adjacent fibrob-
lasts and pericytes transforming into myofibroblast-type cells (Wu et al. 2013; Ignotz
et al. 1987; Roberts et al. 1986). Interestingly, TEC is also a target of TGF-β1. TGF-
β1 can induce cultured TECs to differentiate into cells with distinct myofibroblast
morphology and marked upregulation of collagen production (Zeisberg et al. 2003;
Fan et al. 1999). Meanwhile, autocrine TGF-β signaling increases TEC production
of PDGF-β and CTGF/CCN2 that can signal on neighboring fibroblasts (Geng et al.
2012).

11.2.6 Intrarenal RAS

Renal local renin–angiotensin system (RAS) activation plays a pivotal role in the
progression of CKD. Blockade of the RAS has become the mainstay therapy for the
preservation of CKD (Hou et al. 2006). Ang II is the major bioactive product of the
RAS driving renal fibrosis. There is substantial evidence that the major fraction of
Ang II present in renal tissues is generated from angiotensinogen (AGT) and subse-
quently delivered to the kidney, as well as from AGT produced by the PTECs. Ang
I delivered to the kidney can also be converted to Ang II (Kobori et al. 2007). Renin
mRNA and renin-like activity have been observed in cultured PTECs (Henrich et al.
1996). The brush border membrane of proximal human kidney tubules also expresses
abundant levels of angiotensin-converting enzyme (ACE)mRNA (Sibony et al. 1993)
and protein (Vío and Jeanneret 2003). ACE has been detected in the proximal and
distal tubular fluids (Casarini et al. 1997). Therefore, all of the major components
required to generate Ang II are expressed within the renal tubules (Urushihara and
Kagami 2017; Kobori and Urushihara 2013). And the upregulation of these RAS
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components may be in a Wnt/β-catenin-dependent manner (Zhou et al. 2015). Stud-
ies have demonstrated that Ang II stimulates TGF-β expression in cultured murine
PTECs and upregulates specific receptors for TGF-β to further enhance its pro-
inflammatory and fibrogenic action (Wolf et al. 1993, 1999; Liu et al. 2009). Ang
II is also able to induce CTGF to mediate the fibrotic phenotype change (Liu et al.
2006, 2007; Chen et al. 2006). Moreover, we also proposed the interaction of Ang
II and inflammation might be the critical node in the pathogenic tubuloglomerular
feedback loop (Zhang and Liu 2011).

11.2.7 Wnt and Hh

The Wnt pathway has been implicated in the epithelial repair process, but an abun-
dance of evidence also supports Wnt/β-catenin signaling in tubulointerstitial fibrosis
(Kang et al. 2016; Kawakami et al. 2013; Tan et al. 2016; Edeling et al. 2016). There
are 19 Wnt ligands, and all of them can bind to Frizzled and LRP5/6 receptors at the
cell surface, leading to canonical signaling through β-catenin activation (Tan et al.
2014). Wnt proteins and receptors are upregulated after renal injury, and β-catenin
activity appears to be increased in injured TECs (Zhou et al. 2012; He et al. 2009).
Overexpression of Wnt1 in proximal tubules is sufficient to cause TIF and acti-
vate myofibroblasts to produce ECM, suggesting paracrine signaling (Maarouf et al.
2016). It is likely that injured TECs can produceWnt ligands which then activate the
neighboring fibroblasts to promote TIF (Gewin et al. 2017).

Hedgehog (Hh) signaling is a key mammalian developmental pathway and regu-
lates tissue patterning, cell growth, and differentiation (Cain and Rosenblum 2011;
Mao et al. 2010). Of three Hh ligands (Sonic Hh [Shh], Desert Hh [Dhh], and Indian
Hh [Ihh]), Shh is well studied. Lineage tracing studies indicate that Shh and Ihh
expression are upregulated in renal tubules after UUO (Fabian et al. 2012; Ding
et al. 2012; Zhou et al. 2014). Interstitial fibroblasts and pericytes are the cells sup-
posed to respond to these ligands. Shh induces fibroblast activation, manifested as
an expression of α-SMA, fibronectin, collagen, and desmin (Ding et al. 2012).

11.2.8 Exosomes

Exosomes are small (30–100 nm in diameter), lipid bilayer membrane vesicles of
endocytic origin. They can shuttle bioactive molecules including proteins, lipids,
DNA, mRNA, and microRNAs (Zhang et al. 2016; Morrison et al. 2016). In kid-
neys, renal exosomes are produced and secreted by kidney cells which have been
implicated in renal function and diseases via cell–cell communication (Krause et al.
2015). It is known that injured TECs can release exosomes containing TGF-βmRNA
to activate fibroblasts, contributing to the development of renal fibrosis in post-AKI
kidneys (Borges et al. 2013). We recently demonstrated that in the setting of pro-
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teinuric kidney disease, albumin triggered TECs to release exosomes packaged with
CCL-2mRNA, which was delivered to macrophages and led to interstitial inflamma-
tion (Lv et al. 2018). In addition, we also found that the HIF-1α-dependent release
of miRNA-23a-enriched exosomes from hypoxic TECs activates macrophages to
promote tubulointerstitial inflammation (Li et al. 2019).

11.3 Abnormal Repair of TECs: The Central Pathology
Linking AKI to CKD

An increasing number of epidemiological studies have suggested that incomplete
recovery from AKI can lead to progressive CKD (Waikar and Winkelmayer 2009;
Okusa et al. 2009; Hsu 2012; Coca et al. 2012). This is supported by the finding that
the incomplete tubular repair is tightly associated with persistent tubulointerstitial
inflammation, proliferation of fibroblasts, and excessive deposition of extracellular
matrix (Yang et al. 2010; Grgic et al. 2012). A number of recent studies have also
demonstrated that tubule selective injury is sufficient to drive fibrosis, inflammation,
and capillary rarefaction, which is making it to be a central link between AKI and
CKD (Grgic et al. 2012; Takaori et al. 2016; Zhou et al. 2014; Humphreys et al.
2013).

In general, primary tubular injuries have a very good chance of recovery. The
surviving cells dedifferentiate, migrate along the basement membrane, proliferate to
restore cell number, and then restore the functional integrity of the nephron (Thadhani
et al. 1996). However, some damaged TECs become atrophic or gain the fibrotic
phenotype after AKI. Thismay be tightly associatedwith the abnormal repair process
in response to the injuries. For example, in the initial repair phase after injury, TECs
may become arrested in the G2/M phase, whichmay be associatedwith the activation
of JNKsignaling production of pro-fibrotic cytokine (Yang et al. 2010; Ferenbach and
Bonventre 2015). This is confirmed by the ability of using pharmacological inhibition
of G2/M-arrested cells with histone deacetylase inhibitors or p53 inhibition to block
the process of fibrosis (Cianciolo Cosentino et al. 2013; Zhou et al. 2010). Recent
studies also found that aging can sensitize TECs to be arrested at the cell cycle G2/M
in response to cell stress and DNA damage, which provides a potential explanation
for the increased risk of CKD progression after AKI in the elderly (Ferenbach and
Bonventre 2015; Verzola et al. 2008; Liu et al. 2012; Yang and Fogo 2010). In
addition, CRP-induced G1/S cell cycle arrest may also contribute to progressive TIF
via the Smad3-p21/p27-dependent mechanism (Tang et al. 2014; Lai et al. 2016).

Wnt/β-catenin signaling is a pathway involving the recovery from AKI. In the
acute phase of injury, Wnt/β-catenin is likely to be protective. In both IRI and folic
acid nephropathy, tubule-specific ablation of β-catenin has been shown to aggravate
kidney injury by increasing TEC apoptosis (Zhou et al. 2012). Activation ofWnt-4/β-
catenin signaling allows entry into the cell cycle via the upregulation of cyclin D1
and cyclin A, two of the most crucial proteins in regulating cell proliferation and cell
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cycle progression (Terada et al. 2003; Angers and Moon 2009; Clevers and Nusse
2012). Therefore, an early and appropriate activation of Wnt/β-catenin signaling
is required for minimizing the initial renal damages after AKI (Zhou et al. 2016).
However, persistent activation of Wnt signaling has a decisive role in driving AKI
to CKD progression because sustained Wnt signaling causes uncontrolled fibroblast
activation, RAS activation, inflammation, and excessive deposition of ECM (Tan
et al. 2014; Xiao et al. 2016). It is well known that tissue injury and inflammation are
closely linked and interact with each other (Wallach et al. 2014). While initial renal
inflammation may be protective in favoring the repair process in response to AKI,
unresolved and prolonged renal inflammation may cause progressive renal fibrosis.
Thus, better understanding the mechanisms by which tubular injury drives interstitial
inflammation and renal fibrosis is of paramount importance.

11.4 Emerging Mechanisms of Tubule Injury Driving
the Progression of CKD

11.4.1 Inflammation: Innate Immune-Sensing Receptors
in TECs Activation

Uncontrolled or excessive inflammatory responses can lead to progressive kidney
injury. In view of the immune characteristics of TECs, substantial information indi-
cates that Toll-like receptors (TLRs), Nod-like receptors (NLRs) and the NACHT,
LRR, andPYDdomain-containing protein 3 (NLRP3) inflammasomehave important
roles in the pathogenesis of multiple renal disorders (Leemans et al. 2014). TLRs are
a family of transmembrane receptors and the signal transduction initiated from TLRs
activates effector cells via several kinases andNF-κB-dependent mechanisms (Gluba
et al. 2010). TLRs are widely expressed in TECs. For instance, TECs are known to
express both TLR2 and TLR4, and both TLR2 and TLR4 signaling are activated
during IRI (Wu et al. 2010; Allam et al. 2012; Wolfs et al. 2002), sepsis-induced
AKI (El-Achkar and Dagher 2006; El-Achkar et al. 2006; Dear et al. 2006), diabetic
nephropathy (Lin et al. 2012, 2013; Mudaliar et al. 2013; Devaraj et al. 2011), uni-
lateral ureter obstruction (Pulskens et al. 2010; Leemans et al. 2009; Campbell et al.
2011; Skuginna et al. 2011). Necrotic tubular cells release high-mobility group box1
protein (HMGB1), histones, heat-shock proteins, and other DAMPs that activate
TLR2 and TLR4 on renal parenchymal cells and drive inflammation (Wu et al. 2010;
Allam et al. 2012; Leemans et al. 2005).We also found that albuminmight serve as an
endogenous DAMP to trigger the activation of TLR2-MyD88-NF-κB pathway and
pro-inflammatory cytokine TNF-α and IL-6 secretion (Ding et al. 2015) (Fig. 11.1).
NLRs are cytoplasmic receptors. Shigeoka and co-workers showed that Nod1 and
Nod2 are present in TECs in both mouse and human kidneys and that the absence
of these receptors can protect the kidney from AKI by inhibiting TEC apoptosis and
inflammation (Shigeoka et al. 2010).
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Fig. 11.1 Landscape of interstitial inflammation caused by damaged TECs. In response to
injury, damaged TECs release various kinds of DAMPs that activate innate immunity through
identical pattern recognition receptors including TLRs and inflammasomes, with the consequent
production and release of cytokines and chemokines to recruit inflammatory cell infiltration in the
interstitium, which eventually drive interstitial inflammation and fibrosis. Some injury factors can
also be seen as DAMPs (such as albumin). In addition, TNF-α and possibly other cytokines drive
necroptosis as a secondary cell death category contributing to tubular necrosis and renal dysfunction.
This sets up the auto-amplification loop of necroinflammation

In addition, emerging evidence suggests an important role for NLRP3 inflam-
masome and IL-1β/IL-18 in the pathogenesis of acute and chronic inflammation
and tissue remodeling in the kidney (Anders and Muruve 2011; Chang et al. 2014)
(Fig. 11.1). Upregulation of the NLRP3 inflammasome is demonstrated in both clas-
sical immune cells as well as in TECs in a wide variety of tubulointerstitial disease
(Anders and Muruve 2011; Chang et al. 2014). We recently found that protein-
uria causes NLRP3 inflammasome activation and IL-1β/IL-18 maturation in a time
course and dose-dependent manner in the proximal tubules (Liu et al. 2014). Further
investigation indicated that megalin/cubilin-mediated albumin retention and lysoso-
mal rupture are involved in the activation of NLRP3 inflammasome and interstitial
inflammation (Liu et al. 2015). Moreover, Ang II has also been shown to induce
NLRP3 inflammasome activation in TECs, which is associated with mitochondrial
dysfunction or ER stress (Wang et al. 2015a; Wen et al. 2016). Thus, activation of
the inflammasome pathway may represent a new mechanism of tubulointerstitial
inflammation.
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11.4.2 Necroinflammation: An Auto-Amplification Loop
Between Tubular Injury and Tubulointerstitial
Inflammation

Necroinflammation is a new pathological auto-amplification loop driven by necrosis
(defined by cell death involving rupture of the plasma membrane) and inflammation
(defined by cytokine release, increased vascular permeability, and recruitment of
immune effector cells) (Linkermann et al. 2014; Mulay et al. 2016b). Following this
pathological process, ischemia, toxins, and proteinuria can trigger tubulointerstitial
inflammation, and in turn, tubulointerstitial inflammation causes TECs injury, which
leads to an aggravation of interstitial inflammation (Fig. 11.1).

How TECs necrosis induces tubulointerstitial inflammation? In the last decade,
it was unraveled that injured cells release DAMPs that activate innate immunity
through identical pattern recognition receptors including TLRs and inflammasomes
(Anders and Schaefer 2014). As mentioned above, this process is also involved in
kidney inflammation and immunopathology (Anders andMuruve 2011; Anders et al.
2004;Anders 2010). AKI ismost frequently associatedwith cell necrosis that implies
DAMPs release. For example, ischemic, septic, or toxic forms of tubular necrosis
can induce HMGB1, histones, heat-shock proteins, and other DAMPs release, which
activate TLR2 and TLR4 on renal parenchymal cells and inflammatory cells to drive
inflammation (Allam et al. 2012; Leelahavanichkul et al. 2011; Rabadi et al. 2012;
Wu et al. 2010; Arumugam et al. 2009). Deficiency of receptor-interacting protein
kinase 3 (RIPK3) or mixed lineage kinase domain-like (MLKL), two core proteins
of the necroptosis pathway, blocks oxalate crystal-induced AKI and inflammation
(Mulay et al. 2016a).

How tubulointerstitial inflammation induces TECs necrosis?DAMPs released by
dying cells activate the pattern recognition receptors of infiltrating immune cells
and intrinsic renal parenchymal cells and induce the release of numerous pro-
inflammatory mediators. In particular, TNF-α and IFN-γ can induce necroptosis
via two distinct pathways (Dannappel et al. 2014; Takahashi et al. 2014; Vanden
Berghe et al. 2014). Mulay et al. showed that oxalate crystal formation inside tubules
induced TNF-α secretion, which could activate the RIPK1, RIPK3, andMLKL path-
way of necroptosis via TNFR1. And blocking either TNF-α or TNFR1 could abro-
gate kidney injury and dysfunction (Mulay et al. 2016a). Furthermore, the NLRP3
inflammasome activation not only triggers cytokine release but also pyroptosis, as a
consequence of inflammasome-driven caspase-11 activation (Bergsbaken et al. 2009;
Case et al. 2013). But if pyroptosis can occur in TECs is under debate (Krautwald
and Linkermann 2014; Yang et al. 2014) (Fig. 11.1).
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11.4.3 Partial Epithelial–Mesenchymal Transition (EMT)

TECs might directly contribute to renal fibrosis via EMT, a phenotypic conversion
program that is characterized by the loss of epithelial markers (such as E-cadherin,
zonula occludens-1 [ZO-1] and cytokeratin) and gain of mesenchymal features
(including vimentin, α-smooth muscle actin [α-SMA], fibroblast-specific protein-
1 [FSP1], interstitial matrix components type I collagen, and fibronectin) (Liu 2004;
Strutz 2009). Historical data and recent new findings have suggested that renal fibro-
sis might occur as a result of the tubular epithelial cells injury. In response to this,
TECs produce various chemokines and cytokines around peritubular compartments
to attract and direct the influx of inflammatory cells to the tubulointerstitial space.
Infiltrating cells in turn activate and produce a mixture of soluble factors, includ-
ing pro-inflammatory, pro-fibrotic cytokines, andMMPs. Altered microenvironment
contributes to the reshaping of the mesenchymal cell phenotype, and rendering TECs
adaptable to changing cell phenotype for the sake of escaping apoptosis (Prunotto
et al. 2012; Liu 2010).

However, the precise contribution of the EMT to kidney fibrosis remains a subject
of debate, as studies using genetic cell lineage tracing could not find evidence of a
direct contribution of epithelial cells to the myofibroblast population in the fibrotic
kidney (Humphreys et al. 2010). Two studies recently addressed this dispute and
offered new insights into the potential role of tubular EMT in the development and
progression of renal fibrosis (Ovadya and Krizhanovsky 2015; Zhou and Liu 2016).
The transcription factors Snail 1 and Twist are the main regulators of the EMT
program. Grande et al. (2015) focus on Snail 1, whereas Lovisa et al. (2015) carried
out experiments with both Snail 1 and Twist. By conditional deletion of Snail 1 or
Twist in TECs, the EMT is specifically inhibited. As a result, fibrosis is reduced
in several CKD models, including unilateral ureter obstruction, nephrotoxic serum-
induced nephritis, and folic acid-induced nephropathy. And improvement of renal
fibrosis also led to the preservation of tubular cell integrity and function. Interestingly,
both studies found that TECs undergo incomplete EMT during renal fibrosis—the
cells expressmarkers of both epithelial andmesenchymal cells and remain associated
with their basement membrane. In this respect, these observations are in harmony
with earlier genetic cell lineage tracing studies and demonstrate that partial EMT
is sufficient to induce tubular function impairment, triggering cell cycle arrest, and
promoting the release of critical fibrogenic cytokines, although evidence for partial
EMT in human CKD is rare.

11.4.4 Cell Cycle Arrest

A series of elegant studies have identified that G1/S and G2/M arrest in TECs is
an important driver of maladaptive TECs repair and renal fibrosis, providing a link
between AKI and CKD (Yang et al. 2010; Cianciolo Cosentino et al. 2013; Tang
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et al. 2013). Yang et al. demonstrated a causal association between epithelial cell
cycle G2/M arrest and a fibrotic outcome in toxic and obstructive models of AKI.
G2/M-arrested PTECs activate JNK signaling, which acts to upregulate pro-fibrotic
cytokine (TGF-β1 and CTGF) production (Yang et al. 2010). Canaud et al. further
identifiedPTECs in theG2/Mphase form target of rapamycin–autophagy spatial cou-
pling compartments, which facilitate pro-fibrotic secretion similar to the senescence-
associated secretory phenotype (Canaud et al. 2019). Targeting the G2/M checkpoint
to maintain the proper progression of TECs through the cell cycle during the injury
phase has been proposed as an attractive therapeutic target to prevent the progression
of CKD (Canaud and Bonventre 2015). Cianciolo Cosentino et al. reported that a his-
tone acetylase inhibitor could reduce the number of cells in G2/M arrest and reduce
post-injury tubular atrophy and interstitial fibrosis (Cianciolo Cosentino et al. 2013).
Jenkins et al. suggested that miR-192 has an important role in aristolochic acid-
induced G2/M arrest (Jenkins et al. 2014). Interestingly, the induction of a transient
G0/G1 arrest in TECs with the CDK4/6 inhibitor PD0332991 before IRI ameliorated
kidney injury by preventing apoptosis and pro-fibrotic cytokine production (DiRocco
et al. 2014).

As previously discussed, the functional consequences of EMT during fibrotic
injury are the induction of the G2 phase arrest of TECs (Lovisa et al. 2015). Genetic
inhibition of EMT by knocking out Twist and Snail 1, resulted in a substantial
decrease in the G2/M-arrested TECs. In vitro induction of EMT with TGF- β1 also
induced G2/M arrest in TECs (Wu et al. 2013; Lovisa et al. 2015). Furthermore, it
was found that the G2 arrest was mediated by the cell cycle inhibitor p21 (Lovisa
et al. 2015). And it is in line with a finding that p21 in kidney proximal tubules
mediates fibrosis (Megyesi et al. 2015).

11.4.5 Metabolic Disorder

The intracellular accumulation of excess non-esterified fatty acid (NEFA) and
metabolites in TECs, namely lipotoxicity, can result in renal dysfunction, especially
in the context of diabetic nephropathy (Schelling 2016; Kimmelstiel and Wilson
1936; Oliver et al. 1954; Herman-Edelstein et al. 2014). Several groups have shown
that proximal tubule uptake of filtered NEFAs is the source of tubular toxicity in case
of glomerular damage. Tubulointerstitial damage can be induced in rats by infusion
of NEFA-loaded albumin and in vitro incubation with albumin-bound NEFAs stim-
ulate PTEC apoptosis (Thomas et al. 2002; Kamijo et al. 2002; van Timmeren et al.
2005). Tubular cells have a high level of energy demand and the ATP that they use is
mostly produced by fatty acid oxidation. New findings indicate that dysregulation of
fatty acid oxidation followed intracellular lipid accumulation profoundly affects the
fate of TECs, by promoting EMT, inflammation, and eventually interstitial fibrosis
(Kang et al. 2015). They also investigated the mechanisms behind the depressed
metabolic pathways in fibrotic kidney disease and further demonstrated that TGF-β1
inhibits the expression of carnitine palmitoyltransferase 1 (CPT1), the rate-limiting
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Fig. 11.2 Schematic diagram illustrating cycle feedback interactions between tubule pathology
and interstitial pathology

enzyme in FAO, and thereby decreases fatty acid metabolism (Kang et al. 2015). Fur-
thermore, miR-21 is shown to be implicated in the regulation of metabolic pathways
recently (Trionfini et al. 2015; Chau et al. 2012). miR-21 promotes tubular injury
and fibrosis by downregulating PPARα, with consequent alterations of TEC lipid
metabolism. Inhibition of miR-21 reduces TGF-β-induced fibrogenesis and inflam-
mation, preserves tubular integrity, as a result of enhanced PPARα/RXR activity and
improved mitochondrial function (Gomez et al. 2015).

11.5 Conclusion

In this review, we shift TECs from the victim of injury to a driving force in the
progression from AKI to CKD. Damaged TECs can contribute directly to interstitial
inflammation and fibrosis through various kinds of mechanisms (Fig. 11.2). Thus,
protecting tubules from repeated injury and restoring healthy tubular function may
be the priority of treatment of kidney diseases. Although the mechanisms of tubular
injury remain to be elucidated, the G1/S and G2/M cell cycle arrest may be a pivotal
obstacle to the adaptive repair of injured TECs and targeting the G1/S and G2/M
checkpoint tomaintain the proper cell cycle transitionmaybe an attractive therapeutic
target to prevent the progression of CKD.
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Chapter 12
Myofibroblast in Kidney Fibrosis:
Origin, Activation, and Regulation

Qian Yuan, Roderick J. Tan and Youhua Liu

Abstract Renal fibrosis is characterized by excessive deposition of extracellular
matrix (ECM), leading to destruction of normal kidney architecture and loss of renal
function. The activation ofα-smoothmuscle actin-positivemyofibroblasts plays a key
role in this process. After kidney injury, profibrotic factors are secreted by injured
tubular epithelia and infiltrated inflammatory cells to promote complex cascades
of signaling events leading to myofibroblastic activation, proliferation, and ECM
production. The origins of myofibroblasts remain controversial, and possibilities
include resident fibroblasts, pericytes, bone marrow-derived cells, and endothelial
cells. Recent evidence supports the existence of localized fibrogenic niches, which
provides a specialized tissue microenvironment for myofibroblastic activation and
expansion. Myofibroblasts often undergo epigenetic modifications, leading to their
sustained activation and resistance to apoptosis. In this chapter,wediscuss the origins,
heterogeneity, and activation ofmyofibroblasts in diseased kidneys.We also highlight
novel strategies for the treatment of patients with fibrotic kidney diseases.
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12.1 Introduction

Chronic kidney disease (CKD) is a highly prevalent disorder affecting more than
10% of all adults worldwide (Snyder et al. 2009). Progressive CKD often leads to
end-stage renal failure, for which the only options for survival are dialysis or renal
transplantation. The unifying pathology of all advanced forms of CKD is tissue fibro-
sis characterized by excessive accumulation and deposition of extracellular matrix
(ECM), leading to scar formation and progressive loss of kidney function.

Although many types of cells can produce ECM, it is a general belief that the
major cell type contributing to fibrosis is the myofibroblast in diseased kidney. In this
regard, central questions in the field are to understand where these myofibroblasts
come from and how they are regulated in pathologic conditions. As such, much
research in the past years has focused on the origin, activation, and regulation of
myofibroblasts. Such work carries even greater significance considering the lack of
effective therapies for the treatment of fibrotic CKD.

12.2 Characteristics of Myofibroblast

Myofibroblast is characterized by its signature protein α-smooth muscle actin (α-
SMA). Although myofibroblasts are often considered to be equivalent to active
fibroblasts in the literature, not all active fibroblasts express α-SMA. Myofibroblasts
were originally discovered by utilizing electron microscopy in contracting granu-
lation tissue (Gabbiani et al. 1971). Comparing to quiescent fibroblasts, which are
spindle- or stellate-shaped, myofibroblasts often have large nucleus with abundant
and extensive rough endoplasmic reticulum and are typically surrounded by colla-
gen fibers. Myofibroblasts also have a greater capacity for generating collagen fibers
than fibroblasts. Furthermore, myofibroblasts possess large bundles of contractile
actin/myosin-containing stress fibers line up in parallel with the long axis of the
cells (Hinz et al. 2012). The ECM protein fibronectin abundantly coats these cells
(Sandbo and Dulin 2011). The α-SMA in myofibroblasts facilitates cell contractil-
ity. Other features of myofibroblast include electron dense focal adhesions in the
cell membrane known as the fibronexus connecting intracellular myofilaments with
the extracellular fibronectin filaments (Falke et al. 2015; Eyden 2008; Singer 1979).
Similar characteristics are observed in smooth muscle cells. In some ways, myofi-
broblasts are often thought to be a mixed phenotype of smooth muscle cells and
fibroblasts.

Myofibroblast contraction is unique and greatly contributes to tissue remodeling.
Whenmyofilament bundles in the cytoplasm contract, themechanical force transmits
to the extracellular fibrillar system via focal adhesions, leading to ECM contraction.
Surprisingly, these contractures can last as long as years and consist of cyclic con-
tractile events, in which strong contractions covering large areas (on the order of
micrometers) alternate with weaker forces affecting smaller areas. The strong con-
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tractions are mediated by RhoA/Rho-associated kinase, while the weak contractions
are a result of intracellular calcium signals (Hinz et al. 2012). While beneficial for
wound healing, such chronic and unrelenting contraction is likely to be harmful in
organ fibrosis. The mechanical stress further promotes ECM secretion, release of
profibrotic cytokines, latent TGF-β1 activation, and other myofibroblastic activities
(Van De Water et al. 2013; Frangogiannis 2017).

A variety of immunological methods to identify myofibroblasts have been devel-
oped. The α-SMA is deemed to be a classical marker of myofibroblasts because
fibrotic activity is correlated closely with its expression (Liu 2011; Hinz et al. 2007).
While it has been assumed that normal interstitial fibroblasts lackα-SMA, thismarker
is not as specific as previously thought. Data in collagen-GFP transgenic mice
demonstrated that the majority of collagen-positive cells co-stained with α-SMA,
but approximately 25% of the α-SMA-positive cells in tubular interstitial space did
not express collagen (Lin et al. 2008). Further, leukocytes and pericytes may also
express α-SMA (Falke et al. 2015). Some studies show that severely fibrotic areas of
the kidney seemingly lackα-SMA-positive cells. In collagen-EGFP andα-SMA-RFP
dual transgenic mice, only 26% of collagen-positive cells co-stained with α-SMA in
the fibrotic kidney induced by unilateral ureteral obstruction (UUO). In bleomycin-
induced lung fibrosis, this number was only 42%, while in carbon tetrachloride-
induced hepatic fibrosis, the majority of collagen-positive cells express α-SMA (Sun
et al. 2016a, b). The difference between the various studies could be due to experi-
mental approach as well as organ studied, as immunofluorescence of α-SMA used in
the former study is less convincing than Col-EGFP and SMA-RFP dual transgenic
mice. Alternatives to α-SMA to label myofibroblasts include platelet-derived growth
factor receptor-β (PDGFR-β), fibroblast-specific protein 1 (FSP-1), and CD73 (Falke
et al. 2015; Liu 2011). Table 12.1 lists different markers of fibroblast, myofibroblast,
vascular smooth muscle cell (VSMC), and pericytes. Since most individual mark-
ers are not specific, it may be ideal to use two or three markers together to define
myofibroblasts with greater confidence.

There might be some distinct and novel myofibroblast markers that are organ-
specific. For examples, studies by Bodmer et al. suggest that AOC3 (amine oxidase,
copper containing 3), a target protein of the myofibroblast-reacting mAb PR2D3, is a
novel myofibroblast marker in the colon (Hsia et al. 2016). Compared with α-SMA,
AOC3 is more specific in distinguishing colorectal tumor-derived primary myofi-
broblast from skin-derived fibroblast. Whole-genomemicroarray mRNA-expression
profiles reveal four additional genes that are significantly differentially expressed
in these two cell types: NKX2-3 and LRRC17 in myofibroblasts and SHOX2 and
TBX5 in skin fibroblasts (Hsia et al. 2016). Periostin appears only after myocardial
infarction, but not in normal tissues, and restricts to myofibroblasts. Periostin posi-
tive cells are proven to include almost all cardiac myofibroblasts through single-cell
RNA-Seq (Kanisicak et al. 2016). Similarly, single-cell RNA-Seq has discovered
that Hhip, Aspn, and Mustn1 are superior to α-SMA in characterizing myofibroblast
in mouse lung fibrotic tissue (Xie et al. 2018). The translation of these results to
kidney myofibroblasts, however, awaits further investigation.
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Table 12.1 Characteristic features and markers of various stromal cells in the kidney

Cell type Marker

α-SMA PDGFR-β FSP-1 CD73 Desmin Vimentin

Fibroblast − + + ++ − +

Myofibroblast ++ + + + – ++

Pericyte + + − + + +

VSMC + + + − + +

Other cell
types

Leukocyte,
vascular
smooth
muscle
cell,
activated
mesangial
cells

Vascular
smooth
muscle cell,
MSCs
Mesangial
cells,
macrophages

Macrophage
Leukocyte

Mesangial
cell
T cell
Proximal
tubular
cell

Injured
podocyte

Macrophage,
MSCs
Mesangial
cells
Podocytes
Injured
tubular
cell

Abbreviations: α-SMA α-smooth muscle actin; PDGFR-β platelet-derived growth factor receptor
β; CD cluster of differentiation; FSP-1 fibroblast-specific protein 1; VSMC vascular smooth muscle
cell;MSCs mesenchymal stem cells

12.3 Origins of Myofibroblast

Myofibroblasts are rare in normal kidneys but increase greatly in chronic fibrosis,
and the origins of these cells are still an area of active research. Much of the current
data relies upon lineage tracing techniques, in which cell types are permanently
labeled and followed for differentiation into myofibroblasts (Mack and Yanagita
2015). Possible precursors include resident fibroblasts, pericytes, epithelial cells,
endothelium, and circulating bone-marrow-derived cells (Fig. 12.1).

12.3.1 Resident Mesenchymal Cells

Resident mesenchymal cells, also known as stromal cells, refer to cells residing in
the interstitial space of the kidney and exclude cells entering the kidney via the
bloodstream. These cells include fibroblasts and mesenchymal stem cells, as well as
specialized support cells for the peritubular capillaries known as pericytes. Current
data provides strong support for these cells as myofibroblast precursors.

Resident fibroblasts form an extensive interconnected networkwith each other and
with tubular epithelia and capillaries. Just one day after an obstructive kidney injury
due to UUO, there was an increase in α-SMA co-staining with the fibroblast marker
ecto-5′-nucleotidase (5′NT), suggesting myofibroblast transformation from resident
fibroblasts (Picard et al. 2008). Using lineage tracing, it is found that myelin protein
zero (P0)-positive cells differentiate specifically into fibroblasts. After kidney injury,
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Fig. 12.1 Various origins of myofibroblasts. The origin of the myofibroblast includes several types
of cells: interstitial stromal cells such as fibroblasts, pericytes and mesenchymal stem cells (MSC),
bone marrow-derived cells, tubular epithelial cells, and endothelial cells. The exact contribution
of each of these precursors to the total myofibroblasts pool is still controversial. Current evidence
suggests stromal cells including fibroblasts, pericytes, and MSC are a major source of myofibrob-
lasts. Bone marrow-derived cells infiltrate and contribute to the myofibroblast pool as well. “Partial
EMT” is a theory suggesting that epithelial cells fall short of a full transition to fibroblasts but
nonetheless promote renal fibrosis through the release of mediators to promote myofibroblast dif-
ferentiation. (ECM—extracellular matrix; EMT—epithelial-mesenchymal transition; EndoMT—
endothelial-mesenchymal transition; ER—endoplasmic reticulum;MSC—mesenchymal stem cell)

over 90%of PDGFR-β-expressing interstitial cells andα-SMA-expressing cells were
derived from these P0-positive cells (Asada et al. 2011). Furthermore, about 50% of
myofibroblasts in UUO is shown to be originated from local resident fibroblasts via
proliferation (LeBleu et al. 2013).

While it seems intuitive to assume that the majority of myofibroblasts arise from
resident fibroblasts, several studies have indicated that is not the case. Rather, peri-
cytes are the primary source of myofibroblasts in diseased kidneys. Pericytes are vas-
cular support cells that stabilize vessels and promote capillary basement membrane
deposition, angiogenesis while preventing vessel rarefaction (Gomez and Duffield
2014). Using a lineage-tracing strategy to label all cells expressing FoxD1 during
development, Humphreys and colleagues demonstrated that all pericytes derive from
this cell population. After UUO and ischemic injury, they showed that all α-SMA-
positive cells are originated from FoxD1-derived cells, providing strong evidence
for a pericyte origin of myofibroblasts (Gomez and Duffield 2014; Humphreys et al.
2010). A caveat to this study is that vascular smooth muscle cells also derive from
FoxD1-expressing cells and that available markers such as PDGFRβ do not reliably
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distinguish pericytes from resident fibroblasts (Table 12.1), which can also exist near
blood vessels. Using a different marker (NG2), another study found that only 6%
of α-SMA-positive cells are derived from NG2+ pericytes after UUO. Furthermore,
pericyte ablation does not significantly alter the fibrotic severity, suggesting the lack
of a major functional role (LeBleu et al. 2013). The reasons behind the differences
between these studies are likely related to the cellular markers chosen and the exact
lineage tracing model utilized. Therefore, while initial data are promising and seem
to provide compelling evidence, additional studies are required to clarify exact con-
tributions of the pericyte.

Resident mesenchymal stem cells (MSCs) are capable of self-renewal and mul-
tilineage differentiation capacity and reside in the perivascular environment in the
same “niche” as pericytes (Kramann et al. 2017; El Agha et al. 2017). Genetic fate-
tracing experiments indicated that resident perivascular Gli1+ cells, but not bone
marrow-derived Gli1+ cells, contribute to nearly 55% of myofibroblasts via prolif-
eration. Conditional ablation of Gli1+ cells by administration of DTX in transgenic
mice or blocking proliferation of Gli1+ cells by pharmacological GLI2 inhibition
reduces nearly the same percentage of renal fibrosis induced by UUO (Kramann
et al. 2015a, b). There also appears to be some overlap in Gli1+ cells with FoxD1
precursors, both of which can ultimately express PDGFRβ (Humphreys 2018).

12.3.2 Epithelial Cells

The majority of the kidney parenchyma is comprised of tubular epithelium.
Epithelial-to-mesenchymal transition (EMT) is a process in which epithelial cells
undergo a transformation to a mesenchymal phenotype. This is characterized by loss
of epithelial markers and function and acquisition of myofibroblastic features (Cruz-
Solbes and Youker 2017). Lineage tracing experiments demonstrated that approxi-
mately 36% of FSP1+ fibroblasts in UUOwere derived from γGT+ tubular epithelial
cells (Iwano et al. 2002). However, more recent studies directly contradict these
results and appear to show that epithelia contribute little to the myofibroblast popu-
lation after injury (LeBleu et al. 2013; Humphreys et al. 2010; Koesters et al. 2010;
Li et al. 2010). This may be due to the fact that EMT, if it occurs, appears to differ
between experimental models and animal strains (Inoue et al. 2015). The in vivo
demonstration of EMT appears to be much more challenging in comparison to the
relative ease in which it can be demonstrated in vitro.

The coexpression of epithelial andmesenchymal markers, however, has been con-
firmed in a number of experimental and human kidney diseases (Sun et al. 2016a, b;
Liu 2010), and therapeutics targeted at the process of EMT attenuates renal fibrosis
(Li et al. 2009a, b; He et al. 2009; Chen et al. 2018; Sugimoto et al. 2012). Recent
studies have popularized the idea of “partial EMT” in which epithelia acquire mes-
enchymal features but do not fully transform into a myofibroblast. In this process,
injured epithelia undergoG2/Mphase cell cycle arrest, downregulate epithelialmark-
ers and their characteristic solute transporters, and upregulate profibrotic cytokines
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and the expression of α-SMA. Snai1 and Twist1 are shown to be key mediators
of this process (Grande et al. 2015; Lovisa et al. 2015). Considering the difficulty
demonstrating true and complete EMT in vivo, partial EMT appears to be a unifying
hypothesis to explain much of the existing literature.

12.3.3 Endothelial Cells

Endothelial cells have also been reported to undergo transformation to a myofibrob-
last phenotype. Zeisberg and colleagues have reported that about 30–50% of the
renal fibroblasts appearing in nephrotic models of kidney disease derive from the
endothelial cell. This work was accomplished with a Tie2-Cre lineage tracing mouse
and co-staining for α-SMA or FSP1 and the endothelial marker CD31 (Zeisberg
et al. 2008). Another study conducted in Tie2-Cre mice showed that endothelial
cells contributed to about 25% myofibroblasts in diabetic kidney (Li et al. 2009a,
b). It should be acknowledged that Tie2 expression is not limited to endothelial cells
but also other myeloid lineage cells. Thus, the percentages could be overestimated
(Humphreys 2018). Another study also demonstrated that 10% of the endothelial
cells co-localize with α-SMA in Cdh5-Cre; YPFf/f and α-SMA-RFP dual transgenic
mice (LeBleu et al. 2013). Endothelial-to-mesenchymal transition (EndoMT) could
play an important role in microvascular rarefaction, which causes worsened renal
hypoxia after injury.

12.3.4 Bone Marrow-Derived Cells

Circulating monocytes and fibrocytes could contribute to the myofibroblasts pool. In
one study, bone marrow-derived myofibroblasts are approximately 35% of the total
(LeBleu et al. 2013), which is corroborated by other lineage tracing experiments (Li
et al. 2007; Broekema et al. 2007). Recent studies also confirm the phenomenon of
monocyte/macrophage-to-mesenchymal transition (Wang et al. 2017a, b). Directly
or indirectly deleting bone marrow-derived cells decreases the percentage of renal
fibrosis ranging from 15 to 50% (Mack and Yanagita 2015). However, other inves-
tigations suggest that only a small percentage, if any, of myofibroblasts originated
from bone marrow-derived cells (Lin et al. 2008; Roufosse et al. 2006). It has also
been proposed that bone marrow-derived myofibroblasts contribute differently to
renal fibrosis, primarily through paracrine actions but not by directly producing
large amounts of collagen (Sun et al. 2016a, b).
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12.4 Heterogeneity of Myofibroblast

It is now clear that fibroblasts and myofibroblasts are not uniform populations and
different types of these cells coexist in the kidney during injury (Fries et al. 1994). For
instance, medullary kidney myofibroblasts are Wnt4-positive while cortical myofi-
broblasts areWnt4-negative (DiRocco et al. 2013). The diverse origins ofmyofibrob-
last also contribute to their heterogeneity (Falke et al. 2015). It is logical to assume
that myofibroblasts retain some features of their particular precursor cell (Boor and
Floege 2012). As an example, it has been shown that erythropoietin (EPO)-producing
fibroblasts that transform into myofibroblasts can still produce EPO under hypoxia
or other stimulating conditions (Sato and Yanagita 2017).

Renal fibroblasts have various functions including producing ECM, secreting
EPO and hepatocyte growth factor (HGF), and interactions with resident cells and
with inflammatory cells (Sato and Yanagita 2017; Yang et al. 2003). Some fibrob-
lasts contribute to the formation of tertiary lymphoid tissue in the kidney (Sato et al.
2016). Mannose receptor C-type 2 (Mrc2)-positive myofibroblasts play a paradoxi-
cal role in renal fibrosis through promoting collagen internalization and degradation
by lysosomes (Lopez-Guisa et al. 2012). It has been shown that the ratio of expres-
sion of fibroblast activation protein (FAP) and α-SMA plays a role in myofibroblast
phenotype. Gene expression and functional analysis exhibit that the main function
of fibroblasts expressing high levels of FAP is to synthesize and degrade ECM in
fibrosis. Meanwhile, high α-SMA-expressing myofibroblasts mediate contraction
and possess greater proliferative capacity. Local composition and stiffness of the
ECM, as well as TGF-β signaling, appear to govern the ratio of FAP+ fibroblasts and
α-SMA+ myofibroblasts (Avery et al. 2018).

The different features of kidney fibroblast and myofibroblast populations are still
being described (Falke et al. 2015; Gladka et al. 2018; Tabib et al. 2018; Mizoguchi
et al. 2018; Hu et al. 2018). Newer next-generation sequencing techniques such as
single-cell RNA-Seq should be particularly useful in describing these subpopula-
tions (Villani et al. 2017; Wu and Humphreys 2017). It is speculated that we may
characterize different myofibroblast subpopulations in a way similar to documenting
leukocyte subtypes in the future. This research carries added significance as we strive
toward precision medicine.

12.5 Activation of Myofibroblast

One central issue in renal fibrosis field is to elucidate how tissue injury causes
myofibroblast activation. After the initiation of injury, there is the generation of
a profibrotic “niche” that then drives the recruitment, proliferation, and activation of
myofibroblasts (Liu 2011). Injured tubules and infiltrated inflammatory cells produce
profibrotic factors, which target to various myofibroblast precursors by paracrine or
autocrine mechanisms, ultimately leads to myofibroblast activation. Here, we dis-
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Fig. 12.2 The neighbor cells secret profibrotic factors triggering myofibroblasts activation. Partial
EMT, cell senescence, and defective metabolism drive tubular epithelial cells (TEC) to secrete
profibrotic factors. Chemokines produced by TEC, myofibroblast and resident immune cells induce
more immune cells in circulation infiltrating to renal interstitial space. Inflammatory cells also
are major sources of inflammatory and profibrotic cytokines. Myofibroblasts are also a donor of
profibrotic factors

cuss the sources of profibrotic factors, as well as key signal pathways in mediating
myofibroblast activation.

12.5.1 Sources of Profibrotic Factors

Profibrotic factors from tubular epithelia, inflammatory cells, and endothelium
strongly affect the activation of myofibroblasts (Fig. 12.2). As the major compo-
nent of renal parenchyma, tubular epithelia are particularly susceptible to injury
induced by ischemic and toxic insults. Increasing evidence indicates that renal tubu-
lar epithelial cells are not only the victim of injury but also a driving force in the
progression of kidney diseases (Liu et al. 2018).

How tubular injury drives fibroblast activation was an issue of controversy in
the past. Several hypotheses have been postulated, such as EMT, cell cycle arrest,
and cellular senescence. As described above, the activation of transcriptional factors
Snai1 and Twist1 in epithelia triggers a partial EMT leading to fibrosis (Grande et al.
2015; Lovisa et al. 2015). Studies also demonstrate that injured renal tubular cells
are arrested in the G2/M phase of the cell cycle (Yang et al. 2010), and while in
this state, they produce and secrete profibrotic cytokines. Abnormal upregulation of
Wnt9a in tubular epithelia leads to cellular senescence, resulting in the release of
the senescence-associated secretory phenotype (SASP), which cause myofibroblast
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activation (Luo et al. 2018). Other studies show that defective fatty acid oxidation
(FAO) in tubular epithelia causes ATP depletion, cell death, and dedifferentiation
(Kang et al. 2015). Regardless of the differences, all of these observed changes
including partial EMT, cell cycle arrest, cellular senescence, and dysregulated FAO
converge to a pathologic secretory phenotype together with a loss of tubular cell
function (Zhou and Liu 2016a). In this condition, the cells secrete TGF-β, Wnts,
hedgehog ligands, components of the renin–angiotensin system (RAS), endothelin-
1, complement, and pathologic exosomes. The damaged epithelial cells also become
proinflammatory through the release of chemokines, adhesion molecules, reactive
oxygen species, and C-reactive protein (Liu et al. 2018; Gewin et al. 2017; Tan et al.
2016). Table 12.2 shows the profibrotic factors and their mechanism of action.

Injured endothelial cells also contribute to fibroblast activation via Notch and
Wnt signaling (Lipphardt et al. 2017). Further, the destroyed integrity of peritubular
capillary by EndoMT accelerates hypoxic injury (Nahrwold et al. 1974). In addition,
perivascular pericytes lose their function when differentiating into myofibroblasts,
which further aggravates the injury of endothelial cells, leading vascular rarefaction.

Macrophages, lymphocytes, dendritic cells, and mast cells are key contributors to
injury (Rogers et al. 2014;Tapmeier et al. 2010;Heymann et al. 2009;Holdsworth and
Summers 2008; Nikolic-Paterson et al. 2014). They produce cytokines that mediate
myofibroblastic transformation and chemokines that attract for bonemarrow-derived
cells (Liu 2011; Kis et al. 2011). Co-culture with inflammatory cells induces tubular
cells to undergo EMT via both direct cell-to-cell interactions and soluble factors
(Nightingale et al. 2004; Li et al. 2011). Activated myofibroblasts express cytokines
to affect normal fibroblasts, tubular epithelial cells, and endothelial cells in a paracrine
fashion (Phan 2008), creating a vicious cycle.

12.5.2 Key Signal Pathways Mediating Myofibroblast
Activation

There are several signal pathways playing key roles in mediating the activation and
proliferation of various myofibroblast precursors. Among them, TGF-β is well estab-
lished, classic signaling cascade that is believed to be essential in kidney fibrogen-
esis. Recent studies have pointed to a crucial role of developmental pathways such
as Wnt/β-catenin, hedgehog, and Notch signaling in the activation of myofibroblast
during kidney fibrosis.

12.5.2.1 TGF-β Signaling

TGF-β1 is regarded as the master regulator of myofibroblast activation. TGF-β1
is secreted in a latent form that is bound to latency-associated peptide (LAP) and
ultimately latent TGF-β binding protein (LTBP) (Meng et al. 2015). Many factors
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Table 12.2 Factors regulating myofibroblast activation

Factors Mechanism Cellular targets Reference

Growth factors and cytokines

TGF-β1 Ligand of TGF-β1
receptors

Fibroblast, EMT,
EndoMT, MMT

Meng et al. (2016)

Wnt Wnt ligand Fibroblast, EMT Tan et al. (2014), Zhou
et al. (2017)

Hedgehog Ligand of Hh pathway Fibroblast Zhou et al. (2014a, b)

Jagged Ligand of Notch
signaling

Fibroblast, EMT,
EndoMT

Dees et al. (2011), Liu
et al. (2009), Xiao
et al. (2014)

Ang ll Stimulate TGF-β and
ROS production

Fibroblast, EMT,
EndoMT

Macconi et al. (2014)

CTGF Activate Rho
signaling; cofactor of
TGF-β; interact with
LRP6

Fibroblast, EMT
EndoMT

Tsou et al. (2014)

PDGF Stimulate TGF-β
production

Fibroblast, EMT,
EndoMT

Ostendorf et al. (2014)

FGF-2 Activate PI3K/AKT
signaling

EMT Masola et al. (2012)

IL-17 Induce oxidative stress Fibroblast Wang et al. (2017a, b)

IL-1β Stimulate Th17
responses, TGF-β
production

Fibroblast, EMT,
EndoMT

Jones et al. (2009)

IL-4 Activate JAK3/STAT6
signaling

Fibrocyte Yan et al. (2016),
Liang et al. (2017)

IFN-γ Activate JAK3/STAT6
signaling

Fibrocyte Yan et al. (2016)

IL-12 Activate JAK3/STAT6
signaling

Fibrocyte Yan et al. (2016)

IL-13 Activate STAT6
signaling; enhance
TGF-β

Fibrocyte Yan et al. (2015, 2016)

IL-6 Promote EMT via the
Akt/GSK-3β/β-catenin
pathway

EMT Chen et al. (2017)

TNF-α Increase TGF-β
expression

Fibroblast, EMT,
EndoMT

Liu (2011)

Adiponectin Activate
adiponectin/AMPK
signaling

Fibrocyte Yan et al. (2016)

ECM proteins

TSP-1 Activate latent TGF-β Fibroblast, EMT,
EndoMT

Bige et al. (2012)

ED-A fibronectin Activate TGF-β1 and
store LTBP-1

Fibroblast, EMT,
EndoMT

Serini et al. (1998)

(continued)
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Table 12.2 (continued)

Factors Mechanism Cellular targets Reference

TNC Activate the
integrin/FAK pathway

Fibroblast Fu et al. (2017)

Oxidative stress

AGEs Activate NF-κB,
MAPK,
Smad2/3,small
GTPase Ras, Cdc42,
and Rac1

Fibroblast, EMT He et al. (2013)

ROS Activate tyrosine and
serine/threonine
kinases

Fibroblast, EMT Barnes and Gorin
(2011)

NOX Mediate the generation
of ROS

Fibroblast, EMT Siani and Tirelli
(2014)

Other intracellular factors

tPA Promotes fibroblast
survival, proliferation
by recruiting β1
integrin

Fibroblast Hu et al. (2007)

Snail1 Induce partial EMT Partial EMT Grande et al. (2015)

ET1 Induces TGF-β and
Snail1; activate Rho

Fibroblast, EMT,
EndoMT

Tsou et al. (2014),
Widyantoro et al.
(2010)

Src Regulate MMT;
activate AKT, STAT3,
EGFR

MMT, fibroblast Zhou and Liu (2016b)

Integrin Activate Rho signaling Fibroblast Tsou et al. (2014)

Antifibrotic factors

BMP-7 Antagonizes TGF-β
signaling

Fibroblast, EMT,
EndoMT

Meng et al. (2013)

HGF Antagonizes TGF-β1 Fibroblast, EMT,
EndoMT

Liu (2004)

PPAR-α/γ Reduce TGF-β
expression

Fibroblast, EMT,
EndoMT

Kawai et al. (2009), Li
et al. (2013)

Smad7 Compete against
Smad2/3

Fibroblast, EMT,
EndoMT

Meng et al. (2016)

Abbreviation Advanced glycation end products (AGEs); Angiotensin II (Ang II); adenosine
monophosphate-activated protein kinase (AMPK); bone morphogenetic protein-7 (BMP-7); con-
nective tissue growth factor (CTGF); endothelin-1 (ET1); fibroblast growth factor-2 (FGF-2), glyco-
gen synthase kinase 3β (GSK-3β); hypoxia inducible factor (HIF); interferon-γ (IFN-γ); interleukin
(IL); Janus Kinase (JAK); low-density lipoprotein receptor-related protein 6 (LRP6); latent TGF-β
binding proteins (LTBPs); NADPH oxidases (NOX); platelet-derived growth factor (PDGF); per-
oxisome proliferator-activated receptor (PPAR); protein kinase B (Akt); reactive oxygen species
(ROS); signal transducers and activators of transcription (STAT); transforming growth factor-β1
(TGF-β1); TGF-β receptor (TGFR); tumor necrosis factor (TNF)-α; tenascin-C (TNC); tissue-type
plasminogen activator (tPA); thrombospondin-1 (TSP-1)
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includingαv integrin (Henderson et al. 2013), a strainedECM(Klingberg et al. 2014),
and proteolytic cleavage by matrix metalloproteinases such as MMP-9 and MMP-2,
plasmin, and thrombospondin (TSP) all can activate TGF-β1 from its latent form.
In the canonical TGF-β signaling cascade, the direct binding of active TGF-β1 to
TGF-β receptor II recruits TGF-β receptor I and results in Smad2 and Smad3 phos-
phorylation. Smad 4 associates with Smad2/3 and the entire complex translocates
into the nucleus to induce profibrotic actions (Fig. 12.3) (Meng et al. 2015).

TGF-β signaling forms a complex network with other signaling pathways. In
a noncanonical pathway, TGF-β1 activates the mitogen-activated protein kinase
(MAPK) family and downstream extracellular signal-regulated kinase (ERK), c-Jun
terminal kinase (JNK), and p38 MAPK. Activated MAPK can upregulate TGF-β1
and phosphorylate residues within the linker regions of Smad2 and Smad3 (Meng
et al. 2016). TGF-β signaling can also mediate the oxidative stress injury caused by
NADPH oxidases (NOX)-4 (Bondi et al. 2010) and activates MyoD which promotes
myofibroblast differentiation mediated by TGF-β1 or PDGF (Hecker et al. 2011),
respectively. Connexin43 positively regulates TGF-β signaling by competing with
Smad2/3 for binding to microtubules and increasing the release of Smad2/3 (Dai
et al. 2007).

12.5.2.2 Wnt Signaling

Wnt signal cascade is an evolutionarily conserved, developmental pathway. Wnt
ligands transmit their signal via both canonical, β-catenin-dependent, and non-
canonical, β-catenin-independent, mechanisms. Wnt/β-catenin signaling is silent
in normal adult kidney, but reactivated after injury. When one of 19 of the known
secreted Wnt proteins binds to cell surface Frizzled and LRP5/6 receptors, a cyto-
plasmic β-catenin degradation complex is inhibited. This results in the accumulation
and nuclear translocation of β-catenin. Wnt signaling is a key promoter of renal
myofibroblast activation as α-SMA, ECM components, Snail, EMT markers and
RAS proteins including angiotensinogen, renin, angiotensin-converting enzyme and
angiotensin receptor type 1 are all target genes of β-catenin (Tan et al. 2014; Zhou
and Liu 2016c). The crosstalk between Wnt signaling and TGF-β signaling exists
at various levels such as promoting ligand production reciprocally and synergetic
regulation of target genes in the nucleus (He and Dai 2015; Piersma et al. 2015).
Extensive studies show that Wnt signaling mediates myofibroblast activation (Luo
et al. 2018; Zhou et al. 2017) and EMT (Zhou et al. 2013a, b). BlockedWnt signaling
greatly mitigates renal fibrosis (Zhou et al. 2013a, b).

12.5.2.3 Hedgehog Signaling

The ligands of hedgehog signaling are sonic hedgehog (Shh), Indian hedgehog (Ihh),
and desert hedgehog (Dhh). Shh has been the primary focus of kidney disease stud-
ies. The binding of hedgehog ligands to the patched (Ptch) receptor relieves the
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Fig. 12.3 Major signaling pathways involved in myofibroblast activation. TGF-β activates both
Smad3 andMAPK.TGF-β1 activates three transcriptional factors:MyoD,Smad2/3 andMRTF/SRF.
Nox4 is downstream of Smad3 and activate fibroblasts mediated by TGF-β signaling. YAP or TAZ
facilitates Smad2/3 nuclear translocation. Smads are not only activated by TGF-β1, but also other
molecules like TNF-α, CTGF, AGEs, MAPK, PDGF, ET1 and so on. The classical Wnt pathway is
mediated by Frizzled and LRP5/6 receptor. The β-catenin degradation complex containsAxin, APC,
GSK-3β, and CK1. Phosphorylated β-catenin degradation is mediated by the ubiquitin-proteasome
system. Phosphorylated YAP and TAZ are necessary for docking of β-TrCP to the complex and
accelerate β-catenin degradation. The binding of hedgehog ligands to Ptch receptor relieves the
inhibition of Smo receptor. Active Smo promotes transcription factor Gli nuclear translocation.
Notch signaling occurs as NICD binds to other transcriptional factors like MAML and Rbpj in
nuclear after ligand–receptor binding. All these signaling pathways control their target genes in
the nucleus. Common, fibrosis-related targets of these signals include fibronectin, collagen I, α-
smooth muscle actin (α-SMA), Snail1, matrix metalloproteinase-7 (MMP-7), renin-angiotensin
system (RAS), (pro)renin receptor (PRR), etc.
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inhibition of the smoothened (Smo) protein. Active Smo promotes transcription fac-
tors Glis nuclear translocation. Shh is mainly expressed in tubular epithelia while it
specifically targets to interstitial fibroblasts (Fabian et al. 2012). As a result, the Shh
pathway is an example of intercellular crosstalk in which a tubule-derived profibrotic
factor activates fibroblasts but not tubular epithelial cells (Zhou et al. 2014a, b). Shh
upregulates the expression of Snail, α-SMA, fibronectin, and collagen I in fibroblasts
(Ding et al. 2012). Recent data shows that Gli1+ MSC are a major source of myofi-
broblasts and that conditional deletion of Gli2 attenuates renal fibrosis, highlighting
the importance of Shh in chronic scarring (Kramann et al. 2015a, b).

12.5.2.4 Notch Signaling

The activation of Notch signaling requires cell–cell contact because the receptors,
Notch 1–4, and the ligands, Jagged 1, 2, and Delta 1, 3, 4, are all transmembrane
proteins. The binding of ligand and receptor causes cleavage of the Notch recep-
tor, releasing the Notch intracellular domain (NICD) which then enters the nucleus.
NICD binds to additional transcriptional factors such as MAML and Rbpj to upregu-
late target genes. The expression of Notch signaling components differs in different
nephropathy (Edeling et al. 2016). Notch1 is mainly expressed in tubular epithe-
lial cells and drives EMT due to Snai1 and α-SMA upregulation (Bielesz et al.
2010). TGF-β1 upregulates the expression of Notch3, and Notch3 global knock-
out mice demonstrate attenuated renal fibrosis and interstitial inflammation during
injury (Djudjaj et al. 2012). Studies in other organs show that Notch signaling acti-
vates fibroblasts (Dees et al. 2011).

12.6 Fibrogenic Niche for Myofibroblast Activation

Kidney fibrotic lesions are not homogeneous across the kidney parenchyma. Rather,
it typically initiates at certain focal sites, in which interstitial fibroblasts become
activated, proliferate, and produce a large amount of ECM components. Although it
remains enigmatic why fibroblasts at certain sites respond differentially after injury,
it has been long hypothesized that there is a specialized niche/microenvironment,
which dictates the activation of fibroblasts in their discrete locations.

12.6.1 Tenascin-C as an Organizer of Fibrogenic Niche

Tenascin-C (TNC) is a large oligomeric ECM glycoprotein with cell signaling prop-
erties. Structurally, TNC contains an N-terminal assembly domain that leads to the
formation of hexamers, a variable number of tandem epidermal growth factor (EGF)-
like repeats, numerous fibronectin type III domains, and a fibrinogen-like globe
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Fig. 12.4 Tenascin C (TNC) acts as an organizer of the fibrogenic niche. a Diagram shows the
structural domains of TNC, which contains an N-terminal assembly domain that leads to the for-
mation of hexamers, a variable number of tandem epidermal growth factor (EGF)-like repeats,
numerous fibronectin type III domains, and a fibrinogen-like globe domain at the C-terminus. Dif-
ferent domains can have distinct binding partners such as EGF receptor (EGFR), integrins and other
growth factors, as well as Toll-like receptor-4 (TLR-4). b TNC binds to Wnt ligands, and therefore
is able to recruit them from surrounding environment and present them to responding cells such as
fibroblasts

domain at the C-terminus (Fig. 12.4). In adults, little or no TNC is detected in the
kidney and other organs. However, prominent de novo expression of TNC is reported
in the fibrotic kidneys. As a so-called matricellular protein, TNC is not an obliga-
tory structural element in the ECM, but it is able to bind to ECM structural proteins
and cell surface receptors such as integrins and Toll-like receptor-4 (TLR-4). TNC
binding to these receptors causes activation of their downstream pathways, thereby
modulating cell adhesion, spreading, migration, and proliferation.

We recently show that TNC plays an important role in myofibroblast activation
primarily by organizing a fibrogenic microenvironment (Fu et al. 2017). In vitro,
profibrotic factors such as Shh, TGF-β1, Wnts stimulate TNC expression by fibrob-
lasts. In vivo, TNC is rapidly upregulated in the fibrotic kidneys induced by UUO
or ischemia/reperfusion injury (IRI) and predominantly localizes at the foci rich in
fibroblasts in renal interstitium. TNC selectively promotes renal interstitial fibroblast
proliferation and the expression of proliferation-related genes. TNC-rich decellular-
ied ECM scaffold facilitates fibroblast proliferation, whereas TNC-deprived scaffold
inhibits it.Matrix scaffold prepared fromfibrotic kidney also promotes greater fibrob-
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last proliferation ex vivo, and the effects can be reversed by deletion of TNC (Fu
et al. 2017). These studies indicate a pivotal role for the TNC-rich microenviron-
ment in kidney fibrogenesis. These observations are also consistent with a crucial
role of TNC in building a specialized niche for stem or progenitor cells, as reported
previously (von Holst 2008; Chiquet-Ehrismann et al. 2014).

12.6.2 Mechanism of Profibrotic Factors Enrichment

Fibrogenic niche should have a special mechanism for recruiting and concentrating
profibrotic cues, building a microenvironment in which high levels of soluble fibrotic
factors are present. In this aspect, TNC is quite unique in that it can bind awide variety
of profibrotic factors such as TGF-β1, PDGF, and FGF-2 (De Laporte et al. 2013).
We recently show that TNC binds to and recruits Wnt ligands (Chen et al. 2019).
As such, TNC is able to concentrate Wnt ligands from the surrounding milieu and
present them to neighboring cells, which creates a specialized microenvironment in
whichWnts are enriched. This conclusion is supported by an ex vivo approach using
TNC-rich kidney tissue scaffold. Notably, TNC is a large hexameric protein that
can potentially bind to multiple Wnts at the same time and therefore could possess
a tremendous ability to recruit Wnt ligands. It is conceivable to propose that TNC
functions as a “molecular sponge” that attracts and recruits Wnt ligands from the
surrounding microenvironment.

12.6.3 Other Components of Fibrogenic Niche

The major components of fibrogenic niche include ECM and its associated proteins.
ECM is a non-cellular, three-dimensional structure providing the physical support for
parenchymal cells and controlling tissue homeostasis (Bonnans et al. 2014). ECM
is dynamic, and its quantity and quality are changed in normal condition versus
pathologic setting. The fibrogenic ECM is composed by aberrant fibrillar proteins,
matricellular proteins, glycoproteins, and profibrotic cytokines (Fig. 12.5) (Walraven
and Hinz 2018).

Matricellular proteins are not structural components but regulate the interaction
of ECM and cells. Besides TNC, the most well-characterized matricellular proteins
are the CCN family of proteins, which contains six members designated CCN1 to
CCN6. The CCN represents the names of the first three members of the family
to be discovered: Cyr61 (cysteine-rich protein 61), CTGF (connective tissue growth
factor), and NOV (nephroblastoma overexpressed gene) (Jun and Lau 2011). Among
them, CCN2 is widely known as CTGF, which is not only a growth factor but also
an ECM protein that links ECM proteins such as collagen, fibronectin up with target
cells (Yokoi and Mukoyama 2017). CTGF also serves as a necessary cofactor for
TGF-β and can be pro-inflammatory on its own (Kok et al. 2014).
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Fig. 12.5 Reciprocal stimulation of myofibroblast and fibrogenic ECM occurs in fibrotic kidney.
Myofibroblast is the major contributor of ECM. Mechanical forces and constituent components
residing in ECM promote the activation of myofibroblasts. Fibrillar proteins such as collagen and
fibronectin are necessary for building the framework of ECM. Matricellular proteins such as TNC
with multiple domains usually mediate the interaction of ECM proteins and target cells. Glycopro-
teins including HA contribute to renal fibrosis. The soluble profibrotic factors and inflammatory
cells are also abundant in the fibrotic tissue microenvironment

Periostin functions as a scaffold protein by binding to many proteins due to multi-
ple domains’ structure. Proteins remainwithin close proximity by binding to adjacent
domains of periostin and assemble easily into extracellular architectures (Kii and Ito
2017). Secreted protein acidic and rich in cysteine (SPARC) also exhibits diverse
functions in renal fibrosis and glomerulosclerosis (Francki and Sage 2001).

Collagen is composed of three procollagen chains in a cylindrical structure with
about 300 nm length and nearly 1.5 nm diameter. These specific features make it
ideal for the basic building block of ECM. Collagen IV is a component of base-
ment membrane (Bonnans et al. 2014). Collagen I and collagen III are the principal
participators of interstitial ECM in fibrotic tissues, which are extensively reviewed
elsewhere (Karsdal et al. 2017). Increased collagen crosslinking mediated by lysyl
oxidase-like 2 (LOXL2) enzyme or transglutaminase 2 (TG2) accelerates collagen
deposition and has been demonstrated in other tissues (Walraven and Hinz 2018) and
in kidney (Cosgrove et al. 2018).

Fibronectin is a high-molecular-weight protein consisting of two nearly identical
subunits linked by disulfide bonds. There are type I, II, and III fibronectins. Type III
contains type III (FNIII) extra-domainA (ED-A)which is necessary for the activation
of TGF-β1 and storage of LTBP-1 (Dallas et al. 2005). Fibroblasts initially produce
fibronectin which directs the deposition of collagen I and then mature collagen pref-
erentially interacts with relaxed fibronectin to align mechanical forces generated by
the myofibroblast (Kubow et al. 2015).

Elastin is secreted by fibroblast and smooth muscle cells used to buffer strength
induced by scar tissue. The decrease of elastin is harmful for vessels, however, and
abundant elastin in ECM promotes tissue fibrosis (Klingberg et al. 2013).
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Hyaluronan (HA) is an extracellular glycoprotein mediating cell adhesion, migra-
tion, and proliferation. It deposits in fibrotic kidneys such as diabetic nephropathy
and allograft rejection, and attracts inflammatory cells by binding to CD44 receptors
and TLR-4 (Colombaro et al. 2013). In addition to the aforementioned,multiple other
glycoproteins have been found in ECM, like non-fibrillar collagen, LTBP, fibulins,
small leucine-rich proteoglycans (SLRPs), verscian, and syndecan (Walraven and
Hinz 2018).

Matricellular proteins, fibrillar proteins, glycoproteins, secreted profibrotic factors
like TGF-β1, Wnts, Shh, TNF-α as well as exosomes constitute the backbone of the
fibrogenic tissue microenvironment (Herrera et al. 2018). Such a niche is not only a
breeding ground for fibroblast activation and proliferation, but also plays a critical
role in mediating inflammatory cells infiltration, defective angiogenesis, and tubular
epithelial cell atrophy in the fibrotic kidney.

12.7 Myofibroblast Activation and Epigenetic Modification

Fibroblast activation is a wound healing response after tissue injury. Chronic fibro-
sis differentiating from a successful wound healing is largely due to the lack of
myofibroblast resolution. Studies show that sustained or irreversible myofibroblast
activation is associated with altered epigenetic modification of myofibroblasts in
fibrotic kidneys. Epigenetic modification mainly includes DNAmethylation, histone
modification, and small interfering RNAs (Hu and Phan 2013). These modifications
can directly affect genes related to myofibroblast activation.

12.7.1 DNA Methylation

CpG island methylation is catalyzed by DNA methyl transferases (DNMTS) and
generally tightens the DNA helix to represses genes transcription. Hyperactive Ras
caused by hypermethylation of RASAL1, an inhibitor, contributes to fibroblast acti-
vation and renal fibrosis. Short-term exposure to TGF-β1 resulted in reversible tran-
scriptional repression of RASAL1 while long-term exposure to TGF-β1 caused irre-
versible DNA methylation (Bechtel et al. 2010). DNA methylation can be inherited
to progency cells, and this may be an explanation of sustained myofibroblast activa-
tion. Hypomethylation of profibrotic gene such as α-SMA (Hu and Phan 2013) or
hypermethylation of antifibrotic genes like peroxisome proliferator-activated recep-
tor γ (PPARγ), Klotho, or Krüppel-like factor 4 (KLF4) facilitates myofibroblasts
activation (Zeisberg and Zeisberg 2013; Xiao et al. 2015). In theory, DNA methyla-
tion could be a therapeutic target, as hypermethylation of RASAL1 can be reversed
by BMP7 (Tampe et al. 2014).
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12.7.2 Histone Modification

Posttranslational histone modifications include methylation, acetylation, ubiquity-
lation, and phosphorylation. Among them, acetylation is the most well studied in
myofibroblast activation. Histone acetylation and deacetylation are catalyzed by his-
tone acetyltransferase (HAT) and histone deacetylase (HDAC) enzymes, respec-
tively (Meng et al. 2016). A large amount of data shows that inhibition of differ-
ent HDAC classes abolishes EMT and/or fibroblast activation in different disease
models (Liu and Zhuang 2015). HDAC inhibitors are effective in reducing fibrosis
(Novitskaya et al. 2014). TGF-β1 increases activating histone H3 lysine methyla-
tion (H3K4me1/2/3 levels) and decreases repressive H3K9me2/3 levels at ECM-
associated gene promoters, the net effect being increase in profibrotic gene expres-
sion (Sun et al. 2010). Inhibition of histonemethyltransferase inhibits EMT and renal
fibrosis (Zhou et al. 2018a, b; Irifuku et al. 2016).

12.7.3 Small Interfering RNA Regulation

Small interfering RNAs are short noncoding RNAs encoded by genomic DNA. The
function of these RNAs is silencing gene expression by degradation of mRNA and/or
translational inhibition. Many microRNAs have been found to promote or inhibit the
activation of myofibroblasts. MiR-30c suppresses EMT by targeting Snai1 (Zhao
et al. 2017). MiR-200 family members including miR200a, b, and c and miR141
also inhibit EMT (Huang et al. 2015; Tang et al. 2013). MiR-221 blocks fibrob-
lasts activation induced by Ang II (Di et al. 2014). However, MiR-21 promotes
EMT induced by TGF-β1 (Liu et al. 2016), and microRNA-132 facilitates activation
and proliferation of FoxD1-derivative myofibroblast (Bijkerk et al. 2016). Besides
microRNA, recent studies indicate that long noncoding RNA (lncRNA) also plays
a critical role in regulating myofibroblast activation and renal fibrosis (Zhou et al.
2014a, b; Wang et al. 2018). These findings provide a novel approach to inhibiting
myofibroblast activation.

12.8 Therapies Directed at Myofibroblast

Given the importance of myofibroblasts in kidney fibrogenesis, inhibiting their acti-
vation and functions is a key avenue mitigating fibrotic lesions. Blocking myofi-
broblast activation from its diverse origins, abolishing the functions of differentiated
myofibroblast, and inducing myofibroblast apoptosis are therapeutic approaches.
Such therapies would theoretically be useful not only in the kidney but also in other
fibrotic organs.
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12.8.1 Therapies Based on Molecular Mechanism

Wehave summarized the profibrotic factors and antifibrotic factors in Table 12.2. The
therapies inhibiting myofibroblast activation and ECM production include blocking
profibrotic factors and their cascades; enhancing antifibrotic factors; and targeting
epigenetic modification.

TGF-β signaling is a well-knownmajor mediator of myofibroblast activation. Pir-
fenidone is a synthetic smallmolecule inhibiting TGF-β synthesis and shows promise
to attenuate kidney fibrosis (Allinovi et al. 2018). TGF-β neutralizing antibodies such
as Fresolimumab and LY2382770 have also been tested in clinical trials (Lee et al.
2015). Specific inhibitors of TGF-β downstream targets, including SIS3, GQ5 as
well as a number of miRNAs regulating TGF-β signaling, have also been discovered
(Ai et al. 2015). Restoration of BMP7 expression or treatment with recombinant
protein is another way to antagonize TGF-β signaling (McVicker and Bennett 2017).
THR-123 which is an agonist of BMP signaling suppresses EMT, inflammation,
and reverses established fibrosis (Sugimoto et al. 2012). Similarly, HGF has been
shown to ameliorate kidney fibrosis by antagonizing TGF-β signaling (Liu 2004).
A comprehensive review summarizes the inhibitors and agonists in renal fibrosis
based on TGF-β signaling and BMP signaling (Munoz-Felix et al. 2015). The glita-
zones, which are PPARγ agonists, are widely used in type 2 diabetes management.
They may be effective in treating fibrosis by antagonizing of TGF-β (Bolignano and
Zoccali 2012). Relaxin protein exhibits a similar role (Samuel and Hewitson 2009).
However, TGF-β signaling is important in immune regulation and tumor suppres-
sion, and this raises the concerns that the strategy to block TGF-β1 could lead to
adverse effects.

Outside of using TGF-β blockers, many other inhibitors also show promising
effects. The Gli inhibitor GANT61 represses the proliferation of Gli1+ myofibrob-
lasts and attenuates renal fibrosis (Kramann et al. 2015a, b). RAS inhibitors including
angiotensin-converting enzyme inhibitors (ACEI) and angiotensin receptor blockers
(ARBs) have been widely used in the clinic and appear to prevent or slow the pro-
gression of CKD. A β-catenin signaling inhibitor, ICG-001, disrupts the interaction
of β-catenin and cAMP response element binding (CREB) binding protein (CBP) to
reduce EMT and renal fibrosis (Zhou and Liu 2016b). Klotho inhibits Wnt/β-catenin
signaling via binding to Wnt ligands (Zhou et al. 2013a, b). The Notch γ-secretase
inhibitor, Dibenzazepine, represses fibroblast proliferation and activation in UUO
(Xiao et al. 2014). Inhibition of Shh signaling by smoothened inhibitor, cyclopamine,
reduces the accumulation of myofibroblasts (Zhou et al. 2014a, b). Recent studies
show that antagonizing type 2 cannabinoid receptor (CB2) by small molecule is also
effective in preventing and reversing kidney fibrosis in preclinical setting (Zhou et al.
2018a, b).

Different from these inhibitors targeting specific proteins, gene therapy by deliver-
ingmiRNAor small interferingRNA(siRNA) ameliorates disease by targeting genes.
The therapies based on siRNA like Smad4 siRNA, Smoc2 siRNA, and microRNA
like miR-let7c, miR-146a, all inhibit myofibroblast activation and attenuate renal
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fibrosis (Nastase et al. 2017). It will be important to ensure that RNA-based thera-
pies are targeted, to avoid off-target effects of these biologicals.

12.8.2 Therapies Targeting the Kidney

Systemic drug delivery can be subject to numerous deleterious actions via off-target
effects on normal organs or cells. Drug targeting strategies have the potential to solve
the problem by accurately delivering drugs to the exact target cells or tissues. Passive
targeting relies on blood flow, the pathophysiological characteristics of the organ and
physicochemical properties of the drug. Active targeting usually modifies drugs with
the ligands against a receptor or biomolecule expressed on targeted cells (Yazdani
et al. 2017).

The antifibrotic drug, IFN-γ, has several side effects such as lipolysis and
microglia activation. As discussed above, PDGFRβ is widely expressed by renal
stromal cells. By conjugating PDGFRβ recognizing peptide to PEGylated IFN-γ
(PPB-PEG-IFN-γ), this approach allows the peptide modified drugs to be specif-
ically targeted to PDGFRβ positive myofibroblast in UUO kidney (Poosti et al.
2015, 2016). Nanocarrier systems have successfully delivered drugs to epithelial
cells by targeting the low-density lipoprotein receptor-related protein 2 (commonly
known as megalin/cubilin), and folate receptor 1α in the luminal brush border which
cause proximal tubular epithelium to actively engulf them. The discovered nanocar-
rier materials include low-molecular-weight protein lysozyme (LZM), glucosamine,
low-molecular-weight chitosan, and folate (Falke et al. 2015). Supramolecular hydro-
gels composed by biocompatible materials like HA are another carrier possessing the
ability to release drugs at a controlled rate. Administration of IL-10 by local injecting
of HA-hydrogels inhibits renal fibrosis in UUO model (Nastase et al. 2017).

12.8.3 Induction of Myofibroblast Resolution

In a perfect wound healing process, myofibroblasts ultimately revert to quiescent
state or undergo apoptosis, leading to resolution after wound closure. However, in
organ fibrosis, the myofibroblast becomes resistant to deactivation or exhibit pro-
longed lifespan. ECM stiffness upregulates the expression of the proapoptotic acti-
vator, Bim, and myofibroblasts are then primed for apoptosis. However, simulta-
neous overexpression of the antiapoptotic protein, Bcl-xL, maintains myofibroblast
survival. ABT-263 terminates the antiapoptotic effects of Bcl-xL by releasing Bim to
bind in activated myofibroblasts, but not quiescent fibroblasts (Lagares et al. 2017).

Converting myofibroblasts back to tubular epithelial cells after EMT is an ambi-
tious goal and would not only decrease the matrix-producing cells but also aid in
repair of denuded and injured tubules. Kaminski et al. found that the overexpression
of four transcriptional factors, Emx2, Hnf1b, Hnf4a, and Pax8, in myofibroblasts
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led to this reverse transformation (Kaminski et al. 2016). The induced renal tubu-
lar epithelial cells (iRECs) had the global gene expression profile of primary renal
epithelial cells. They also demonstrate epithelial properties and functions and inte-
grate into decellularized tubules.

Althoughmany antifibrotic drugs have proven effective in preclinical experiments,
none have shown adequate efficacy in human clinical trials. Barriers to progress
might include patient heterogeneity, differences in underlying pathogenesis, single-
nucleotide polymorphisms, diverse epigenetic modifications (Allinovi et al. 2018)
and side effects (Falke et al. 2015). The strategies outlined above provide new hope
for the future of antifibrotic therapies in the kidney.

12.9 Conclusion

As the major effector cells, myofibroblasts play a fundamental role in the devel-
opment and progression of kidney fibrosis. The identification of different origins,
functional heterogeneity, and interplay of different signaling pathways and paracrine
mediators highlight the complexity of the biology of these cells, and also present the
challenge for therapeutic interventions. These findings, however, potentially offer
new possibility for designing specific and precision therapy for millions of patients
with fibrotic CKD. Future research must focus on resolving controversy, identifying
local networks of cellular and molecular interactions, further characterizing fibro-
genic niche, and ultimately translating these findings to the clinic.
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Chapter 13
Macrophages in Renal Fibrosis

Xiao-Ming Meng, Thomas Shiu-Kwong Mak and Hui-Yao Lan

Abstract Monocytes/macrophages are highly involved in the process of renal injury,
repair and fibrosis in many aspects of experimental and human renal diseases.
Monocyte-derived macrophages, characterized by high heterogeneity and plasticity,
are recruited, activated, and polarized in thewhole process of renal fibrotic diseases in
response to localmicroenvironment.As classically activatedM1orCD11b+/Ly6Chigh

macrophages accelerate renal injury by producing pro-inflammatory factors like
tumor necrosis factor-alpha (TNFα) and interleukins, alternatively activated M2
or CD11b+/Ly6Cintermediate macrophages may contribute to kidney repair by exert-
ing anti-inflammation and wound healing functions. However, uncontrolled M2
macrophages or CD11b+/Ly6Clow macrophages promote renal fibrosis via paracrine
effects or direct transition to myofibroblast-like cells via the process of macrophage-
to-myofibroblast transition (MMT). In this regard, therapeutic strategies targeting
monocyte/macrophage recruitment, activation, and polarization should be empha-
sized in the treatment of renal fibrosis.
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13.1 Introduction

Renal fibrosis is a common pathological feature of chronic kidney diseases (CKD)
and characterized by excessive extracellular matrix (ECM) deposition and myofi-
broblast accumulation (Meng et al. 2016a).Macrophages, firstly identified byMetch-
nikoff over one hundred years ago, are highly diverse and exhibit a wide range of
complex roles in host defense, tissue development, homeostasis, tissue injury and
repair, and fibrosis (Wilson et al. 2004; Wynn and Vannella 2016). In the kidney,
macrophages originate from yolk sac, fetal liver and bone marrow. It is noteworthy
that bone marrow myeloid progenitors-derived monocytes are the major source of
infiltratedmacrophages (Huen andCantley 2015). In the injured kidney, local produc-
tion of chemokines induces the infiltration of neutrophils and naïve monocytes from
which differentiate into phagocytic macrophages, and then they are polarized and
activated in response to the local immune microenvironment (Yona et al. 2013). As
the major mediator for inflammatory response, monocytes/macrophages are highly
involved in the process of renal injury and repair in many aspects of experimental and
human renal diseases (Duffield 2010). They are regarded as a critical link between
renal inflammation and fibrosis (Meng et al. 2014). Macrophages, with high hetero-
geneity and plasticity, are activated and polarized into different phenotypes in the
progression of renal disease, they then secrete various cytokines and growth factors
accordingly, which may alter the microenvironment in diseased kidney in a feedback
loop, the interplay between macrophages and neighboring cells such as immune
cells and resident kidney cells may determine the fate of renal diseases (Anders and
Ryu 2011; Duffield 2010; Ricardo et al. 2008). In this setting, this chapter high-
lighted recent progress in the understanding of the role of monocytes/macrophages
in renal fibrosis, with a focus on the monocytes/macrophages recruitment, pheno-
types, functions, and regulatory mechanisms in progression of renal fibrosis, then
the therapeutic potential for macrophage-based or targeted therapy for renal fibrosis
were also discussed.

13.2 Recruitment of Monocytes/Macrophages
in the Kidney

Previous studies have shown that the recruitment of bone marrow-derived mono-
cytes into kidney is a critical step for renal inflammation (Braga et al. 2018), with
extensive discussion on the several key chemokines involved. CCR2 and its main
ligand, CCL2 (also called MCP-1), are indicated in various types of kidney diseases;
they are responsible for the recruitment of Ly6CHigh monocytes and regulation of
bone marrow-derived fibroblasts in injured kidney (Braga et al. 2018). Emerging
evidence further shows that knockout of CCR2 and 4, instead of CCR3 and 5, atten-
uates renal fibrosis (Braga et al. 2018), these results are further confirmed by the
finding that treatment of CCX140-B, a CCR2 inhibitor, protects against type 2 dia-
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betic nephropathy (Weir 2015). Transforming growth factor-β (TGF-β) is reported
to up-regulate the expression of CCL2 in macrophages and then promote monocyte
recruitment and macrophage accumulation (Border and Noble 1994). The inter-
action between CX3CL1 and CX3CR1 is also responsible for the infiltration of
Ly6C-CX3CR1high macrophages, which contribute significantly to unilateral ureteral
obstruction (UUO)-induced renal fibrosis (Peng et al. 2015).Additionally, chemokine
CXCL16 and its receptor CXCR6 play important roles in recruiting monocytes from
circulation to the injured kidney inUUOnephropathy, hypertensive nephropathy, and
ischemia-reperfusion acute kidney injury (AKI) (Chen et al. 2011; Xia et al. 2013,
2014a, b). Tubular-derived IL-34, being one of the macrophage differentiation and
growth factors, shares a common receptor with macrophage colony-stimulating fac-
tor (M-CSF). It fails to alter kidney macrophages’ activation phenotypes but induces
persistent tubular injury via macrophage recruitment and proliferation in the later
stages of tubular repair and fibrosis (Baek et al. 2015). Newer evidence shows that
the accumulation of B cells in the early stage of kidney injury enhances mono-
cyte/macrophage mobilization and recruitment, thereby accelerates renal fibrosis in
UUO nephropathy (Han et al. 2017).

13.3 Activation and Polarization
of Monocytes/Macrophages in the Kidney

As aforementioned, bone marrow myeloid progenitors-derived monocytes are the
major source for infiltrated macrophages (Duffield 2010; Wilson et al. 2004). Mono-
cytes could be categorized into different subsets as defined by lymphocyte antigen
6C (Ly6C), an antigen representing the stages of a continuous maturation pathway,
and chemokine receptor profiles like CCR2 and CX3CR1 (Ricardo et al. 2008;
Sunderkötter et al. 2004). For example, CCR2+Ly6C+ monocyte recruited to the
site of inflammation has been identified as a specific monocyte subset that func-
tions in immune response and tissue remodeling (Geissmann et al. 2003). Mono-
cytes then differentiate into macrophages with distinct activation states in response
to local microenvironment. To represent the Th1/Th2 paradigm, classification of
M1/M2 macrophages has been widely used, although it may be a gross over-
simplification of representing the expanded phenotype diversity accurately (Guil-
liams et al. 2014; Martinez and Gordon 2014; Murray et al. 2014; Wermuth and
Jimenez 2015). Pro-inflammatory M1 macrophages, also termed as classically acti-
vated macrophages, are induced by interferon (IFN)-γ and lipopolysaccharide (LPS)
in vitro, while wound healing/pro-fibrotic M2macrophages, also called alternatively
activatedmacrophages, are generated by interleukin (IL)-4 and IL-13 incubation.M2
macrophages could be further subcategorized based on different stimuli and func-
tions: IL-4 and IL-13 trigger M2a macrophages; immune complexes induce M2b
macrophages; IL-10 plus TGF-β or glucocorticoids induce anti-inflammatory M2c
macrophages (Anders and Ryu 2011). In the injured kidney, macrophages are acti-
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vated by multiple factors, which include other types of immune cells like T cells
and NK cells, pathogen-associated molecular patterns (PAMPs), damage-associated
molecular patterns (DAMPs), and immune complexes (Anders 2010; Duffield 2010).
M1 macrophages are generally induced by pro-inflammatory cytokines like IFN-
γ, LPS, and TNF-α while M2 macrophages are polarized by Th2 cytokines, and
macrophages gained M2 phenotype after engulfing apoptotic cells (Anders and Ryu
2011; Swaminathan and Griffin 2008; Vinuesa et al. 2008). Evidence shows that high
level of iNOS, instead of Arginase 1, is expressed in macrophages 24 h post-injury,
indicating that pro-inflammatory M1 macrophages become predominant in the early
stage of kidney diseases (Lee et al. 2011). Additionally, polarization betweenM1 and
M2 is also detectable in vivo, which is supported by the finding that IFN-γ-stimulated
M1 cells can switch to M2 in the repaired kidney after being injected in the early
stage of AKI model (Lee et al. 2011).

Macrophages derived from circulating inflammatory Ly6Chigh monocytes could
also be divided into three subcategories depending on the level of Ly6C mark-
ers (Clements et al. 2016; Lin et al. 2009). CD11b+/Ly6Chigh macrophages are
associated with the initiation of renal injury, they mimic the function of M1
macrophages by producing abundant pro-inflammatory cytokines (e.g., TNF-α)
and chemokines (e.g., MIP-1) (Meng et al. 2015). Deletion of circulating mono-
cytes and recruited Ly6Chigh macrophages attenuates renal fibrosis (Lin et al.
2009). The number of the CD11b+/Ly6Cintermediate macrophages is significantly
increased during the repair stage. By contrast, CD11b+/Ly6Clow macrophages
are predominant in renal fibrosis through producing pro-fibrotic factors includ-
ing platelet-derived growth factor (PDGF), insulin-like growth factor (IGF)-1, and
CCL17, which are highly correlated to wound healing and fibrogensis (Duffield
2010). Additionally, gene signature in CD11b+/Ly6Clow macrophages has been
well defined and within the significantly altered genes, SPARC regulates the
production of ECM while TIMP2 prevents MMPs-mediated ECM turnover and
enhances matrix accumulation (Fan et al. 2014; Wang et al. 2010). Additionally,
Macrophages-derived IGF-1 attenuates myofibroblast apoptosis and enhances colla-
gen production (Wynes et al. 2004). In rhabdomyolysis-induced AKI mouse model,
macrophage polarization was detected during the disease progression, an abun-
dance of F4/80lowCD11bhighLy6bhighCD206low macrophages was found in kidney
two days after rhabdomyolysis, whereas F4/80highCD11b+Ly6blowCD206high cells
became predominant by day 8 (Belliere et al. 2015). All these evidences indicate the
pro-fibrotic role of CD11b+/Ly6Clow macrophages in renal fibrosis.

13.4 Role of Monocytes/Macrophages in Kidney Injury

Glomerular and interstitial macrophage infiltration is detectable in different types
of AKI and progressive CKD of both experimental models and human biopsies
(Wilson et al. 2004). Classically activated macrophages produce pro-inflammatory
factors like IL-1, TNF-α, IL-6, IL-23, ROS, NO, and iNOS, overproduction of these
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factors induces severe kidney damage. Pro-inflammatory macrophages infiltration is
highly correlated with the degree of renal damage in both AKI and CKD models.
By using different macrophage depletion and transfer techniques, pathogenic roles
of these pro-inflammatory macrophages have been determined in different kidney
diseasemodels (Cao et al. 2013). Liposomal clodronate-mediatedmacrophage deple-
tion in early stage of ischemia-reperfusion injury (IRI) and rhabdomyolysis-induced
AKI significantly reduces renal injury and long-term renal fibrosis, indicating the
pathogenic role of M1 macrophages in the initiation of kidney injury (Belliere et al.
2015; Day et al. 2005; Jo et al. 2006; Ko et al. 2008). Additionally, depletion of
macrophages with clodronate liposome or CCR2 deficiency attenuates renal injury
and fibrosis in UUO nephropathy (Kitagawa et al. 2004; Kitamoto et al. 2009). Pro-
inflammatory macrophages also mediate renal injury in CKD model, macrophages
deletion or deactivation by clodronate, c-fms inhibitor, or JNK inhibitor prevents the
progression of crescentic anti-GBM glomerulonephritis (D’Souza et al. 1999; Han
et al. 2011; Ma et al. 2009). In contrast, adoptive transfer of bone marrow-derived
macrophages in early stage of the same diseasemodel enhances renal injury (Ikezumi
et al. 2003). Taken together, pro-inflammatoryM1macrophages enhance renal injury
possibly through mechanism as follows: First, accelerating renal inflammation by
releasing an abundance of pro-inflammatory cytokines and chemokines (Cao et al.
2013); second, overproduction of ROS and TNF-α by macrophages induces apopto-
sis of renal resident cells, including tubular epithelial cells (TECs) and endothelial
cells, and prevents their proliferation, thereby increases renal injury (Kluth et al.
2004); third, a plethora of pro-fibrotic cytokines and growth factors released from
macrophages triggers abnormal wound healing and leads to renal fibrosis eventually
(Anders and Ryu 2011).

13.5 Role of Monocytes/Macrophages in Kidney Repair

Anti-inflammatory and reparative roles of macrophages have been well studied
(Day et al. 2005; Huen and Cantley 2015; Lee et al. 2011). M2 macrophages and
CD11b+/Ly6Cintermediate macrophages become predominant in the repair stage of
kidney disease models such as IRI and UUO nephropathy, and they serve as key
regulators for renal inflammation resolution and wound healing (Cochrane et al.
2005; Lee et al. 2011). Fluorescence-labeled cell tracing study shows that 6 days
after IRI, a majority of macrophages loss iNOS markers and gained high level
of Arginase 1, showing the phenotypic switch of macrophages toward M2 in the
repair phase of AKI (Lee et al. 2011). Depletion of macrophages in late stage of
IRI model reduces TEC proliferation and delays renal repair, but transferring IL-4-
polarizedM2macrophages induces the repair process (Vinuesa et al. 2008). IL-4/IL-
13-polarized M2a macrophages are essential for the recovery from ischemic AKI
(Zhang et al. 2017). Additionally, calcium-binding protein S100A8/A9 complex,
as a typical DAMP, promotes M2 polarization, thereby increases renal repair fol-
lowing IRI (Dessing et al. 2015). M2 macrophages exhibit anti-inflammatory effect
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mainly through induction of anti-inflammatory factors and high endocytic capaci-
ties (Ricardo et al. 2008). M2 macrophages synthesize an abundance of IL-10 after
engulfing unwanted cells and their debris. They produce other anti-inflammatory
cytokines and trophic factors like TGF-β, IGF, and hepatocyte growth factor (HGF).
M2 macrophages can deactivate T cells and macrophages to alleviate renal inflam-
mation. It is noteworthy that M2c macrophages induce production of Tregs to exert
more powerful anti-immunological effects compared with other subtypes (Lu et al.
2013; Mu et al. 2005). Moreover, M2 macrophages stimulate angiogenesis and pro-
mote endothelial repair (Mantovani et al. 2013). Failure of polarization from pro-
inflammatory M1 to reparative M2 macrophages leads to progressive renal inflam-
mation and fibrosis after IRI (Lech et al. 2014). Macrophage-derived Wnt7b sig-
naling enhances epithelial response and accelerates renewal of stem cells or pro-
genitor cells, thereby induces renal repair following IRI directly (Lin et al. 2010).
BRP-39, a macrophage-produced chitinase-like protein, prevents tubular apoptosis
in a PI3K/AKT-dependent manner (Schmidt et al. 2013). Macrophage-derived HO-
1 also contributes to macrophage-mediated renoprotective effect (Ferenbach et al.
2010, 2011). Furthermore, cross talk between injured tubular cells and activated
macrophages via retinoic acid signaling also coordinates tubular repair (Chiba et al.
2016).

13.6 Role of Monocytes/Macrophages in Kidney Fibrosis
and Fibrolysis

Anti-inflammatorymacrophages promote tubular re-epithelialization via the produc-
tion of trophic factors. However, unresolved or severe inflammation initiates renal
fibrosis (Anders and Ryu 2011). Evidence shows that depletion of macrophage atten-
uates renal fibrosis inmost occasions, showing the pro-fibrotic effect of macrophages
in various renal diseases (Meng et al. 2014; Vernon et al. 2010; Zeisberg and
Duffield 2010). For example, depletion of monocytes/macrophages by liposome-
encapsulated clodronate (LEC) lowers blood pressure and reduces hypertensive renal
injury and fibrosis (Huang et al. 2018). Liposomal clodronate-mediated depletion of
macrophages prevents renal fibrosis following IRI and UUO nephropathy (Ko et al.
2008; Sung et al. 2007), this is further evidenced by the finding that mutation of
MCP-1 gene significantly suppresses renal fibrosis (Wada et al. 2004). Of note, large
numbers of M2 macrophages, detected in the active fibrotic area in renal biopsy
of IgA patients, are positively correlated with the severity of glomerulosclerosis
and interstitial fibrosis (Ikezumi et al. 2011). Consistently, glucocorticoid treatment
accelerates global glomerulosclerosis in rat thy-1 mesangial proliferative glomeru-
lonephritis, and it is correlated with increased numbers ofM2macrophages (Ikezumi
et al. 2010). Moreover, deficiency of macrophages in fibrotic phase prevents renal
fibrosis via reducing TGF-β1 expression and capillary rarefaction (Han et al. 2013).
Collectively, macrophages promote renal fibrosis possibly through mechanisms as
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followed: First, M2 macrophages produce numbers of pro-fibrotic factors, such as
TGF-β1, fibroblast growth factor 2 (FGF-2), PDGF, and galectin-3, which promote
myofibroblast proliferation, survival, and activation, and overproduction of ECM
(Floege et al. 2008; Henderson et al. 2008;Wynes et al. 2004), althoughmacrophage-
derived TGF-β1 may not be essential for UUO-induced renal interstitial fibrosis
(Huen et al. 2013); second, macrophage-derived cytokines and factors, such as IL-1,
matrix metalloproteinases (MMP)-9, TGF-β1, angiotensin (Ang)-II, PDGF, IGF-
1 and FGF-2, enhance myofibroblasts transdifferentiation or activation from tubu-
lar epithelial cells via epithelial-mesenchymal transition (EMT), endothelial cells
via endothelial-mesenchymal transition (EndoMT), pericytes, local fibroblasts, and
mesangial cells (Falke et al. 2015; LeBleu et al. 2013; Meng et al. 2013). Third,
macrophages produce fibronectin and collagen in response to pro-fibrotic microen-
vironment (Gratchev et al. 2001; Schnoor et al. 2008). Emerging evidence indicates
that monocytes/macrophages transdifferentiate into collagen-producing fibrocytes
(Duffield 2010) or directly into myofibroblast-like cells (Bertrand et al. 1992; Chen
et al. 2014; Mooney et al. 2010; Nikolic-Paterson et al. 2014; Pilling and Gomer
2012). Fourth, activated macrophages damage glomerular and peritubular capillar-
ies, and thereby promote hypoxia-driven fibrosis (Fine and Norman 2008; Han et al.
2013). However, we should note that M2 macrophages might not definitely con-
tribute to renal fibrosis (Anders and Ryu 2011). Inflammation and epithelial healing
characterize the first-line danger response program for wound healing. Fibrosis, a
major event in the second-line danger response program, only occurs when epithe-
lial healing is incomplete or insufficient, such as in the cases of sustained injury and
unresolved renal inflammation (Gurtner et al. 2008). During inflammatory response,
bonemarrow-derivedmacrophages are recruited into the inflamed kidney and further
differentiate into collagen-producing myofibroblasts locally in the injured kidney via
newly identified phenomenon termed macrophage-to-myofibroblast (MMT) (Wang
et al. 2016, 2017; Meng et al. 2016b; Tang et al. 2018). The MMT cells can be rec-
ognized by their co-expression of macrophage (CD68) and myofibroblast (α-smooth
muscle actin, α-SMA) markers in the diseased kidney and account for more than
half of α-SMA-expressing macrophages in both human and experimental models
of chronic kidney diseases including chronic renal allograph rejection (Wang et al.
2016, 2017; Meng et al. 2016b; Tang et al. 2018). However, some studies show that
bone marrow-derived cells make only a small fraction of contribution to myofibrob-
lasts directly; these conflicting results warrant further investigation (Lin et al. 2008;
Roufosse et al. 2006; Kramann et al. 2018).

In the fibrolysis stage, macrophages could serve as a negative regulator for renal
fibrosis (Anders andRyu2011). Evidence shows that fibrolyticmacrophage promotes
resolution of renal fibrosis through producing matrix metalloproteinases (MMPs),
and thereby degrades ECM in fibrotic kidney (Anders and Ryu 2011; Ronco and
Chatziantoniou 2008). However, the exact phenotype for fibrolytic macrophage is
not fully understood. Regression of established fibrosis has been well studied in liver,
depletion of macrophages in the late stage of CCL4-induced liver fibrosis prevents
the clearance of liver scars, whichmay be caused by the loss ofmacrophage-triggered
hepatic stellate cell (HSC) apoptosis (Duffield et al. 2005a), Moreover, macrophage-
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producedMMP-13 removes fibrotic scar in liver (Fallowfield et al. 2007). Transfer of
bonemarrow-derivedmacrophages reverses liver fibrosis andpromotes liver recovery
(Thomas et al. 2011). In kidney, deficiency of angiotensin II type 1 receptor (AngIIr1)
reduces the phagocytic activity of macrophages, thereby promotes renal fibrosis as
compared withmice transplanted with AngIIr1+/+ bonemarrow cells in the late phase
ofUUOnephropathy (Nishida et al. 2002).Additionally, urokinase-typeplasminogen
activator receptor (uPAR) enhances macrophage infiltration and scavenger receptor
function, therefore increasing the resolution of renal fibrosis (Zhang et al. 2003). In
addition, adoptive transfer of macrophages 14 days after UUO surgery attenuates
renal fibrosis and enhances renal repair in a MMP-2-dependent manner (Nishida
et al. 2005, 2007). Of note, functions of MMPs vary in different stages of renal
diseases, for example, MMP-2 andMMP-9 are pathogenic by destroying glomerular
and tubular basement membranes and inducing EMT in early stage of renal diseases
(Cheng and Lovett 2003; Cheng et al. 2006; Rao et al. 2006; Ronco et al. 2007).

13.7 Regulatory Mechanisms of Macrophage Polarization
in Renal Fibrosis

Molecular mechanisms underlying the activation and polarization of macrophages
have been extensively investigated (Meng et al. 2015). Increasing evidence shows that
macrophage polarization is regulated by various transcriptional factors like STATs,
PPARs, KLFs, and C/EBP and multiple signaling pathways such as NF-κB, JNK,
JAK/STAT, PI3K/AKT, Wnt/β-catenin, and Notch signals (Kapoor et al. 2015; Pic-
colo et al. 2017; Zhou et al. 2014). Some other mediators have also been identified,
for example, high-mobility group box 1 (HMGB1) protein produced by TEC and
infiltrated macrophages contribute to theM1macrophage activation, as shown by the
high level of iNOS and suppression of IL-10 inmacrophages. BlockingHMGB1 pro-
duction with a glycyrrhizic acid derivative reduced M1 polarization, kidney injury
and fibrosis in UUO nephropathy (Tian et al. 2015). Knockout of suppressor of
cytokine signaling-3 (SOCS-3), a critical intracellular negative regulator, enhances
cell proliferation and M2 activation in a JAK/STAT-dependent mechanism while
overexpression of SOCS-3 in TECs induces classical activation of the cocultured
macrophages, indicating its role in macrophage polarization (Susnik et al. 2014).
A recent study showed that myeloid-specific knockout of the transcription factor
recombination signal binding protein-Jκ (RBP-J), a modulator essential for Notch
activation, decreased monocyte infiltration and macrophage activation, thereby alle-
viated renal fibrosis (Jiang et al. 2018).

Mediators for M2 polarization have also been extensively reviewed. CSF-1 is
an important inducer for macrophage polarization. Loss of CSF-1 reduces M2
macrophages, thereby inhibits TEC proliferation and tubular repair (Menke et al.
2009; Zhang et al. 2012). This is confirmed by the finding that CSF-1 pro-
moted renal crystals clearance in hyperoxaluric mice via increasing the number
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of CD11b+F4/80+CD163+CD206high M2 cells (Taguchi et al. 2014). Although
granulocyte-macrophage (GM)-CSF usually induces the differentiation of periph-
eral Ly6Chigh monocytes to pro-inflammatory M1 macrophages (Lenzo et al. 2012;
Murray andWynn 2011), a recent in vivo study identifiedmacrophages with a unique
alternative activation state in response to GM-CSF, they were found in macrophages
isolated from repair phase of injured kidneys in IRI model and promoted tubular pro-
liferation and repair (Huen et al. 2015; Takeda et al. 1996). Additionally, treatment of
IL-25, a novel cytokine for M2 polarization both in vivo and in vitro, prevents renal
injury in adriamycin nephropathy via a IL-4/IL-13-dependent manner (Cao et al.
2011). Netrin-1 is an anti-inflammatory molecule induced in TECs from IRI model;
it suppresses monocyte migration and function by targeting chemokines and NF-κB
signaling. Netrin-1 transgenic mice show an increase inM2macrophages infiltration
with upregulation of IL-4, IL-13, and arginase-1 in a PPAR-dependent mechanism,
showing that Netrin-1 is a critical inducer for M2 polarization (Ranganathan et al.
2013). Calcitriol, a bioactive 1,25-dihydroxyvitamin D3, promotes M2 polarization
while inhibiting macrophage recruitment and activation, thereby attenuates protein-
uria and renal injury in diabetic nephropathy (Zhang et al. 2014). In addition, loss of
p53 from bonemarrow accelerates renal injury and impairs renal repair caused by the
deficiency of KLF4 expression and M2 polarization (Sutton et al. 2013). Moreover,
paracrine effects of mesenchymal stem cells (MSCs) increases the infiltration of M2
macrophages which protects against renal acute injury, and the adoptive transfer of
MSCs-cocultured macrophages in macrophage depletion mice induces much milder
renal injury compared with control (Geng et al. 2014). The functions ofMSCs onM2
polarization have also been reported in IRI injury (Wise et al. 2014). Additionally,
recent in vivo studies showed that Wnt/β-catenin signaling promoted renal fibrosis
by enhancing macrophage proliferation and M2 polarization in STAT3-dependent
mechanisms (Feng et al. 2018a, b).

13.8 Monocyte/Macrophage-Based or Targeted Therapy
in Treatment of Renal Fibrosis

Till now, therapeutic strategies by interfering with monocyte/macrophage recruit-
ment, activation and polarization, or adoptive transfer of polarized macrophages
have been extensively studied.

Previous studies showed that DNA vaccination or neutralized antibody-mediated
inhibition of chemokines, like CCL2 and CCL5, prevents macrophage infiltration
and renal damage in adriamycin nephropathy (Wu et al. 2005; Zheng et al. 2006),
nephrotoxic serum nephritis (Lloyd et al. 1997; Tang et al. 1996; Wada et al. 1996),
and anti-thy1.1 nephritis (Wenzel et al. 1997). Inhibition of CX3CR1 or intercel-
lular adhesion molecule-1 (ICAM-1) protects against crescentic glomerulonephri-
tis and nephrotoxic nephritis (Feng et al. 1999; Kawasaki et al. 1993). Addition-
ally, anti-macrophage serum-induced depletion of macrophage prevents experimen-
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tal glomerulonephritis (Holdsworth et al. 1981). Blocking c-fms, a receptor for CSF,
protects against UUO and diabetic nephropathy by reducing the recruitment and pro-
liferation of macrophages (Le Meur et al. 2002; Lim et al. 2009). Moreover, liposo-
mal clodronate-mediated clearance ofmacrophage alleviates renal fibrosis (Kitamoto
et al. 2009), this finding is further confirmed by the study showing that conditional
depletion of CD11b+ cells attenuates crescentic glomerulonephritis (Duffield et al.
2005b; Wang and Harris 2011). Notwithstanding, inconsistent evidence shows that
blocking CCL2 or CCL5 fails to attenuate renal injury, indicating that the success
of therapy by inhibiting macrophages recruitment might depend on the types and
stages of kidney diseases (Anders et al. 2003; Clauss et al. 2009).

Accumulating evidence shows that modification of macrophage activation states
could also prevent renal fibrosis. A recent study demonstrated that Beta-2 adrenergic
receptor (β2AR) agonists increased the binding of β-arrestin2 and IκBα, leading to
the down-regulation of NF-κB and deactivation of macrophages, thereby protected
against diabetic renal complication (Noh et al. 2017). Blocking NF-κB signaling
by antisense oligonucleotides or its natural inhibitor IκB suppresses the classical
activation of macrophages but increases anti-inflammatory macrophages, thereby
limits kidney injury (Tomita et al. 2000; Wilson et al. 2005). By increasing IL-4/IL-
13-mediated M2 polarization, IL-25 protects against adriamycin nephropathy (Cao
et al. 2011). Additionally, treatment of Quercetin reduced macrophage infiltration
and M2 polarization by preventing ECM production and interstitial fibrosis in a
TGF-β1/Smad-dependent mechanism in obstructive nephropathy (Lu et al. 2018).

Modifiedmacrophages are directly used to treat renal diseases in some studies. IL-
4/IL-13-polarized M2a spleen macrophages were transferred into SCID mice where
functions of endogenous immune cells were excluded, results showed that renal
histology and function were both restored in adriamycin nephropathy (Wang et al.
2007). The protective effect of ex vivo polarized macrophages was further confirmed
in streptozotocin-induced type 1 diabetic nephropathy (Parsa et al. 2012). Of note,
IL-10 and TGF-β-induced M2c macrophages show high efficiency in reducing renal
damage and proteinuria compared with M2a, because they are capable of inducing
immunosuppressing regulatory T cells differentiation via a B7-H4-dependant mech-
anism (Cao et al. 2010; Lu et al. 2013). IL-10/TGF-β or IL-4/IL-13-modified bone
marrow-derived macrophages have limited protective effect due to the finite prolif-
eration capacity of bone marrow cells, so it may confine the clinical application of
macrophage-based therapy bymodifying bone marrow cells from patients (Cao et al.
2014).

13.9 Conclusions and Perspective

Taken together, monocytes and macrophages are recruited into the injured kidney
by chemokines released from kidney, and then they are activated and polarized
into distinct phenotypes in response to the local microenvironment. Macrophages
with different activation stages exert distinct or even diverse effects in the processes
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Fig. 13.1 Polarization and function of macrophages in renal injury, repair, and fibrosis

of renal injury, repair, and fibrosis (Fig. 13.1). Uncontrolled M2 macrophages or
CD11b+/Ly6Clow macrophages promote renal fibrosis via paracrine effects or direct
transition tomyofibroblast-like cells. In this regard, inhibitingmonocyte/macrophage
recruitment, modifying macrophage activation and polarization, or adoptive transfer
of polarized macrophages may be promising therapies for renal fibrosis.
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Chapter 14
Targeting Bone Marrow-Derived
Fibroblasts for Renal Fibrosis

Changlong An, Li Jia, Jia Wen and Yanlin Wang

Abstract Renal fibrosis is a major pathological feature of chronic kidney disease,
which is characterized by massive fibroblast activation and excessive production and
deposition of extracellular matrix (ECM). Renal fibrosis results in progressive loss of
kidney function; however, there is currently no effective therapy available clinically
to treat or even reverse renal fibrosis. Although activated fibroblasts/myofibroblasts
are responsible for the production and deposition of ECM, their origin has been debat-
able. Recent studies have provided compelling evidence that bone marrow-derived
fibroblast precursors contribute significantly to the population of myofibroblasts and
the development of renal fibrosis. Therefore, targeting themolecular signalingmech-
anisms underlying the recruitment and activation of the bone marrow-derived fibrob-
last precursors may serve as novel therapeutic strategy for chronic kidney disease.
In this review, we appraise recent advances in our understanding of the recruitment
and activation of bone marrow-derived fibroblast precursors in the kidney and the
development of renal fibrosis and highlight novel molecular signaling pathways that
may lead to the development of new therapies for chronic kidney disease.
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14.1 Introduction

Chronic kidney disease is a global public health problem that affects more than 20
million Americans who have chronic kidney disease and more than 450,000 Amer-
icans who suffer from end-stage renal disease (ESRD) requiring renal replacement
therapy. Chronic kidney disease is the eighth leading cause of death in the USA
and over 1 million people die from chronic kidney disease yearly worldwide. Renal
fibrosis is a common pathological feature of chronic kidney disease regardless of
various causes, which is associated with extensive accumulation of activated fibrob-
last/myofibroblasts and production and deposition of extracellular matrix including
collagen type I, III, IV, fibronectin, vimentin, and proteoglycans at the site of tissue
injury (Farris and Colvin 2012; Conway and Hughes 2012; Zeisberg and Neilson
2010; Yan et al. 2016).

Fibrosis is considered the consequence of dysregulated wound healing, in which
multiple cell types such as resident fibroblasts and bone marrow-derived cells are
recruited to the site of injury to participate in a wound-healing response. Renal
interstitial fibrosis is characterized by massive fibroblast activation and excessive
production and deposition of extracellular matrix. During the pathological devel-
opment of renal fibrosis, extracellular matrix and fibroblasts replace normal kidney
parenchyma, which leads to the destruction and collapse of kidney parenchyma
resulting in progressive loss of kidney function. Fibrosis is a complex pathological
process that is associated with the infiltration of inflammatory cells, accumulation
of fibroblasts, and increase extracellular matrix deposition.

14.2 What Are Fibroblasts?

Fibroblasts are mesenchymal cells that exhibit spindle-shaped morphology. Due to
the lack of specific markers, it is quite challenging to distinguish fibroblasts from
other cells of mesenchymal origin such as pericytes, vascular smooth muscle cells,
and resident mesenchymal stem cells (Strutz and Zeisberg 2006). These cells pro-
duce extracellular matrix including collagens, fibronectin, and other matrix proteins.
Moreover, these cells synthesize matrix metalloproteinases and tissue inhibitors of
metalloproteinases. Therefore, fibroblasts play an essential role in themaintenance of
normal tissue structure and function (Strutz and Zeisberg 2006;Meran and Steadman
2011). Furthermore, interstitial fibroblasts in the kidney possess endocrine function
through secretion of erythropoietin, which controls erythropoiesis by regulating the
proliferation and differentiation of erythroid precursor cells (Zeisberg and Kalluri
2015).
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14.3 What Are Myofibroblasts?

Activatedfibroblasts termedmyofibroblasts possess a unique contractile property that
is characterized by expression of alpha-smoothmuscle actin (α-SMA) (Tomasek et al.
2002). Myofibroblasts display an active phenotype with a large oval nucleus, abun-
dant rough endoplasmic reticulum, and several sets of Golgi apparatuses (Zeisberg
and Kalluri 2015). These features reflect their capacity to produce large amounts
of extracellular matrix components. Fibroblasts activation into myofibroblasts is
considered the principal cells that are responsible for the production of extracellular
matrix during the pathogenesis of fibrotic kidney disease (Neilson 2006; Eddy 2005).
However, the origin of the activated fibroblasts has been of intensive debate. It is tra-
ditionally thought that myofibroblasts are arisen from resident fibroblasts within the
kidney. However, recent evidence indicates that myofibroblasts may originate from
epithelial/endothelial transition (Iwano et al. 2002; Liu 2010; Sato et al. 2003; Zeis-
berg and Kalluri 2004; Zeisberg et al. 2008), pericytes (Lin et al. 2008; Humphreys
et al. 2010), and bonemarrow-derived progenitor cells (Iwano et al. 2002; Sakai et al.
2006; Grimm et al. 2001; Lebleu et al. 2013). Recent studies have shown that acti-
vated fibroblasts/myofibroblasts may originate from bone marrow-derived fibroblast
precursors (Iwano et al. 2002; Sakai et al. 2006; Grimm et al. 2001; Broekema et al.
2007; Chen et al. 2011; Yan et al. 2016).

14.4 What Are Bone Marrow-Derived Fibroblasts?

Bone marrow-derived fibroblast precursors termed fibrocytes were first described as
a subpopulation of leukocytes that express the hematopoietic stem cell/progenitor
marker CD34, the leukocyte common antigen CD45 (a pan-hematopoietic cell
marker), monocyte markers such as CD11b in conjunction with mesenchymal cell
markers such as vimentin, collagen I, and collagen III (Bucala et al. 1994). The
expression of the stem cellmarker CD34 supports the notion that fibrocytes constitute
a bone marrow-derived fibroblast population that circulates in the peripheral blood
(Herzog and Bucala 2010). While CD45 shows more robust expression than CD34,
bothCD45 andCD34 downregulated in situ fibrocytes differentiate andmature (Mori
et al. 2005). Fibrocytes can be easily isolated from peripheral blood mononuclear
cells on either plastic or fibronectin-coated tissue culture plate in vitro. Under physio-
logical condition, fibrocytes represent less than 1% of circulating leukocytes (Bucala
et al. 1994). However, the number of fibrocytes increases significantly in response
to certain chemokines or under pathological conditions such as fibrotic or inflam-
matory disorders (Herzog and Bucala 2010). The co-expression of CD45 or CD34
with collagen I or procollagen I is commonly used to identify bone marrow-derived
fibroblasts/fibrocytes (Chen et al. 2011; Moeller et al. 2009). Fibrocytes also express
other matrix proteins such as fibronectin and vimentin and additional hematopoietic
markers such as CD11b, CD13, and leukocyte-specific protein 1 (LSP1) (Herzog and
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Bucala 2010). Furthermore, fibrocytes possess antigen presentation property through
expressing cell surface proteins including the class II major histocompatibility com-
plexmolecules and the costimulatorymolecules such as CD80 and CD86. Therefore,
fibrocytes are capable of activating naïve T cells (Chesney et al. 1997).

Recent studies have demonstrated that bonemarrow-derived fibroblasts contribute
to 30–60% of activated fibroblast/myofibroblast population during the development
of renal fibrosis depending on experimental models, timing of detection, lineage trac-
ing methods, and detection techniques (Lebleu et al. 2013; Broekema et al. 2007;
Chen et al. 2011; Li et al. 2007;Wang et al. 2016; Xia et al. 2014b; Dong et al. 2016).
In a clinical study of mismatched kidney transplantation in humans, the host-derived
α-SMA-positive cells constitute 30% of α-SMA-positive myofibroblast population
in allografts undergoing chronic rejection (Grimm et al. 2001). In rodent models of
renal fibrosis, we and others have shown that bone marrow-derived fibroblast pre-
cursors migrate into the kidney in response to injury, contributing significantly to
the population of myofibroblasts (Iwano et al. 2002; Broekema et al. 2007; Chen
et al. 2011; Xia et al. 2014b; Roufosse et al. 2006). In an experimental study, Iwano
et al. have demonstrated that 15% of fibroblasts derived bone marrow are present
in the kidney 10 days after obstructive injury using bone marrow transplantation of
transgenic mice that express fibroblast-specific protein 1 (FSP1) (Iwano et al. 2002).
Another experimental study has shown that bone marrow-derived myofibroblasts
contribute to 30% α-SMA-positive myofibroblasts 7 days after ischemia-reperfusion
injury using bone marrow transplantation of transgenic rats that express human pla-
cental alkaline phosphatase (Broekema et al. 2007). More recently, LeBleu et al.
have reported that 35% α-SMA-positive myofibroblasts are derived from bone mar-
row after obstructive injury 10 days using bone marrow transplantation of transgenic
mice that express red fluorescence protein (RFP) that is driven by α-SMA promoter
(Lebleu et al. 2013).Moreover, we have shown that bonemarrow-derived hematopoi-
etic fibroblasts proliferate and differentiate into myofibroblasts and migrate into the
kidney using bone marrow transplantation of transgenic mice that express green flu-
orescence protein (GFP) that is driven by collagen α1(I) promoter (Xia et al. 2014b).
One potential pitfall of bonemarrow transplantation is the rate of engraftment of bone
marrow cells. It is technically challenging to obtain 100% bone marrow reconstitu-
tion from donor mice. Therefore, this technique may underestimate the contribution
of bone marrow-derived fibroblasts to the development of renal fibrosis. To objec-
tively quantify the number of bone marrow-derived hematopoietic fibroblasts in the
kidney, we have stained freshly isolated kidney cells with CD45, a hematopoietic
cell marker, and collagen I, a mesenchymal cell marker, and analyzed with flow
cytometry. Our results have demonstrated that CD45+ and collagen I+ cells consti-
tuted 45% of total collagen I+ cells in the kidney 7 days after unilateral obstructive
injury (Xia et al. 2014b). Consistent with our findings, a recent study has reported
that hematopoietic, bone marrow-derived cells contribute to 38%–50% of the overall
deposition of collagen I in the kidney inmurinemodels of UUO and adenine-induced
nephropathy (Buchtler et al. 2018). These results provide strong evidence that bone
marrow-derived fibroblasts contribute significantly to the pathogenesis of renal fibro-
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sis and suggest that targeting bone marrow-derived fibroblasts may represent a novel
therapeutic strategy for chronic kidney disease.

14.5 How Are Bone Marrow-Derived Fibroblasts Recruited
into the Kidney

The recruitment of circulating fibroblasts into sites of injury is mediated by locally
produced chemokines. Chemokines are a family of small cytokines. Based on the
relative position of cysteine residues near the NH2 terminus, chemokines can be clas-
sified into four major subfamilies: CC, CXC, C, and CX3C (Mackay 2001; Rollins
1997). In the CXC chemokines, one amino acid separates the first two cysteines,
whereas in CC chemokines, these two cysteines are adjacent. A single member of
the CX3C subfamily, CX3CL1 or fractalkine, has three amino acids between the
two cysteines, whereas the first and third cysteines are missing in the (X)C sub-
family. Chemokines exert their chemoattractant function through interactions with
their respective receptors. Chemokine receptors belong to class A G protein-coupled
receptors (GPCR) coupled with the Gαi class of the heterotrimeric G proteins. They
are also grouped into four subfamilies according to the subfamily of their major
chemokine ligands (Zlotnik and Yoshie 2012). Fibrocytes express chemokine recep-
tors—CCR2, CCR7, CXCR4, and CXCR6 (Sakai et al. 2006; Chen et al. 2011; Xia
et al. 2014b; Moore et al. 2005; Xia et al. 2013a; Xu et al. 2011; Xia et al. 2014a;
Phillips et al. 2004).

The chemokine CXCL16 is a recently discovered chemokine that belongs to
the CXC chemokine family (Matloubian et al. 2000; Wilbanks et al. 2001). It
was originally discovered as a scavenger receptor for phosphatidylserine and oxi-
dized low-density lipoprotein (SR-PSOX) (Shimaoka et al. 2000). Subsequently,
CXCL16 was independently identified as a ligand for the CXC chemokine receptor,
CXCR6 (BONZO, STRL33, TYMSTR) (Matloubian et al. 2000). CXCL16 con-
tains six cysteines in the chemokine domain, a property only observed in a sub-
family of CC chemokines. CXCL16 exists in two forms, a transmembrane form
and a soluble form. The transmembrane form is a type I transmembrane glyco-
protein consisting of an extracellular N-terminal chemokine domain, glycosylated
mucin-like stalk, transmembrane-spanning region, and a short cytoplasmic domain
with a YXPVmotif, which is a potential tyrosine-phosphorylation and SH2-protein-
binding site (Izquierdo et al. 2014). The transmembrane form can function as an
adhesion molecule for CXCR6 expressing cells and scavenger receptor for oxidized
low-density lipoprotein (Shimaoka et al. 2000, 2004). The soluble form is generated
by cleavage at the cell surface and functions as a chemoattractant for cells expressing
CXCR6 (Gough et al. 2004). CXCL16 is produced as an intracellular precursor that is
processed and transported to the cell surface, where it undergoes metalloproteinase-
dependent cleavage (Gough et al. 2004). The α-secretase-like activity of two dis-
integrins and metalloproteinases, ADAM10 and ADAM17/TNF-alpha converting
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enzyme (TACE) is responsible for the ectodomain release (Schulte et al. 2007).
ADAM10 is capable of mediating both constitutive and inducible CXCL16 cleav-
age, whereas ADAM17 is only able to mediate inducible shedding of CXCL16 (Abel
et al. 2004; Ludwig et al. 2005). ADAM10-mediated cleavage generates C-terminal
CXCL16 fragments can be further cleaved by the γ-secretase complex (Schulte et al.
2007). It is speculated that the cleavage of CXCL16 by the γ-secretase complex may
generate mediators of intracellular signaling as other proteins such as Notch and
CD74 undergo intramembrane proteolysis (RIP) (Schulte et al. 2007; Ludwig and
Weber 2007; Bielesz et al. 2010; Shachar 2017).

CXCL16 is induced in kidney tubular epithelial cells in vivo in a murine model
of renal fibrosis induced by obstructive injury (Chen et al. 2011; Okamura et al.
2007). Tumor necrosis factor (TNF)-α and interferon (IFN)-γ upregulate CXCL16
expression in tubular epithelial cells in vitro (Xia et al. 2013a). In addition, the
TNF superfamily cytokine TNF-like weak inducer of apoptosis (TWEAK) increases
CXCL16 expression in kidney tubular epithelial cells in vitro and in vivo (Izquierdo
et al. 2012). Angiotensin II, a key mediator of kidney injury and fibrosis, also aug-
ments CXCL16 expression in tubular epithelial cells via activation of NF-κB, a key
signaling regulator of inflammation (Xia et al. 2013b). We have recently studied the
functional role of CXCL16 in the pathogenesis of renal fibrosis in a murine model
of obstructive nephropathy using CXCL16 knockout mice. Our results have shown
that CXCL16 knockout mice display fewer bone marrow-derived fibroblast precur-
sor accumulation and myofibroblast activation. Furthermore, genetic disruption of
CXCL16 reduces extracellular matrix protein expression and inhibits collagen depo-
sition in the obstructed kidneys compared with wild-type mice (Chen et al. 2011).
These data indicate that CXCL16 promotes renal fibrosis by recruiting bonemarrow-
derived fibroblast precursors into the kidney in response to obstructive injury. Fur-
thermore,we have examined the functional role ofCXCL16 in angiotensin II-induced
renal injury and fibrosis. The results have demonstrated that genetic disruption of
CXCL16 protects the kidney from angiotensin II infusion-induced renal dysfunction,
inhibits renal fibrosis, reduces proteinuria, suppresses bone marrow-derived fibrob-
last accumulation, myofibroblast formation, macrophage, and T cell infiltration, and
pro-inflammatory cytokine expression without affecting blood pressure at baseline
and in response to angiotensin II infusion (Xia et al. 2013b). Recently, we have shown
that CXCL16 is induced in the kidney in deoxycorticosterone acetate (DOCA)-salt-
induced hypertension. We further examine whether CXCL16 has a role in DOCA-
salt-induced renal inflammation and fibrosis.Wild-type and CXCL16 knockout mice
are subjected to DOCA-salt treatment for 3 weeks after uninephrectomy. Systolic
blood pressure is similar at baseline between wild-type and CXCL16 knockout mice.
DOCA-salt treatment increases systolic blood pressure significantly, which is com-
parable between wild-type and CXCL16 knockout mice. Compared with wild-type
mice, CXCL16 deficient mice exhibit less renal dysfunction, proteinuria, and fibrosis
after DOCA-salt treatment. CXCL16 deficiency reduces extracellular matrix protein
production and inhibits bone marrow-derived fibroblast accumulation and myofi-
broblast formation in the kidneys in response to DOCA-salt treatment. Furthermore,
CXCL16 deficiency reduces macrophage and T cell infiltration into the kidneys in
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response to DOCA-salt hypertension (Liang et al. 2016). More recently, we have
shown that CXCL16 is induced in the kidney in a murine model of renal artery
stenosis (RAS). We then determine whether CXCL16 is involved in renal injury
and fibrosis using CXCL16 knockout mice. Both wild-type and CXCL16 knock-
out mice are subjected to renal artery stenosis induced by placing a cuff on the left
renal artery. Wild-type and CXCL16 knockout mice have similar blood pressure at
baseline. Renal artery stenosis results in an increase in systolic blood pressure that
is comparable between wild-type and CXCL16 knockout mice. CXCL16 knockout
mice are protected from renal injury and fibrosis induced by RAS. Genetic disruption
of CXCL16 inhibits bonemarrow-derived fibroblast accumulation andmyofibroblast
formation in the stenotic kidney, which is associated with less expression of extra-
cellular matrix proteins. Furthermore, CXCL16 deficiency inhibits the infiltration of
macrophages and T cells in the stenotic kidneys compared with wild-type mice (Ma
et al. 2016). In support of the clinical relevance of these observations in experimental
animal models, clinical studies have shown that circulating CXCL16 is elevated in
patients with chronic kidney disease and diabetic nephropathy and high levels of
CXCL16 are associated with chronic kidney disease progression and development
of proteinuria (Lin et al. 2011; Zhao et al. 2014; Elewa et al. 2016).

CXCR6 is the receptor for CXCL16. CXCR6 was first cloned as an orphan recep-
tor by three independent groups and was termed STRL33, BONZO, or TYMSTR
(Alkhatib et al. 1997; Deng et al. 1997; Loetscher et al. 1997). We have recently
shown that both circulating fibroblast precursors and bone marrow-derived fibrob-
lasts in the kidney express CXCR6 (Chen et al. 2011; Xia et al. 2014b). We have
studied the functional role of CXCR6 in mouse models of renal injury using CXCR6
knockout mice. Compared with wild-type mice, CXCR6 knockout mice accumulate
fewer bone marrow-derived fibroblasts in response to injury induced by unilateral
ureteral obstruction and ischemia-reperfusion. Moreover, CXCR6 knockout mice
express less profibrotic molecules and exhibit fewer myofibroblasts in the obstructed
kidneys compared with wild-type mice. CXCR6 deficiency inhibited total colla-
gen deposition and suppressed the expression of collagen I and fibronectin in the
kidneys in response to obstructive injury or ischemia-reperfusion injury. Further-
more, wild-type mice engrafted with CXCR6−/− bone marrow cells displayed fewer
bone marrow-derived fibroblasts in the kidneys with obstructive injury and showed
less severe renal fibrosis compared with wild-type mice engrafted with CXCR6+/+

bone marrow cells. Transplant of wild-type bone marrow into CXCR6−/− recipients
restored recruitment of myeloid fibroblasts and susceptibility to fibrosis (Xia et al.
2014b). We also examine the role of CXCR6 in angiotensin II-induced renal injury
and fibrosis. Wild-type and CXCR6 knockout mice have similar systolic blood pres-
sure at baseline. In response to angiotensin II, systolic bloodpressure increases,which
is comparable between wild-type and CXCR6 knockout mice. Compared with wild-
type mice, CXCR6 knockout mice are protected from angiotensin II-induced renal
dysfunction, proteinuria, and fibrosis. CXCR6knockoutmice accumulate fewer bone
marrow-derived fibroblasts andmyofibroblasts and generate less extracellular matrix
protein in the kidneys after angiotensin II treatment. Furthermore, CXCR6 knock-
out mice display fewer macrophages and T cells and express less pro-inflammatory
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cytokines in the kidneys in response to angiotensin II treatment. Further, wild-type
mice engrafted with CXCR6−/− bone marrow cells exhibit fewer bone marrow-
derived fibroblasts, macrophages, and T cells in the kidney after angiotensin II treat-
ment compared with wild-type mice engrafted with CXCR6+/+ bone marrow cells
(Xia et al. 2014a).

Chemokine (C-C motif) ligand 21 (CCL21) is a small cytokine belonging to
the CC chemokine family. CCL21 contains six cysteines and is a potent chemoat-
tractant for T cells, B cells, and dendritic cells (Ebert et al. 2005; Forster et al.
2008). Additionally, CCL21 can function as a chemoattractant for fibrocytes, which
express CCR7 (Abe et al. 2001). Sakai et al. have examined the functional role of
CCL21/CCR7 in the regulation of fibrocyte infiltration in a murine model of fibro-
sis induced by unilateral ureteral obstruction (Sakai et al. 2006). They show that
wild-type mice exhibit significant fibrocyte infiltration into the kidney in response
to obstructive injury. Blockade of CCL21 with a neutralizing antibody or genetic
deletion of CCR7 markedly suppresses the infiltration of fibrocytes into the obstruc-
tive kidney with concomitant reduction of renal fibrosis. These results indicate that
CCL21 recruits CCR7-positive fibrocytes into the obstructed kidney, thereby con-
tributing to the development of renal fibrosis. Therefore, targeting CCL21/CCR7
axis may yield new therapeutic strategy for renal fibrosis.

Circulating fibroblast precursors/fibrocytes express the chemoattractant protein-1
(MCP-1) receptor—CCR2 (Xu et al. 2011). We have established a murine model of
hypertension induced by continuous infusion of angiotensin II to study the mech-
anisms of reactive cardiac fibrosis (Xu et al. 2011; Haudek et al. 2010). We have
found that the development of cardiac fibrosis is associated with induction of MCP-
1 predominantly in endothelial and smoothmuscle cells of the small vessels (Haudek
et al. 2010). Angiotensin II infusion results in interstitial deposition of collagens that
is mediated by infiltration of monocytic CD34+ CD45+ fibroblast precursors into
the heart. These cells are of myeloid origin and contribute significantly to the devel-
opment of cardiac fibrosis. Genetic disruption of MCP-1 prevents the development
of angiotensin II-induced cardiac fibrosis and the accumulation of bone marrow-
derived fibroblasts in the heart. In contrast, angiotensin II infusion leads to cardiac
hypertrophy and increases systolic function and blood pressure in both wild-type
and MCP-1-KO mice, which are not significantly different between the WT and
MCP-1-KO mice over the 6-week course of infusion (Haudek et al. 2010). We have
demonstrated that circulating fibroblast precursors express the MCP-1 receptor—
CCR2 (Xu et al. 2011). We then determined whether CCR2 has a role in the uptake
of bone marrow-derived fibroblast precursors into the heart and the development
of cardiac fibrosis in response to angiotensin II-induced hypertension using CCR2
knockout mice. Angiotensin II infusion results in an elevation of blood pressure and
development of cardiac hypertrophy that are not significantly different betweenwild-
type and CCR2 knockout mice. However, the development of cardiac fibrosis and
the accumulation of bone marrow-derived fibroblast precursors in the heart are sig-
nificantly reduced in CCR2 knockout mice following Ang II infusion. These results
indicate that MCP-1/CCR2 axis plays an important role in the recruitment of bone
marrow-derived fibroblasts and the development of cardiac fibrosis in response to
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angiotensin II without affecting the hemodynamic response of angiotensin II. Further
study has shown that the development of cardiac fibrosis in response to angiotensin II
has two stages: A primary M1 inflammatory phase followed by a M2 fibrotic phase.
The M1 cells produce tumor necrosis factor (TNF)-α. The M2 fibrotic phase and
fibrogenesis are dependent on TNF-α receptor 1 (TNFR1) in myeloid cells. These
results indicate that TNF-α produced byM1 cells is required for mediating a TNFR1-
dependent maturation of M2 cells into collagen-producing fibroblasts (Duerrschmid
et al. 2015).

The role of CCR2 in recruiting bone marrow-derived fibroblasts into the kid-
ney during the development of renal fibrosis has been investigated. Reich et al.
have shown that CCR2 does not regulate fibrocytes emigrate from bone marrow to
the circulation because the number of circulating fibrocytes is comparable between
wild-type mice and CCR2 knockout mice or wild-type mice treated with a CCR2
neutralizing antibody (Reich et al. 2013). However, genetic disruption of CCR2
reduces the number of bone marrow-derived fibrocytes and inhibits collagen expres-
sion and deposition in the kidney in response to obstructive injury. We have shown
that bone marrow-derived collagen-expressing GFP+ fibroblasts express platelet-
derived growth factor receptor-β (PDGFR-β) and CCR2 in the obstructed kidneys
of chimeric mice transplanted with donor bone marrow from collagen α1(I)-GFP
reporter mice (Xia et al. 2013a). CCR2 knockout mice exhibit significantly fewer
bone marrow-derived fibroblast precursors dual positive for CD45 and PDGFR-β or
procollagen I in the obstructed kidneys compared with wild-type mice. Furthermore,
CCR2 knockout mice accumulate fewer bone marrow-derived myofibroblasts and
express less α-SMA or FSP-1 in the obstructed kidneys compared with wild-type
mice. Furthermore, genetic deletion of CCR2 suppresses total collagen deposition
and expression of collagen I and fibronectin in the obstructed kidney.

In these studies, we have noted that genetic disruption of a single
chemokine/chemokine axis does not completely inhibit bonemarrow-derived fibrob-
last precursor infiltration into the kidney and fibrosis development. These observa-
tions suggest that chemokine/receptor pairs may interact with each other in recruiting
bone marrow-derived fibroblast precursors into the kidney. In support of this notion,
the expression of CXCL16 in the kidney is reduced in CCR2 knockout mice in
response to obstructive injury, suggesting the interactions of two distinct chemokine
systems modulate renal tubular epithelial cell-initiated fibrosis (Xia et al. 2013a).

14.6 TGF-β1/Samd3 Signaling in Bone Marrow-Derived
Fibroblast Activation

The activation of bone marrow-derived fibroblast precursors plays a crucial role in
the pathogenesis of renal fibrosis (Chen et al. 2014; Yang et al. 2013). Myofibrob-
lasts are a population of smooth muscle-like fibroblasts that express α-SMA (Powell
et al. 1999). The activation of fibroblasts into myofibroblasts is generally accepted a
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crucial event in the pathogenesis of renal fibrosis (Nath 1992; Eddy 2013). Further-
more, experimental and clinical studies have shown that the number of interstitial
myofibroblasts is associated closely with the severity of tubulointerstitial fibrosis and
the rapidity of kidney disease progression (Zhang et al. 1995; Roberts et al. 1997;
Essawy et al. 1997). The activation of bone marrow-derived fibroblast precursors is
regulated by locally produced cytokines (Chen et al. 2014; Yang et al. 2013). TGF-β1
is a key profibrotic cytokine that plays an important role in the pathogenesis of renal
fibrosis through activation of a cascade of intracellular signaling pathways (Border
and Noble 1994; Border et al. 1990; Bottinger and Bitzer 2002; Lan 2011). Evidence
suggests that activation of the canonical Smad signaling cascade plays an important
role in stimulating ECM protein expression and tissue fibrosis (Sato et al. 2003;
Latella et al. 2009; Huang et al. 2010; Verrecchia et al. 2001; Zhao et al. 2002; Meng
et al. 2015). We have recently examined the functional role of Smad3 in the activa-
tion of bone marrow-derived fibroblast precursors in vitro and in vivo (Chen et al.
2014). In cultured monocytes, TGF-β1 activates Smad3. Smad3 deficient monocytes
express less amounts of ECM proteins at baseline and Smad3 deficiency completely
abolished TGF-β1-induced expression of α-SMA and extracellular matrix proteins
in culturedmonocytes in vitro. Smad3 knockout mice accumulate significantly fewer
bone marrow-derived fibroblasts in the kidney after obstructive injury, exhibit less
myofibroblast activation, and express less α-SMA in the obstructed kidney. Further-
more, genetic deletion of Smad3 reduces total collagen deposition and suppresses
expression of extracellular matrix proteins. Additionally, wild-type mice engrafted
with Smad3−/− bone marrow cells display fewer bone marrow-derived fibroblasts in
the kidney with obstructive injury and show less severe renal fibrosis compared with
wild-type mice engrafted with Smad3+/+ bone marrow cells. These results indicate
that Smad3 of bone marrow-derived cells plays an important role in bone marrow-
derived fibroblast activation. However, we have observed that Samd3 deficiency does
not completely abolish bone marrow-derived fibroblast activation, collagen deposi-
tion, and ECM protein expression in vivo. These results suggest that other factors
may be involved in bone marrow-derived fibroblast activation.

14.7 IL-4Rα/JAK3/STAT6 Signaling in Bone
Marrow-Derived Fibroblast Activation

The activation of bone marrow-derived fibroblasts is a dynamic process that is mod-
ulated by cells in the inflamed microenvironment. T cells have an important role in
the development of renal fibrosis (Tapmeier et al. 2010), which have been shown to
regulate bone marrow-derived fibrocyte activation (Niedermeier et al. 2009). Naïve
CD4+ T cells can differentiate into two major distinct phenotypes, Th1 cells and Th2
cells, which are characterized by specific cytokine expression patterns (Wynn 2004).
Th2 cells produce Th2 cytokines such as IL-4 and IL-13, which induce alternative
activation of macrophage and promotes monocyte-to-fibroblast transition. Th1 cells
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make Th1 cytokines such as IFN-γ and IL-12, which promote classical activation
of macrophages and inhibit fibrocyte differentiation (Wynn 2004; Shao et al. 2008).
However, themolecular signalingmechanisms bywhichTh2 cytokines promote bone
marrow-derived fibroblast activation are well understood. We have found that Janus
kinase 3 (JAK3)/signal transducer and activator of transcription 6 (STAT6) signaling
pathway is activated during the development of renal fibrosis and plays an impor-
tant role in bone marrow-derived fibroblast activation, extracellular matrix protein
production, and interstitial fibrosis development (Yan et al. 2015). Specifically, our
results have shown that Th2 cytokine- IL-4 or IL-13 induces STAT6 activation and
stimulates bone marrow monocytes to express ECM proteins and α-smooth muscle
actin (α-SMA). CP690550, a specific JAK3 inhibitor, or STAT6 deficiency inhibits
IL-4/IL-13-induced STAT6 activation and expression levels of ECM proteins and
α-SMA in bone marrow monocytes in vitro. Furthermore, CP690550 treatment or
STAT6 deficiency suppresses bone marrow-derived fibroblast activation and ECM
protein production in the kidney in response to obstructive nephropathy. To further
confirm the role of bone marrow STAT6 signaling in myeloid fibroblast activation,
we performed bone marrow chimeric experiments.Wild-type mice transplanted with
STAT6 null bone marrow cells exhibit fewer bone marrow-derived fibroblasts and
develop a lesser degree of renal fibrosis. More recently, we have studied the role
of IL-4 receptor α (IL-4Rα) in myeloid fibroblast activation in two experimental
models of renal fibrosis induced by unilateral ureteral obstruction and folic acid
(Liang et al. 2017). Compared with wild-type mice, IL-4Rα knockout mice accu-
mulate fewer bone marrow-derived fibroblasts and myofibroblasts in the kidneys
in response to obstructive injury or folic acid administration. Genetic disruption of
IL-4Rα suppressed the expression of α-SMA, extracellular matrix proteins and col-
lagen deposition in the injured kidney. Furthermore, genetic disruption of IL-4Rα

inhibited the activation of STAT6 in the kidney in response to obstructive injury. To
further examine the role of IL-4Rα in myeloid fibroblast activation and fibrosis in
the kidney, we have performed bone marrow transplantation experiments. Wild-type
mice engrafted with bone marrow cells from IL-4Rα knockout mice display fewer
myeloid fibroblasts in the kidney and displayed less severe renal fibrosis following
obstructive injury compared with wild-typemice engrafted with wild-type bonemar-
row cells. In cultured bone marrowmonocytes, IL-4 treatment results in activation of
STAT6 and stimulates protein expression of α-smooth muscle actin and fibronectin,
whereas IL-4Rα deficiency abolishes IL-4 induced STAT6 activation and monocyte-
to-fibroblast transition. These results indicate that IL-4Rα/JAK3/STAT6 signaling
may serve as novel therapeutic targets for fibrotic kidney disease.
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14.8 Adiponectin/AMPK Signaling in Bone
Marrow-Derived Fibroblast Activation

Adiponectin is a multifunctional cytokine and an important factor that regulates
lipid and carbohydrate metabolism. Accumulating evidence suggests that circulat-
ing adiponectin levels are elevated in patients with chronic kidney disease, and a high
level of adiponectin is linked to increased cardiovascular mortality (Iwashima et al.
2006; Shimotomai et al. 2005; Zoccali et al. 2003; Zoccali and Mallamaci 2011;
Mills et al. 2013). However, the mechanisms by which adiponectin regulates car-
diovascular mortality and progression of chronic kidney disease are not understood.
We have discovered that adiponectin is induced following ischemia-reperfusion and
obstructive injury (Yang et al. 2013). Genetic disruption of adiponectin inhibits
bone marrow-derived fibroblast accumulation and myofibroblast activation. Further-
more, adiponectin deficiency also reduces the expression of profibrotic chemokines
and cytokines and the production of ECM proteins in the kidneys in response to
obstructive injury or ischemia-reperfusion. These results indicate that adiponectin
plays an important role in the activation and maturation of bone marrow-derived
fibroblast precursors and the development of renal fibrosis. We further demon-
strate that adiponectin stimulates α-SMA and extracellular matrix protein expression
through activation of adenosine monophosphate-activated protein kinase (AMPK)
in cultured bone marrow-derived monocytes in a time- and dose-dependent man-
ner. Pharmacological inhibition of AMPK with compound C, or ectopic expression
of dominant negative AMPK-α1 attenuates adiponectin-induced expression of α-
SMA and extracellular matrix proteins in bone marrow-derived monocytes. AICAR
is a cell-permeable adenosine analogue. Once inside the cell, AICAR is converted
to 5-amino-4-imidazolecarboxamide ribotide (ZMP), which mimic AMP to activate
AMPK (Corton et al. 1995).We have demonstrated that AMPK activation byAICAR
results in increased expression of α-SMA and extracellular matrix proteins. There-
fore, we have identified that adiponectin functions as a critical regulator ofmonocyte-
to-fibroblast transition and renal fibrosis. More recently, we have discovered that
AMPKα1 is induced in the kidney during the development of renal fibrosis (Wang
et al. 2018). Mice with global or fibroblast-specific deletion of AMPKα1 accumulate
fewermyofibroblasts, develop less fibrosis, and produce less extracellularmatrix pro-
teins in the kidney following unilateral ureteral obstruction or ischemia-reperfusion
injury. We then explore the mechanisms by which AMPKα1 stimulates fibroblast
activation. We have shown that AMPKα1 directly phosphorylates cofilin leading
to cytoskeleton remodeling and myocardin-related transcription factor-A (MRTF-
A) nuclear translocation resulting in fibroblast activation and extracellular matrix
protein production. Therefore, inhibition of adiponectin/AMPK/MRTF-A signaling
may serve as a novel therapeutic target for fibrotic kidney disease.

It is generally thought that macrophages do not produce extracellular matrix pro-
teins. These cells promote fibrosis by producing molecules that activate fibroblasts
(Wynn and Barron 2010). Recently, a model of two major macrophage classes
has proposed. Classically activated macrophages exhibit a Th1-like phenotype
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and promote inflammation in response to Th1 cytokines; while alternatively acti-
vated macrophages or M2 macrophages display a Th2-like phenotype and stimu-
late ECM production in response to Th2 cytokines (Gordon and Martinez 2010).
M2 macrophages are characterized by expressing MHC class II, mannose receptor
(CD206), Ym1, Fizz1/Relm-α, and arginase. Alternatively activated macrophages
have been implicated in the pathogenesis of fibrosis in other organs (Gordon andMar-
tinez 2010) and repair after renal ischemia-reperfusion injury (Lee et al. 2011). We
have recently demonstrated for the first time that alternatively activatedmacrophages
produce procollagen I, suggesting a linking relationship between M2 macrophage
polarization and bone marrow-derived fibroblast activation (Yang et al. 2013). Con-
sistent with this novel concept, we have shown that adiponectin deficiency suppresses
M2 macrophage polarization and inhibits the number of procollagen-expressing M2
macrophages in the injured kidneys (Yang et al. 2013).

14.9 Conclusion

Recent studies have provided compelling evidence that bone marrow-derived fibrob-
last precursors contribute significantly to the pathogenesis of renal fibrosis. Recruit-
ment and activation of bone marrow-derived fibroblasts are mediated through the
interactions between chemokines/cytokines and their receptors (Fig. 14.1). There-
fore, targeting the signaling machinery of these chemokines/cytokines could rep-

Fig. 14.1 A proposed model of signaling mechanisms underlying recruitment and activation
of bone marrow-derived fibroblasts during the development of renal fibrosis. In response to
injurious stimulation (obstruction, ischemia-reperfusion, folic acid, hypertension), tubular epithe-
lial cells produce chemokines CXCL16/CCL2/CCL21 and cytokines TGF-β1. Chemokines—
CXCL16/CCL2/CCL21—function concertedly to recruit bonemarrow-derived cells (T cells,mono-
cytes, andfibrocytes) via interactionwith their respective receptors. TGF-β1activatesSmad3 to stim-
ulate monocyte-to-fibroblast transition. Th2 cells produce Th2 cytokines (Il-4, IL-13), which acti-
vate IL-4Rα/JAK3/STAT6 signaling pathway to promote monocyte-to-fibroblast transition. Finally,
adiponectin produced by inflammatory cells regulates chemokine and cytokine production and stim-
ulates monocyte-to-fibroblast transition through activation of AMPK/MRTF-A signaling pathway
(Yan et al. 2016). T—T cells; M—Monocytes
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resent novel therapeutic strategy for the treatment of fibrotic kidney disease and
possible fibrotic disorders of other organs.
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Chapter 15
Role of Aldosterone in Renal Fibrosis

Aanchal Shrestha, Ruo-Chen Che and Ai-Hua Zhang

Abstract Aldosterone is a mineralocorticoid hormone, as its main renal effect has
been considered as electrolyte and water homeostasis in the distal tubule, thus main-
taining blood pressure and extracellular fluid homeostasis through the activation of
mineralocorticoid receptor (MR) in epithelial cells. However, over the past decade,
numerous studies have documented the significant role of aldosterone in the pro-
gression of chronic kidney disease (CKD) which has become a subject of inter-
est. It is being studied that aldosterone can affect cardiovascular and renal system,
thereby contributing to tissue inflammation, injury, glomerulosclerosis, and inter-
stitial fibrosis. Aldosterone acts on renal vessels, renal cells (glomerular mesangial
cells, podocytes, vascular smooth muscle cells, tubular epithelial cells, and intersti-
tial fibroblasts), and infiltrating inflammatory cells, inducing reactive oxygen species
(ROS) production, upregulated epithelial growth factor receptor (EGFR), and type 1
angiotensin (AT1) receptor expressions, and activating nuclear factor kappa B (NF-
κB), activator protein-1 (AP-1), and EGFR to further promote cell proliferation,
apoptosis, and proliferation. Phenotypic transformation of epithelial cells stimulates
the expression of transforming growth factor-β (TGF-β), connective tissue growth
factor (CTGF), osteopontin (OPN), and plasminogen activator inhibitor-1 (PAI-1),
eventually leading to renal fibrosis. MR antagonisms are related to inhibition of
aldosterone-mediated pro-inflammatory and pro-fibrotic effect. In this review, we
will summarize the important role of aldosterone in the pathogenesis of renal injury
and fibrosis, emphasizing on its multiple underlying mechanisms and advances in
aldosterone research along with the potential therapeutics for targetingMR in a renal
fibrosis.
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15.1 Introduction

In 1953, Simpson and Tait were the first to isolate a mineralocorticoid hormone,
aldosterone (Simpson 1953). Aldosterone was initially found to have a physiological
effect in regulating the electrolyte and water balance in the distal tubule, thus main-
taining blood pressure and extracellular fluid homeostasis (Simpson 1953; Williams
and Williams 2003) that is acted principally via cytosolic MR in epithelial cells
(Rogerson and Fuller 2000). However, over the past two decades, aldosterone has
also shown to act on the blood vessels, heart, and kidney. MRs are found in different
tissues, such as vascular smooth muscle cells and endothelial cells, cardiomyocytes
in the heart, mesangial cells and podocytes in the kidney, fibroblasts, adipocytes,
hypothalamus in the brain, and macrophages expanding the distribution of aldos-
terone actions among non-epithelial tissues (Jaisser and Farman 2016; Funder 2010;
Shibata et al. 2007; Brown 2013). Thus, there has been a shift of paradigm in our
understanding of the more complex role of aldosterone, apart from the physiological
role in renal sodium reabsorption. There are numerous studies which demonstrated
aldosterone as a major deleterious hormone in the cardiovascular and renal system,
thereby contributing to tissue inflammation, injury, glomerulosclerosis, and intersti-
tial fibrosis (Epstein 2006; Hostetter and Ibrahim 2003). A study done by Greene
et al. in 1996 first showed the role of aldosterone as an independent mediator in
the progression of CKD, where aldosterone is infused intravenously in unilateral
nephrectomized ratmodelwhich diminished the renoprotective effect of angiotensin-
converting enzyme (ACE) inhibitor and angiotensin receptor blocker (ARB) (Greene
et al. 1996). In the pathogenesis of CKD, the activation of renin–angiotensin–al-
dosterone system (RAAS) is an important event (Gonzalez et al. 2004). In RAAS,
angiotensin II (Ang II) is one of the key elements which augments adrenal pro-
duction of aldosterone and has appeared as a helper for renal injury by increasing
the intraglomerular capillary pressure and ultrafiltration of plasma proteins and by
promoting pro-inflammatory effects, pro-fibrogenic and growth stimulatory action
(Rüster andWolf 2006). CKD has become amassive public health concern which has
increased the overall mortality by 31.7% over the last 10 years (Wang et al. 2016).
Renal fibrosis, as the hallmark feature of CKD, is characterized by pathomorpho-
logic changes comprising of glomerulosclerosis and tubulointerstitial fibrosis along
with the process of excessive production and progressive extracellular matrix (ECM)
protein accumulation such as collagen I and fibronectin leading to scar formation.

Herein, we will summarize the pivotal role of aldosterone in the pathogenesis of
renal injury and fibrosis, emphasizing on its multiple underlying mechanisms and
advances in aldosterone research along with the potential therapeutics for targeting
MR in a renal fibrosis.
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15.2 Aldosterone: Its Synthesis, Secretion, and Action

Aldosterone is synthesized in the body fromcholesterolmainly in the cells of the zona
glomerulosa layer of the adrenal cortex. However, extra-adrenal sites of aldosterone
synthesis have also been identified in the heart, blood vessels, and brain (Bonvalet
et al. 1995; Coirini et al. 1985; Kornel 1994). The enzyme aldosterone synthase,
encoded by CYP11B2 gene, can convert deoxycorticosterone to aldosterone in a
series of steps, including molecular arrangement and enzymatic reactions. Likewise,
similar enzyme β-hydroxylase, encoded by the CYP11B1 gene, catalyzes the conver-
sion of deoxycortisol to cortisol (Lenzini et al. 2007). There are many hormonal and
paracrine factors that modify the regulation of aldosterone secretion. However, under
physiological conditions, the important ones are Ang II, extracellular potassium, and
adrenocorticotropic hormone (ACTH). Ang II, an octapeptide, is the main precur-
sor of RAAS which is generated by the action of ACE on the inactive precursor
Ang I. Ang II acts on aldosterone secretion mainly by binding to the G-protein-
coupled receptor type 1 angiotensin (AT1), whereas type 2 angiotensin (AT2) recep-
tor counteracts many of the AT1 receptor-mediated processes (Unger et al. 2011). An
increased extracellular potassium concentration also augments aldosterone secretion
leading to potassium excretion in the kidney. Both aldosterone and Ang II stimulate
aldosterone secretion independently and equipotently (Williams 2005). The action
of ACTH in the zona glomerulosa cells is mediated by cAMP which induces aldos-
terone secretion. In severe sodium or fluid loss, ACTH is also secreted and synergizes
with Ang II or potassium in order to stimulate glomerulosa cells (Spat and Hunyady
2004). In the alteration of aldosterone synthesis, inhibitory factors such as atrial
natriuretic peptides (ANP), dopamine, somatostatin, and extracellular calcium also
participate. ANP is an effective inhibitor of aldosterone secretion. ANP secretion is
increased in response to sodium and/or water load, thereby inhibiting the aldosterone
secretion (Spat and Hunyady 2004).

At present, the varied actions of aldosterone seem to be related to two differ-
ent pathways, such as genomic pathway and non-genomic pathway. In genomic
pathway, aldosterone shows its physiological effects by binding to classical MR,
a ligand-activated transcription factor which belongs to the nuclear receptor fam-
ily with equal affinity for both mineralocorticoids and glucocorticoids (Arriza et al.
1987). It then results in a series of intracellular events beginning with the translo-
cation of receptor ligand into the nucleus to promote protein synthesis and finally
mediates the insertion of sodium channels into the epithelial cells of the collecting
duct [epithelial sodium channel (ENaC)] to allow sodium reabsorption and potas-
sium and hydrogen ions secretion (Porter and Edelman 1964; Porter et al. 1964). This
process takes hours to produce the epithelial effect which can be blocked by protein
synthesis inhibitor. The presence of isoenzymes 11β-hydroxysteroid dehydrogenase
(11β-HSD) types 1 and 2, along with other factors independent of steroid receptor
binding, seems to account for much of the mineralocorticoid selectivity seen biolog-
ically (Funder et al. 1988; Funder and Myles 1996). The specificity of the action of
aldosterone in the cells containingMR (distal tubules and collecting ducts) is ensured
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by the expression and activity of 11β-HSD type 2 enzyme, which induces physio-
logical responses by metabolizing circulating glucocorticoid hormones (cortisol in
humans, corticosterone in rodents) into inactive 11-dehydro-derivatives (cortisone,
11-dehydrocorticosterone) with very low affinity for the MR (Farman and Rafestin-
Oblin 2001). During the hypovolemic and hypoperfusion state of the kidney, RAAS
activation leads to vasoconstriction and volume expansion.

Over the ensuing years, the non-genomic aldosterone effects have been demon-
strated. In this, a non-classical type of MR is expressed mostly in nonelectrolyte
transporting cells and the effects can be observed within minutes as nuclear binding
or protein synthesis does not appear to take place (Christ andWehling 1999;Boldyreff
andWehling2003;Mihailidou andFunder 2005).The cell signalingpathway involves
activation of protein kinase C along with release of intracellular calcium (Mihailidou
and Funder 2005). Studies have shown that an alternativeG-protein-coupled estrogen
receptor, GPR30, may promote rapid, non-genomic effects in vascular endothelial
cells (Gros et al. 2013) and vascular smooth cells (Gros et al. 2011).

15.3 Mechanism of Aldosterone-Mediated Renal Fibrosis

There has been a curious history regarding the relationship between aldosterone
and renal disease which led to much researches conducted in the past. In 1964, Conn
described the first 125 proven cases of primary hyperaldosteronismwith hypertension
in patients, among which 85% had gross proteinuria (Conn et al. 1964). The protein-
uria was considered as a result of hypertension that accompanies the Conn syndrome,
until 1996 when the experiment done by Greene et al. on a rat kidney model showed
that mineralocorticoid hormones, particularly aldosterone, can induce proteinuria in
the absence of hypertension (Greene et al. 1996). They showed that the treatment
with ARB (losartan) and ACE inhibitor (enalapril) in remnant rat kidneys reduced
proteinuria, hypertension, and glomerulosclerosis. They also demonstrated that rats
injected with exogenous aldosterone in order to maintain very high aldosterone lev-
els were subjected to losartan and enalapril, experienced proteinuria, hypertension,
and glomerulosclerosis to the same level as the untreated rats with remnant kidneys
did. Another study done on rats with complete unilateral ureteral obstruction (UUO)
showed that the renal fibrosis was significantly reduced after the treatment with MR
antagonist spironolactonewith no changes in serumpotassium, aldosterone, andurine
sodium (Trachtman et al. 2004). In response to deoxycorticosterone acetate (DOCA)
salt treatment, p47phox−/− and gp91phox−/Y mice were found to reduce blood pressure
only within the first 2–3 days of treatment and later no significant difference was
observed between these mice and wild-type (WT) control group (Zhang et al. 2011).
On the contrary, four different kinds ofmitochondrialROS inhibitors (rotenone:mito-
chondrial respiratory chain complex I inhibitor, 5-hydroxydecanoate: specific mito-
chondrial ATP-sensitive potassium channel blocker, benzylguanidine: mitochondrial
complexes I and III, and the cell-permeable manganese tetrakis (4-benzoic acid), and
porphyrin: mitochondrial superoxide dismutase analogues) are found to lower the
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blood pressure and ROS production in renal tissue, indicating that mitochondria
mediates aldosterone-induced ROS production (Zhang et al. 2011). This provides
direct evidence that mitochondrial dysfunction contributes to aldosterone-dependent
or MR-dependent ROS formation. Juknevicius and colleagues demonstrated that
aldosterone infusion for 3 days in normal rats causes a more than twofold increase
in the urinary excretion of TGF-β without changes in blood pressure or evidence
of kidney damage through an MR-dependent posttranscriptional effect (Juknevicius
et al. 2004).

Taken together, these data clearly indicate that aldosterone was involved in the
pathogenesis of renal damage and has a direct histological mechanism besides medi-
ating renal damage through hemodynamic pathways. In the following section, we
will illustrate the cells, principal molecules, and other mediators involved in the
contribution of aldosterone to the pathogenesis of renal fibrosis.

15.3.1 Induced Mesangial Injury

Mesangial cells are active intrinsic kidney cells which play a crucial role in main-
taining the glomerular structural integrity of the microvascular bed which provides
mesangial matrix homeostasis and modifies glomerular filtration (Abboud 2012;
Brunskill and Potter 2012). Chronic aldosterone infusion increases ROS production
through the activation of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (Nishiyama et al. 2004; Huang et al. 2009). Superoxide anion and hydro-
gen peroxide are ROS that implicates as important mediators in the mechanisms of
aldosterone-mediated renal damage. There are a number of oxidant-generating sys-
tems that participate in ROS production such as NADPH oxidase, xanthine oxidase,
mitochondrial respiratory chain, cyclooxygenase, lipoxygenase, cytochrome P-450,
and nitric oxide synthase.

In rat mesangial cells, aldosterone could directly promote superoxide anion (O2-)
generation through the activation of NADPH oxidase and translocation of the cytoso-
lic components of NADPH enzyme p47phox and p67phox to the cell membrane
(Miyata et al. 2005). Experiment done in cultured human mesangial cells shows
that aldosterone stimulates mesangial cell apoptosis in a dose- and time-dependent
manner. The administration of MR antagonist or antioxidant attenuates the proapop-
totic effects of aldosterone. Aldosterone also induces dephosphorylation of Bcl-
2-associated death promoter (BAD), a protein, which after dephosphorylation is
linked to mitochondrial dysfunction leading to accumulation of cytochrome c into
the cytosol and mesangial cell apoptosis (Mathew et al. 2008). Aldosterone-infused
mesangial cells exhibited increased ROS production, which was blocked by MR
antagonist, mitochondrial respiratory chain complex I inhibitor, or an NADPH oxi-
dase inhibitor. These results indicate that mitochondria and NADPH oxidase medi-
ate aldosterone-induced renal ROS production (Huang et al. 2009). Evidence points
to aldosterone has a role in mesangial cell proliferation, which involved in MR
expression and extracellular signal-regulated kinase 1 and 2 (ERK1/2) activation.
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Similarly, we have shown that aldosterone-induced mesangial cell proliferation was
mediated by Ki-RasA:GTP/c-Raf/MEK/ERK and PI3 K/Akt/mTOR/p70S6K1, an
EGF-activated signaling pathway downstream from the EGFR (Huang et al. 2009).
Recently, Zhang et al. revealed that Connexin 43 (Cx43), an important regulator of
cell growth, showed decreased expression in mesangial cell proliferation and treat-
ment with MR antagonist spironolactone, ERK1/2 inhibitor PD98059, and PKC
inhibitor GF109203X attenuated the downregulation of Cx43 expression which sug-
gests that this process might be mediated through (ERK1/2) and PKC pathways
(Zhang et al. 2015). TGF-β is a pro-fibrogenic cytokine that has been extensively
studied as a responsible factor for renal fibrosis. Aldosterone induces TGF-β1 expres-
sion via ERK1/2, c-Jun N-terminal kinase (JNK) and AP-1 pathways (Han et al.
2009).

Aldosterone also exhibited a pro-fibrotic effect by rapidly inducing mRNA and
protein expression of CTGF in a time- and concentration-dependent manner (Gauer
et al. 2007). The use of MR antagonist spironolactone, canrenoate, or eplerenone
could not inhibit the rapid CTGF induction which suggests an MR-independent
mechanism for this effect. However, selective inhibitor of glucocorticoid receptor
(GR), RU-486, inhibited aldosterone-induced CTGF expression, which indicates
that GR is important in aldosterone-induced regulation of CTGF (Gauer et al. 2007).
CTGF can promote migration, hypertrophy, fibronectin production, and actin disas-
sembly inmesangial cells and also increases type I, type III, and type IV collagen pro-
duction bymesangial cells (Phanish et al. 2010). Aldosterone could upregulateCTGF
expression in two ways: TGF-β dependent and TGF-β independent. In vivo study
done by Terada et al. (2012) showed that in cultured rat mesangial cells, aldosterone
promoted the expression of CTGF in TGF-β-dependent manner. In this study, aldos-
terone stimulates serum- and glucocorticoid-regulated kinase-1 (SGK1) expression
and promotes expressions of CTGF and intercellular adhesionmolecule-1 (ICAM-1)
via NF-κB. However, in a mouse model of diabetic nephropathy, aldosterone signif-
icantly increases CTGF gene expression and protein synthesis even in the presence
of TGF-β1 neutralizing antibody, which shows the TGF-β-independent pathway for
aldosterone-induced CTGF production in cultured mesangial cells (Han et al. 2006).
Moreover, treatment with spironolactone markedly decreases renal CTGF and colla-
gen synthesis. Another possible mechanism through which aldosterone may involve
in the development of fibrosis is by activating PAI-1 (Huang et al. 2008; Yuan et al.
2007). Huang et al. (2008) observed the increment in aldosterone-induced PAI-1 is
partially facilitated byTGF-β1. TGF-β1 and aldosterone acts synergistically to stimu-
late the PAI-1 expression and decrease extracellular matrix degradation (Huang et al.
2008). Another study done by Yuan et al. (2007) also demonstrated upregulation of
PAI-1 mRNA and protein expression by aldosterone, however, was independent of
aldosterone-induced increases in TGF-β1 expression and intracellular ROS produc-
tion. In a high glucose media, aldosterone produced an inflammatory response by
upregulating NF-κB andmonocyte chemoattractant protein-1 (MCP-1) via AT1a and
AT2 pathways (Hao et al. 2015).

Evidences point to show that EGFRmay take part in aldosterone-induced mesan-
gial cell proliferation (Huang et al. 2009; Sheng et al. 2016). EGFR is a trans-
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membrane protein with intrinsic tyrosine kinase activity. Upon ligand binding to
the receptor induces dimerization and phosphorylation of tyrosine residues in its
cytosolic domains. These phosphorylated residues act as docking sites for adaptor
proteins and activate downstream signaling cascades (Forrester et al. 2016). Themost
widely studied signaling pathways are phosphatidylinositol-3 kinase (PI3 K)/AKT
and Ras/mitogen-activated protein kinase (MAPK). Aldosterone, after binding to
their receptor, can transactivate EGFR, via “a disintegrin and metalloproteases”
(ADAMs), thereby regulating several processes including cellular functions, prolif-
eration, hypertrophy, and migration. We have shown that aldosterone transactivates
EGFR in cultured mesangial cells, because pretreatment with the EGFR antagonist
AG1478 blocked mesangial cell proliferation as well as the activation of Ras/MAPK
and PI3 K/Akt (Huang et al. 2009).

In addition, the mitogenic effect of aldosterone was shown to be mediated by Ki-
RasA/c-Raf/MEK/ERKandPI3K/Akt/mTOR/p70S6K1 signaling pathways (Huang
et al. 2009). Similarly, Sheng et al. highlighted a role of EGFR in aldosterone-
mediated renal fibrosis which relies on ROS-induced EGFR/ERK activation (Sheng
et al. 2016).

15.3.2 Induced Podocyte Injury

The glomerular filtration barrier is composed of three layers: the capillary endothe-
lium, the glomerular basement membrane (GBM), and the podocytes (specialized
epithelial cells). Podocytes extend long primary processes from its cell body, the
end of which contains foot processes (Wolf et al. 2005). The foot processes of adja-
cent podocytes are connected by a continuous membrane-like structure called the
slit diaphragm and form an interdigitating pattern adhering to the glomerular base-
ment membrane (Wolf et al. 2005; Pavenstadt et al. 2003). The proteins of the slit
diaphragm such as nephrin, podocin, and CD2-associated protein (CD2AP) are not
only structural, but also serve as a survival function for podocytes by interacting with
each other within the body of the podocytes (Wolf et al. 2005). Podocytes thus act
as a final filtration barrier against urinary protein loss (Wolf et al. 2005; Shankland
2006). Podocyte injury is the basic pathogenic mechanism that leads to the devel-
opment of proteinuria and progression of glomerular sclerosis. Several studies have
shown that podocytes express MR, which is the target site of aldosterone (Shibata
et al. 2007; Kiyomoto et al. 2008; Nagase et al. 2006).

Our study provided direct evidence supporting the role of ROS in contributing
to aldosterone-induced podocyte injury (Zhu et al. 2011). Aldosterone-infused mice
showedpodocyte injurywith reduced glomerular expression of nephrin and increased
ROS production in renal glomeruli. We examined the important role of mitochon-
dria dysfunction in aldosterone-induced podocyte injury as pronounced by decreased
mitochondrial membrane potential, ATP levels, and mitochondrial DNA copy num-
ber seen in podocytes and glomeruli. The study done by Nishiyama et al. (2004)
showed that aldosterone/salt treatment induced hypertension and renal injury, as



332 A. Shrestha et al.

characterized by proteinuria, glomerular changes, and collagen accumulation. The
renal injury was also associated with increase in renal cortical thiobarbituric acid
reactive substance (TBARS) contents, a marker of ROS production, and mRNA
expression of NADPH oxidase components, p22phox, Nox-4, and gp91phox. The use
of MR antagonist eplerenone prevented the increases in TBARS levels and NADPH
oxidase expression in the kidney, and tempol also reduced ROS levels and amelio-
rated renal injury (Nishiyama et al. 2004). Shibata et al. (2007) showed that contin-
uous infusion of aldosterone in uninephrectomized rats induced massive proteinuria
with hypertension and glomerular podocyte injury and decreased gene expressions
of nephrin and podocin were closely related to podocyte injury. In the same study,
NADPH oxidase activity and TBARS contents were enhanced and podocyte dam-
age was ameliorated by tempol further supporting an important role for ROS in
this rat model. It is found that aldosterone can induce the activation of SGK1 sig-
naling pathway through oxidative stress and damage the podocyte (Shibata et al.
2007). Previously conducted studies have found that aldosterone promotes apop-
tosis of podocytes by inducing mitochondrial dysfunction (Su et al. 2013; Yuan,
et al. 2012a). We showed that under normal conditions, endogenous peroxisome
proliferator-activated receptor-g coactivator-1α (PGC-1α), a transcriptional coacti-
vator of peroxisome proliferator-activated receptor-γ, and other nuclear hormone
receptors are important for podocyte maintenance of mitochondrial function (Yuan,
et al. 2012a). SIRT1/PGC-1α axis activation protects against aldosterone-induced
podocyte injury likely by preventing mitochondrial dysfunction and SIRT1 agonist,
resveratrol-blocked mitochondrial dysfunction, and podocyte injury by activating
SIRT1/PGC-1 alpha (Yuan et al. 2012a). Aldosterone-induced podocyte apopto-
sis seems to be mediated through the activation of p38 MAPK signaling pathway
because pretreatment with inhibitor of p38 MAPK suppressed apoptosis (Chen et al.
2009). We recently demonstrated the possible signaling pathways involved in mito-
chondrial dynamics (Yuan et al. 2017). In this study, aldosterone induced podocyte
injury and increased the expression of p53, leading to mitochondrial dysfunction
through activation of dynamin-related GTPase dynamin-related protein 1 (Drp1)-
mediated mitochondrial fission. Pathogenic role of NOD-like receptor family, pyrin
domain containing 3 (NLRP3) inflammasome in podocyte injury, has been identified
in our another study (Bai et al. 2017). Herein, exposure of podocytes to aldosterone
enhanced NLRP3, indicating an activation of NLRP3 inflammasome. NLRP3 dele-
tion abolished aldosterone-induced NLRP3 inflammasome activation and also ame-
liorated aldosterone-induced podocyte injury evidenced by the improved proteinuria
and silt diaphragm protein loss. In the ARHGDIA gene (encoding RhoGDI 1 alpha)
knockout mice, the damage of foot processes is positively correlated with the inten-
sity of Rac1 activation, and the Rac1 inhibitor NSC23766 can inhibit the activation
of the SGK1 signaling pathway and reduce the proteinuria and the foot processes
damage (Shibata et al. 2008).
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15.3.3 Regulation of Vessels and Vascular Smooth Muscle
Cells (VSMCs)

Aldosterone increases the VSMCs proliferation, increases the expression of vascular
collagen components, decreases vascular compliance, and constricts the glomerular
afferent and efferent arterioles. It increases the glomeruli pressure, perfusion, and
filtration which stimulates vasculitis and hence results in renal fibrosis. The main
mechanism of aldosterone in stimulation of VSMCs proliferation is as follows: (1)
The combination of aldosterone/MR complex with the hormone response element
(HRE) ofAT1 receptor gene promoter upregulates theAT1 receptor expressionwhich
can enhance the effect of Ang II-induced vascular smoothmuscle hypertrophy, hence
stimulating the proliferation of VSMCs (Yamada et al. 2008) and (2) Aldosterone
activates ERK1/2 signaling pathway and promotes the proliferation of VSMCs (Min
et al. 2005).A study showed the synergistic signaling interaction between aldosterone
and Ang II on the mitogenic action in VSMCs (Min et al. 2005). Here, aldosterone
and Ang II increased the early activation of ERK1/2 involving the transactivation of
the EGFR, whereas delayed activation involved increased MAPK-1 and Ki-ras2A
expression. Other investigators used small interference RNA for AT1aR, AT1bR,
and MR to explain the cross talk between aldosterone and angiotensin II in mouse
VSMCs. Aldosterone and Ang II induced ERK1/2, JNK, and NF-κB phosphoryla-
tion (Bomback and Klemmer 2007). This study showed ERK1/2 activation through
an AT1-dependent, MR-independent mechanism, and JNK and NF-κB activation
required both AT1- and MR-dependent mechanisms after aldosterone stimulation.

Aldosterone increases expression of PAI-1 in VSMCs and endothelial cells
(Brown et al. 2000a, b). PAI-1 is a member of the serine protease inhibitor (ser-
pin) family, and it can promote fibrosis by preventing matrix metalloproteinases
(MMPs) activation and ECM degradation by plasminogen activators and plasmin.
PAI-1 is the major physiological inhibitor of tissue-type plasminogen activator (tPA)
and urokinase-type plasminogen activator (uPA). It inhibits the activation of plas-
minogen to plasmin by tPA and also can also exert anti-fibrotic effects by retarding
cellular infiltration and interfering with uPA or plasmin-mediated activation and the
release of latent growth factors. By interacting with Ang II, aldosterone increases
PAI-1 expression in a dose-dependent manner both in vitro cultured vascular smooth
muscle cells and in vivo vascular endothelial cells (Brown et al. 2000b). This effect
was blocked by MR antagonist spironolactone, indicating that aldosterone promotes
PAI-1 expression through the classical salt mineralocorticoid receptormechanism. In
this study, plasmaPAI-1 levels in patientswith primary hyperaldosteronism increased
significantly. In a radiation model of renal damage, inhibition of aldosterone also
downregulates PAI-1 expression in vivo, and local PAI-1 expression is closely asso-
ciated with sclerosis (Brown et al. 2000a). These collective evidences support the
hypothesis that aldosterone induces renal fibrosis at least in part through its effects
on PAI-1 expression. Grossmann et al. (2007) showed the aldosterone increases the
expression of EGFR in vascular smooth muscle cells via an interaction with the
EGFR promoter, which is MR specific.
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Nitric oxide (NO) has several functions in the kidney including dilatation of the
renal blood vessels, regulation of renal hemodynamics, blunting of tubuloglomerular
feedback, modulation of renal sympathetic nerve activity, and inhibition of matrix
protein aggregation, smooth muscle cell proliferation, and fibroblast proliferation.
Nω-nitro-L-arginine methyl ester (L-NAME) is a potent inhibitor of NO synthase
which can cause systemic hypertension, vascular injury, and vascular endothelial
cell dysfunction. It thus plays an important role in renal fibrosis. Ikeda et al. (2009)
demonstrated significant increase in blood pressure, proteinuria, renal inflamma-
tion, and fibrosis in L-NAME-treated rats. These effects were prevented significantly
after the use of aldosterone antagonist, spironolactone, which may suggest the role
of aldosterone in contributing to renal inflammation and fibrosis by inhibiting the
formation of NO. Besides, Arima et al. (2003) examined the vascular action of
aldosterone that can cause dose-dependent constriction in both afferent and efferent
glomerular arterioles with more susceptibility in efferent arterioles. These effects are
via non-genomic pathway as the mineralocorticoid receptor antagonist spironolac-
tone was not able to block the vasoconstriction effect of aldosterone. Instead, the
effect of aldosterone on both the arterioles was due to activation of phospholipase
C and thus promoting calcium transport through L- and T-type calcium channels.
In addition, aldosterone-induced vasculitis may also be involved in the process of
renal fibrosis (Blasi et al. 2003). It was demonstrated that aldosterone/salt adminis-
tration induces elevated expression of inflammatory components including MCP-1,
IL-1β, and IL-6 in the blood vessels of rats. It was also accompanied with severe
albuminuria, renal vascular injury, and histopathological changes in the kidney. The
author further observed that eplerenone attenuated these inflammatory components,
improved vasculitis, and reduced renal inflammation and fibrosis (Blasi et al. 2003).

15.3.4 Phenotypic Transition of Renal Tubular Epithelial
Cells

Epithelial–mesenchymal transition (EMT) is defined as phenotypic conversion in
epithelial cells which leads to loss of contacts between epithelial cell-to-cell base-
ment membrane and hence gives rise to matrix-producing fibroblasts and myofi-
broblasts (Acloque et al. 2009; Thiery 2002; Kalluri and Weinberg 2009). EMT is
known to play a pivotal role in themechanism of tubulointerstitial fibrosis (Burns and
Thomas 2011). We have previously demonstrated that the aldosterone induces EMT
in renal epithelial cells through MR-mediated, mitochondria-derived ROS, and acti-
vation of ERK1/2 signaling pathway (Zhang et al. 2007). This effect was significantly
blocked byMR antagonist eplerenone andmitochondrial respiratory chain complex I
inhibitor rotenone. In the DOCA/salt mice model, EMTwas evidenced by exhibiting
the tubular epithelial cells as elongated and fibroblast-like morphology, expression
of alpha-smooth muscle actin (fibroblast markers) was increased, and E-cadherin
(epithelial markers) was decreased. We further extended our investigation demon-
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strating the role of mitochondrial function in aldosterone-induced EMT (Yuan et al.
2012b). PGC-1α and silent mating-type information regulation 2 homolog 1 (SIRT1)
function together to control the mitochondrial biogenesis and function. In this study,
aldosterone-infused human kidney cells showed decreased PGC1 expression and
induced mitochondrial dysfunction leading to promoting EMT, whereas overexpres-
sion of PGC-1α prevented mitochondrial dysfunction and EMT. SIRT1/PGC-1α axis
activation protected against aldosterone-induced EMT by inhibiting mitochondrial
dysfunction (Yuan et al. 2012b). Aldosterone has been reported to contribute to nor-
mal renal tubular epithelial cell differentiation and proliferation from isolated renal
stem cells (Minuth et al. 2005), and in vivo experiment done on juvenile animals
can also cause dysregulation of renal cell growth and promote renal fibrosis (Heber
et al. 2007). Human tubular epithelial cells treated with aldosterone activate EGFR
via TGF-α/ADAM17 (Morgado-Pascual et al. 2015). Blockade of ADAM-17/TGF-
α/EGFR pathway using the specific inhibitors, the ADAM17 inhibitor TAPI-2, an
anti-TGF-α neutralizing antibody, and the EGFR kinase inhibitor AG1478, signif-
icantly diminished aldosterone-induced pro-inflammatory gene upregulation which
supports the involvement of ADAM-17/TGF-α/EGFR axis in the regulation of pro-
inflammatory factors by aldosterone (Morgado-Pascual et al. 2015).

15.3.5 Fibroblasts

In rat kidney fibroblast cells, aldosterone induces proliferation via MR-mediated
kinase activity of the growth factor receptors and downstream cell signaling through
P13 K/Akt, ERK, and JNK pathways (Huang et al. 2012). Aldosterone induced
uninephrectomized rats in the presence of AT1 receptor blockade, increased the
expression of TGF-β1 and collagen mRNAs, and diffused renal medullary and cor-
tical fibrosis accompanied by the accumulation of abundant myofibroblasts at the
sites of fibrosis. This suggests the independent role of aldosterone in renal fibrosis
through TGF-β1 signaling pathways, thereby upregulating the collagen synthesis,
downregulating the release of the extracellular matrix metalloproteinase collage-
nase, and hence promoting fibroblast proliferation (Sun et al. 2000). CTGF is rec-
ognized as a pro-fibrotic protein and plays an important role in the pathogenesis of
chronic fibrotic disorders (Phanish et al. 2010). The CTGF gene promoter contains
a TGF-β1-responsive element as well as other regulatory sequences and thus acts as
an early responder during the onset of fibrotic diseases. In addition to its own pro-
fibrotic effect, it is a downstream mediator of at least some of the pro-fibrotic effects
of TGF-β1, in particular proliferation of fibroblasts and secretion of ECM proteins
by fibroblasts (Phanish et al. 2010). OPN is a key mediator of aldosterone-induced
renal fibrosis. It is a glycosylated phosphoprotein that is produced by osteoblasts,
macrophages, endothelial cells, and epithelial cells and acts to facilitate cell adhe-
sion and migration. In the normal kidney, it is mainly expressed in the loop of Henle
and distal nephron and is thought to play a role in renal fibroblast proliferation and
ECM synthesis. Aldosterone significantly increased OPN mRNA expression and
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that OPN-small inference RNA completely blocked aldosterone-induced collagen
synthesis and renal fibroblast proliferation in renal fibroblasts (Irita et al. 2008). This
study also showed the use of MR antagonist spironolactone abolished aldosterone-
inducedOPN expression throughAP-1 andNF-κBbinding activities, which suggests
that OPN may be a downstream factor of aldosterone in renal fibrosis.

15.3.6 Infiltration of Inflammatory Cells

Infiltration of inflammatory cells is one of the major cellular events in renal fibrosis.
In response to injury, inflammation is an essential part of host defense mechanism.
However, inflammation which is non-resolving tends to develop fibrotic diseases
(Liu 2011). Following renal fibrosis, the inflammatory cells become activated, which
producemolecules such as ROS that damage tissues; hence, growth factors and fibro-
genic cytokines are produced.Macrophage, a member of themononuclear phagocyte
family, has a key role in renal injury, inflammation, and fibrosis. They are pleiotropic
inflammatory cells that take part in inflammatory reactions (Han et al. 2019). Blasi
et al. (2003) showed the possible role of aldosterone in mediating renal fibrosis
which is preceded by inflammatory components infiltration including macrophage,
and increased the expression of pro-inflammatory cytokines OPN, interleukin-1 beta
(IL-1β), and interleukin-6 (IL-6), MCP-1, suggesting that inflammation is an essen-
tial contributor of renal fibrosis. The heterogeneity of macrophage polarization has
been recognized as an important feature of renal disease (Li et al. 2015). Aldosterone
plus salt treated in rat kidney model contributes to classical macrophage activation
to the inflammatory M1 phenotype, along with hypertension, renal damage, and
fibrosis. These effects were effectively blocked by MR antagonism spironolactone,
thereby showing the beneficial effect of MR antagonist in hypertensive renal disease
(Martín-Fernández et al. 2016). NF-κB, a eukaryotic transcription factor, is one of
the most important pro-inflammatory signal pathways which has been intensively
investigated over the past 30 years because of its involvement of several biological
programs. NF-κB can be activated by various molecules, such as lipopolysaccha-
ride, cytokines, and ROS, and influence the transcription of several genes involved
in the inflammatory response, cell growth, and adhesion (Baeuerle andHenkel 1994).
Ding et al. conducted an experiment showing the role of NF-κB in the pathogenesis
of aldosterone-induced renal injury (Ding et al. 2012). It was found that the activ-
ity of NF-κB and inflammation in the renal tissue of aldosterone-/salt-treated rats
increased significantly along with the upregulated expression of ICAM-1, TGF-β,
CTGF, and type IV collagen. Treatment with pyrrolidine dithiocarbamate (PDTC), a
NF-κB inhibitor, significantly reduced the pathological damage of kidney tissue and
reduced the expression of factors including CTGF, ICAM-1, TGF-β, and collagen
IV (Ding et al. 2012).
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15.4 Aldosterone Breakthrough

We have already mentioned studies that showed proteinuria induced by aldosterone
is one of the important signs in the progression of renal disease and renal fibro-
sis. The renin–angiotensin system (RAS) plays a key role in the development of
proteinuria in kidney diseases. Blockade of RAS with the use of ACE inhibitors
decreases the levels of circulating Ang II, and ARBs inhibit the action of AT1R
significantly reducing the urinary protein excretion which further delays the chronic
progression of renal disease. However, with the use of ACE inhibitors or ARBs,
Ang II inhibits release of renin and leads to increased plasma renal activity. Besides,
after the initiation of ACE inhibitors or ARBs therapy for several weeks, plasma
aldosterone concentration is increased to pretreatment level, following a decrease
of aldosterone levels in the initial treatment phase. This phenomenon is known as
aldosterone breakthrough, which also suggests the role of aldosterone in mediating
proteinuria (Bomback and Klemmer 2007). Up to 10–53% CKD patients on ACE
inhibitors or ARBs were found to have aldosterone breakthrough in previous studies
using various definitions (Bomback and Klemmer 2007). It was shown that patients
who experienced aldosterone breakthrough had enhanced decline in GFR compared
with those without breakthrough (Schjoedt et al. 2004). Aldosterone breakthrough
provides a theoretical basis for clinical application of aldosterone receptor antago-
nists. Many observational studies have confirmed that the combination of MR antag-
onist and ACE inhibitors or ARBs can effectively reduce proteinuria and delay renal
fibrosis in patients with CKD (Schjoedt et al. 2004; Furumatsu et al. 2008; Schjoedt
et al. 2006; Chrysostomou et al. 2006; Bianchi et al. 2006). Sato and Fukuda (2013)
reported that aldosterone breakthrough occurred in 55% of hypertensive patients
after the use of direct renin inhibitor (DRI) aliskiren, which acts by directly blocking
the enzymatic action of renin without interfering with its production and interaction
with renin receptors. Adding MR receptor antagonist eplerenone to DRI to those
patients showed decrease in albuminuria and may benefit hypertensive patients by
exerting a cardiovascular and/or renal protective effect.

The mechanism of aldosterone breakthrough is not fully elucidated. It may be
related to the following factors: (1) Ang II is produced by alternative pathway and
non-renin pathway. ACE inhibitor can block the classical Ang II generation pathway,
but it does not play a role in the alternative pathway and non-renin pathway of Ang
II generation (Urata et al. 1994a, b; Cicoira et al. 2001); (2) Long-term blockade of
AT1 receptor leads to increase in Ang II which may mediate aldosterone synthesis
through AT2 receptor (Naruse et al. 2002); (3) Some aldosterone stimulating factors
that do not depend upon Ang II are endothelin, vasopressin, catecholamine, ACTH,
glucocorticoid, hyperkalemia, hyperlipidemia, and reduced high-density lipoprotein.
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15.5 Treatment

15.5.1 Clinical Trials

15.5.1.1 MR Antagonists

The two clinically approved and commonly used MR antagonists are spironolac-
tone and eplerenone, both of which are steroidal compounds. They share similar
molecular structure of aldosterone, natural MR ligands, and cortisol. Searle Labo-
ratories (Skokie, Ill) introduced spironolactone as the first MR antagonist in 1959
(Jaisser and Farman 2016). It was recommended for the treatment of edema, hyper-
tension, primary aldosteronism, and heart failure. It is commonly used as a diuretic.
Spironolactone is a potent MR antagonist; however, due to its poorly selective nature
towardMR, it inhibits the androgen and progesterone receptors (Kolkhof and Borden
2012). Therapeutic use of this drug has led to several side effects such as feminiza-
tion, gynecomastia, impotence, and menstrual irregularities, which reflect its anti-
androgenic and progestogenic activity. In the Randomized Aldactone Evaluation
Study (RALES), 10% of men in the spironolactone-treated group had gynecomas-
tia and breast pain and the incidence rate of hyperkalemia was only slightly higher
than the placebo group (Pitt et al. 1999). Other side effects of spironolactone are
hyperkalemia, hyponatremia, dizziness, abnormal renal function, and high creati-
nine concentration. These side effects limit the patients with spironolactone therapy.
In recent years, spironolactone has shown to prevent renal fibrosis. In 2002, a second-
generation MR antagonist eplerenone was launched for the treatment of hyperten-
sion and congestive heart failure. In comparison with spironolactone, eplerenone
has more selectivity for MR but less potency (40-fold less affinity) and interacts
less with other steroid receptors (Kolkhof and Borden 2012). Therefore, there are
fewer hormonal-related side effects with eplerenone. In the Eplerenone Post-acute
Myocardial InfarctionHeart Failure Efficacy and Survival Study (EPHESUS), 15.6%
of the patients with eplerenone therapy had serum potassium (K+) >5.5 mEq/L in
comparison with 11.2%with the placebo group (Pitt et al. 2008). Essentially, patients
who are taking spironolactone and eplerenone need tomonitor their serum potassium
level and renal function carefully. The ratio of sodium/potassium in the urine is an
accurate indicator of the appropriate dose of spironolactone.

Nonsteroidal compound dihydropyridine, which is also known as L-type calcium
channel antagonists, can also act as MR antagonist (Kolkhof and Borden 2012). A
potent and selective dihydropyridine-based MR antagonist, BR-4628, was gener-
ated due to optimization of antagonists without L-type calcium channel activation.
Finerenone (BAY 94–8862) is a third-generation, novel dihydronaphthyridine class
of MR antagonist formed by the optimization of BR-4628 which has shown better
selectivity nature for MR over spironolactone and eplerenone (Jaisser and Farman
2016). The use of finerenone was investigated in a phase 2 clinical trial of Miner-
alocorticoid Receptor Antagonist Tolerability Study (ARTS), which showed equal
effectiveness as spironolactone in reducing the levels of B-type natriuretic peptide
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(BNP), amino-terminal proBNP, and albuminuria (Pitt et al. 2013). However, the rate
of hyperkalemia and renal dysfunction was lowered in finerenone group demonstrat-
ing its safety profile than spironolactone in patients with chronic heart failure and
kidney impairment. Another clinical trial, the ARTS-diabetic nephropathy (ARTS-
DN), was launched in 823 patients suffering from type II diabetic mellitus or diabetic
nephropathy in order to testify the efficacy of different oral doses of finerenone com-
pared to placebo, who were initially receiving ACE inhibitors or ARBs (Bakris et al.
2015). At day 90 follow-up, finerenone (7.5–20 mg once daily) reduced the albumin-
uria (17.2–40.2%) in a dose-dependent manner as compared with placebo (13.6%).
There was no significant correlation seen between changes in urinary albumin–cre-
atinine ratio and changes in systolic blood pressure which suggests that lowering
of blood pressure does not lower albumin excretion, and intraglomerular pressure is
also independent of urinary albumin–creatinine ratio changes.

15.5.1.2 Aldosterone Synthase Inhibitor

Inhibition of aldosterone synthase is an alternative approach to antagonize the harm-
ful aldosterone actions (both MR dependent and MR independent) by directly atten-
uating its production in cardiac, vascular, and renal target organs (Azizi et al. 2012).
Therefore, enzymatic activity of the aldosterone synthase is inactivated resulting in
decreased aldosterone concentrations in plasma and tissue. Aldosterone synthase
inhibitor has been studied as a new treatment option for management of hyperten-
sion, cardiac failure, and renal diseases. LCI699 is the first orally active aldosterone
synthase inhibitor drug that was discovered for humans. LCI699, when used in 14
patients with primary aldosteronism observed dose-dependent reduction in plasma
and urinary aldosterone concentrations by 70–80%, decreased blood pressure, and
plasma renin activity was increased mildly. Notably, LCI699 was shown to have
limited selectivity to aldosterone synthase CYP11B2 (Azizi et al. 2012).

15.5.2 Experimental Studies

As mentioned earlier, various experiments were carried out in animal models which
have shown a potential role of MR antagonists, along with other pathways inhibitors
in delaying the progression of renal fibrosis through different mechanisms. In this
section, we will briefly mention a few of them. We have examined the role of MR
antagonist, mitochondrial respiratory chain complex I inhibitor, or an NADPH oxi-
dase inhibitor in significantly mitigating the mesangial cell proliferation and ROS
production which is induced by aldosterone (Huang et al. 2009). In this, eplerenone
also inhibited EGFR transactivation which is a downstream effector of PI3 K/Akt
and Ras/MAPK signaling pathway. Aldosterone-induced ERK1/2 phosphorylation
in mesangial cells was significantly attenuated when using eplerenone as pretreat-
ment (Nishiyama et al. 2005). Spironolactone can block the role of NO synthase
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inhibitor L-NAME in renal tissue which showed that reduced expression of TGF-
beta 1, CTGF, OPN, and PAI-1 in renal tissue, proteinuria, and blood pressure was
significantly decreased, hence alleviating renal fibrosis and renal function deteriora-
tion (Ikeda et al. 2009). In another study, we also showed that aldosterone-induced
EMT was significantly blocked with the use of eplerenone and rotenone (Zhang
et al. 2007). Treatment with eplerenone significantly improved aldosterone-induced
renal injury and increased serum- and glucocorticoid-inducible protein kinase-1
(SGK1), ICAM-1, and CTGF expressions in the rat mesangial cells which may
be considered as another therapeutic target in the treatment of renal fibrosis (Terada
et al. 2012). Blockade of ADAM-17/TGF-α/EGFR pathway diminished aldosterone-
induced pro-inflammatory gene upregulation (Morgado-Pascual et al. 2015) which
may be another treatment option for preventing the progression of renal fibrosis.
When treated with eplerenone, podocyte damage and proteinuria were markedly
attenuated in the aldosterone-treated rats (Shibata et al. 2007). Besides, treatment
with eplerenone or tempol also significantly reduced podocyte injury and protein-
uria in other ratmodels of hypertensive glomerulosclerosis (Nagase et al. 2006, 2007)
and type 2 diabetic rats (Nishiyama et al. 2010). Our study has shown activator of
SIRT1, resveratrol-blocked mitochondrial dysfunction, and podocyte injury by acti-
vating SIRT1/PGC-1 alpha which may be therapeutically useful in renal diseases
(Yuan et al. 2012a). Blockade of Drp1 inhibited mitochondrial fission and dysfunc-
tion, and podocyte apoptosis in an animalmodel of aldosterone-induced nephropathy
which may provide another promising therapeutics for podocyte injury (Yuan et al.
2017). In order to discover highly selective aldosterone synthase inhibitor, an exper-
imental study was conducted in cynomolgus monkey-based models which showed
BI 689648 as a highly selective one (Weldon et al. 2016). It revealed an in vitro IC50

of 2 nM against aldosterone synthase and cortisol synthase and 150-fold selectivity.
For in vivo selectivity profiling, an adrenocorticotropin-challenge model was used
which exhibited BI 689648 to bemore than 20-fold selective comparedwith FAD286
and LCI699. This study may highlight an important step forward in the identification
of effective and high potential aldosterone synthase inhibitors for clinical setup in
cardiometabolic diseases, diabetic nephropathy, and CKD.

15.6 Summary

Apart from its physiological action on salt and water homeostasis, herein, we have
discussed aldosterone as a potent factor in the pathogenesis of renal fibrosis. The
prevailing in vivo and in vitro experiments suggest the independent detrimental role
of aldosterone along with its MR, eventually contributing to the development of
renal injury and fibrosis. As shown in Fig. 15.1, aldosterone has multiple mecha-
nisms underlying the pathogenic role in kidney ultimately promoting renal injury
and fibrosis. Some small clinical studies have shown that the use of aldosterone
antagonists in patients with CKD can reduce proteinuria and delay the progression
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Fig. 15.1 Schematic diagram illustrating the possible mechanisms underlying the pathogenic
role of aldosterone in renal fibrosis. Aldosterone stimulates the increase in ROS production
which inducesmitochondrial dysfunction.ROSalso activatesEGFR.EGFR transactivation activates
PI3 K/Akt/mTOR/p70S6K1 and Ki-RasA/c-Raf/MEK/ERK and signaling pathways. Activation of
p38MAPK could trigger the Caspase 3 death pathway. Aldosterone induces SGK1 phosphorylation
and promotes expressions of CTGF and ICAM-1 via NF-κB. In kidney, these changes lead to
activation of pro-inflammatory and pro-fibrotic pathways ultimately promoting glomerulosclerosis
and tubulointerstitial fibrosis

of renal fibrosis. However, large-scale clinical studies are needed to confirm the
safety and effectiveness of aldosterone receptor antagonists in CKD patients.
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Chapter 16
TGF-β/Smad and Renal Fibrosis

Tao-Tao Ma and Xiao-Ming Meng

Abstract Renal fibrosis is characterized by excessive deposition of extracellular
matrix (ECM) that disrupts and replaces functional parenchyma,which leads to organ
failure. It is known as the major pathological mechanism of chronic kidney disease
(CKD). Although CKD has an impact on no less than 10% of the world population,
therapeutic options are still limited. Regardless of etiology, elevated TGF-β levels are
highly correlated with the activated pro-fibrotic pathways and disease progression.
TGF-β, the key driver of renal fibrosis, is involved in a dynamic pathophysiological
process that leads to CKD and end-stage renal disease (ESRD). It is becoming clear
that epigenetics regulates renal programming, and therefore, the development and
progression of renal disease. Indeed, recent evidence shows TGF-β1/Smad signaling
regulates renal fibrosis via epigenetic-correlated mechanisms. This review focuses
on the function of TGF-β/Smads in renal fibrogenesis, and the role of epigenetics as
a regulator of pro-fibrotic gene expression.

Keywords TGF-β · Renal fibrosis · Smad · Non-coding RNA · Epigenetic
modification

16.1 Introduction

Chronic kidney disease (CKD) is associated with excessive deposition of extracel-
lular matrix (ECM), which causes loss of healthy renal structure and contributes
to end-stage renal disease (ESRD). CKD affects 10% of the worldwide population
with a high mortality rate due to limited effective treatments. Researches in animal
and human studies confirm TGF-β1 is a predominant pathogenic factor that drives
progressive forms of renal fibrosis (Meng et al. 2016). Collectively, these findings
indicate TGF-β1 is a viable therapeutic target to prevent the onset or progression of
fibrosis.
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TGF-β is a member of transforming growth factor superfamily and consists of
three isoforms TGF-β1, TGF-β2, and TGF-β3. All have been identified in mammals,
sharing 70–82% amino acid homology. All three isoforms bind to TGF-β type 2
receptor (TGFR2) as homodimers that recruit and activate TGFR1 to initiate recep-
tor signaling. Overexpression of active TGF-β1 in the liver of transgenic mice is
sufficient to induce fibrotic disease in multiple organs, including kidneys (Meng
et al. 2016). TGF-β is synthesized in a precursor form; latency-associated peptide
(LAP) is released by cleavage near the N-terminus and binds with mature TGF-β
homodimers that promote attachment with latent TGF-β binding protein (LTBP).
This latent TGF-β/LAP/LTBP complex maintains TGF-β in an inactive form, pre-
venting its interaction with receptors. Latent TGF-β complex is cleaved extracel-
lularly by a broad range of proteases, including plasmin, matrix metalloproteinase
(MMP) 2 and MMP9 that release active TGF-β. This mechanism is more complex
than initially thought. LAP/TGF-β complex is capable to bind GARP, a receptor also
known as LRRC32, which expresses in regulatory T cells and plays a significant role
in regulating phenotypes and functions of these cells. This interaction may explain
why latent TGF-β1 overexpression limits not only fibrosis, but also inflammation in
models of kidney disease.

16.2 Role of TGF-β1 in Renal Fibrosis

Renal fibrosis, characterized by excessive accumulation of ECM, plays central roles
in the development of ESRD that is caused by progressive renal dysfunction (Eddy
and Neilson 2006). Although a large amount of evidence indicates TGF-β is the
key mediator in CKD, an effective therapy for renal fibrosis sorely needed. TGF-β1
regulates multiple biological processes, including cell proliferation, apoptosis, and
autophagy (Meng et al. 2013). Data show TGF-β is upregulated in injured kidneys
in human patients and animal disease models (Yamamoto et al. 1996; Bottinger and
Bitzer 2002). In addition, TGF-β is higher in patients with different kinds of renal
diseases, and is positively related to the severity of fibrosis (Murakami et al. 1997).
In addition, overexpression of TGF-β1 in rodent liver leads to the fibrotic response in
kidneys while inhibiting TGF-βwith neutralizing antibodies, inhibitors, or receptors
depletion attenuates renal fibrosis in vivo and in vitro (Kopp et al. 1996; Border and
Noble 1998; Moon et al. 2006; Petersen et al. 2008; Meng et al. 2012a, b). Compared
with the active form of TGF-β1, the latent form prevents renal inflammation and
fibrosis by upregulating Smad7, as observed in latent TGF-β transgenic mice with
obstructive nephropathy or anti-GBM glomerulonephritis (Huang et al. 2008a, b).

Taken together, evidence shows TGF-β promotes renal fibrosis through several
possible mechanisms: (1) TGF-β1 directly induces ECM synthesis via Smad3-
dependent or Smad3-independent manners; (2) TGF-β1 suppresses the degradation
of ECM by inhibiting MMPs and inducing natural inhibitors of MMPs like tissue
inhibitor of metalloproteinases (TIMPs); (3) TGF-β1 plays a critical role in the trans-
differentiation toward myofibroblasts from several cell types such as epithelial cells
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via epithelial–mesenchymal transition (EMT), endothelial cells via endothelial–mes-
enchymal transition (EndMT), and pericytes and bone marrow-derived macrophages
viamacrophage–myofibroblast transition (MMT) (Wu et al. 2013;Meng et al. 2016);
(4) TGF-β1 acts directly on different types of renal resident cells to induce mesan-
gial cells proliferation and elimination of tubular epithelial cells (TECs), podocytes,
and endothelial cells, and this may lead to more severe renal damage and fibrosis
(Bottinger and Bitzer 2002; Lopez-Hernandez and Lopez-Novoa 2012).

16.3 Role of Smads in Renal Fibrosis

Interestingly, although TGF-β1 plays a supporting role in renal fibrosis, its down-
streamSmads (likeSmad2, Smad3, andSmad4) have distinct or evenopposing effects
while regulating fibrosis. One key difference among Smads is that Smad3 enhances
target genes transcription by directly binding to promoters of Smad-binding ele-
ments (SBE). No DNA binding domain is detected in Smad2 and Smad4, so they
only work as modulators for Smad3-based gene transcription (Dennler et al. 1998;
Chen et al. 1999; Piek et al. 2001; Yuan and Varga 2001). Considering embryonic
lethality of Smad2 or Smad4 mice, investigations into the role of Smad proteins have
been limited due to a lack of available genetic models. (Goumans and Mummery
2000).

16.3.1 Smad2 and Smad3 in Renal Fibrosis

Both Smad2 and Smad3 are activated in the fibrotic kidney of CKD patients and
animal models (Kim et al. 2003; Inazaki et al. 2004). Data show Smad3-deficient
mice have less collagen deposition compared to wild-type mice with inductive kid-
ney injury (Fujimoto et al. 2003; Sato et al. 2003; Zhou et al. 2010). In contrast,
conditional knockout of Smad2 from TECs promotes renal fibrosis in obstructive
nephropathy via inducing Smad3 activation, phosphor-Smad3 nuclear translocation
and auto-induction of TGF-β1 (Meng et al. 2010). This indicates Smad2 exerts a
negative effect on the pro-fibrotic function of Smad3.

16.3.2 Smad4 in Renal Fibrosis

Smad4 is a known player in both TGF-β and bone morphogenic protein (BMP)
signaling pathways that facilitate nuclear translocation of Smad2/3 and Smad1/5/8
complexes, respectively (Meng et al. 2013). Smad4 deficiency in mesangial cells
in vitro suppresses collagen I promoter activity (Tsuchida et al. 2003). Consistent
with this finding, conditional deletionofSmad4 in tubular epithelial cells significantly
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reduced fibrosis in UUO-induced fibrosis mice without affecting Smad3 activation
(Meng et al. 2012a, b).

16.3.3 Smad7 in Renal Fibrosis

Smad7 is reported as a negative feedback inhibitor of TGF-β/Smad signaling. Smad3
complexes induce Smad7 transcription in response to TGF-β1 (Yan and Chen 2011).
Smad7 competeswith Smad2 andSmad3 for binding sites on activatedTGFR1. Thus,
Smad7 negatively regulates TGF-β/Smad signaling (Shi and Massague 2003). It is
important to note that during renal fibrosis, Smad7 mRNA transcription is countered
by reduced protein byubiquitin-dependent degradation via Smadubiquitin regulatory
factor 2 (Smurf2) (Fukasawa et al. 2004). Indeed, mice deficient in Smad7 show
increased susceptibility to renal fibrosis (Chung et al. 2009; Chen et al. 2011). In
comparison, overexpression of Smad7 attenuates renal fibrosis in kidney disease in
animal models (Hou et al. 2005; Ka et al. 2007, 2012; Liu et al. 2014).

16.4 Role of TGF-β/Smad-Dependent Epigenetic
Modification in Renal Fibrosis

Covalent changes to chromatin, such as DNA methylation or histone modifications,
affect gene transcription. Modifications occur in a cell-type and microenvironment-
specificmanner. They universally regulate biological functions, including renal fibro-
sis. Evidence shows that TGF-β1/Smad regulates renal fibrosis via epigenetic mod-
ification (Meng et al. 2016).

16.4.1 DNA Methylation

In the mammalian genome, 60–90% of cytosine–phosphate–guanine (CpG) sites are
methylated byDNAmethyltransferases (DNMTs), which creates a 5-methylcytosine
(5mC) site (Ehrlich et al. 1982). Counter to DNMTs, ten-eleven translocation
(TET) proteins reduce 5mC sites to 5-hydroxy-methyl-cytosine (5hmC) (Tahil-
iani et al. 2009). Maintenance methylation is handled by DNA methyltransferase
1 (DNMT1), which establishes methylation patterns via preferential methylation
of hemi-methylated DNA on newly synthesized DNA strands to solve the dilutive
effect of cell proliferation (Bestor et al. 1992; Pradhan et al. 1999). De novo methy-
lation is controlled by DNMT3A and DNMT3B (Okano et al. 1998; Hsieh 1999).
DNA methylation occurs primarily at CpGd nucleotides, which are often enriched
in the promoter region and the first five untranslated regions (Luczak and Jagodzin-
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ski 2006). Data show that some specific methylation patterns are correlated with
kidney disease (Qiu et al. 2018). For example, TGF-β-mediated hypermethylation
of RASAL1 via DNMT1 promotes fibroblast activation and fibrosis in kidney dis-
ease; this is resolved by anti-fibrotic factor BMP-7 (Tampe et al. 2014). Addition-
ally, suppression of Krüppel-like factor 4 (KLF4) by hypermethylation of its pro-
moter region contributes to TGF-β1-induced mesenchymal transition of TECs (Xiao
et al. 2015). Inhibition ofDNMT1prevents TGF-β1-induced hypermethylation of the
Smad7 gene promoter, which downregulates Smad7 expression and inhibits TGF-β1-
induced α-SMA and collagen I production (Bian et al. 2014). In contrast, in cardiac
fibroblasts, TGF-β1 downregulates DNMT1 expression and reduces methylation of
the Col1a1 promoter and upregulates collagen I gene transcription. This suggests
DNA methylation regulation by TGF-β1 works in a cell type-specific manner.

16.4.2 Histone Code

Histonemodification is a universal genetic characteristic, and occurs in various ways,
including acetylation, lysine and arginine methylation, phosphorylation, ubiquityla-
tion, and sumoylation. All modifications are capable of conferring gene transcrip-
tion regulation (Jenuwein and Allis 2001; Goldberg et al. 2007). Histone acetyla-
tion generally actives gene transcription, whereas histone methylation activates and
inactivates promoters depending on the site of modified lysine. It is reported that
active promoters are often decorated with H3K27ac and H3K4me3 marks, active
enhancers with H3K27ac and H3K4me1 marks, in addition to silenced promoters
and enhancers with H3K27me3 marks (Zhou et al. 2011; Kato and Natarajan 2014;
Shlyueva et al. 2014). Interestingly, TGF-β1 represses H3K9me2/3-mediated tran-
scription and enhances H3K4me1/2/3-mediated transcription on PAI-1, CTGF, and
Col1a1 promoters, thereby induces fibrosis (Sun et al. 2010).

Histone acetylation and deacetylation are mediated by histone acetyltransferase
(HAT) and histone deacetylase (HDAC) enzymes, respectively (Berger 2002).
TGF-β1 induces expression of PAI-1 and p21 in mesangial cells, which also pro-
motes glomerulosclerosis and hypertrophy. This requires histone acetyltransferase
p300/CBP, which acetylates histone H3 at lysines 9 and 14, and transcription factors
Smad3 and Sp1 (Yuan et al. 2013). In addition, p300/CBP acetylates Smad3 at Lys-
378 in the MH2 domain to enhance its transcriptional activity (Inoue et al. 2007).
Acetylation of Smad3 is induced in the early stage and sustained in the progression
of severe fibrosis in UUO nephropathy (Li et al. 2010a, b).

It is important to note that the activities of HDAC inhibitors are increased in
murine models of diabetic kidney disease, and treatment with non-selective HDAC
inhibitor trichostatin A reduces ECM expression (Noh et al. 2009). The TGF-β1-
induced EMT is countered by silencing HDAC-2 in TECs. MS-275, a class I HDAC
inhibitor, inhibits TGF-β1/Smad3 signaling to suppress renal fibrosis in UUO mod-
els (Liu et al. 2013). Moreover, blocking HDAC-6 with inhibitors reduces bind-
ing of phosphor-Smad2/3 to SBE in promoter regions and suppresses angiotensin
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II-induced hypertensive kidney fibrosis (Choi et al. 2015). This finding is further
supported by studies in TECs showing that blockade of HDAC-6 suppresses TGF-
β1-triggered EMT (Yoshikawa et al. 2007). Remarkably, a previous study showed
that activation of TGF-β1 signaling decreased NR4A1 level via AKT and HDAC-
dependent mechanisms, and thereby attenuated the inhibitory effect of NR4A1 in
multiple models of tissue fibrosis, including kidney fibrosis (Palumbo-Zerr et al.
2015). Overall, considerable interest exists in exploiting the therapeutic potential of
HDAC inhibitors in fibrotic diseases. However, given HDAC inhibitors have broad
substrate specificity and deacetylate numerous proteins that are not associated with
epigenetic regulation, this presents significant challenges to the field (Rius and Lyko
2012).

As a NAD+-dependent protein deacetylase, Sirtuin 1 (SIRT1) may also play a
role in renal fibrosis. SIRT1, which is activated by resveratrol, reduces acetylation
but not the phosphorylation of Smad3, and attenuates UUO nephropathy. SIRT1
knockdown abolishes the protective effect of resveratrol. Co-IP results show a direct
interaction between SIRT1 and acetylated Smad3. Consistently, resveratrol-induced
SIRT1 activation attenuates renal dysfunction and fibrosis in remnant kidney model
(Huang et al. 2014). However, contradictory findings have been reported. In one,
administration of the SIRT1 activator, SRT1720, exacerbated renal fibrosis in the
murineUUOmodel (Ponnusamyet al. 2015). In another,micewithfibroblast-specific
knockdownof SIRT1 resisted bleomycin-induced lungfibrosis due to disruptedTGF-
β/Smad signaling and collagen release in fibroblasts (Zerr et al. 2016). Thus, whether
SIRT1 activation is a desirable strategy for renal fibrosis treatment remains unclear.

16.4.3 Noncoding RNA

Noncoding RNA is a modulator of cotranscriptional epigenetic silencing. It contains
small (<200 nucleotides) and long (>200 nucleotides) noncoding RNA and regulates
gene expression through various mechanisms. Accumulating evidence shows that
noncoding RNAs, particularly microRNAs (miRNAs), play a significant role in the
regulation of TGF-β/Smads on renal fibrotic genes (Meng et al. 2016). Long non-
coding RNAs (lncRNA) affect gene expression and epigenetic mechanisms at the
chromatin level (Mercer and Mattick 2013).

miRNAs are short RNA molecules of 20–22 nucleotides encoded by genomic
DNA which could not be transcribed into peptides. These noncoding RNAs sup-
press gene expression by repressing and/or degradating targeted mRNAs (Leung
2015). miRNAs function in numerous biological processes including organ fibrosis.
TGF-β1 induces transcription of several miRNA species, like miR-21, to exert pro-
fibrotic effects. miR-21 is induced in the fibrotic kidney with levels correlated with
the severity of fibrosis in the patients with diabetic nephropathy. TGF-β1 upreg-
ulates miR-21 level via Smad3-dependent mechanisms. miR-21 knockdown with
oligonucleotides attenuates renal fibrosis in diabetic and UUO nephropathy (Zhong
et al. 2011). Smad3-mediated upregulation ofmiR-21 promotes renal fibrosis (Zhong
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et al. 2013; Kolling et al. 2017). Compared with wild-type littermates, miR-21
knockout mice develop less fibrosis in response to injurious stimuli. This protec-
tive effect is mediated by the restoration of miR-21-targeted anti-fibrotic genes such
as Smad7, Pparα, Spry1, and Pten (Chau et al. 2012; Zhong et al. 2013; Chung and
Lan 2015). Upregulation of miR-17-5p is detected in fibrotic liver. In hepatic stellate
cells (HSCs), TGF-β1-induced collagen I and α-SMA production is enhanced by
miR-17-5p-mediated Smad7 suppression (Yu et al. 2015). In glomerular mesangial
cells, TGF-β1 promotes cell survival and hypertrophy by upregulatingmiR-216a and
miR-217, which targets the AKT inhibitor, PTEN, resulting in AKT activation (Kato
et al. 2009). Additionally, TGF-β1 induces EMT via upregulating miR-382 which
suppresses the adhesion molecule called E-cadherin (Kriegel et al. 2010). miR-433
is significantly induced by Smad3 in renal fibrosis, and miR-433 knockdown limits
fibrosis via targeting the Azin1/TGF-β/Smad signaling in obstructive nephropathy
(Li et al. 2013).

Several miRNAs regulating fibrosis molecules are suppressed by TGF-β1. For
example, TGF-β1 downregulates miRNA let-7 in cultured mesangial cells, TECs,
and diabetic and non-diabetic models of fibrotic kidney disease (Park et al. 2014;
Wang et al. 2014). Let-7 exerts an anti-fibrotic response by downregulating TGFR1
expression, limiting TGF-β1-induced canonical and non-canonical signaling. miR-
19b, miR-26a and miR-101, endogenous inhibitors of TGF-β1/Smad signaling, are
suppressed by TGF-β1 in fibrotic organs (Lakner et al. 2012; Pan et al. 2012; Liang
et al. 2014; Tu et al. 2014). A recent study showed loss of miR-30c in kidney of db/db
mice; overexpression of miR-30c inhibited, but knockdown of miR-30c enhanced,
the Snail1-TGF-β1 axis, and renal fibrosis in diabetic nephropathy (Zhao et al. 2017).

Together, these findings demonstrate that miRNAs play functional roles that affect
Smad3 mechanisms related to regulating expression of pro-fibrotic and anti-fibrotic
molecules. Challenges in targeting these miRNAs therapeutically included the inher-
ent fact that each miRNA regulates many individual mRNAs, and the differences in
how genes are regulated by individual miRNAs in mice compared with humans.
Emerging evidence shows that miR-21 knockdown and miR-29 overexpression are
the most effective anti-fibrotic therapies. Indeed, RG-012, an inhibitor of miR-21, is
currently evaluated in a Phase I trial for treating Alport syndrome. And, MRG-201,
a miR-29 mimic, is being tested in a Phase I trial for treating cutaneous scleroderma.

Thousands of lncRNAs have been explored by high-throughput sequencing and
array analyses recently, some of them interplay with chromatin to regulate gene
expression, although function of others remains unclear. In liver fibrosis, one group
found that LINK-A lncRNA activated the TGF-β pathway in ovarian carcinoma cells
(Ma andXue 2018). Similarly, another found that LncRNANKILA suppressed TGF-
β-induced epithelial–mesenchymal transition (Wu et al. 2018). Of note, lncRNA
MEG3 is reduced in liver fibrosis, and its overexpression limits TGF-β1-induced
HSCs activation and experimental liver fibrosis (Wang et al. 2010; He et al. 2014). A
recent study showed that lncRNAMEG3 was reduced in TGF-β1-treated HK2 cells;
restoration of MEG3 blocked TGF-β1-induced promotion of EMT, cell viability,
and proliferation (Xue et al. 2018). The function of lncRNA in kidney tissues has
gained far more attention recently (Tang et al. 2017). A 2013 study found that a
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lncRNA, termed plasmacytoma variant translocation 1 (PVT1), increased TGF-β1
in mesangial cells and promoted renal fibrosis in diabetic nephropathy (Alvarez
et al. 2013). No less than 21 lncRNAs are induced by TGF-β/Smad3 signaling in
kidney by RNA sequencing techniques. It is noteworthy that lncRNAs np_5318 and
17,856 may function in TGF-β-induced renal fibrosis (Zhou et al. 2014). In TGF-β-
stimulated HK-2 cells and a UUO-induced renal fibrosis model, lncRNA-H19 was
significantly upregulated; knockdown of lncRNA-H19 prevented renal fibrosis both
in vitro and in vivo (Xie et al. 2016). Most recently, a report showed Erbb4-IR, a
novel lncRNA, is a key regulator in TGF-β/Smad3-mediated renal fibrosis. In it,
kidney-specific knockdown of Erbb4-IR-induced renal Smad7, and inhibited TGF-
β/Smad3-mediated renal fibrosis (Feng et al. 2018). These findings indicate Erbb4-IR
may serve as a specific therapeutic target for chronic kidney disease. A pathological
role for Erbb4-IR has also been suggested in type 2 diabetic nephropathy (Sun et al.
2018). Although data are currently limited, lncRNAs clearly play an important role
in renal fibrosis and may present new therapeutic opportunities.

16.5 TGF-β/Smad and Mesenchymal Transition

Myofibroblasts are the major source of ECM production in organ fibrosis (Duffield
et al. 2013; Falke et al. 2015). However, the cellular origins of myofibroblasts in renal
fibrosis are still under debate. It is noteworthy that TGF-β/Smads plays a dominant
role in the transdifferentiation or activation of myofibroblasts from different origins.

16.5.1 TGF-β and EMT

The phenomenon of tubular epithelial cells acquiring markers of myofibroblasts
during interstitial fibrosis was first reported in 1995 (Strutz et al. 1995). EMT has
been detected in human biopsies (Jinde et al. 2001; Oldfield et al. 2001) and ani-
mal models with fibrotic kidney diseases (Ng et al. 1998, 1999). Lines of evidence
from in vitro studies show that TGF-β1 induces cultured TECs to differentiate into
myofibroblast-like cells and produce a large amount of ECM, mediated primarily
via Smad3-dependent manner, although non-canonical TGF-β1 pathways like RhoA
and MAPK are also involved (Bhowmick et al. 2001; Bakin et al. 2002; Li et al.
2004; Mariasegaram et al. 2010; Wang et al. 2011). The concept of EMT has been
challenged due to lineage tracing studies showing that tubular EMT contributes lit-
tle to the myofibroblast population in renal fibrosis (Grgic et al. 2012; LeBleu et al.
2013;Mack andYanagita 2015). Of note, novel evidence shows that tubular epithelial
cells contribute to renal fibrosis without undergoing complete transition into α-SMA
expressing myofibroblasts (Grande et al. 2015; Lovisa et al. 2015).
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16.5.2 TGF-β and EndMT

EndMT is found in fibrotic kidneys and contributes to renal fibrosis (Piera-Velazquez
et al. 2011). TGF-β promotes EndMT both in vitro and in vivo (vanMeeteren and ten
Dijke 2012). Conditional knockout of Tgfr2 from endothelial cells suppresses renal
fibrosis (Xavier et al. 2015), and inhibition of Smad3 by SIS3 prevents EndMT and
attenuates diabetic nephropathy (Li et al. 2010a, b). In addition, blocking dipeptidyl
peptidase-4 limits EndMT and renal fibrosisin experimental diabetic nephropathy
via TGF-β/Smad3/miR-29-dependent mechanisms (Shi et al. 2015).

16.5.3 TGF-β, Fibrocytes and Macrophages

Fibrocytes, a type of collagen I-producing cell derived from monocyte precursors
in the bone marrow, are a source of myofibroblasts in models of renal fibrosis
(Bucala et al. 1994; Wada et al. 2007; Strieter et al. 2009; Reich et al. 2013). TGF-
β1 promotes fibrocyte-to-myofibroblast transition via Smad2/3 and JNK pathways
(Marquardt and Muller-Hermelink 1990). Bone marrow-derived macrophages con-
tribute significantly to myofibroblast populations and renal fibrosis via macrophage-
to-myofibroblast transition via a TGF-β/Smad3-dependent mechanism (Nikolic-
Paterson and Wang 2011; Wang et al. 2016).

16.5.4 TGF-β1 and Activation of Fibroblast-Type Cells

Activation of renal resident cells (glomerular mesangial cells, interstitial fibroblasts,
and pericytes) is a key step for myofibroblast induction and renal fibrosis. TGF-β1 is
a key factor during these processes. For example, TGF-β1 induces the production of
α-SMA and collagen in mesangial cells (Schnaper et al. 2003; Mishra et al. 2008),
and blocking TGF-β1 limits glomerulosclerosis (Border et al. 1990). Additionally,
TGF-β1 activates intrinsic fibroblasts in kidney via a Nox4-dependent mechanism
(Grande and Lopez-Novoa 2009; Barnes and Gorin 2011; Manickam et al. 2014).
Previous studies showed that injured TECs produce a large amount of TGF-β1, which
directly promotes the transition of adjacent pericytes into myofibroblast-type cells.
This finding is supported by evidence showing TGF-β1 induces the production of
platelet-derived growth factor (PDGF) from tubular epithelial cells, and promotes
pericyte proliferation (Wu et al. 2013).
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16.6 TGF-β/Smad-Targeted Therapy for Renal Fibrosis

16.6.1 Anti-fibrosis Therapy by General Blockade of TGF-β
Signaling

Anti-TGF-β1 therapy has been thoroughly studied in fibrotic renal disease. Strate-
gies to block it include TGF-β neutralizing antibodies, antisense oligodeoxynu-
cleotides, soluble human TβRII (sTβRII.Fc), and specific inhibitors to TGF-β recep-
tor (GW788388 and IN-1130) that protect against renal fibrosis in kidney disease
models (Meng et al. 2015a, b). Importantly, TGF-β inhibitors have been applied in
preclinical and clinical trials (Tampe and Zeisberg 2014). For example, Pirfenidone
restored the estimated glomerular filtration rate (eGFR) in patients with diabetic
nephropathy or focal segmental glomerulosclerosis (FSGS) by blocking TGF-β1
promoter (Cho et al. 2007; Sharma et al. 2011). Additional TGF-β neutralizers
include Fresolimumab, identified in human FSGS, and LY2382770, tested in diabetic
nephropathy (Tampe and Zeisberg 2014). Unfortunately, TGF-β-targeted therapy has
failed due to generalized TGF-β signaling inhibition abolishes its anti-inflammatory
and anti-tumorigenesis properties. For example, results from a randomized, double-
blind, and phase II clinical study show that TGF-β1-specific humanized neutralizing
monoclonal antibody failed to halt the progression of diabetic nephropathy (Voelker
et al. 2017).

16.6.2 Anti-fibrosis Therapy Targeting Downstream Smads
or Smad-Regulated MiRNAs

To avoid the side effects of global TGF-β1 signaling inhibition, anti-fibrosis therapy
focuses on downstream effectors like Smad3, Smad7, and Smad-dependent miRNAs
(Meng et al. 2016). Inhibition of Smad3 phosphorylation by SIS3, a Smad3 inhibitor,
attenuates renal fibrosis in diabetic and obstructive nephropathy (Zhang et al. 2018).
Treatment of BMP-7, a natural antagonist for TGF-β, prevents renal fibrosis in dif-
ferent types of renal diseases by inhibiting Smad3 activation (Zeisberg et al. 2003).
GQ5, a small molecular phenolic compound isolated from dried resin of Toxico-
dendron vernicifluum, reduced the production of fibrotic indexes via inhibiting the
interaction between TGF-β type I receptor and Smad3 (Ai et al. 2015). Addition-
ally, as a natural inhibitor for Smad3, overexpression of Smad7 prevents both renal
inflammation and fibrosis in different kidney disease models (Meng et al. 2016). A
previous study showed that rebalancing Smad3/Smad7 ratio by combinational treat-
ment of naringenin, a Smad3 inhibitor, and asiatic acid, a Smad7 agonist, provided
added protection against UUO-induced renal fibrosis without enhancing cytotoxicity
(Meng et al. 2015a, b). Accumulating evidence from in vivo studies also show that
modification of certain Smad3-correlated miRNAs, like miR-21, miR-29, miR-192,
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Fig. 16.1 Potential therapeutic targets in TGF-β/Smad signaling in renal fibrosis. As the down-
stream effectors of TGF-β1, Smad3 is pathogenic but Smad7 is protective in renal fibrosis. Targeting
Smad3 with specific inhibitors or Smad3-dependent noncoding RNAs, and/or promoting Smad7
with gene therapy or specific agonists, are potential therapies for renal fibrotic disease. LncRNA:
long noncoding RNA; TCM: Traditional Chinese Medicine

miR-200, and miR-433, represent promising therapeutic solutions for renal fibrosis
(Zhong et al. 2011, 2013); (Qin et al. 2011; Chen et al. 2014; Meng et al. 2016)
(shown in Fig. 16.1).

16.7 Conclusions and Perspectives

TGF-β signaling occurs through both canonical and non-canonical pathways to pro-
mote fibrosis. It has a significant influence on the progression of renal fibrosis, reg-
ulating crosstalk among a multitude of biological markers and signaling molecules.
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The pro-fibrotic effect of TGF-β is mediated by epigenetic mechanisms. However,
targeting TGF-β directly is not satisfactory because it has multiple functions in other
biological processes like immune regulation. Understanding of TGF-β regulation in
fibrotic diseases and mechanisms of its action have helped identify numerous poten-
tial targets against fibrosis. These targets represent therapeutic solutions that may
prevent or delay the progression of fibrotic kidney disease.
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Chapter 17
Connective Tissue Growth Factor
and Renal Fibrosis

Qing Yin and Hong Liu

Abstract CCN2, also known as connective tissue growth factor (CTGF), is one of
important members of the CCN family. Generally, CTGF expresses at low levels in
normal adult kidney, while increases significantly in various kidney diseases, playing
an important role in the development of glomerular and tubulointerstitial fibrosis
in progressive kidney diseases. CTGF is involved in cell proliferation, migration,
and differentiation and can promote the progression of fibrosis directly or act as a
downstream factor of transforming growth factor β (TGF-β). CTGF also regulates the
expression and activity of TGF-β and bone morphogenetic protein (BMP), thereby
playing an important role in the process of kidney repair. In patients with chronic
kidney disease, elevated plasmaCTGF is an independent risk factor for progression to
end-stage renal disease and is closely related to glomerular filtration rate. Therefore,
CTGF may be a potential biological marker of kidney fibrosis, but more clinical
studies are needed to confirm this view. This section briefly describes the role and
molecular mechanisms of CTGF in renal fibrosis and also discusses the potential
value of targeting CCN2 for the treatment of renal fibrosis.

Keywords Connective tissue growth factor · Renal fibrosis · TGF-β

17.1 Introduction

Renal fibrosis is the final common pathway leading to end-stage renal failure. The
pathogenesis of renal fibrosis is highly complex and is not known completely, but
it involves the activation of tubular interstitial cells, inflammatory cell infiltration,
renal tubular epithelial cell transdifferentiating into fibroblasts, apoptosis of renal
epithelial cells, and excessive expression of cytokines, growth factors, and other fac-
tors. Histologically, renal fibrosis is characterized by excessive extracellular matrix
accumulation in the glomerulus and interstitium, as well as vascular hyalinosis and

Q. Yin · H. Liu (B)
Institute of Nephrology, Zhong Da Hospital, Southeast University School of Medicine,
Nanjing, China
e-mail: jstzliu@sina.com

© Springer Nature Singapore Pte Ltd. 2019
B.-C. Liu et al. (eds.), Renal Fibrosis: Mechanisms and Therapies,
Advances in Experimental Medicine and Biology 1165,
https://doi.org/10.1007/978-981-13-8871-2_17

365

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8871-2_17&domain=pdf
mailto:jstzliu@sina.com
https://doi.org/10.1007/978-981-13-8871-2_17


366 Q. Yin and H. Liu

sclerosis and destruction of renal tissue structures, eventually leading to the loss
of functioning nephrons. Transforming growth factor β (TGF-β) may be the most
important cytokine that promotes renal fibrosis. CTGF is a downstream molecule of
TGF-β and plays an important role in the renal fibrosis.

17.2 Connective Tissue Growth Factor (CTGF or CCN2)

CCN2, also known as CTGF, is one of the members of the CCN family (CCN 1-6).
Human CTGF/CCN2 (hCTGF/CCN2) was initially described in 1991 by Bradham
et al. in media conditioned with cultured human vascular endothelial cells (Brad-
ham 1991). It was subsequently detected in fibroblasts, chondrocytes, tumor cells,
endothelial cells, cartilaginous cells, and smooth muscle cells, and it is expressed in
many human tissues, such as heart, lung, brain, kidney, liver, and placenta. It is most
abundant in the kidney (Wu et al. 2017; Xing et al. 2018; Behnes et al. 2014). It is
a member of the CCN family, which consists of six regulatory proteins, including
cysteine-rich angiogenic inducer 61 (CYR 61 or CCN1), nephroblastoma overex-
pressed gene (NOV or CCN3), and the Wnt-inducible signaling pathway proteins
1–3 (WISP 1–3 or CCN 4–6) (Perbal and Perbal 2016). The CCN family is a group
of polypeptide factors that regulate the growth of fibroblasts and epidermal cells and
share a high degree of homology with each other.

CTGF is a 36- to 38-kD cysteine-rich peptide containing 349 amino acids. hCTGF
gene maps to chromosome 6q23.1. It contains 5 exons and 4 introns of varying
sizes, with an ATG start site, 3 ATTTA sites at its 3′ end, and a primary amino acid
sequence showing 5 exons encoding its secretion signal peptide domains (Hall-Glenn
and Lyons 2011). CTGF is a cysteine-rich matricellular protein that contains an N-
terminal secretory peptide and has four multi-functional domains. These domains
carry a diverse array of binding partners that potentially impact multiple signaling
mechanisms. The first domain is homologous to insulin-like growth factor binding
proteins (IGFBPs) but has low affinity for IGF. The second domain encodes a von
Willebrand typeC (VWC) repeat,whichmediates the interaction ofCCN2withαvβ3,
αvβ5, and growth factors such as bone morphogenic proteins (BMPs) and TGF-β.
IGFBP and VWC domains bind to the major proteoglycan aggrecan produced by
chondrocytes. The third domain is a type 1 thrombospondin (TSP) repeat protein.
It mediates the ability of TSP to bind to ECM, matrix metalloproteinase (MMP),
and integrin. Moreover, this domain regulates the interaction of CCN2 with VEGF
and low-density lipoprotein receptor-related protein-1 (LRP1). The final, C-terminal
(CT) motif contains cysteine knots similar to those found in many growth factors,
includingmembers of theTGF-β superfamily, platelet-derivedgrowth factor (PDGF),
and nerve growth factor (NGF). This domain also exists in other secreted proteins,
including WISE, slit, and mucins. It mediates the interaction of CCN2 with LRP6,
fibronectin, basement membrane proteoglycan, and fibulin-1. The secretion of CCN2
into the extracellular space depends on an N-terminal 37 amino acid signal sequence
(Fig. 17.1).



17 Connective Tissue Growth Factor and Renal Fibrosis 367

Fig. 17.1 Domain structure and amino acid sequence of theCTGFproteins. This figure summarizes
the binding of various growth factors and receptors to CCN2, where the domains that interact with
TrkA receptors are not known. IGFBP—insulin-like growth factor binding protein domain; VWC—
von Willebrand factor C domain; TSP-1—thrombospondin type 1 repeat domain; CT—C-terminal
domain with cysteine knot motif; and CTGF—connective tissue growth factor

17.3 Biological Characteristics of CTGF

TheCCN2domains bind to receptors to exertmultiple biological functions, including
promoting cell chemotaxis, migration, cellular adhesion, proliferation, differentia-
tion, and extracellular matrix (ECM) synthesis (Xing et al. 2018; Hall-Glenn and
Lyons 2011). The biological characteristics change with the target cell. For example,
CTGF can promote fibroblast proliferation and ECM synthesis. It can participate in
the process of endothelial cell migration, angiogenesis and lymphangiogenesis, as
well as the proliferation and differentiation of chondrocytes (Montford and Furge-
son 2017). CTGF can modify the expression of other molecules, such as TGF-β1,
VEGF, BMP4, and BMP7 (Falke et al. 2017; Kiwanuka et al. 2017). Another impor-
tant function of CTGF is to promote wound healing, mainly through its C-terminal
domain binding to fibronectin (FN), enhancing the binding of FN to fibrin, thereby
promoting wound healing (Mendes et al. 2015).

CTGF is mainly expressed in adult tissues and is elevated in pathological condi-
tions such as fibrosis, atherosclerosis, osteoarthritis, and certain cancers (Chen and
Lau 2009). CTGF is overexpressed in inflammatory bowel disease, hepatic fibrosis
and idiopathic pulmonary fibrosis, skin lesions, and renal fibrosis, revealing that
CTGF may participate in the pathogenesis of fibrosis (Dendooven et al. 2011).
It is widely considered necessary for mediating TGF-β-induced fibrosis. Further-
more, urinary CTGF is elevated in many renal fibrotic disorders, including diabetic
nephropathy (DN), chronic allograft nephropathy, IgA nephropathy, focal segmental
glomerulosclerosis, crescentic nephritis, class IV lupus nephritis, and anti-Thy-1.1
nephritis (Wang et al. 2015; Tu et al. 2007; Nonaka Takahashi et al. 2008; Smeets
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et al. 2006; Hilhorst et al. 2015). CTGF is significantly upregulated in mesangial
cells, epithelial cells, and endothelial cells in IgA nephropathy, focal stage glomeru-
losclerosis (FSGS), andDN. In addition, its expression increases in themesenchymal
cells at the site of chronic interstitial injury. In patients with lupus nephritis (LN), the
expression ofCTGFhas beenpositively correlatedwith the expression ofTGF-β1 and
type I collagen (Tachaudomdach et al. 2012). In addition, the increased expression
of CTGF is closely related to a decreased glomerular filtration rate and consequent
deterioration of renal function. Therefore, CTGF expression in the kidney may serve
as an early marker of renal disease progression in LN patients. It is speculated that
CTGF may promote glomerular and renal interstitial fibrosis in various kidney dis-
eases (Ito et al. 2010). In recent years, more and more studies on CTGF have shown
that CTGF is both a mediator and a marker of tissue fibrosis. Therefore, CTGF may
become a clinically useful, non-invasive tool for monitoring tissue fibrosis, and a
therapeutic target for treating tissue fibrosis.

17.4 Connective Tissue Growth Factor and Renal Fibrosis

Multiple lines of evidence support the pro-fibrotic role of CCN2 in renal fibrosis: (i)
CCN2 is upregulated in people with renal fibrosis; (ii) CCN2 inhibition can signifi-
cantly improve the renal fibrosis in UUO model, the residual kidney model, and the
experimental model of DN; and (iii) CCN2mediates pro-fibrotic effects of advanced
glycation end products (AGE) (Chung et al. 2010). Experimental studies inmice sug-
gest that CTGF plays an important role in the development of renal fibrosis. CTGF
has effects on many cell types in the kidney, including tubular epithelial mesenchy-
mal transdifferentiation, stimulation of extracellular matrix deposition, induction of
mesangial cell cycle arrest and hypertrophy, prolonging survival of activated cells,
transition of quiescent renal cells to a myofibroblastic phenotype, and recruitment
of inflammatory cells (Hall-Glenn and Lyons 2011). The glomerular CTGF mRNA
and protein levels gradually increase with the progression of glomerulosclerosis. In
addition, renal biopsies of CKD patients of different etiological origins showed that
the expression of CTGF in these sites was increased in patients with glomeruloscle-
rosis or interstitial fibrosis, indicating that CTGF plays an important role in renal
fibrosis (Ito et al. 1998). Subsequently, Suzuki et al. indicated that CTGF may play
an important role in the development and progression of glomerulosclerosis in DN,
immunoglobulin A nephropathy, which are both accompanied by mesangial matrix
expansion and end-stage renal failure (Suzuki et al. 2003). Animal models of kidney
disease are also accompanied by changes in the expression of CTGF. For example,
the expression of CTGF increases in diabetic rat kidney at the early stage, which
might be an important mediator of renal hypertrophy through arresting cell cycling
(Liu et al. 2006b). Rayego-Mateos et al. reported that CTGF regulates fibrosis and
proliferation events of renal and in vitro fibroblasts and tubular epithelial cells via
the EGFR pathway (Rayego-Mateos et al. 2018).
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Renal interstitial fibrosis plays an important role in the progression of chronic
kidney disease. Currently, it is believed that renal interstitial fibrosis is related to the
occurrence and development of renal dysfunction and is an important indicator for
predicting clinical prognosis. Ito et al. reported that at the site of chronic tubuloint-
erstitial lesions, the expression of CTGF mRNA was increased and correlated with
the degree of renal injury (Ito et al. 1998). Unilateral ureteric obstruction (UUO) in
rodents is used as a model of CKD (Klahr and Morrissey 2002). After performing
UUO for seven days, the number of myofibroblasts in the interstitium is obviously
increased, accompanied by increased levels of type I collagen, EDA-fibronectin (a
splice variant associated with fibrosis), fibronectin, and CTGF in these molecules.
Administration of CTGF antisense oligonucleotide (ASO) via the renal vein could
significantly attenuate these molecular events and improve the development of fibro-
sis in UUO (Chen et al. 2006). In another study, subcutaneous injection of CTGF-
ASO in mice with streptozotocin-induced type 1 diabetes and mutant db/db mice
with type 2 diabetes for 16 weeks. The mesangial matrix of type 1 mice is expanded
in kidney cortex with increased mRNA levels of CTGF, fibronectin, collagen I, and
TGF-β. The increase in the glomerular size of ASO-treated animals was attenuated,
and the mRNA levels returned to those of controls. Similar effects have been found
in the db/db mice, and improvements in kidney function tests were also noted (Guha
et al. 2007). Yasuhiko Ito et al. found that tissue, urine, and plasma CTGF are impor-
tant biomarkers for the progression of hypertensive glomerulosclerosis in humans. In
addition, local overexpression of CTGFmay be a key factor in hypertensive vascular
injury and renal fibrosis (Ito et al. 2010). In general, these studies provide convincing
evidence that CTGF plays a key role both in glomerulosclerosis and tubulointerstitial
fibrosis.

CTGF mRNA in glomeruli is markedly increased in diabetic transgenic mice
compared to controls, but mRNAs for matrix encoding genes are not signifi-
cantly increased. However, the expression of matrix metalloproteinase 2 (MMP2) is
increased in control diabetic mice, while the transgenic group shows a decrease. The
difference in MMP2 expression is accompanied by a decrease in MMP2 activity in
the transgenic mice. Therefore, the increased expression of CTGF associated with
mesangial matrix expansion is likely to be due to decreasedmatrix degradation rather
than increased matrix protein expression. Interestingly, not only is the CTGF protein
expressed by the podocytes of diabetic transgenic mice increased, but the mesangial
area is also increased. Thus, podocyte transgenic CTGF is likely to have paracrine
effects on cells in the mesangial area (Yokoi et al. 2008).

17.5 Regulation of CTGF Expression

Many fibrogenic factors, such as TGF-β, angiotensin II (Ang II), endothelin, blood
glucose, thrombin, traction and oxidative stress, can participate in the development
and progression of renal fibrosis by inducing the expression of CTGF (Wong et al.
2018). TGF-β is thought to be the most important factor.
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17.5.1 TGF-β and CTGF

TGF-β has long been recognized as a central mediator in the development of renal
inflammation and fibrosis. In recent years, studies have shown that CTGF is an impor-
tant downstream factor of TGF-β that induces fibrosis. There are three isoforms of
TGF-β: TGF-β1, TGF-β2, and TGF-β3 (Ma et al. 2014; Kiwanuka et al. 2017;Wong
et al. 2018). TGF-β exerts its various biological and immunological effects through
complex signaling pathways. CTGF binds to TGF-β, promoting interaction with its
receptor and increasing downstream signaling. CTGF and TGF-β act in a cooperative
manner rather than in sequence to promote fibrosis (Yokoi et al. 2008). For instance,
repeated daily subcutaneous injections of TGF-β1, TGF-β2, TGF-β3 or CTGF alone
into the skin of neonatal mice failed to induce fibrosis. However, when TGF-β and
CTGF were injected together, or when TGF-β was injected for 3 days, followed by
CTGF for 4 days, persistent fibrosis developed (Mori et al. 1999). Another report
indicated that when CTGF and TGF-β2 were injected intraperitoneally together, the
peritoneal membranes of neonatal mice developed severe fibrosis, but injection of
either TGF-β2 alone or CTGF alone did not induce fibrosis (Wang et al. 2011). Some
scholars believe TGF-β1 can induce short-term fibrosis alone, while CTGF is neces-
sary for the maintenance of chronic persistent fibrosis. Therefore, CTGF is not only
a downstream factor of TGF-β but also acts synergistically with TGF-β, and its activ-
ity directly or indirectly regulates the expression of TGF-β in a positive-feedback
manner.

Themolecularmechanismbywhich these twocytokines interactwith eachother in
driving fibrosis is not clear in vivo. In the TGF-β canonical signaling pathway, Smad2
and Smad3 are phosphorylated following TGF-β binding to its receptor (ALK5) and
then combine with Smad4 and translocate to the nucleus in a complex, where they
bind to the promoters of TGF-β response genes, stimulating CTGF transcription
(Miyazawa et al. 2002). In addition, CTGF can accelerate the signal transduction by
promoting the process of TGF-β binding to its receptors. CTGF mediates TGF-β’s
induction of glomerulosclerosis mainly by promoting the proliferation of mesangial
cells and the synthesis of ECM proteins.

In a unilateral ureteral obstruction (UUO) rat model, TGF-β1 increased first and
CTGF increased subsequently. During the course of disease progression, the expres-
sion of CTGF, PAI-1, and collagen increased continuously, and the CTGF protein
was significantly increased in the fibrotic region and tubular epithelial cells. This was
correlated with tubule-interstitial injury index, TGF-β1 and PAI-1 (Samarakoon and
Higgins 2018). This suggested that CTGF may be induced by TGF-β1 in the tubule
interstitium andmediate a variety of pro-fibrotic effects, such as increased ECM syn-
thesis and reduced ECM degradation. In the case of persistent expression of TGF-β1,
intravenous injection of CTGF antisense oligonucleotides can effectively block the
expression of CTGF in proximal tubular epithelial cells and reduce the expression of
ECM molecules and inhibit renal interstitial fibrosis eventually (Chen et al. 2006).
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17.5.2 Hepatocyte Growth Factor and CTGF

Hepatocyte growth factor (HGF) is expressed widely in tissues, including in inter-
stitial and endothelial cells of the kidney. Proximal tubular epithelial cells (PTECs)
express the c-Met receptor forHGF. In 5/6-nephrectomizedTGF-β1-transgenicmice,
treatment with HGF reduces CTGF expression and alleviates glomerulosclerosis sig-
nificantly. The addition of recombinant CTGF does not stimulate the expression of
TGF-β1 mRNA in renal interstitial fibroblasts or mesangial cells, but inhibition of
CTGF expression alleviates the degree of glomerulosclerosis. There are also reports
that high-dose HGF can reduce the expression of CTGF induced by TGF-β1 and alle-
viate the progression of renal tubular interstitial fibrosis in the 5/6-nephrectomized
model eventually. Treatment with HGF significantly reduces the CTGF expression
and attenuates the expression of collagen and the development of fibrosis. This sug-
gests that the protective effect of HGF on renal fibrosis relates to its regulation of
TGF-β1 and CTGF. Furthermore, HGF is able to attenuate TGF-β-stimulated fibro-
genic responses by downregulating CTGF.

17.5.3 Bone Morphogenetic Factor and CTGF

Bonemorphogenetic factor-4 (BMP4) is a member of the TGF-β superfamily. CTGF
binds directly to BMP4 at a higher affinity than it does for TGF-β. In the presence of
CTGF, the interaction of BMP4 with its receptor and downstream signaling through
Smad l phosphorylation are reduced, which are due to the direct binding between
CTGF and BMP4 (Abreu et al. 2002). In fact, overexpression of BMP4 in transgenic
mice causes significant glomerulosclerosis and proteinuria, similar to the changes
in DN. Compared to BMP4+/+ mice, glomerular sclerosis is reduced in diabetic
BMP4+/− mice, confirming the role of BMP4 in this disease (Tominaga et al. 2011).
The interaction between CTGF and BMP4 in DN remains to be explored, but based
on the results of Abreu et al., CTGF seems unlikely to significantly inhibit the effects
of BMP4 (Abreu et al. 2002).

Bonemorphogenetic factor-7 is another member of the TGF-β superfamily. It also
binds to CTGF (Nguyen et al. 2008). The administration of BMP7 reduces glomeru-
losclerosis in several different animal models of renal fibrosis. Wang and Hirschberg
(2003) demonstrated that this factor antagonizes the TGF-β-induced mesangial cell
fibrotic response, including reduced fibronectin and type IV collagen accumulation,
CTGF expression, PAI-1 promoter activity, and MMP2 gelatinase activity (Wang
and Hirschberg 2003). Similar to the expression of BMP type II receptors and ALK2
type I receptors, bone morphogenic factor-7 is normally expressed in renal tubular
epithelial cells but is absent in STZ-induced diabetes. Therefore, in DN, as well as
other CKDs, higher levels of CTGF are associated with decreased BMP7-signaling
and disease progression.
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17.5.4 Ang II and CTGF

Accumulating evidence has shown that the activation of the intrarenal RAS is
involved in many kinds of renal diseases, which may play a key role in mediat-
ing the progression of chronic renal scarring. After systemic infusion of Ang II into
normal rats for 3 days, the levels of renal CTGF mRNA and protein increase. At
day 7, Ang II-infused rats overexpress CTGF in glomeruli, renal tubules, and renal
arteries, and renal tubular injury and fibronectin deposition also increase (Ruperez
et al. 2003). Liu et al. found that Ang II directly induces CTGF mRNA and protein
expression in HK2 cells, and more interestingly, they demonstrated that the Ang II-
induced increase of cell size, protein synthesis, and increase in total protein content
can be significantly prevented by co-treatment with CTGF-AS. This strongly sug-
gests that early expression of CTGF in kidney tissue is related to local activation of
RAS (Liu et al. 2006a). Ang II can induce mesangial cell proliferation and increase
the synthesis of extracellular matrix. Liu et al. demonstrated that Ang II induces
the expression of CTGF mRNA and protein in a dose- and time-dependent manner,
which suggests that Ang II could directly stimulate the expression and synthesis of
CTGF in HK2 cells (Wong et al. 2018). AT1 receptor antagonists can reduce the
overexpression of CTGF and FN and can alleviate renal damage.

17.5.5 High Glucose and Advanced Glycation End Products

High glucose–stimulated humanmesangial cells can increase the expression of TGF-
β1 and CTGF, while IFN-γ can activate STAT1 and phosphorylate it, inhibit the
proliferation of mesangial cells, and downregulate the expression of TGF-β1 and
CTGF mRNA and protein (Dai et al. 2016).

Podocytes undergo epithelial–mesenchymal transition (EMT) in DN. CTGF and
integrin-linked kinase (ILK) are involved in the progression ofDN.Under stimulation
with high glucose, CTGF and ILK expression in podocytes increase in a dose- and
time-dependent manner, whereas the increase does not occur in osmotic control
cells. Morphological analysis of epithelial cells shows that inhibition of CTGF using
anti-CTGF antibody can prevent the phenotypic transition (Dai et al. 2012).

A prospective study showed that in patients with type 1 diabetes, plasma CTGF
was higher in patients with large amounts of proteinuria than in patients with normal
proteinuria (Roestenberg et al. 2004). Elevated CTGF in circulating plasma is an
independent risk factor for end-stage renal disease (ESRD) progression and death.
Another study showed that the level of CTGF in urine was significantly higher in
patients with type 1 diabetes with microalbuminuria or proteinuria than in patients
with normal proteinuria, and there was a positive correlation between albuminuria
and the level of CTGF secretion (Adler et al. 2010).

AGEs can stimulate the synthesis of ECM and play an important role in DN. In
diabetic kidneys, CTGF is one of the important induction factors for the increased
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synthesis of the ECM (Twigg et al. 2001). After rats are intravenously injected
with AGEs, the glomerular extracellular matrix accumulates and is associated with
increased expression ofCTGF (Wang et al. 2011). However, in vitro stimulation of rat
mesangial cells with AGEs can increase the production of FN and type IV collagen,
which can be completely blocked by pretreatment with anti-CTGF antibodies. These
findings suggest that CTGF plays a key role in the progression of glomerulosclerosis
in DN. Interestingly, inhibition of TGF-β1 mRNA expression with shRNA or neu-
tralization of TGF-β1 protein with anti-TGF-β1 antibody does not completely block
AGE-induced increases inCTGF expression, suggesting that AGE-induced increases
in CTGF expression are not completely dependent on TGF-β1 (Chung et al. 2010).

17.5.6 Epithelial–Mesenchymal Transition and CTGF

Tubular epithelial–mesenchymal transdifferentiation (EMT) plays an important role
in the development of tubulointerstitial fibrosis (Dai et al. 2016). During EMT, tubule
epithelial cells lose their cell–cell junctions and epithelial cell phenotype, obtaining
the phenotypes of α-SMA and myofibroblasts, coupled with the destruction of the
basement membrane, make it easier for tubule epithelial cells to migrate into the
stroma to cause matrix deposition and fibrosis.

Liu et al. used CTGF-AS to demonstrate the relationship between Ang II and
CTGF in the process of Ang II-induced EMT. They demonstrated that Ang II induces
the overexpression of CTGF mRNA and protein. Furthermore, co-treatment with
CTGF-AS prevents the trans-differential responses induced by Ang II, including the
expression of α-SMA in HK-2 cells and the expression of mesenchymal features
in the ultrastructure of cells. Their data strongly suggest that CTGF might be an
important mediator of the development of tubular EMT induced by Ang II (Liu
et al. 2003). In vivo studies have found that in the progress of DN, CTGF is co-
localized with EMT marker proteins in the kidney. Therefore, some scholars believe
that the EMT induced by high glucose, AGEs, and TGF-β1 is partially mediated
by CTGF (Twigg et al. 2001). In addition, stimulation of human tubular epithelial
cells with recombinant human CTGF significantly increases the expression of α-
SMA and tenascin C, while the expression of type IV collagen decreases, and CTGF
antisense oligonucleotides significantly inhibit this effect. The above studies indicate
that CTGF is an independent mediator of tubule EMT.

17.5.7 Stimulation of Extracellular Matrix Deposition

Tubulointerstitial fibrosis involves the loss of renal tubules and accumulation of ECM
proteins, such as collagen (types I and III), fibronectin, and laminin. Recent studies
have suggested that the major effector cells that are responsible for this excessive
deposition by ECM are myofibroblasts. CTGF serves as an adaptor molecule con-
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necting the cell surface and is considered to be the major protein of the extracellular
matrix. CTGF also upregulates the expression of integrins on the cell surface and
promotes the deposition of ECM (Liu et al. 2014). In mesangial cells, CTGF can
induce the production of plasminogen activator inhibitor 1 (PAI-1), actin cytoskeletal
rearrangement, and tissue metalloproteinase inhibitor 1 (TIMP1) increase, resulting
in reduced matrix degradation (Zhang et al. 2015). CTGF can promote the transcrip-
tion of α1 type I collagen, α5 integrin, and FN in renal interstitial fibroblasts and
ultimately increase protein synthesis. In cultured human proximal tubular epithe-
lial cells, CTGF antisense oligonucleotides can significantly inhibit the expression
of PAI 1 and increase the degradation of ECM by plasminogen activators, thereby
inhibiting ECM aggregation (Chen et al. 2006).

17.6 Cellular Receptors for CTGF and Downstream
Signaling

Stimulation of cells with CTGF can cause the activation of multiple signaling
cell molecules. Several CTGF receptors have been reported, but there is no spe-
cific cytokine. For example, CTGF can rapidly activate several intracellular sig-
naling molecules in human mesangial cells (HMC), including extracellular signal-
associated kinase 1/2, Jun NH2-terminal kinase, protein kinase B, CaMK II, pro-
tein kinase Cα, and protein kinase Cδ, indicating that it functions through signal-
ing receptors (Wahab et al. 2005). These receptors include low-density lipoprotein
receptor-related protein-1 (LRP-1; (Segarini et al. 2001)), low-density lipoprotein
receptor-associated protein-6 [LRP-6; (Rooney et al. 2011)], tropomyosin-related
kinases A (Wahab et al. 2005), and several adhesion receptors, such as β3 integrin
(Crean et al. 2002), αVβ3 integrins (Gao and Brigstock 2004), α5β1 integrins (Gao
and Brigstock 2006), and αMβ2 integrins (Schober et al. 2002).

Convincing evidence has confirmed that LRP is a receptor for CTGF: (1) CTGF
shows binding competition with many ligands that bind to LRP, including receptor-
associated protein; (2) a CTGF-receptor complex is immunoprecipitated with LRP
antibodies; (3) cells that are genetically deficient for LRP are unable to bind CTGF;
and (4)CTGF is rapidly internalized anddegraded, and this process isLRP-dependent
(Segarini et al. 2001). LRP-1 is thought to be the main regulator of the plasma
membrane proteome and binds to other plasma membrane proteins by bridging
proteins and subsequently adapts to the main microenvironment through endocy-
tosis and lysosomal degradation. CTGF but not TGF-β induces phosphorylation of
LRP-1 in NRK-49F cells. RAP inhibits this activation and reduces the synergistic
action of CTGF on TGF-β-induced α-SMA expression. Although whether this was
downstream of LRP-1 phosphorylation has not been studied, the synergy of CTGF
depends on its activation of the ERK1/2 signaling pathway (Yang et al. 2004). CTGF
induces serine phosphorylation of LRP-6, and then can bind to the reporter gene
TCF/LEF-luciferase to affect the transcription activity of β-catenin. Rooney et al.
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identified several upregulatedWnt target genes in human nephropathy biopsy, UUO,
and streptozotocin-induced diabetic animal models (Rooney et al. 2011). However,
further studies are necessary to determine the exact role of theCTGF-activatedLRP-6
pathway in mesangial cells.

Tropomyosin-related kinase A is a member of the neurotrophin receptor fam-
ily (TrkA, TrkB, and TrkC). It is a receptor tyrosine kinase that is activated by
ligand-induced formation of noncovalently associated receptor dimers (Schecterson
and Bothwell 2010). After activation of some G protein-coupled receptors, such as
A2a adenosine receptors and LRP-1 (Schecterson and Bothwell 2010), Trk receptors
may be trans-activated by the Src-related kinase Fyn. In a subsequent study on TrkA
involvement in DN, high glucose conditions were shown to induce CTGF in mesan-
gial cells that activate downstream phosphorylation of TrkA and ERK1/2. These
steps are blocked by knockdown of CTGF or TrkA siRNA, confirming the specific
involvement and importance of CTGF-TrkA-primed signals in response to high glu-
cose (Fragiadaki et al. 2012). CTGF induces TGF-β-inducible early response gene-1
(TIEG-1) in mesangial cells, and this action is inhibited by K252a and therefore may
be mediated through TrkA activation (Wahab et al. 2005) (Fig. 17.2).

Fig. 17.2 Connective tissue growth factor (CTGF) stimulates the TGFβ-Smad signaling pathway.
CTGF enhances TGF-β-induced mesangial cell phosphorylation and Smad2 and Smad3 nuclear
translocation. Antisense oligonucleotides against TIEG-1 prevent CTGF-induced downregulation
of Smad7. TIEG-1, TGF-β-inducible early response gene-1
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17.7 Potential Therapeutic Value of CTGF

At present, the treatment fibrosis mainly focuses on anti-TGF-β approaches, but
TGF-β has many types of target cells, and the efficacy is complex. Therefore, it is
not feasible to completely block the expression or activity of TGF-β. For instance,
mice depleted of TGF-β1 die of systemic inflammation soon after birth because
they lose their inhibition of the inflammatory process. In contrast, CTGF expression
is very low under normal conditions, and it is mainly expressed in mesenchymal
cells. Its effect is limited to connective tissue. Therefore, blocking CTGF expression
or inhibiting its biological activity may be more specific and more effective to treat
fibrosis. The experiments inmice provide proof of principle that anti-CTGF therapies
are successful in attenuating the development of renal fibrosis.

Hewitson et al. demonstrated that theobromine can reduce the expression of α-
SMA and CTGF and inhibit the proliferation of fibroblasts in a dose-dependent
manner, thereby reducing the progression of fibrosis and scar formation in rats with
unilateral ureteral obstruction, suggesting that CTGFmay become a new anti-fibrotic
medium (Leask 2013). The HMG-CoA reductase inhibitor statin can interfere with
the expression of CTGF mRNA and CTGF induced by LPA and TGF-β by blocking
the isoprenylation of RhoA in human renal fibroblasts. This shows that statins are
potent inhibitors of CTGFmRNA in mesangial cells. Therefore, in glomerular fibro-
sis, overexpression of CTGF by mesangial cells can be strongly regulated by statin
drugs. Liu and colleagues demonstrated that Ang II induces the expression of CTGF
mRNA and protein in a dose- and time-dependent manner, and AT1 receptor antag-
onists can reduce the overexpression of CTGF and FN and alleviate renal damage.
Moreover, a phase 1 trial of the effects of an anti-CTGF antibody in human diabetics
with microalbuminuria (indicative of early renal changes) showed not only that the
antibodywas safe to use but also that it reducedmicroalbuminuria (Adler et al. 2010).
Decreased expression of systemic CTGF can ameliorate proteinuria and glomerular
damage in anti-GBMnephritis by inhibiting inflammation and reducing extracellular
matrix accumulation (Toda et al. 2017). Inhibition ofCTGF can ameliorate peritoneal
fibrosis by inhibiting the accumulation of fibroblasts and myofibroblasts and angio-
genesis (Sakai et al. 2017). The delivery of CTGF siRNA effectively downregulates
the expression of renal CTGF in UUO in a sequence-specific manner, significantly
inhibiting renal tubular cell apoptosis and tubulointerstitial fibrosis (Ren et al. 2015).
Anti-CCN2 therapy using fully humanized neutralizing monoclonal antibodies is
currently in clinical trials in DN patients. The anti-fibrotic effects of CCN2 inhibi-
tion in patients with renal fibrosis will clearly require future clinical studies to further
confirm, but it may be the first specific available anti-fibrotic treatment.

These findings suggest that CTGF and its receptors, as well as their activation of
signaling pathways, provide a series of targets for new therapeutic interventions for
fibrotic nephropathy.
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17.8 Conclusions

The results of this study indicate that CTGF can participate in the process of
renal fibrosis by promoting cell proliferation and ECM accumulation. A variety
of cytokines, high glucose, Ang II, and other factors can promote the progression
of renal fibrosis by inducing the expression of CTGF. CTGF is not only a mediator
of tissue fibrosis but also a potential biological marker and a potential target for the
treatment of renal fibrosis. More clinical studies are needed to assess the safety and
efficacy of CTGF-neutralizing antibodies in patients with diabetes or non-diabetic
kidney disease. Further studies of the role of CTGF in renal fibrosis are required,
as they will have important implications for the prevention and treatment of renal
fibrosis.
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Chapter 18
Inflammatory Mediators and Renal
Fibrosis

Xiao-Ming Meng

Abstract Renal inflammation is the initial, healthy response to renal injury. How-
ever, prolonged inflammation promotes the fibrosis process, which leads to chronic
pathology and eventually end-stage kidney disease. There are two major sources of
inflammatory cells: first, bone marrow-derived leukocytes that include neutrophils,
macrophages, fibrocytes and mast cells, and second, locally activated kidney cells
such as mesangial cells, podocytes, tubular epithelial cells, endothelial cells and
fibroblasts. These activated cells produce many profibrotic cytokines and growth
factors that cause accumulation and activation of myofibroblasts, and enhance the
production of the extracellular matrix. In particular, activated macrophages are key
mediators that drive acute inflammation into chronic kidney disease. They produce
large amounts of profibrotic factors andmodify themicroenvironment via a paracrine
effect, and they also transdifferentiate to myofibroblasts directly, although the ori-
gin of myofibroblasts in the fibrosing kidney remains controversial. Collectively,
understanding inflammatory cell functions and mechanisms during renal fibrosis is
paramount to improving diagnosis and treatment of chronic kidney disease.

Keywords Macrophage · Renal fibrosis ·Myofibroblast · TGF-β

18.1 Introduction

Renal fibrosis is the consequence of a diverse range of kidney diseases and is char-
acterized by excessive accumulation of fibroblasts and extracellular matrix (ECM)
(Djudjaj and Boor 2018; Humphreys 2018; Liu 2006; Zeisberg and Neilson 2010). It
is also the common pathological pathway leading to end-stage renal disease (ESRD)
(Eddy and Neilson 2006; Meng et al. 2013). However, the mechanisms of renal
fibrosis remain largely unclear. Indeed, current treatments are non-specific and inef-
fective. Thus, it is essential to better understand the inflammatory process from acute
injury to chronic kidney disease (CKD).
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Renal inflammation serves as the initial response to kidney stress or injury,
and it protects the kidney from further damage (Meng et al. 2014). However,
unresolved inflammation destroys kidney structure and function, leading to CKD
that is characterized by progressive renal fibrosis (Grande et al. 2010; Lee and
Kalluri 2010). Several key steps are involved in this process: first, the renal injury
itself, followed by recruitment of inflammatory cells and release of profibrotic
mediators that trigger accumulation and activation ofmyofibroblasts, then production
and deposition of extracellular matrix (ECM), followed finally by glomerulosclero-
sis and tubular atrophy that is accompanied by microvascular rarefaction (Lee and
Kalluri 2010; Liu 2011).

Regardless of the initial trigger, renal inflammation is characterized by glomeru-
lar and tubulointerstitial infiltration of inflammatory cells like neutrophils, T cells,
macrophages, fibrocytes and mast cells (Meng et al. 2014). Activated intrinsic kid-
ney cells, such as mesangial cells (MCs), podocytes, tubular epithelial cells (TECs)
and endothelial cells, function as inflammatory mediators that produce proinflam-
matory cytokines, chemokines and growth factors and also participate in the repair
process (Boor et al. 2010). After prolonged inflammation, histological and func-
tional dysfunction occurs from excessive fibroblast and myofibroblast accumulation
and ECM production. In fact, accumulation of myofibroblasts is the predominant
source for collagen production and the dominant event in renal fibrosis progres-
sion. However, the origin of myofibroblasts remains largely controversial. Some
research shows epithelial–mesenchymal transition (EMT) and endothelial–mes-
enchymal transition (EndoMT) are sources of myofibroblasts (Allison 2013; LeBleu
et al. 2013; Liu 2011). But, resident fibroblasts also contribute to renal fibrosis
(Duffield and Humphreys 2011; Lin et al. 2008; Strutz and Zeisberg 2006). In addi-
tion, accumulating evidence suggests pericytes are a major source of myofibroblasts
(Humphreys et al. 2010; Lin et al. 2008). And, bone marrow-derived cells like fibro-
cytes and macrophages also contribute to the local accumulation of myofibroblasts
(Broekema et al. 2007; Meng et al. 2016b; Wang et al. 2016b, 2017b). Thus, under-
standing the origin of myofibroblasts may help to clarify the pathway from renal
inflammation to fibrosis. The current chapter focuses on key inflammatory cell types
and pathways linking renal inflammation with fibrosis.

18.2 Bone Marrow-Derived Inflammatory Cells in Renal
Fibrosis

When renal injury occurs, circulating leukocytes are recruited to the kidney (Chung
and Lan 2011). Lymphocytes, monocytes, macrophages, mast cells and fibrocytes
produce tissue damage factors like reactive oxygen species, cytokines and growth
factors (Boor et al. 2010; Grande et al. 2010; Lee and Kalluri 2010). These profi-
brotic mediators cause myofibroblast accumulation and ECM production. Collec-
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tively, unresolved inflammation drives the profibrotic pathways that lead to fibrosis
(Kanasaki et al. 2013; Lee and Kalluri 2010).

18.2.1 Macrophages in Renal Inflammation and Fibrosis

In the injured kidney, monocytes transdifferentiate into macrophages in response
to oxidative stress, toxins and hypoxia. This represents a critical component of
the mononuclear phagocyte system (Anders and Ryu 2011; Vernon et al. 2010).
Macrophages are divided into two subtypes, classically activated (M1) and alterna-
tively activated (M2). Macrophages adopt the M1 phenotype when stimulated by
interferon-γ (IFN-γ) and lipopolysaccharide (LPS). M2 phenotype is induced by
interleukin (IL)-4 or IL-13. M2 macrophages are further categorized into three sub-
sets according to their response to stimuli. M2a, wound healing macrophages, are
induced by IL-4 and IL-13;M2b are induced by immune complexes;M2c, regulatory
macrophages, are induced by IL-10, TGF-β or glucocorticoid. During the progres-
sion from kidney injury to repair processes, inflammatory M1 macrophages switch
toward M2 phenotype and exert distinct functions supporting the pathological pro-
cess (Anders and Ryu 2011). Accordingly, the proinflammatory M1 macrophages
generate TNF-α, IL-1β and reactive oxygen species in response to renal injury. By
contrast, the M2 macrophages secrete anti-inflammatory cytokines like IL-10 and
insulin-like growth factor-1 that promote tissue healing and angiogenesis (Ricardo
et al. 2008).

Macrophages are key inflammatory cells in proliferative glomerulonephritis (GN),
particularly in crescentic GN (Han et al. 2011; Ma et al. 2009a, 2010). Macrophages
are recruited from either circulation or local environment, which correlates with the
severity of glomerular and tubulointerstitial damage, and renal function impairment,
and is prognostic of disease progression (Eardley et al. 2008; Lan et al. 1995; Yang
et al. 1998a). The findings that show co-localization of α-SMA + myofibroblasts
and proliferative macrophages in areas of severe renal damage indicate a correlation
between macrophages and renal fibrosis (Yang et al. 1998b). This is underscored
by results from biopsies of patients with CKD and fibrotic kidney of animal models
showing a similar relationship between macrophage recruitment and disease severity
(Eardley et al. 2008; Nishida and Hamaoka 2008).

Inflammatory macrophages are a major source of proinflammatory cytokines,
such as TNF-α and IL-1β, and chemokines like MCP-1(Ma et al. 2010). They also
secrete macrophage migration inhibitory factor (MIF), a critical inflammatory medi-
ator that promotes the progression of kidney diseases (Lan et al. 1997). Moreover,
macrophages produce a number of growth factors like TGF-β and PDGF that play
key roles linking renal inflammation with fibrosis.

To date, the profibrotic role of macrophages has been studied exclusively by vari-
ous depletion techniques.They showedmacrophagedeficiency attenuated renal fibro-
sis in various diseasemodels, including ischemic acute kidney injury (Ko et al. 2008),
crescentic glomerulonephritis (Han et al. 2013), membranoproliferative glomeru-
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lonephritis (Guo et al. 2011), obstructive nephropathy (Kitamoto et al. 2009) and
diabetic nephropathy(Lin et al. 2009; You et al. 2013). In contrast, reconstitution
of macrophages significantly aggravates existing fibrotic lesions. Much research
has focused on the regulatory mechanisms of macrophages during the profibrotic
effect. For example, a recent study revealed that genetic ablation of galectin-3, a β-
galactosidase-binding lectin, protected against renal fibrosis in a unilateral ureteral
obstruction (UUO) model without affecting the number of infiltrated macrophages.
And, adoptive transfer ofmacrophages fromwild-typemice, instead of galectin-3KO
mice, restored renal fibrosis (Henderson et al. 2008).Another study demonstrated that
CpG-oligodeoxynucleotides-induced activation of TLR9 on macrophages acceler-
ated interstitial fibrogenesis (Anders et al. 2004). This indicates the toll-like receptor-
mediated signals on macrophages play critical roles in the progression of renal
fibrosis. In addition, pharmacological inhibition of c-fms, the monocyte/macrophage
receptor for CSF1, reduced the number of renal macrophages and tubular apopto-
sis, but had marginal impact on renal fibrosis (Han et al. 2013; Ma et al. 2009b).
A recent study showed that macrophage-specific cyclooxygenase (Cox)-2 polarized
and maintained a macrophage tissue-reparative M2 phenotype that protected against
diabetic nephropathy (Wang et al. 2017a). This evidence shows that macrophages
are a key bridge linking renal inflammation and renal fibrosis through several mecha-
nisms. First, M1macrophages secrete chemokines, cytokines andmatrix metallopro-
teinases (MMPs) to accelerate the excessive infiltration of leukocytes into the injured
region, destroying the original architecture of the kidney and aggravating renal injury
(Ricardo et al. 2008). Second, cytokines and growth factors released bymacrophages
facilitate the proliferation and activation of resident fibroblasts. Macrophages pro-
mote transdifferentiation of other cells intomyofibroblast-like cells throughparacrine
signaling. Macrophages are a major source of TGF-β1 in pathological conditions,
and increased release enhances the number of infiltrated myofibroblasts by trig-
gering the transdifferentiation of epithelial cells, endothelial cells and activation of
pericytes and resident fibroblasts. M2 macrophages release IGF-1 and PDGF that
promotemyofibroblast survival (Floege et al. 2008;Wynes et al. 2004).Macrophage-
derived PDGF also targets local fibroblasts and pericytes where the receptors for
PDGF are highly expressed (Lin et al. 2008). And, macrophage-secreted MMP-9
induces EMT. Third, macrophages support extracellular matrix framework contain-
ing fibrinogen and collagens (Gratchev et al. 2001; Schnoor et al. 2008). Fourth,
inflammatory macrophages induce vascular injury and capillary rarefaction, leading
to tissue hypoxia and progression of renal fibrosis (Fine and Norman 2008). Finally,
macrophages directly transdifferentiate into myofibroblast-like cells. Indeed, cells
co-expressing the markers for both macrophage (CD68 +) and myofibroblast (α-
SMA+) have been detected in patients with progressive renal fibrosis and animal
models of obstructive nephropathy and chronic renal allograft injury (Wang et al.
2016b, 2017b). Furthermore, myeloid macrophages labeled with red fluorescence
using lineage-tracing techniques show that bone marrow-derived macrophages, par-
ticularly M2, directly transdifferentiate into the collagen-producing myofibroblast
in obstructive renal fibrosis model. This indicates macrophages contribute to renal
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fibrosis through direct mechanisms (Meng et al. 2016b). TGF-β/Smad3 signaling is
a master regulator in this process (Wang et al. 2016b).

Several lines of evidence indicate that targeting the phenotypic alteration of
macrophages has therapeutic potential in treating renal fibrosis. A recent study
showed that transferring M2 macrophages significantly attenuated renal inflamma-
tion and fibrosis (Wang et al. 2007). Although M2a and M2c are both capable of
attenuating renal injury by decreasing host macrophage and T cell infiltration, M2c
is more effective at inducing Tregs and attenuating renal inflammation and fibrosis
(Cao et al. 2013; Lu et al. 2013). Collectively, macrophages play a central role in
linking renal inflammation and fibrosis (shown in Fig. 18.1). Inhibiting macrophage
infiltration, modifying phenotype of macrophages by interfering with specific sig-
naling molecules or transferring modified macrophages may represent a potential
approach to treat renal fibrosis.

18.2.2 T Cells in Renal Fibrosis

T cells are found in kidneys of patients and experimental animals with chronic kidney
disease (Harris and Neilson 2006; Robertson et al. 2004). In early stages of renal
inflammation, T lymphocytes migrate to the injured region and are activated by
antigen stimulation. Activated T cells produce a variety of cytokines and chemokines
that recruit and activate macrophages, facilitating the inflammatory response (Lin
et al. 2008). The functional role of T cells has been studied extensively in different
renal diseasemodels (Tipping andHoldsworth 2006;Zheng et al. 2005). For example,
deletion ofCD4+Tcellswith amonoclonal antibody largely attenuated renal fibrosis.
And, adoptive transfer of CD4+ T cells, but not CD8+ T cells, restored the severity of
UUO-induced renal fibrosis without affecting the number of infiltratingmacrophages
(Tapmeier et al. 2010). This indicatesCD4+Tcells directly contribute to renal fibrosis
in a macrophage-independent manner. Additionally, T cells were shown to indirectly
regulate fibrocyte differentiation (Niedermeier et al. 2009). In a study using chronic
renal allograft, intratubular T cells triggered local epithelial cells to transition into
proliferating fibroblast phenotype (Robertson et al. 2004). Among T cell subsets,
Th2 cells play a more critical role in renal fibrosis. Reconstitution of Th2 cells in
mice with CD4+ T cell deletion resulted in more severe renal fibrosis compared
with adoptive transfer of Th1 cells (Liu et al. 2012). This indicates that targeting
CD4+ T cells, particularly Th2 cells, may be a potential therapy for renal fibrosis.
In another study, CD4+ Foxp3+ T cells mediated the repair of AKI and attenuated
renal fibrosis via mTOR signaling (Chen et al. 2016). The function of Th17 cells and
IL-17 in renal fibrosis is still under debate. IL-17 is mainly produced by Th17 and
γδT cells (Kim et al. 2015). The Th17/IL-17 axis is profibrotic, and it induces the
production of chemokine (C-X-C motif) ligand 5 (CXCL5) and recruits neutrophils
that contribute to glomerular nephropathy (Disteldorf et al. 2015). Disruption of IL-
17A reduces myofibroblast activation and extracellular matrix production in UUO
nephropathy (Peng et al. 2015). Moreover, exposure to elevated dietary salt promotes
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Fig. 18.1 Role of macrophages in linking renal inflammation and fibrosis. Monocyte/macrophages
are recruited by chemokines released in response to microenvironment of injured kidney, and then
they are activated by proinflammatory cytokines. These classically activated M1 macrophages acti-
vate intrinsic renal cells including tubular epithelial cells, endothelial cells and mesangial cells via
producing factors such as cytokines (IL-1, TNF) and ROS. In the progression of renal disease,
alternative activated M2 macrophages are induced by Th2 cytokines, and macrophages also gain
M2 phenotype after engulfing apoptotic cells. These profibrotic macrophages promote renal fibro-
sis by producing an abundance of growth factors and ECM, and they may also undergo transition
into myofibroblasts via TGF-β/Smad3-mediated MMT. In the fibrotic stage, the activated intrinsic
renal cells proliferate, activate or directly transdifferentiate into myofibroblast-like cells directly
via different mechanisms, and thereby participate in renal fibrosis. Abbreviations: ECM—extra-
cellular matrix; EMT—epithelial–mesenchymal transition; EndoMT—endothelial–mesenchymal
transition; MMT—macrophage–myofibroblast transition; FGF-2—fibroblast growth factor 2; IGF-
1—insulin-like growth factor-1; PDGF—platelet-derived growth factor; ROS—reactive oxygen
species; TGF-β—transforming growth factor β; and TNF—tumor necrosis factor

the progression from AKI to CKD through activation of Th17 cells (Mehrotra et al.
2015). This is consistent with the finding that disruption of IL-17 or IL-23 (a cytokine
essential for the expansion and survival of Th17 cells) reduces albuminuria and
glomerular crescent formation in experimental glomerulonephritis (Paust et al. 2009).
In contrast, in a deoxycorticosterone acetate and angiotensin II-induced model of
hypertensive nephropathy, loss of IL-17 accelerated hypertensive glomerular injury,
which is correlated with reduced survival of TECs and more infiltration of γδT cells.
Consistently, increased IL-17 suppressed renal inflammation and fibrosis in diabetic
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nephropathy by protecting against TECs and podocytes (Mohamed et al. 2016).
All of these findings underscore Th17/IL-17 acts in a disease type- and dosage-
dependent way. It is important to note that CD11c+ CD8+ T cells likely induce
fibroblast apoptosis, thereby limiting renal fibrosis (Wang et al. 2016a). This is in
agreement with a previous study that showed loss of CD8+ T cells increased CD4+ T
cell-mediated monocyte-to-fibroblast transition and renal fibrosis (Dong et al. 2016).

18.2.3 Fibrocytes in Renal Fibrosis

Fibrocytes are bone marrow-derived circulating cells that originate from CD14+
monocytic lineage and share markers with leukocytes like CD45 and mesenchymal
cells like type I collagen (Bucala et al. 1994; Chesney et al. 1998). In the injured kid-
ney, fibrocytes are recruited via their highly expressed chemokine receptors CCR2,
CCR7 and CXCR4 (Chen et al. 2011a; Reich et al. 2013; Sakai et al. 2006). The
regulation of fibrocyte differentiation has been studied extensively. It is clear that
profibrotic Th2 cytokines, like IL-4 and IL-13, induce the differentiation of fibro-
cytes intomyofibroblasts in vitro.However, Th1 cytokines like IFN-γ exert inhibitory
effects on this process (Shao et al. 2008). Further, inhibiting CCL21/CCR7 signal-
ing with anti-CCL21 antibodies or genetic deletion inhibits fibrocyte recruitment
and renal fibrosis (Wada et al. 2007). CCR2 is also a key mediator for migration of
fibrocytes to the injured kidney (Reich et al. 2013). As monocyte-derived precursor
cells, fibrocytes not only participate in renal inflammation but also contribute to renal
fibrosis through several mechanisms. First, they produce a large amount of collagen
and profibrotic growth factors such as TGF-β in response to stimuli (Buchtler et al.,
2018). Second, they secrete a number of cytokines, such as TNF-α and MCP-1, that
contribute to renal inflammation (Chesney et al. 1998; Reilkoff et al. 2011). Third,
they directly convert intomyofibroblast phenotype. Although this remains controver-
sial, some studies report that a considerable ratio of collagen-producing fibroblasts
in obstructive kidney diseases originates from fibrocytes or bone marrow (Broekema
et al. 2007; Niedermeier et al. 2009).

18.2.4 Mast Cells in Renal Fibrosis

Mast cells are tissue-specific multifunctional cells found in low numbers in healthy
kidneys, but are significantly increased in tubulointerstitial injury, regardless of the
initiating disease (Holdsworth and Summers 2008). As granulated cells, mast cells
produce an array of inflammatory cytokines, chemokines, growth factors and cell-
specific neutral proteases that facilitate leukocyte recruitment and microbial destruc-
tion. Interestingly, infiltration ofmast cells is positively correlatedwith disease sever-
ity (Kondo et al. 2001). However, the functional role of mast cells in fibrosis is still
not clear (Mack and Rosenkranz 2009). It is possible that mast cells promote fibro-
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sis by releasing profibrotic mediators, such as TGF-β and MMP, or by activating
the AngII pathway through chymase-dependent mechanisms (Margulis et al. 2009;
Wasse et al. 2012). Direct evidence of a role for mast cells in renal inflammation
and fibrosis comes from a number of studies using mast cell-deficient mice. In one
study, deletion of a key differentiation factor c-kit in KitW−sh/W−sh mice inhibited
renal CD4+ T cells, macrophages and renal fibrosis. These were restored by adop-
tive transfer of bone marrow-derived mast cells fromwild-type mice (Summers et al.
2012). In another, depletion ofmast cells in the early phase of renal ischemia–reperfu-
sion injury prevented CKD progression (Danelli et al. 2017). Consistent results were
also found by deleting mouse mast cell protease 4 (mMCP4), the functional counter-
part of human chymase, in mouse models of experimental anti-glomerular basement
glomerulonephritis and UUO nephropathy. Results showed that mMCP4-deficient
mice had significantly less renal inflammation and fibrosis; they were protected from
progressive renal injury (Pons et al. 2017; Scandiuzzi et al. 2010). In contrast, results
from other studies do not support the pathogenic role of mast cells in renal inflamma-
tion and fibrosis. For example, deletion of mMCP4 in UUO nephropathy increased
kidney-infiltrating macrophages, T cells and local profibrotic TGF-β1 and CCL2
(Miyazawa et al. 2004). Similarly, in mast cell-deficient (Ws/Ws) rats, renal fibrosis
in puromycin aminonucleoside nephrosis was measurably worse (Beghdadi et al.
2013; Miyazawa et al. 2004). This finding is further evidenced by a well-designed
study that showed deficiency of mast cells in Kit(W)/Kit(W-v) mice enhanced renal
fibrosis by increasing the infiltration of inflammatory cells (T cells andmacrophages)
and TGF-β production in obstructive kidney. The study also showed adoptive transfer
of mast cells effectively suppressed renal fibrogenesis (Kim et al. 2009). Although
the role of mast cells in renal inflammation and fibrosis remains unclear, there is no
doubt that mast cells contribute to the pathological process from renal inflamma-
tion to fibrosis. The convincing and conflicting results from different animal models
warrant further investigation.

18.3 Intrinsic Kidney Cells in Renal Inflammation
and Fibrosis

Intrinsic kidney cells include tubular epithelial cells, podocytes, mesangial cells and
endothelial cells. They actively participate in the disease process from inflammation
to fibrosis after kidney injury. When activated, they produce a number of inflamma-
tory cytokines, chemokines and growth factors, leading to progression of kidney dis-
eases from acute inflammation to chronic fibrosing stage, resulting in ESRD (Gewin
et al. 2017). In this regard, intrinsic kidney cells also function as inflammatory cells,
like infiltrating leukocytes, and play critical roles in mediating fibrosis in CKD.
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18.3.1 Tubular Epithelial Cells in Renal Inflammation
and Fibrosis

Tubular epithelial cells (TECs) are the primary target of a variety of metabolic,
immunologic, ischemic and toxic insults. TECs exhibit a wide range of responses
including growth arrest, proliferation, apoptosis, autophagy and transdifferentiation
that lead to tubular atrophy and renal fibrosis (Gewin 2018; Liu 2011). Several lines of
evidence indicate TECs are not only common targets, but alsomajor initiators of renal
injury as producers of cytokines and chemokines (Hato et al. 2013; Liu et al. 2018;
Nielsen et al. 2013). For instance, in a kidney transplantation model, activated TECs
attracted all subsets of leukocytes and promoted their migration into the graft at early
inflammatory stage of allograft rejection by releasing TEC-generated chemokines
CCL2, CCL5, macrophage chemotactic osteopontin (OPN) and macrophage migra-
tion inhibitory factor (MIF) (Demmers et al. 2013; Nguan and Du 2009). Indeed,
TEC itself is capable of producing abundant cytokines, including TNF-α, IL-1β,
IL-15 and IL-6 to enhance local inflammation (Nguan and Du 2009). This proin-
flammatory property of TECs is highlighted by a study showing that deficiency of
renal collecting duct epithelial cell-specific Klf5 largely attenuated renal inflamma-
tion by decreasing chemokine secretion (Fujiu et al. 2011). In addition, constitutive
activation of TGF-β receptor type 1 (TβR1) kinase in tubular epithelial cells was
sufficient to induce AKI, characterized by tubular cell apoptosis and necrosis, oxida-
tive stress, interstitial accumulation of inflammatory cells and loss of renal function
(Gentle et al. 2013). Consistently, blockingTGF-β signaling in tubular epithelial cells
has significant impacts on renal inflammation, apoptosis and fibrogenesis in animal
models of toxic nephropathy (Gewin et al. 2012) and obstructive nephropathy (Gewin
et al. 2010; Meng et al. 2012a, b). Overactivation of TGF-β/Smad signaling in TEC
promotes renal fibrosis in vivo and in vitro. In response to TGF-β1, TECs release a
number of profibrotic factors like TGF-β1, which stimulate TECs to produce colla-
gen extracellular matrix (Meng et al. 2010). Direct evidence comes from a number
of studies that showed activated TEC transitions from epithelial into mesenchymal
phenotype, the EMT process, which is mainly found in vitro in response to TGF-β,
IL-1β and angiotensin II (AngII), in a number of animal models (Fan et al. 1999,
2001; Liu 2004, 2010; Yang et al. 2002). However, the EMT concept has been chal-
lenged by cell lineage-tracing studies showing myofibroblasts originate from TECs;
it is rare to find EMT cells in renal biopsy samples from patients with chronic kidney
disease (Allison 2013; LeBleu et al. 2013). It is worth noting that TECs undergo
partial EMT, instead of completely transdifferentiating to myofibroblasts, and this is
sufficient to drive renal interstitial fibrosis (Grande et al. 2015; Lovisa et al. 2015).

During inflammatory responses, several signaling pathways, including β-catenin
(He et al. 2009), ILK (Li et al. 2003), Notch1 (Bielesz et al. 2010; Sharma et al. 2011;
Ueno et al. 2013) and hypoxia-inducible factor 1 (HIF1) (Higgins et al. 2007), are
activated in TECs and contribute to the progression of renal fibrosis. TEC-specific
toll-like receptors, like TLR4, are key mediators in renal inflammation (Cheng et al.
2013; Correa-Costa et al. 2011; Lin et al. 2012; Zhang et al. 2008) and promote
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renal fibrosis (Campbell et al. 2011; Lin and Tang 2013). TLR4 suppressed BAMBI,
the membrane-bound competitive inhibitor of the TGF-β type 1 receptor, increased
the susceptibility of renal cells to TGF-β signaling and enhanced renal fibrogenesis
(Pulskens et al. 2010). TLR4-mediated signaling promotes inflammatory cytokine
IL-18-induced α-SMAand collagen production, and also decreases E-cadherin levels
throughAP-1 activation (Meldrum et al. 2012). Interestingly, the inflammatory phase
of TECs also affects the repair process after AKI. It is now clear that the c-reactive
protein (CRP) pathway is induced in TECs and plays an active role in promoting
renal inflammation and fibrosis in diabetic kidney injury (Liu et al. 2011). Activation
of the CRP pathway in TECs also delays the recovery from acute ischemic renal
injury by impairing the G1/S cell cycle (Liu et al. 2011). Moreover, a previous
study highlighted a link between TECs and renal fibrosis by demonstrating that
G2/M-arrested proximal tubular cells activated c-jun NH(2)-terminal kinase (JNK)
signaling, thereby inducing profibrotic cytokine production (Yang et al. 2010).

18.3.2 Mesangial Cells in Renal Inflammation and Fibrosis

Glomerulosclerosis pathogenesis is correlated with activation and proliferation of
MCs, abnormalities of podocytes and endothelial cell dysfunction (Abboud 2012;
Schnaper et al. 2003). As the key cell type for glomerulosclerosis, MCs are the
primary target of immune-mediated glomerular diseases like IgA nephropathy or
metabolic diseases like diabetic nephropathy (Gomez-Guerrero et al. 2005). When
challenged by stimuli, MCs produce inflammatory mediators, including chemokines
(e.g., CCL2), cytokines (e.g., TNF-α and IL-6) and various oxygen species (Schlon-
dorff and Banas 2009). Results of transcriptomic and proteomic profiling reveal
that multiple inflammatory pathways, such as LXR/RXR, FXR/RXR, and acute-
phase response signaling were activated in MCs from IgA nephropathy (Liu et al.
2017). Evidence from a recent study showed that parathyroid hormone-related pro-
tein (PTHrP) served as a critical modulator of inflammatory cytokine production in
MCs (Hochane et al. 2018). Proinflammatorymediators released byMCs damage the
endothelial barrier, exposing themesangium tomacromolecules that trigger a positive
feedback loop of inflammatory cascades (Schlondorff and Banas 2009). Leukocyte
migration and infiltration into the glomerulus cause initiation and amplification of
glomerular injury and are mediated by adhesion molecules and chemokines, which
can be locally synthesized by MCs (Lu et al. 2018). Thus, MCs function to amplify
inflammatory processes in the inflamed glomerulus. Growing evidence shows that
MC-derived cytokines induce podocyte injury, resulting in proteinuria (Lai et al.
2008, 2009). It is also worth noting that inflammatory mediators released by MCs
promote activation and proliferation of MC themselves via an autocrine mechanism.
Furthermore, activated MCs produce growth factors, including TGF-β, PDGF, FGF,
HGF, EGF and CTGF (Crean et al. 2004; Floege et al. 1998, 2008; Laping et al.
2000; Schnaper et al. 2003). These induce MC proliferation, α-SMA + phenotype
transformation and ECM production, leading to glomerulosclerosis (Taniguchi et al.
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2013). The findings that ECM accumulation often appears to begin in themesangium
of glomerulosclerosis suggest a critical role for mesangial cells in glomerulosclerosis
(Schnaper et al. 2003).

18.3.3 Podocytes in Renal Inflammation and Fibrosis

Podocytes are terminally differentiated epithelial cells with limited proliferative
capacity. They play an important role in renal inflammation and fibrosis, espe-
cially in glomerular diseases (Fogo 2011; Grahammer et al. 2013). Functionally, one
study showed podocyte-specific ablation of NEMO, an NF-κB essential modulator,
decreased secretion of proinflammatory chemokines and increased remission of pro-
teinuria, restoring podocyte morphology in a mouse model of nephrotoxic nephritis
(Brahler et al. 2012). Consistently, conditional knockout of signal transducer and acti-
vator of transcription 3 (STAT3) from podocytes attenuated inflammatory response
and development of crescentic glomerulonephritis (Dai et al. 2013). Further, a recent
study showed that podocyte-specific chemokine receptor (CCR) 2 overexpression
enhanced inflammatory response in diabetic nephropathy (You et al. 2017).

Podocytes also play pivotal roles in the development of glomerulosclerosis
and tubulointerstitial fibrosis, which lead to progressive proteinuric kidney dis-
ease (Deelman and Sharma 2009; Shih et al. 1999). A previous study demonstrated
that deficiency of Akt2 in podocytes exacerbated glomerulosclerosis and albumin-
uria (Canaud et al. 2013). In another, increased caspase-8-mediated apoptosis in
podocytes significantly increased kidney damage, foot process effacement, mesan-
gial expansion and glomerulosclerosis (Rutkowski et al. 2013). In addition, condi-
tional knockout of yes-associated protein (YAP) from podocytes accelerated FSGS
and progressive renal failure (Schwartzman et al. 2016).

Podocyte-related mechanisms in glomerular diseases, especially diabetic
nephropathy (DN), are a hot topic. In diabetic models, Notch signaling plays a crit-
ical role in podocyte injury; overexpression of the intracellular domain of Notch
(ICN) in podocytes induces proteinuria and glomerulosclerosis. This demonstrates
a prominent role in podocyte dysfunction as a key step in glomerulosclerosis and
renal fibrosis (Niranjan et al. 2008). Evidence also shows that vitamin D/vitamin D
receptor (VDR) signaling in podocytes protects against podocyte loss and glomerular
fibrosis in diabetic kidneys (Wang et al. 2012). The role of podocyte-specific mTOR
is also important, as it is highly expressed in human DN samples. Indeed, increased
activation of mTORC1 enhances proteinuria and progressive glomerulosclerosis in
DN, but genetic reduction ofmTORC1 decreases symptoms (Inoki et al. 2011). Inter-
estingly, another study demonstrated that knockout of mTOR accelerated glomerular
damage. However, inhibiting mTORC1 signaling by genetically reducing mTORC1
copy number prevented glomerulosclerosis and progression of glomerular disease
in DN. This highlights the importance of a critical balance in mTOR activity as a
regulator of the pathology of diabetic kidney diseases (Fogo 2011; Godel et al. 2011).
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Podocyte-secreted growth factors also induce renal fibrosis by building new
microenvironments in glomeruli. Vascular endothelial growth factor (VEGF) reg-
ulates endothelial functions, including endothelial cell migration, differentiation
and survival. Podocytes are a major source of VEGF in the kidney (Mathieson
2009). Selective knockdown of VEGF in podocytes caused endothelial and mesan-
gial cell dysfunction and progressive glomerulosclerosis (Eremina et al. 2006; Sid-
diqi and Advani 2013). In contrast, overexpression of VEGF in a mouse model
of diabetes led to advanced diabetic glomerulopathy, characterized by proteinuria,
glomerulomegaly, glomerular basement membrane thickening and excessive mesan-
gial expansion (Veron et al. 2010, 2011). This is consistent with previous findings
that showed doxycycline-induced overexpression of soluble VEGF receptor-1 (sFlt-
1) in podocytes ameliorated glomerulopathy in diabetic mice (Ku et al. 2008). In
addition, podocyte-specific PDGF overexpression induced mesangial cell prolifer-
ation and led to mesangioproliferative disease, glomerulosclerosis and crescentic
glomerulonephritis (van Roeyen et al. 2011). CTGF, a matricellular protein, is also
a critical pathogenic factor in podocytes. One study showed CTGF overexpression
induced expansion of the mesangial matrix and exacerbated albuminuria in a mouse
model of DN (Yokoi et al. 2008).

Renin–angiotensin system (RAS) is an important target in renal fibrosis (Mezzano
et al. 2001). Several studies have shown that RAS components are highly expressed
in podocytes (Durvasula and Shankland 2006, 2008), indicating a potential role
in podocyte-mediated renal fibrosis. Moreover, podocyte-specific deletion of the
mammalian homologue of yeast vacuolar protein sorting defective 34 (mVps34),
a critical regulator in autophagy, led to glomerulosclerosis and interstitial fibrosis
accompanied by podocyte vacuolization and proteinaceous casts (Chen et al. 2013).

A final note, EMT is found in podocytes in animal models (Li et al. 2008; Sam
et al. 2006) and human biopsy samples of diabetic nephropathy, IgA nephropathy
and lupus nephritis (Yamaguchi et al. 2009). Clearly, podocytes participate in disease
states and regulate pathology when environmental conditions are primed.

18.3.4 Endothelial Cells in Renal Inflammation and Fibrosis

Endothelial cells play critical roles in the pathophysiological processes of regional
blood flow regulation and leukocyte recruitment (Pober and Sessa 2007). When the
kidney is injured, the interaction between endothelial cells and leukocytes is ini-
tiated. Recruited leukocytes roll along the activated endothelium that is mediated
by selectins, E-selectin and P-selectin, and leukocyte surface antigens. Leukocyte
adhesion is facilitated by endothelial expression of ICAM-1, VCAM-1 and PECAM;
leukocytes transmigrate to injured tissue and exert proinflammatory functions (Guer-
rot et al. 2012). Evidence of this comes from a study that showed blocking P-selectin
increased renal blood flow and promoted recovery of renal function in an ischemic
model of renal failure (Bojakowski et al. 2001). Consistently, another study showed
deficiency of CD147, a ligand for E-selectin, impaired neutrophil recruitment and
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attenuated kidney damage (Kato et al. 2009). Similarly, inhibition of ICAM-1 with
monoclonal antibody or genetic knockdown techniques also protected against renal
injury (Kelly et al. 1994, 1996). Taken together, these findings underscore the impor-
tance of endothelial activation in local inflammation at an early stage.

Endothelial activation and subsequent leukocyte adhesion create hemodynamic
resistance that reduces regional blood flow (Guerrot et al. 2012). In such condi-
tions, ischemia and oxidative stress trigger endothelial apoptosis that leads to rar-
efaction of peritubular capillaries (Kelly et al. 2009; Venkatachalam et al. 2010). A
pathogenic role for endothelial dysfunctionwas described in a study that foundCrim1
deficiency, a protein involved in endothelial maintenance and integrity, resulted in
excessive deposition of collagen, dysfunction and permeability of peritubular capil-
laries, and eventually renal fibrosis (Wilkinson et al. 2009). Importantly, rarefaction
of peritubular capillaries induces hypoxia, which has significant impacts on pro-
gression of renal fibrosis by triggering EMT and/or promoting matrix production
from myofibroblasts (Higgins et al. 2007). Compelling evidence for the pathogenic
role of hypoxia in renal fibrosis was provided by studies showing that degradation
or inhibition of hypoxia-induced factor1α (HIF1α), a central regulator of cellular
responses to hypoxia (Higgins et al. 2008), largely reduced renal fibrosis (Higgins
et al. 2007; Kimura et al. 2008). The correlation between HIF1α and tubulointer-
stitial fibrosis was also confirmed in biopsy samples from patients (Higgins et al.
2007). Chronic hypoxia is accompanied by increased oxidative stress and generation
of ROS, which trigger advanced glycation end products, advanced oxidative protein
products and advanced lipoperoxidation end products (D’Agati and Schmidt 2010;
Negre-Salvayre et al. 2008). These may target kidney cells as pathogenic mediators
and enhance renal inflammation and fibrosis (Daroux et al. 2010; Shanmugam et al.
2008; Shi et al. 2008; Zhou et al. 2009).

Finally, inflammatory endothelial cells also contribute to renal fibrosis through
transdifferentiation into collagen-producing cells via EndoMT in response to stim-
uli (Zeisberg et al. 2008). Of note, TGF-β1 is the key mediator inducing EndoMT
via Smad3-dependent mechanisms (Li et al. 2010; Xavier et al. 2015). A recent
study showed EndoMT is regulated by SIRT (sirtuin)3/Foxo3a axis and integrin
β1/dipeptidyl peptidase (DPP)-4 in vivo (Lin et al. 2018). Moreover, loss of heparin-
bindingEGF-like factor (HB-EGF) in endothelial cells attenuates angiotensin II (Ang
II)-induced renal inflammation and fibrosis (Zeng et al. 2016). This emphasizes the
critical role endothelial cells play in linking inflammation and fibrosis.

18.4 Key Fibrosis-Correlated Growth Factors Released
by Inflammatory Cells

Resident and recruited inflammatory cells secrete growth factors such as TGF-β,
PDGF, FGF, HGF, EGF and CTGF that exert pro- or anti-fibrotic roles in renal
fibrosis (Boor and Floege 2011; Lv et al. 2018). TGF-β1 is themost abundant isoform
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of TGF-β family members and is secreted by all types of resident renal cells and
infiltrated inflammatory cells. It is secreted as a latent precursor, called latent TGF-
β1 that binds to latent TGF-β-binding protein (LTBP). When exposed to stimuli,
including ROS, plasmin and acid (Meng et al. 2015, 2016a), TGF-β1 is released
from latency-associated peptide (LAP) and LTBP (Lyons et al. 1990; Meng et al.
2013; Munger et al. 1999). Mature TGF-β1 then binds to its type II receptor to
recruit type I receptors and activates downstream signals. The major source of TGF-
β1 includes macrophages, tubular epithelial cells and myofibroblasts (Fukuda et al.
2001; Lee and Kalluri 2010; Ma et al. 2003). After release and activation, TGF-β1
activates Smad and non-Smad signaling in renal fibrosis, inflammation, cell growth,
apoptosis and differentiation (Bottinger and Bitzer 2002). In general, TGF-β1 has
both pro- and anti-inflammation properties (Huang et al. 2008a, b; Kitamura and
Suto 1997; Zhang et al. 2009). In renal fibrosis, TGF-β and downstream Smad3 are
pathogenic, while Smad2 and Smad7 seem to be renoprotective (Meng et al. 2013).

TGF-β1 behaves in renal disease in a cell-specific and dosage-dependent manner
(Hathaway et al. 2015; Meng et al. 2016a). TGF-β1 recruits macrophages by secret-
ing chemokines, including MCP-1 and OPN (Lan 2011; Zhang et al. 2009), and pro-
motes macrophage polarization toward M2 phenotype (Sica and Mantovani 2012).
Our recent results also show TGF-β1 initiates transdifferentiation of macrophages
into myofibroblast-like cells (Wang et al. 2016b). In addition, TGF-β1 induces the
production of Foxp3+ T regulatory cells (Tregs) (Fu et al. 2004) and inhibits the pro-
gression of autoimmune kidney disease (Wang et al. 2006). A recent study showed
that combination treatment of rhTGF-β and ICG-001, an inhibitor of β-catenin/TCF,
suppressed both renal inflammation and fibrosis in UUO nephropathy and kidney
ischemia/reperfusion (Qiao et al. 2018). Several other studies confirm TGF-β1 plays
regulatory roles in other types of T cells (Gorelik and Flavell 2002; Kitching and
Holdsworth 2011; Turner et al. 2010). In addition, TGF-βmediates mast cell chemo-
taxis (Gruber et al. 1994) and production of mast cell protease (Funaba et al. 2006).

TGF-β1 also functions in resident inflammatory cells by enhancing ECM pro-
duction from TECs and promoting EMT. TGF-β1 also induces apoptosis in tubular
epithelial cells (Lopez-Hernandez and Lopez-Novoa 2012). In vitro, data indicate
that podocytes produce ECM in response to TGF-β1 (Gruden et al. 2005). In TGF-
β1 transgenic mice, apoptosis of podocytes is induced by overactivation of Smad7
(Schiffer et al. 2001). Further, a previous study indicated that TGF-β-induced apop-
tosis in culturedmouse podocytes acted through upregulation of mitochondrial Nox4
via Smad2/3-dependent mechanisms (Das et al. 2014). As terminally differentiated
epithelial cells, podocytes also undergo EMT in response to TGF-β1 (Li et al. 2008).
Furthermore, emerging evidence indicates that TGF-β1 stimulates mesangial cells
to secrete type I, III and IV collagen, laminin and fibronectin, supporting glomerular
ECM accumulation (Gruden et al. 2005; Lopez-Hernandez and Lopez-Novoa 2012).
TGF-β1 also induces hypertrophy and proliferation of mesangial cells to acceler-
ate glomerulosclerosis (Gruden et al. 2005). Additionally, TGF-β1 has an impact
on apoptosis, proliferation and migration of endothelial cells (Lebrin et al. 2005).
Although TGF-β1 has a proapoptotic effect on endothelial cells in most scenarios
(Loeffler and Wolf 2013), it also promotes the release of VEGF from podocytes and
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TECs which protect endothelial cells from apoptosis (Kang et al. 2002). Notably,
as a downstream molecule of TGF-β1, Smad2 triggers expression of antiangiogenic
factors like TSP-1 and VEGF-A antagonist. In comparison, TGF-β1-induced VEGF
mRNA and protein expression are Smad3-dependent (Nakagawa et al. 2004a, b).
TGF-β1 is known classically to stimulate EndoMT (Zeisberg et al. 2008). Thus, data
clearly show TGF-β1 could be secreted by inflammatory cells and may be one of the
key growth factors that drives renal fibrogenesis.

The PDGF family contains four isoforms, PDGF-A, -B, -C and -D, and two recep-
tor chains, PDGFR-α and -β, that are constitutively or inducibly expressed in most
renal cells (Floege et al. 2008). PDGF exerts numerous biological functions in renal
diseases, including production of pro- and anti-inflammatory mediators, ECM accu-
mulation, cell proliferation and migration (Ostendorf et al. 2012). PDGF signaling
is a crucial mediator in renal fibrosis (LeBleu and Kalluri 2011), as evidenced by
the findings that show blocking PDGF-D attenuates tubulointerstitial fibrosis in both
early and late stages of glomerulonephritis (Boor et al. 2007; Ostendorf et al. 2006).
PDGF-D has a direct profibrotic effect on the tubular interstitium by promoting EMT
(Kong et al. 2009) or by triggering expression of PDGFR-β from resident fibroblasts
or pericytes, which are the major source of interstitial myofibroblasts (Humphreys
et al. 2010; Lin et al. 2008). Inhibition of PDGFR signaling reduces the number of
myofibroblasts and ameliorates renal damage in obstructive nephropathy (Chen et al.
2011b). This indicates a key role for PDGFR signaling in myofibroblast generation
from pericytes. Compelling evidence for a role of PDGFRα and its ligand PDGF-CC
in renal fibrosis is provided by results showing that inhibition of PDGF-CC sup-
presses renal fibrosis in obstructive nephropathy (Eitner et al. 2008). PDGF-CC also
exerts profibrotic effects by directly enhancing fibroblast proliferation, as well as
accelerating leukocyte infiltration (Eitner et al. 2008). Moreover, PDGF-CC serves
as a pro-angiogenic mediator in glomeruli (Boor et al. 2015). In contrast to PDGF-A,
which has limited effects in renal fibrosis (Tang et al. 1996), PDGF-B and PDGFR-β
mediate mesangial proliferation both in vitro and in vivo; high doses of PDGF-BB
induce proliferation of tubulointerstitial cells and promote the myofibroblast gener-
ation and fibrosis (Boor et al. 2014; Buhl et al. 2016; Das et al. 2017; Tang et al.
1996). Collectively, renal inflammatory cells produce plenty of PDGF, driving the
progression of renal fibrosis.

18.5 Conclusion

Inflammation is the initial response to cellular injuries and is the key process in
wound healing and renal repair. However, unresolved renal inflammation leads to
fibrosis with loss of renal function. In this process, both circulating leukocytes and
intrinsic kidney cells are key inflammatory cell types and play critical roles in driving
acute renal inflammation to chronic fibrosis, leading to the end-stage kidney disease.
There are two primary mechanisms regulating the pathway from renal inflamma-
tion to fibrosis. First, fibrogenetic growth factors produced by inflammatory cells
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promote local fibroblasts, or inflammatory cells themselves, to proliferate and pro-
duce ECM. Second, inflammatory cells convert into collagen-producing fibroblasts
or myofibroblasts directly from EMT, EndoMT, pericytes, fibrocytes or MMT.Many
inflammatory cytokines and growth factors, like TGF-β, are involved in the inflam-
mation–fibrosis process. Collectively, blocking excessive inflammatory responses
may represent an effective therapy for renal fibrotic diseases.

Acknowledgements This laboratory is supported by grants from National Natural Science Foun-
dation of China (National Science Foundation of China 81300580 and 81570623) and by Sci-
ence and Technological Fund of Anhui Province for Outstanding Youth of China (Grant number:
1608085J07).

References

Abboud HE (2012) Mesangial cell biology. Exp Cell Res 318:979–985
Allison SJ (2013) Fibrosis: the source of myofibroblasts in kidney fibrosis. Nat Rev Nephrol 9:494
Anders HJ, Ryu M (2011) Renal microenvironments and macrophage phenotypes determine pro-
gression or resolution of renal inflammation and fibrosis. Kidney Int 80:915–925

Anders HJ, Vielhauer V, Eis V, Linde Y, Kretzler M et al (2004) Activation of toll-like receptor-9
induces progression of renal disease in MRL-Fas(lpr) mice. FASEB J 18:534–536

Beghdadi W, Madjene LC, Claver J, Pejler G, Beaudoin L, Lehuen A, Daugas E, Blank U (2013)
Mast cell chymase protects against renal fibrosis in murine unilateral ureteral obstruction. Kidney
Int 84:317–326

Bielesz B, Sirin Y, Si H, Niranjan T, Gruenwald A et al (2010) Epithelial Notch signaling regulates
interstitial fibrosis development in the kidneys of mice and humans. J Clin Invest 120:4040–4054

Bojakowski K, Abramczyk P, Bojakowska M, Zwolinska A, Przybylski J, Gaciong Z (2001)
Fucoidan improves the renal blood flow in the early stage of renal ischemia/reperfusion injury in
the rat. J Physiol Pharmacol 52:137–143

Boor P, Floege J (2011) Chronic kidney disease growth factors in renal fibrosis. Clin Exp Pharmacol
Physiol 38:441–450

Boor P, Konieczny A, Villa L, Kunter U, van Roeyen CR et al (2007) PDGF-D inhibition by CR10
ameliorates tubulointerstitial fibrosis following experimental glomerulonephritis. Nephrol Dial
Transplant 22:1323–1331

Boor P, Ostendorf T, Floege J (2010) Renal fibrosis: novel insights into mechanisms and therapeutic
targets. Nat Rev Nephrol 6:643–656

Boor P, Ostendorf T, Floege J (2014) PDGF and the progression of renal disease. Nephrol Dial
Transplant 29(Suppl 1):i45–i54

Boor P, Babickova J, Steegh F, Hautvast P, Martin IV et al (2015) Role of platelet-derived growth
factor-CC in capillary rarefaction in renal fibrosis. Am J Pathol 185:2132–2142

Bottinger EP,BitzerM (2002) TGF-beta signaling in renal disease. JAmSocNephrol 13:2600–2610
Brahler S, Ising C, Hagmann H, Rasmus M, Hoehne M et al (2012) Intrinsic proinflammatory
signaling in podocytes contributes to podocyte damage and prolonged proteinuria. Am J Physiol
Renal Physiol 303:F1473–F1485

Broekema M, Harmsen MC, van Luyn MJ, Koerts JA, Petersen AH et al (2007) Bone marrow-
derived myofibroblasts contribute to the renal interstitial myofibroblast population and produce
procollagen I after ischemia/reperfusion in rats. J Am Soc Nephrol 18:165–175

Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A (1994) Circulating fibrocytes define a new
leukocyte subpopulation that mediates tissue repair. Mol Med 1:71–81



18 Inflammatory Mediators and Renal Fibrosis 397

Buchtler S, Grill A, Hofmarksrichter S, Stockert P, Schiechl-Brachner G et al (2018) Cellular origin
and functional relevance of collagen i production in the kidney. J Am Soc Nephrol 29:1859–1873

Buhl EM, Djudjaj S, Babickova J, Klinkhammer BM, Folestad E et al (2016) The role of PDGF-D
in healthy and fibrotic kidneys. Kidney Int 8:848–861

Campbell MT, Hile KL, Zhang H, Asanuma H, Vanderbrink BA et al (2011) Toll-like receptor 4: a
novel signaling pathway during renal fibrogenesis. J Surg Res 168:e61–e69

Canaud G, Bienaime F, Viau A, Treins C, Baron W et al (2013) AKT2 is essential to maintain
podocyte viability and function during chronic kidney disease. Nat Med 19:1288–1296

CaoQ,WangY, Harris DC (2013) Pathogenic and protective role of macrophages in kidney disease.
Am J Physiol Renal Physiol 305:F3–F11

Chen G, Lin SC, Chen J, He L, Dong F et al (2011a) CXCL16 recruits bone marrow-derived
fibroblast precursors in renal fibrosis. J Am Soc Nephrol 22:1876–1886

Chen YT, Chang FC, Wu CF, Chou YH, Hsu HL et al (2011b) Platelet-derived growth factor
receptor signaling activates pericyte-myofibroblast transition in obstructive and post-ischemic
kidney fibrosis. Kidney Int 80:1170–1181

Chen J, Chen MX, Fogo AB, Harris RC, Chen JK (2013) mVps34 deletion in podocytes causes
glomerulosclerosis by disrupting intracellular vesicle trafficking. J Am Soc Nephrol 24:198–207

Chen G, Dong Z, Liu H, Liu Y, Duan S, Liu F, Chen H (2016) mTOR signaling regulates protec-
tive activity of transferred CD4+ Foxp3+ T Cells in repair of acute kidney injury. J Immunol
197:3917–3926

Cheng A, Dong Y, Zhu F, Liu Y, Hou FF, Nie J (2013) AGE-LDL activates Toll like receptor 4
pathway and promotes inflammatory cytokines production in renal tubular epithelial cells. Int J
Biol Sci 9:94–107

Chesney J, Metz C, Stavitsky AB, Bacher M, Bucala R (1998) Regulated production of type I
collagen and inflammatory cytokines by peripheral blood fibrocytes. J Immunol 160:419–425

Chung AC, Lan HY (2011) Chemokines in renal injury. J Am Soc Nephrol 22:802–809
Correa-Costa M, Braga TT, Semedo P, Hayashida CY, Bechara LR et al (2011) Pivotal role of Toll-
like receptors 2 and 4, its adaptor molecule MyD88, and inflammasome complex in experimental
tubule-interstitial nephritis. PLoS ONE 6:e29004

Crean JK, Furlong F, Finlay D, Mitchell D, Murphy M et al (2004) Connective tissue growth
factor [CTGF]/CCN2 stimulates mesangial cell migration through integrated dissolution of focal
adhesion complexes and activation of cell polarization. FASEB J 18:1541–1543

D’Agati V, Schmidt AM (2010) RAGE and the pathogenesis of chronic kidney disease. Nat Rev
Nephrol 6:352–360

Dai Y, Gu L, Yuan W, Yu Q, Ni Z et al (2013) Podocyte-specific deletion of signal transducer and
activator of transcription 3 attenuates nephrotoxic serum-induced glomerulonephritis. Kidney Int
84:950–961

Danelli L, Madjene LC, Madera-Salcedo I, Gautier G, Pacreau E et al (2017) Early phase mast
cell activation determines the chronic outcome of renal ischemia-reperfusion injury. J Immunol
198:2374–2382

DarouxM,PrevostG,Maillard-LefebvreH,GaxatteC,D’AgatiVDet al (2010)Advanced glycation
end-products: implications for diabetic and non-diabetic nephropathies. Diabetes Metab 36:1–10

Das R, Xu S, Quan X, Nguyen TT, Kong ID et al (2014) Upregulation of mitochondrial Nox4
mediates TGF-beta-induced apoptosis in cultured mouse podocytes. Am J Physiol Renal Physiol
306:F155–F167

Das F, Ghosh-Choudhury N, Venkatesan B, Kasinath BS, Ghosh Choudhury G (2017) PDGF
receptor-beta uses Akt/mTORC1 signaling node to promote high glucose-induced renal proximal
tubular cell collagen I (alpha2) expression. Am J Physiol Renal Physiol 313:F291–F307

Deelman L, Sharma K (2009) Mechanisms of kidney fibrosis and the role of antifibrotic therapies.
Curr Opin Nephrol Hypertens 18:85–90

DemmersMW, Baan CC, van Beelen E, Ijzermans JN,WeimarW, Rowshani AT (2013) Differential
effects of activated human renal epithelial cells on T-cell migration. PLoS ONE 8:e64916



398 X.-M. Meng

Disteldorf EM, Krebs CF, Paust HJ, Turner JE, Nouailles G et al (2015) CXCL5 drives neutrophil
recruitment in TH17-mediated GN. J Am Soc Nephrol 26:55–66

Djudjaj S, Boor P (2018) Cellular and molecular mechanisms of kidney fibrosis. Mol Aspects Med
Dong Y, Yang M, Zhang J, Peng X, Cheng J, Cui T, Du J (2016) Depletion of CD8+ T cells
exacerbates CD4+ T cell-induced monocyte-to-fibroblast transition in renal fibrosis. J Immunol
196:1874–1881

Duffield JS, Humphreys BD (2011) Origin of new cells in the adult kidney: results from genetic
labeling techniques. Kidney Int 79:494–501

Durvasula RV, Shankland SJ (2006) The renin-angiotensin system in glomerular podocytes: medi-
ator of glomerulosclerosis and link to hypertensive nephropathy. Curr Hypertens Rep 8:132–138

Durvasula RV, Shankland SJ (2008) Activation of a local renin angiotensin system in podocytes by
glucose. Am J Physiol Renal Physiol 294:F830–F839

Eardley KS, Kubal C, Zehnder D, Quinkler M, Lepenies J et al (2008) The role of capillary density,
macrophage infiltration and interstitial scarring in the pathogenesis of human chronic kidney
disease. Kidney Int 74:495–504

EddyAA,NeilsonEG (2006)Chronic kidney disease progression. JAmSocNephrol 17:2964–2966
Eitner F, Bucher E, van Roeyen C, Kunter U, Rong S et al (2008) PDGF-C is a proinflammatory
cytokine that mediates renal interstitial fibrosis. J Am Soc Nephrol 19:281–289

Eremina V, Cui S, Gerber H, Ferrara N, Haigh J et al (2006) Vascular endothelial growth factor a
signaling in the podocyte-endothelial compartment is required for mesangial cell migration and
survival. J Am Soc Nephrol 17:724–735

Fan JM, Ng YY, Hill PA, Nikolic-Paterson DJ, MuW et al (1999) Transforming growth factor-beta
regulates tubular epithelial-myofibroblast transdifferentiation in vitro. Kidney Int 56:1455–1467

Fan JM, Huang XR, Ng YY, Nikolic-Paterson DJ, Mu W et al (2001) Interleukin-1 induces
tubular epithelial-myofibroblast transdifferentiation through a transforming growth factor-beta1-
dependent mechanism in vitro. Am J Kidney Dis 37:820–831

Fine LG, Norman JT (2008) Chronic hypoxia as a mechanism of progression of chronic kidney
diseases: from hypothesis to novel therapeutics. Kidney Int 74:867–872

Floege J, Burg M, Hugo C, Gordon KL, Van Goor H et al (1998) Endogenous fibroblast growth
factor-2 mediates cytotoxicity in experimental mesangioproliferative glomerulonephritis. J Am
Soc Nephrol 9:792–801

Floege J, Eitner F, Alpers CE (2008) A new look at platelet-derived growth factor in renal disease.
J Am Soc Nephrol 19:12–23

Fogo AB (2011) The targeted podocyte. J Clin Invest 121:2142–2145
Fu S, Zhang N, Yopp AC, Chen D, Mao M et al (2004) TGF-beta induces Foxp3+ T-regulatory
cells from CD4+ CD25-precursors. Am J Transplant 4:1614–1627

Fujiu K, Manabe I, Nagai R (2011) Renal collecting duct epithelial cells regulate inflammation in
tubulointerstitial damage in mice. J Clin Invest 121:3425–3441

Fukuda K, Yoshitomi K, Yanagida T, TokumotoM, Hirakata H (2001) Quantification of TGF-beta1
mRNAalong rat nephron in obstructive nephropathy.AmJPhysiol Renal Physiol 281:F513–F521

Funaba M, Ikeda T, Murakami M, Ogawa K, Nishino Y et al (2006) Transcriptional regulation of
mouse mast cell protease-7 by TGF-beta. Biochem Biophys Acta 1759:166–170

Gentle ME, Shi S, Daehn I, Zhang T, Qi H et al (2013) Epithelial cell TGFbeta signaling induces
acute tubular injury and interstitial inflammation. J Am Soc Nephrol 24:787–799

Gewin LS (2018) Renal fibrosis: primacy of the proximal tubule. Matrix Biol 68–69:248–262
Gewin L, Bulus N, Mernaugh G, Moeckel G, Harris RC et al (2010) TGF-beta receptor deletion in
the renal collecting system exacerbates fibrosis. J Am Soc Nephrol 21:1334–1343

Gewin L, Vadivelu S, Neelisetty S, Srichai MB, Paueksakon P et al (2012) Deleting the TGF-beta
receptor attenuates acute proximal tubule injury. J Am Soc Nephrol 23:2001–2011

Gewin L, Zent R, Pozzi A (2017) Progression of chronic kidney disease: too much cellular talk
causes damage. Kidney Int 91:552–560

Godel M, Hartleben B, Herbach N, Liu S, Zschiedrich S et al (2011) Role of mTOR in podocyte
function and diabetic nephropathy in humans and mice. J Clin Invest 121:2197–2209



18 Inflammatory Mediators and Renal Fibrosis 399

Gomez-Guerrero C, Hernandez-Vargas P, Lopez-Franco O, Ortiz-Munoz G, Egido J (2005) Mesan-
gial cells and glomerular inflammation: from the pathogenesis to novel therapeutic approaches.
Curr Drug Targets Inflamm Allergy 4:341–351

Gorelik L, Flavell RA (2002) Transforming growth factor-beta in T-cell biology. Nat Rev Immunol
2:46–53

Grahammer F, Schell C, Huber TB (2013) The podocyte slit diaphragm–from a thin grey line to a
complex signalling hub. Nat Rev Nephrol 9:587–598

Grande MT, Perez-Barriocanal F, Lopez-Novoa JM (2010) Role of inflammation in tubulo-
interstitial damage associated to obstructive nephropathy. J Inflamm (Lond) 7:19

GrandeMT,Sanchez-LaordenB,Lopez-BlauC,DeFrutosCA,BoutetA et al (2015) Snail1-induced
partial epithelial-to-mesenchymal transition drives renal fibrosis in mice and can be targeted to
reverse established disease. Nat Med 21:989–997

Gratchev A, Guillot P, Hakiy N, Politz O, Orfanos CE, Schledzewski K, Goerdt S (2001) Alter-
natively activated macrophages differentially express fibronectin and its splice variants and the
extracellular matrix protein betaIG-H3. Scand J Immunol 53:386–392

Gruber BL, Marchese MJ, Kew RR (1994) Transforming growth factor-beta 1 mediates mast cell
chemotaxis. J Immunol 152:5860–5867

Gruden G, Perin PC, Camussi G (2005) Insight on the pathogenesis of diabetic nephropathy from
the study of podocyte and mesangial cell biology. Curr Diab Rev 1:27–40

Guerrot D, Dussaule JC, Kavvadas P, Boffa JJ, Chadjichristos CE, Chatziantoniou C (2012) Pro-
gression of renal fibrosis: the underestimated role of endothelial alterations. Fibrogenesis Tissue
repair 5(Suppl 1):S15

Guo S,Wietecha TA,HudkinsKL,KidaY, SpencerMWet al (2011)Macrophages are essential con-
tributors to kidney injury inmurine cryoglobulinemicmembranoproliferative glomerulonephritis.
Kidney Int 80:946–958

Han Y, Ma FY, Tesch GH, Manthey CL, Nikolic-Paterson DJ (2011) c-fms blockade reverses
glomerular macrophage infiltration and halts development of crescentic anti-GBM glomeru-
lonephritis in the rat. Lab Invest 91:978–991

Han Y, Ma FY, Tesch GH, Manthey CL, Nikolic-Paterson DJ (2013) Role of macrophages in the
fibrotic phase of rat crescentic glomerulonephritis. Am JPhysiol Renal Physiol 304:F1043–F1053

Harris RC, Neilson EG (2006) Toward a unified theory of renal progression. Annu Rev Med
57:365–380

Hathaway CK, Gasim AM, Grant R, Chang AS, Kim HS et al (2015) Low TGFbeta1 expression
prevents and high expression exacerbates diabetic nephropathy in mice. Proc Natl Acad Sci USA
112:5815–5820

Hato T, El-Achkar TM, Dagher PC (2013) Sisters in arms: myeloid and tubular epithelial cells
shape renal innate immunity. Am J Physiol Renal Physiol 304:F1243–F1251

He W, Dai C, Li Y, Zeng G, Monga SP, Liu Y (2009) Wnt/beta-catenin signaling promotes renal
interstitial fibrosis. J Am Soc Nephrol 20:765–776

HendersonNC,MackinnonAC,FarnworthSL,Kipari T,Haslett C et al (2008)Galectin-3 expression
and secretion links macrophages to the promotion of renal fibrosis. Am J Pathol 172:288–298

Higgins DF, Kimura K, Bernhardt WM, Shrimanker N, Akai Y et al (2007) Hypoxia promotes
fibrogenesis in vivo via HIF-1 stimulation of epithelial-to-mesenchymal transition. J Clin Invest
117:3810–3820

Higgins DF, Kimura K, Iwano M, Haase VH (2008) Hypoxia-inducible factor signaling in the
development of tissue fibrosis. Cell Cycle 7:1128–1132

Hochane M, Raison D, Coquard C, Beraud C, Bethry A et al (2018) Parathyroid hormone-related
protein modulates inflammation in mouse mesangial cells and blunts apoptosis by enhancing
COX-2 expression. Am J Physiol Cell Physiol 314:C242–C253

Holdsworth SR, Summers SA (2008) Role of mast cells in progressive renal diseases. J Am Soc
Nephrol 19:2254–2261



400 X.-M. Meng

Huang XR, Chung AC, Wang XJ, Lai KN, Lan HY (2008a) Mice overexpressing latent TGF-beta1
are protected against renal fibrosis in obstructive kidney disease. Am J Physiol Renal Physiol
295:F118–F127

Huang XR, Chung AC, Zhou L, Wang XJ, Lan HY (2008b) Latent TGF-beta1 protects against
crescentic glomerulonephritis. J Am Soc Nephrol 19:233–242

Humphreys BD (2018) Mechanisms of renal fibrosis. Annu Rev Physiol 80:309–326
Humphreys BD, Lin SL, Kobayashi A, Hudson TE, Nowlin BT et al (2010) Fate tracing reveals the
pericyte and not epithelial origin of myofibroblasts in kidney fibrosis. Am J Pathol 176:85–97

Inoki K, Mori H, Wang J, Suzuki T, Hong S et al (2011) mTORC1 activation in podocytes is a
critical step in the development of diabetic nephropathy in mice. J Clin Invest 121:2181–2196

Kanasaki K, Taduri G, Koya D (2013) Diabetic nephropathy: the role of inflammation in fibroblast
activation and kidney fibrosis. Front Endocrinol 4:7

Kang DH, Kanellis J, Hugo C, Truong L, Anderson S et al (2002) Role of the microvascular
endothelium in progressive renal disease. J Am Soc Nephrol 13:806–816

Kato N, Yuzawa Y, Kosugi T, Hobo A, Sato W et al (2009) The E-selectin ligand basigin/CD147
is responsible for neutrophil recruitment in renal ischemia/reperfusion. J Am Soc Nephrol
20:1565–1576

Kelly KJ, Williams WW Jr, Colvin RB, Bonventre JV (1994) Antibody to intercellular adhesion
molecule 1 protects the kidney against ischemic injury. Proc Nati Acad Sci USA 91:812–816

Kelly KJ,WilliamsWWJr, Colvin RB,Meehan SM, Springer TA et al (1996) Intercellular adhesion
molecule-1-deficientmice are protected against ischemic renal injury. J Clin Invest 97:1056–1063

Kelly KJ, Burford JL, Dominguez JH (2009) Postischemic inflammatory syndrome: a critical mech-
anism of progression in diabetic nephropathy. Am J Physiol Renal Physiol 297:F923–F931

Kim DH, Moon SO, Jung YJ, Lee AS, Kang KP et al (2009) Mast cells decrease renal fibrosis in
unilateral ureteral obstruction. Kidney Int 75:1031–1038

Kim SM, Lee SH, Lee A, Kim DJ, Kim YG et al (2015) Targeting T helper 17 by mycophenolate
mofetil attenuates diabetic nephropathy progression. Transl Res 166:375–383

Kimura K, Iwano M, Higgins DF, Yamaguchi Y, Nakatani K et al (2008) Stable expression of
HIF-1alpha in tubular epithelial cells promotes interstitial fibrosis. Am J Physiol Renal Physiol
295:F1023–F1029

Kitamoto K, Machida Y, Uchida J, Izumi Y, Shiota M et al (2009) Effects of liposome clodronate
on renal leukocyte populations and renal fibrosis in murine obstructive nephropathy. J Pharmacol
Sci 111:285–292

Kitamura M, Suto TS (1997) TGF-beta and glomerulonephritis: anti-inflammatory versus proscle-
rotic actions. Nephrol Dial Transplant 12:669–679

Kitching AR, Holdsworth SR (2011) The emergence of TH17 cells as effectors of renal injury. J
Am Soc Nephrol 22:235–238

Ko GJ, Boo CS, Jo SK, Cho WY, Kim HK (2008) Macrophages contribute to the development of
renal fibrosis following ischaemia/reperfusion-induced acute kidney injury. Nephrol Dial Trans-
plant 23:842–852

Kondo S, Kagami S, Kido H, Strutz F, Muller GA, Kuroda Y (2001) Role of mast cell tryptase in
renal interstitial fibrosis. J Am Soc Nephrol 12:1668–1676

Kong D, Li Y, Wang Z, Banerjee S, Ahmad A et al (2009) miR-200 regulates PDGF-D-mediated
epithelial-mesenchymal transition, adhesion, and invasion of prostate cancer cells. Stem Cells
27:1712–1721

Ku CH, White KE, Dei Cas A, Hayward A, Webster Z et al (2008) Inducible overexpression of
sFlt-1 in podocytes ameliorates glomerulopathy in diabetic mice. Diabetes 57:2824–2833

Lai KN, Leung JC, Chan LY, Saleem MA, Mathieson PW et al (2008) Activation of podocytes by
mesangial-derived TNF-alpha: glomerulo-podocytic communication in IgA nephropathy. Am J
Physiol Renal Physiol 294:F945–F955

Lai KN, Leung JC, Chan LY, Saleem MA, Mathieson PW et al (2009) Podocyte injury induced by
mesangial-derived cytokines in IgA nephropathy. Nephrol Dial Transplant 24:62–72



18 Inflammatory Mediators and Renal Fibrosis 401

Lan HY (2011) Diverse roles of TGF-beta/Smads in renal fibrosis and inflammation. Int J Biol Sci
7:1056–1067

Lan HY, Nikolic-Paterson DJ, MuW, Atkins RC (1995) Local macrophage proliferation in the pro-
gression of glomerular and tubulointerstitial injury in rat anti-GBM glomerulonephritis. Kidney
Int 48:753–760

Lan HY, Bacher M, Yang N, Mu W, Nikolic-Paterson DJ et al (1997) The pathogenic role of
macrophage migration inhibitory factor in immunologically induced kidney disease in the rat. J
Exp Med 185:1455–1465

Laping NJ, Olson BA, Ho T, Ziyadeh FN, Albrightson CR (2000) Hepatocyte growth factor: a
regulator of extracellularmatrix genes inmousemesangial cells. BiochemPharmacol 59:847–853

LeBleu VS, Kalluri R (2011) Blockade of PDGF receptor signaling reduces myofibroblast number
and attenuates renal fibrosis. Kidney Int 80:1119–1121

LeBleu VS, Taduri G, O’Connell J, Teng Y, Cooke VG et al (2013) Origin and function of myofi-
broblasts in kidney fibrosis. Nat Med 19:1047–1053

Lebrin F,DeckersM,BertolinoP, TenDijke P (2005)TGF-beta receptor function in the endothelium.
Cardiovascular Res 65:599–608

Lee SB, Kalluri R (2010) Mechanistic connection between inflammation and fibrosis. Kidney Int
Suppl S22–S26

Li Y, Yang J, Dai C, Wu C, Liu Y (2003) Role for integrin-linked kinase in mediating tubular
epithelial to mesenchymal transition and renal interstitial fibrogenesis. J Clin Invest 112:503–516

Li Y, Kang YS, Dai C, Kiss LP, Wen X, Liu Y (2008) Epithelial-to-mesenchymal transition is a
potential pathway leading to podocyte dysfunction and proteinuria. Am J Pathol 172:299–308

Li J, Qu X, Yao J, Caruana G, Ricardo SD et al (2010) Blockade of endothelial-mesenchymal
transition by a Smad3 inhibitor delays the early development of streptozotocin-induced diabetic
nephropathy. Diabetes 59:2612–2624

Lin M, Tang SC (2013) Toll-like receptors: sensing and reacting to diabetic injury in the kidney.
Nephrol Dial Transplant

Lin SL, Kisseleva T, Brenner DA, Duffield JS (2008) Pericytes and perivascular fibroblasts are the
primary source of collagen-producing cells in obstructive fibrosis of the kidney. Am J Pathol
173:1617–1627

Lin SL, Castano AP, Nowlin BT, Lupher ML Jr, Duffield JS (2009) Bone marrow Ly6Chigh mono-
cytes are selectively recruited to injured kidney and differentiate into functionally distinct popu-
lations. J Immunol 183:6733–6743

Lin M, Yiu WH, Wu HJ, Chan LY, Leung JC et al (2012) Toll-like receptor 4 promotes tubular
inflammation in diabetic nephropathy. J Am Soc Nephrol 23:86–102

Lin JR, Zheng YJ, Zhang ZB, Shen WL, Li XD et al (2018) Suppression of endothelial-to-
mesenchymal transition by SIRT (Sirtuin) 3 alleviated the development of hypertensive renal
injury. Hypertension

Liu Y (2004) Epithelial to mesenchymal transition in renal fibrogenesis: pathologic significance,
molecular mechanism, and therapeutic intervention. J Am Soc Nephrol 15:1–12

Liu Y (2006) Renal fibrosis: new insights into the pathogenesis and therapeutics. Kidney Int
69:213–217

Liu Y (2010) New insights into epithelial-mesenchymal transition in kidney fibrosis. J Am Soc
Nephrol 21:212–222

Liu Y (2011) Cellular and molecular mechanisms of renal fibrosis. Nat Rev Nephrol 7:684–696
Liu F, Chen HY, Huang XR, Chung AC, Zhou L et al (2011) C-reactive protein promotes diabetic
kidney disease in a mouse model of type 1 diabetes. Diabetologia 54:2713–2723

Liu L,Kou P, ZengQ, PeiG, LiY et al (2012) CD4+TLymphocytes, especially Th2 cells, contribute
to the progress of renal fibrosis. Am J Nephrol 36:386–396

Liu P, Lassen E, Nair V, Berthier CC, Suguro M et al (2017) Transcriptomic and proteomic pro-
filing provides insight into mesangial cell function in IgA nephropathy. J Am Soc Nephrol
28:2961–2972



402 X.-M. Meng

Liu BC, Tang TT, Lv LL, Lan HY (2018) Renal tubule injury: a driving force toward chronic kidney
disease. Kidney Int 93:568–579

Loeffler I, Wolf G (2013) Transforming growth factor-beta and the progression of renal disease.
Nephrol Dial Transplant

Lopez-Hernandez FJ, Lopez-Novoa JM (2012) Role of TGF-beta in chronic kidney disease: an
integration of tubular, glomerular and vascular effects. Cell Tissue Res 347:141–154

Lovisa S, LeBleu VS, Tampe B, Sugimoto H, Vadnagara K et al (2015) Epithelial-to-mesenchymal
transition induces cell cycle arrest and parenchymal damage in renal fibrosis. Nat Med
21:998–1009

Lu J, Cao Q, Zheng D, Sun Y, Wang C et al (2013) Discrete functions of M2a andM2c macrophage
subsets determine their relative efficacy in treating chronic kidney disease. Kidney Int 84:745–755

Lu Y, Mei Y, Chen L, Wu L, Wang X et al (2018) The role of transcriptional factor D-site-binding
protein in circadian CCL2 gene expression in anti-Thy1 nephritis. Cell Mol Immunol

Lv W, Booz GW, Wang Y, Fan F, Roman RJ (2018) Inflammation and renal fibrosis: recent devel-
opments on key signaling molecules as potential therapeutic targets. Eur J Pharmacol 820:65–76

LyonsRM,GentryLE, PurchioAF,MosesHL (1990)Mechanismof activation of latent recombinant
transforming growth factor beta 1 by plasmin. J Cell Biol 110:1361–1367

Ma LJ, Yang H, Gaspert A, Carlesso G, Barty MM et al (2003) Transforming growth factor-beta-
dependent and -independent pathways of induction of tubulointerstitial fibrosis in beta6(−/−)
mice. Am J Pathol 163:1261–1273

Ma FY, Flanc RS, Tesch GH, Bennett BL, Friedman GC et al (2009a) Blockade of the c-Jun amino
terminal kinase prevents crescent formation and halts established anti-GBM glomerulonephritis
in the rat. Lab Inves 89:470–484

Ma FY, Liu J, Kitching AR,Manthey CL, Nikolic-Paterson DJ (2009b) Targeting renal macrophage
accumulation via c-fms kinase reduces tubular apoptosis but fails to modify progressive fibrosis
in the obstructed rat kidney. Am J Physiol Renal Physiol 296:F177–F185

Ma FY, Ikezumi Y, Nikolic-Paterson DJ (2010) Macrophage signaling pathways: a novel target in
renal disease. Semin Nephrol 30:334–344

MackM, Rosenkranz AR (2009) Basophils and mast cells in renal injury. Kidney Int 76:1142–1147
Margulis A, Nocka KH, Brennan AM, Deng B, Fleming M et al (2009) Mast cell-dependent
contraction of human airway smoothmuscle cell-containing collagen gels: influence of cytokines,
matrix metalloproteases, and serine proteases. J Immunol 183:1739–1750

Mathieson PW (2009) Update on the podocyte. Curr Opin Nephrol Hypertens 18:206–211
Mehrotra P, Patel JB, Ivancic CM, Collett JA, Basile DP (2015) Th-17 cell activation in response
to high salt following acute kidney injury is associated with progressive fibrosis and attenuated
by AT-1R antagonism. Kidney Int 88:776–784

Meldrum KK, Zhang H, Hile KL, Moldower LL, Dong Z, Meldrum DR (2012) Profibrotic effect
of interleukin-18 in HK-2 cells is dependent on stimulation of the Toll-like receptor 4 (TLR4)
promoter and increased TLR4 expression. J Biol Chem 287:40391–40399

Meng XM, Huang XR, Chung AC, Qin W, Shao X et al (2010) Smad2 protects against TGF-
beta/Smad3-mediated renal fibrosis. J Am Soc Nephrol 21:1477–1487

Meng XM, Huang XR, Xiao J, Chen HY, Zhong X, Chung AC, Lan HY (2012a) Diverse roles of
TGF-beta receptor II in renal fibrosis and inflammation in vivo and in vitro. J Pathol 227:175–188

Meng XM, Huang XR, Xiao J, Chung AC, Qin W et al (2012b) Disruption of Smad4 impairs TGF-
beta/Smad3 and Smad7 transcriptional regulation during renal inflammation and fibrosis in vivo
and in vitro. Kidney Int 81:266–279

Meng XM, Chung AC, Lan HY (2013) Role of the TGF-beta/BMP-7/Smad pathways in renal
diseases. Clin Sci (Lond) 124:243–254

Meng XM, Nikolic-Paterson DJ, Lan HY (2014) Inflammatory processes in renal fibrosis. Nat Rev
Nephrol 10:493–503

Meng XM, Tang PM, Li J, Lan HY (2015) TGF-beta/Smad signaling in renal fibrosis. Front Physiol
6:82



18 Inflammatory Mediators and Renal Fibrosis 403

Meng XM, Nikolic-Paterson DJ, Lan HY (2016a) TGF-beta: the master regulator of fibrosis. Nat
Rev Nephrol 12:325–338

Meng XM, Wang S, Huang XR, Yang C, Xiao J et al (2016b) Inflammatory macrophages can
transdifferentiate into myofibroblasts during renal fibrosis. Cell Death Dis 7:e2495

Mezzano SA, Ruiz-Ortega M, Egido J (2001) Angiotensin II and renal fibrosis. Hypertension
38:635–638

Miyazawa S, Hotta O, Doi N, Natori Y, Nishikawa K (2004) Role of mast cells in the development
of renal fibrosis: use of mast cell-deficient rats. Kidney Int 65: 2228–2237

MohamedR, Jayakumar C, Chen F, Fulton D, SteppD et al (2016) Low-dose IL-17 therapy prevents
and reverses diabetic nephropathy, metabolic syndrome, and associated organ fibrosis. J Am Soc
Nephrol 27:745–765

Munger JS, Huang X, Kawakatsu H, Griffiths MJ, Dalton SL et al (1999) The integrin alpha v beta
6 binds and activates latent TGF beta 1: a mechanism for regulating pulmonary inflammation and
fibrosis. Cell 96:319–328

Nakagawa T, Lan HY, Zhu HJ, Kang DH, Schreiner GF, Johnson RJ (2004a) Differential regulation
of VEGF by TGF-beta and hypoxia in rat proximal tubular cells. Am J Physiol Renal Physiol
287:F658–F664

Nakagawa T, Li JH, Garcia G, Mu W, Piek E et al (2004b) TGF-beta induces proangiogenic and
antiangiogenic factors via parallel but distinct Smad pathways. Kidney Int 66:605–613

Negre-Salvayre A, Coatrieux C, Ingueneau C, Salvayre R (2008) Advanced lipid peroxidation end
products in oxidative damage to proteins. Potential role in diseases and therapeutic prospects for
the inhibitors. Br J Pharmacol 153:6–20

Nguan CY, Du C (2009) Renal tubular epithelial cells as immunoregulatory cells in renal allograft
rejection. Transplant Rev (Orlando) 23:129–138

Niedermeier M, Reich B, Rodriguez Gomez M, Denzel A, Schmidbauer K et al (2009) CD4 +
T cells control the differentiation of Gr1+ monocytes into fibrocytes. Proc Nati Acad Sci USA
106:17892–17897

NielsenR,MolletG, Esquivel EL,WeyerK,Nielsen PKet al (2013) Increased lysosomal proteolysis
counteracts protein accumulation in the proximal tubule during focal segmental glomeruloscle-
rosis. Kidney Int 84:902–910

Niranjan T, Bielesz B, Gruenwald A, Ponda MP, Kopp JB et al (2008) The Notch pathway in
podocytes plays a role in the development of glomerular disease. Nat Med 14:290–298

NishidaM,HamaokaK (2008)Macrophage phenotype and renal fibrosis in obstructive nephropathy.
Nephron Exp Nephrol 110:e31–e36

Ostendorf T, Rong S, Boor P, Wiedemann S, Kunter U et al (2006) Antagonism of PDGF-D by
human antibody CR170 prevents renal scarring in experimental glomerulonephritis. J Am Soc
Nephrol 17:1054–1062

Ostendorf T, Eitner F, Floege J (2012) The PDGF family in renal fibrosis. Pediatr Nephrol
27:1041–1050

Paust HJ, Turner JE, Steinmetz OM, Peters A, Heymann F et al (2009) The IL-23/Th17 axis
contributes to renal injury in experimental glomerulonephritis. J Am Soc Nephrol 2:969–979

Peng X, Xiao Z, Zhang J, Li Y, Dong Y, Du J (2015) IL-17A produced by both gammadelta T
and Th17 cells promotes renal fibrosis via RANTES-mediated leukocyte infiltration after renal
obstruction. J Pathol 235:79–89

Pober JS, Sessa WC (2007) Evolving functions of endothelial cells in inflammation. Nat Rev
Immunol 7:803–815

Pons M, Ali L, Beghdadi W, Danelli L, Alison M et al (2017) Mast cells and MCPT4 chymase
promote renal impairment after partial ureteral obstruction. Front Immunol 8:450

Pulskens WP, Rampanelli E, Teske GJ, Butter LM, Claessen N et al (2010) TLR4 promotes fibrosis
but attenuates tubular damage in progressive renal injury. J Am Soc Nephrol 21:1299–1308

Qiao X, Rao P, Zhang Y, Liu L, Pang M et al (2018) Redirecting TGF-beta signaling through the
beta-catenin/Foxo complex prevents kidney fibrosis. J Am Soc Nephrol 29:557–570



404 X.-M. Meng

Reich B, Schmidbauer K, Rodriguez Gomez M, Johannes Hermann F, Gobel N et al (2013) Fibro-
cytes develop outside the kidney but contribute to renal fibrosis in a mouse model. Kidney Int
84:78–89

Reilkoff RA, Bucala R, Herzog EL (2011) Fibrocytes: emerging effector cells in chronic inflam-
mation. Nat Rev Immunol 11:427–435

Ricardo SD, van Goor H, Eddy AA (2008) Macrophage diversity in renal injury and repair. J Clin
Invest 118:3522–3530

Robertson H, Ali S, McDonnell BJ, Burt AD, Kirby JA (2004) Chronic renal allograft dysfunction:
the role of T cell-mediated tubular epithelial to mesenchymal cell transition. J Am Soc Nephrol
15:390–397

Rutkowski JM,Wang ZV, Park AS, Zhang J, Zhang D et al (2013) Adiponectin promotes functional
recovery after podocyte ablation. J Am Soc Nephrol 24:268–282

Sakai N, Wada T, Yokoyama H, Lipp M, Ueha S, Matsushima K, Kaneko S (2006) Secondary lym-
phoid tissue chemokine (SLC/CCL21)/CCR182 signaling regulates fibrocytes in renal fibrosis.
Proc Nati Acad Sci USA 103:14098–14103

Sam R, Wanna L, Gudehithlu KP, Garber SL, Dunea G et al (2006) Glomerular epithelial cells
transform to myofibroblasts: early but not late removal of TGF-beta1 reverses transformation.
Transl Res 148:142–148

Scandiuzzi L, Beghdadi W, Daugas E, Abrink M, Tiwari N et al (2010) Mouse mast cell protease-4
deteriorates renal function by contributing to inflammation and fibrosis in immune complex-
mediated glomerulonephritis. J Immunol 185:624–633

Schiffer M, Bitzer M, Roberts IS, Kopp JB, ten Dijke P et al (2001) Apoptosis in podocytes induced
by TGF-beta and Smad7. J Clin Invest 108:807–816

Schlondorff D, Banas B (2009) The mesangial cell revisited: no cell is an island. J Am Soc Nephrol
20:1179–1187

Schnaper HW, Hayashida T, Hubchak SC, Poncelet AC (2003) TGF-beta signal transduction and
mesangial cell fibrogenesis. Am J Physiol Renal Physiol 284:F243–F252

Schnoor M, Cullen P, Lorkowski J, Stolle K, Robenek H et al (2008) Production of type VI collagen
by human macrophages: a new dimension in macrophage functional heterogeneity. J Immunol
180:5707–5719

Schwartzman M, Reginensi A, Wong JS, Basgen JM, Meliambro K et al (2016) Podocyte-specific
deletion of yes-associated protein causes FSGS and progressive renal failure. J Am Soc Nephrol
27:216–226

Shanmugam N, Figarola JL, Li Y, Swiderski PM, Rahbar S, Natarajan R (2008) Proinflammatory
effects of advanced lipoxidation end products in monocytes. Diabetes 57:879–888

Shao DD, Suresh R, Vakil V, Gomer RH, Pilling D (2008) Pivotal Advance: Th-1 cytokines inhibit,
and Th-2 cytokines promote fibrocyte differentiation. J Leukoc Biol 83:1323–1333

Sharma S, Sirin Y, Susztak K (2011) The story of Notch and chronic kidney disease. Curr Opin
Nephrol Hypertens 20:56–61

Shi XY, Hou FF, Niu HX, Wang GB, Xie D (2008) Advanced oxidation protein products promote
inflammation in diabetic kidney through activation of renal nicotinamide adenine dinucleotide
phosphate oxidase. Endocrinology 149:1829–1839

Shih NY, Li J, Karpitskii V, Nguyen A, Dustin ML, Kanagawa O et al (1999) Congenital nephrotic
syndrome in mice lacking CD2-associated protein. Science 286:312–315

Sica A, Mantovani A (2012) Macrophage plasticity and polarization: in vivo veritas. J Clin Invest
122:787–795

Siddiqi FS, Advani A (2013) Endothelial-podocyte crosstalk: the missing link between endothelial
dysfunction and albuminuria in diabetes. Diabetes 62:3647–3655

Strutz F, Zeisberg M (2006) Renal fibroblasts and myofibroblasts in chronic kidney disease. J Am
Soc Nephrol 17:2992–2998

Summers SA, Gan PY, Dewage L,Ma FT, Ooi JD et al (2012)Mast cell activation and degranulation
promotes renal fibrosis in experimental unilateral ureteric obstruction. Kidney Int 82:676–685



18 Inflammatory Mediators and Renal Fibrosis 405

Tang WW, Ulich TR, Lacey DL, Hill DC, Qi M et al (1996) Platelet-derived growth factor-BB
induces renal tubulointerstitialmyofibroblast formation and tubulointerstitial fibrosis.AmJPathol
148:1169–1180

Taniguchi K, Xia L, Goldberg HJ, Lee KW, Shah A et al (2013) Inhibition of Src kinase blocks high
glucose-induced EGFR transactivation and collagen synthesis in mesangial cells and prevents
diabetic nephropathy in mice. Diabetes 62:3874–3886

Tapmeier TT, Fearn A, Brown K, Chowdhury P, Sacks SH et al (2010) Pivotal role of CD4+ T cells
in renal fibrosis following ureteric obstruction. Kidney Int 78:351–362

Tipping PG, Holdsworth SR (2006) T cells in crescentic glomerulonephritis. J Am Soc Nephrol
17:1253–1263

Turner JE, Paust HJ, Steinmetz OM, Panzer U (2010) The Th17 immune response in renal inflam-
mation. Kidney Int 77:1070–1075

Ueno T, Kobayashi N, NakayamaM, Takashima Y, Ohse T et al (2013) Aberrant Notch1-dependent
effects on glomerular parietal epithelial cells promotes collapsing focal segmental glomeruloscle-
rosis with progressive podocyte loss. Kidney Int 83:1065–1075

van Roeyen CR, Eitner F, Boor P, Moeller MJ, Raffetseder U et al (2011) Induction of progres-
sive glomerulonephritis by podocyte-specific overexpression of platelet-derived growth factor-D.
Kidney Int 80:1292–1305

Venkatachalam MA, Griffin KA, Lan R, Geng H, Saikumar P, Bidani AK (2010) Acute kidney
injury: a springboard for progression in chronic kidney disease. Am J Physiol Renal Physiol
298:F1078–F1094

Vernon MA, Mylonas KJ, Hughes J (2010) Macrophages and renal fibrosis. Semin Nephrol
30:302–317

Veron D, Reidy KJ, Bertuccio C, Teichman J, Villegas G et al (2010) Overexpression of VEGF-A
in podocytes of adult mice causes glomerular disease. Kidney Int 77:989–999

Veron D, Bertuccio CA, Marlier A, Reidy K, Garcia AM et al (2011) Podocyte vascular endothelial
growth factor (Vegf(1)(6)(4)) overexpression causes severe nodular glomerulosclerosis in amouse
model of type 1 diabetes. Diabetologia 54:1227–1241

Wada T, Sakai N, Matsushima K, Kaneko S (2007) Fibrocytes: a new insight into kidney fibrosis.
Kidney Int 72:269–273

Wang YM, Zhang GY, Wang Y, Hu M, Wu H et al (2006) Foxp3-transduced polyclonal regulatory
T cells protect against chronic renal injury from adriamycin. J Am Soc Nephrol 17:697–706

Wang Y, Wang YP, Zheng G, Lee VW, Ouyang L et al (2007) Ex vivo programmed macrophages
ameliorate experimental chronic inflammatory renal disease. Kidney Int 72:290–299

Wang Y, Deb DK, Zhang Z, Sun T, Liu W et al (2012) Vitamin D receptor signaling in podocytes
protects against diabetic nephropathy. J Am Soc Nephrol 23:1977–1986

Wang H, Wang J, Bai Y, Li J, Li L, Dong Y (2016a) CD11c(+) CD8(+) T Cells Reduce Renal
Fibrosis Following Ureteric Obstruction by Inducing Fibroblast Apoptosis. Int J Mol Sci 18

Wang S, Meng XM, Ng YY, Ma FY, Zhou S et al (2016b) TGF-beta/Smad3 signalling regulates
the transition of bone marrow-derived macrophages into myofibroblasts during tissue fibrosis.
Oncotarget 7:8809–8822

Wang X, Yao B, Wang Y, Fan X, Wang S et al (2017a) Macrophage cyclooxygenase-2 protects
against development of diabetic nephropathy. Diabetes 66:494–504

Wang YY, Jiang H, Pan J, Huang XR, Wang YC et al (2017b) Macrophage-to- myofibroblast
transition contributes to interstitial fibrosis in chronic renal allograft injury. J Am Soc Nephrol
28:2053–2067

Wasse H, Naqvi N, Husain A (2012) Impact of mast cell chymase on renal disease progression.
Curr Hypertens Rev 8:15–23

Wilkinson L, Gilbert T, Sipos A, Toma I, Pennisi DJ et al (2009) Loss of renal microvascular
integrity in postnatal Crim1 hypomorphic transgenic mice. Kidney Int 76:1161–1171

Wynes MW, Frankel SK, Riches DW (2004) IL-4-induced macrophage-derived IGF-I protects
myofibroblasts from apoptosis following growth factor withdrawal. J Leukoc Biol 76:1019–1027



406 X.-M. Meng

Xavier S, Vasko R, Matsumoto K, Zullo JA, Chen R et al (2015) Curtailing endothelial TGF-beta
signaling is sufficient to reduce endothelial-mesenchymal transition and fibrosis in CKD. J Am
Soc Nephrol 26:817–829

Yamaguchi Y, Iwano M, Suzuki D, Nakatani K, Kimura K et al (2009) Epithelial-mesenchymal
transition as a potential explanation for podocyte depletion in diabetic nephropathy. Am J Kidney
Dis 54:653–664

Yang N, Isbel NM, Nikolic-Paterson DJ, Li Y, Ye R et al (1998a) Local macrophage proliferation
in human glomerulonephritis. Kidney Int 54:143–151

Yang N, Wu LL, Nikolic-Paterson DJ, Ng YY, Yang WC et al (1998b) Local macrophage and
myofibroblast proliferation in progressive renal injury in the rat remnant kidney. Nephrol Dial
Transplant 13:1967–1974

Yang J, Dai C, Liu Y (2002) Hepatocyte growth factor gene therapy and angiotensin II blockade
synergistically attenuate renal interstitial fibrosis in mice. J Am Soc Nephrol 13:2464–2477

Yang L, Besschetnova TY, Brooks CR, Shah JV, Bonventre JV (2010) Epithelial cell cycle arrest in
G2/M mediates kidney fibrosis after injury. Nat Med 16:535–543, 531p following 143

YokoiH,MukoyamaM,MoriK,KasaharaM,SuganamiT et al (2008)Overexpression of connective
tissue growth factor in podocytes worsens diabetic nephropathy in mice. Kidney Int 73:446–455

YouH,GaoT, Cooper TK,BrianReevesW,AwadAS (2013)Macrophages directlymediate diabetic
renal injury. Am J Physiol Renal Physiol 305:F1719–F1727

You H, Gao T, Raup-Konsavage WM, Cooper TK, Bronson SK et al (2017) Podocyte-specific
chemokine (C-C motif) receptor 2 overexpression mediates diabetic renal injury in mice. Kidney
Int 91:671–682

Zeisberg M, Neilson EG (2010) Mechanisms of tubulointerstitial fibrosis. J Am Soc Nephrol
21:1819–1834

Zeisberg EM, Potenta SE, Sugimoto H, Zeisberg M, Kalluri R (2008) Fibroblasts in kidney fibrosis
emerge via endothelial-to-mesenchymal transition. J Am Soc Nephrol 19:2282–2287

Zeng F, Kloepfer LA, Finney C, Diedrich A, Harris RC (2016) Specific endothelial heparin-binding
EGF-like growth factor deletion ameliorates renal injury induced by chronic angiotensin II infu-
sion. Am J Physiol Renal Physiol 311:F695–F707

ZhangB,RameshG,UematsuS,AkiraS,ReevesWB(2008)TLR4signalingmediates inflammation
and tissue injury in nephrotoxicity. J Am Soc Nephrol 19:923–932

Zhang F, Tsai S, Kato K, Yamanouchi D, Wang C et al (2009) Transforming growth factor-
beta promotes recruitment of bone marrow cells and bone marrow-derived mesenchymal stem
cells through stimulation of MCP-1 production in vascular smooth muscle cells. J Biol Chem
284:17564–17574

Zheng G,Wang Y,Mahajan D, Qin X, Alexander SI, Harris DC (2005) The role of tubulointerstitial
inflammation. Kidney Int Suppl S96–S100

Zhou LL, Hou FF, Wang GB, Yang F, Xie D, Wang YP, Tian JW (2009) Accumulation of advanced
oxidation protein products induces podocyte apoptosis and deletion through NADPH-dependent
mechanisms. Kidney Int 76:1148–1160



Chapter 19
Role of Inflammasome in Chronic
Kidney Disease

Liang Li, Wei Tang and Fan Yi

Abstract The inflammasome is a multiprotein complex assembled by intracyto-
plasmic pattern recognition receptors and is a key component of the innate immune
system for host defense. Inflammasome recruits and activates the proinflammatory
protease caspase-1 by recognizing pathogen-associated molecular patterns (PAMPs)
or host-derived damage-associated molecular patterns (DAMPs). Activated caspase-
1 cleaves the precursors of IL-1β and IL-18 to produce the corresponding mature
cytokines. Several types of inflammasomes have been identified, such as NLRP3,
NLRP1, IPAF (NLRC4) and AIM2. NLRP3 has recently been reported as a cen-
tral pathogenic mechanism of chronic kidney disease (CKD). In this chapter, we
briefly summarize the current knowledge about the roles of inflammasomes in the
pathogenesis of CKD. A better understanding of the function of inflammasomes will
provide unexpected opportunities to develop new therapies for kidney diseases by
modulation of the innate immune system.

Keywords Inflammasome · Chronic kidney disease · Pattern recognition
receptors · Inflammation · Fibrosis

19.1 Introduction

Chronic kidney disease (CKD) is a leading cause of death in the world. Although
numerous studies have shown that persistent inflammation is a hallmark of chronic
kidney injury and the activation of the innate immune system is of importance
in the development of CKD (Granata et al. 2016), the underlying mechanisms of
inflammation-inducedCKDstill keep largely unknown. Pattern recognition receptors
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(PRRs) act as sensors of the innate immune system and detect pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs),
which initiate immune responses to resolve infections and repair damaged tissues.
Inappropriate or chronic PRR activation results in excessive inflammation and exac-
erbates tissue damage. During this process, the involvement of inflammatory cells
in the damaged renal interstitium is a universal finding in failing kidneys and cor-
relates inversely with renal function. In addition to immune cells, kidney intrinsic
cells such as endothelial cells, podocytes and renal tubular epithelial cells are also
involved in the process of inflammation, resulting in the loss of glomerular function
and tubulointerstitial fibrosis (El-Nahas 2003; Nakagawa et al. 2012).

PRRs are classified into several subfamilies, which consist of toll-like receptors,
nucleotide oligomerization domain (NOD)-like receptors (NLRs), C-type lectin-like
receptors and retinoic acid-inducible gene I-like receptors (Wang and Yi 2015).
Among them, NLRs are recently identified as intracellular PRRs that are essential to
innate immune responses and homeostasis. A better understanding of the function of
NLRs will provide unexpected opportunities to develop new therapies for CKD by
modulation of the innate immune system. In this chapter, we summarize the current
knowledge about the role and the molecular mechanisms underlying the activation
of inflammasomes, one major subtype of NLRs, in the development of CKD and
discuss the opportunities of pharmacological targeting of inflammasome-mediated
signaling pathways at multiple levels for the treatment of CKD.

19.2 The Structure and Function of NLRs

NLRs are recently identified intracellular PRRs and currently 22 members have been
identified in humans and 34 inmicewhich contain three different domains (Fritz et al.
2006): a highly conserved nucleotide binding and oligomerization (NACHT) domain
that is required for self-oligomerization of the proteins upon ligand recognition, a
C-terminal leucine-rich repeat that acts as a sensing domain and aN-terminal effector
domain that mediates downstream signaling such as caspase activation and recruit-
ment domain (CARD) or a pyrin domain (PYD) (Caruso et al. 2014). On the basic of
their N-terminal effector domains, NLRs are divided into five subfamilies consist-
ing of NLRA, NLRB, NLRC, NLRP and NLRX. NLRC subfamily is composed of
five members including NOD1 (NLRC1), NOD2 (NLRC2 or CARD15), NLRC3,
NLRC4 and NLRC5 (Fig. 19.1). NOD1 and NOD2 are two well-studied NLRs that
mediate the activation of NF-κB and mitogen-activated protein kinases (MAPKs)
pathways in response to peptidoglycan-relatedmolecules (Keestra-Gounder andTso-
lis 2017). By recruiting receptor-interacting protein 2 (Rip2) (Magalhaes et al. 2011),
NOD1 and NOD2 undergo homophilic CARD–CARD interaction with Rip2. Subse-
quently, Rip2 interacts with IKK complexes (IKKs), and thereby inducing NOD1 or
NOD2 to interact with IKKs, leading to the activation of NF-κB signaling pathway
and promoting the transcription of proinflammatory cytokines such as TNF-α, IL-1β,
IL-6 and IL-18 (Magalhaes et al. 2011). NOD1 and NOD2 are firstly found to be
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Fig. 19.1 Classification andmolecular structures ofNLRs andAIM2.AD,Activator domain;AIM2,
Absent In Melanoma 2; BIR, baculovirus inhibitor of an apoptosis protein repeat; CARD, Cas-
pase activation and recruitment domains; FIIND, Function to find domain;HIN200 haematopoietic
interferon-inducible nuclear 200; LRR, leucine-rich repeat; NACHT, neuronal apoptosis inhibitor
protein (NAIP); NAD,NACHT-associated domain; NLS, nuclear localization sequence; PYD, pyrin
domain
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associated with susceptibility to Crohn’s disease and Blau syndrome (Gu et al. 2018;
Iwasaki et al. 2016). In the kidney, NOD1 and NOD2 are widely distributed in many
cell types, such as podocytes, glomerular endothelial cells and tubular epithelial
cells. In acute kidney injury, it has been found that NOD1 and NOD2 are expressed
in human and murine renal tubular epithelial cells and participate in renal ischemia-
reperfusion injury (Shigeoka et al. 2010). Our recent studies have identified that
deficiency of progranulin (PGRN), an autocrine growth factor, exacerbates renal
injury after ischemia/reperfusion and treatment of mice with recombinant PGRN
results in a dramatic reduction in renal dysfunction, which is associated with the
negative regulation of NOD2 (Zhou et al. 2015). In mice with hyperhomocysteine-
mia (hHcys), we discover a previously unknown function of NOD2 for the regulation
of TRPC6 channels, suggesting that TRPC6-dependent Ca2+signaling is one of the
critical signal transduction pathways that links innate immunity mediator NOD2
to podocyte injury (Han et al. 2013). In diabetic nephropathy, NOD2 exacerbates
podocyte injury by exacerbating inflammation and podocyte insulin resistance (Du
et al. 2013). Therefore, pharmacological targeting of NOD2 signaling pathways at
multiple levels may help design a new approach to develop therapeutic strategies for
the treatment of various renal diseases.

Another major subgroup of the NLR family characterized by the presence of a
PYD domain at the N-terminus (Du et al. 2013; Martinon 2010; Monk et al. 2017),
such as NLRP1, NLRP3, NLRP6 or NLRP12, can oligomerize to form an inflamma-
some with the PYD-CARD adaptor protein ASC (apoptosis-associated speck-like
protein containing a CARD) and caspase-1, which are associated with a wide range
of physiological and pathological processes by activation of caspase-1. Activation
of caspase-1 promotes the processing and release of IL-1β and IL-18 contributing
to the inflammatory response (Kim et al. 2016). NLRP3 (also known as NALP3,
Cryopyrin, CIAS1, PYPAF1 and CLR11) is located on chromosome 1q44 (Shen
et al. 2018), the role of NLRP3 inflammasome has attracted much attention. Exter-
nal and endogenous danger signals induce the assembly and activation of inflamma-
some, which are closely related to the pathogenesis ofmultiple autoimmune diseases,
aseptic inflammation and chronic inflammatory diseases (Broderick et al. 2015). In
addition, NLRP3 inflammasome is one of the best characterized members in the
kidney. Studies have also shown that NLRP3 inflammasome plays a vital role in the
pathogenesis of CKD.

19.3 The Role of NLRP3 Inflammasome in CKD

Numerous studies have demonstrated that inflammation is a hallmark of CKDand the
innate immune system participates inmany inflammatory processes during the devel-
opment of CKD. The expression of NLRP3 in the kidney and the activity of NLRP3
inflammasome are significantly increased in different types of CKDs. In this section,
we review the current knowledge regarding the functional roles of NLRP3 inflamma-
some in CKD including renal fibrosis, diabetic nephropathy, obesity-related kidney
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Fig. 19.2 Summarized recent findings on the mechanisms of NLRP3 inflammasome activation in
CKDs

disease, chronic glomerulonephritis, IgA nephropathy, crystal-related nephropathy
and hyperhomocysteinemia-induced renal injury (Fig. 19.2).

19.4 NLRP3 Inflammasome and Renal Fibrosis

Renal fibrosis is the final common pathway of numerous progressive kidney dis-
eases, which is characterized by the activation and proliferation of renal interstitial
fibroblasts as well as accumulation of extracellular matrix components. The unilat-
eral ureteric obstruction (UUO) mouse model is a well-established animal model for
the study of renal interstitial fibrosis. It has been found that NLRP3−/− mice have less
tubular injury, inflammation and fibrosis after UUO compared with wild-type (WT)
mice, accompanied by reduced caspase-1 activation and secretion of IL-1β and IL-18
(Vilaysane et al. 2010). Further bone marrow chimeras studies reveal that NLRP3
mediates the inflammatory processes in both hematopoietic and non-hematopoietic
cellular compartments (Vilaysane et al. 2010). However, Pulskens et al. reported
the non-canonical effects of NLRP3 following progressive renal injury induced by
UUO. They have found that the deficiency of NLRP3 leads to early tubular damage
and interstitial edema, suggesting a protective role of NLRP3 which is against pro-
gressive renal injury by preserving the vascular barrier and epithelial integrity in the
kidney. Further studies need to be clarified in this issue.
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The NLRP3 inflammasome component ASC deficiency significantly reduces
inflammatory cell infiltration and cytokine expression and improves subsequent renal
injury and fibrosis (Komada et al. 2014).Kidney-specific silencing ofASCattenuated
proteinuria, albuminuria and glomerulosclerosis in mouse models of renal diseases
(Abais et al. 2013; Zhang et al. 2012). Furthermore, ASC is specifically upregulated
in collecting duct (CD) epithelial cells from mice with UUO (Komada et al. 2014).
Therefore, ASC may be the potential target to ameliorate renal fibrosis.

An increasing number of studies have also explored the regulatory mechanisms
of NLRP3 inflammasome in renal fibrosis. Microsomal prostaglandin E2 synthase-
1 (mPGES-1), an inducible enzyme that converts prostaglandin H2 (PGH2) to
prostaglandin E2 (PGE2), has been reported to be related to many inflammatory
diseases (Hara et al. 2010). The increased renal PGE2 content and upregulated
PGE2 receptor 4 (EP4) expressions have been observed in obstructed kidneys from
both WT and mPGES-1 KO mice. EP4 expression levels are higher in KO mice
with UUO than those in WT mice. The levels of ASC and IL-1β are also signifi-
cantly increased in obstructed kidneys of mPGES-1 KO mice compared with that in
WT mice. In particular, in vitro studies show that EP4 agonist CAY10598 prevents
the activation of NLRP3 inflammasome induced by angiotensin II in human proxi-
mal tubule cells (HK-2), suggesting that mPGES-1 protects against renal injury in
obstructive nephropathy at least in part, through the negative regulation of NLRP3
inflammasome (Luo et al. 2017). Nuclear factor erythroid 2-related factor 2 (Nrf2),
a master transcription factor for antioxidant and detoxification responses (Ma 2013),
has been reported to be associated with the NLRP3 inflammasome activation (Zhao
et al. 2014). In the mouse UUO model, Nrf2 is necessary for the induction of IL-1β
and caspase-1 within M1 macrophages (Sogawa et al. 2017). Loss of Nrf2 sup-
presses fibrosis and inflammation in the mouse UUO model by the reduction of the
expression of NLRP3 and IL-1β. Some studies have also reported that activating
renal tubular Wnt/β-catenin signaling triggers renal inflammation and fibrosis via
the TLR-4/NLRP3 inflammasome axis (Wong et al. 2018).

19.5 NLRP3 Inflammasome and Diabetic Nephropathy

Diabetic nephropathy (DN) is one of the major microvascular complications of dia-
betes mellitus and the most common cause of the end-stage renal disease (Kanwar
et al. 2011). Dysregulation of the innate immune response via NLRP3 has been
implicated in the development and progression of diabetic nephropathy. In patients
with DN, not only is the expression of NLRP3 in renal tubules significantly increased
(Chen et al. 2013), but also the level of urinary protein is negatively correlated with
the expression of caspase-1, IL-1β and IL-18 in renal tubules (Fang et al. 2013).
NLRP3 inflammasome is also activated in animal models of DN (Shahzad et al.
2015). Bakker et al. have further demonstrated that NLRP3 plays a key role in diet-
induced nephropathy and renal cholesterol accumulation (Bakker et al. 2014).
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In addition to immune cells, non-bone marrow-derived renal intrinsic
cells such as podocytes, endothelial cells and renal tubular epithelial cells
can also initiate inflammatory responses (Shahzad et al. 2015). Recent studies have
unraveled the role of the activated NLRP3 inflammasome in renal parenchymal cells
and addressed the importance of NLRP3 inflammasome activation in non-myeloid-
derived cells in diabetic nephropathy. Shahzad et al. demonstrated that NLRP3
inflammasome activation in non-myeloid-derived cells aggravates diabetic nephropa-
thy. They found that abolishing NLRP3 or expression in bone marrow-derived cells
fails to protect the mice against diabetic nephropathy. Conversely, NLRP3-deficient
mice are protected against diabetic nephropathy despite transplantation of wild-type
bonemarrow. These results provide direct evidence thatNLRP3 in renal parenchymal
cells significantly contributes to the pathogenesis of diabetic nephropathy. Consis-
tently, in vitro studies further confirm the upregulation of NLRP3 under high glucose
condition in podocytes (Gao et al. 2014) and in renal tubular epithelial cells (Fang
et al. 2013).

19.6 NLRP3 Inflammasome and Obesity-Related Kidney
Disease

Obesity is becoming a serious health problem worldwide. Mounting evidence indi-
cates that high body mass index (BMI) and obesity are important risk factors for
CKD (Kovesdy et al. 2017). Previous studies have identified that visceral fat gener-
ates bioactive substances that contribute to the development of obesity-related kidney
disease (ORKD). Numerous studies have indicated that the NLRP3 inflammasome
participates inORKDdevelopment andmay serve as a keymodulator ofORKD. Inhi-
bition of theASCprotectsmice fromhigh fat diet (HFD)-induced obesity, glomerular
injury and podocyte damage (Boini et al. 2014). The associated molecular of inflam-
masome activation is related to the production of fatty acid metabolites ceramide and
palmitate, since their abundance in adipose tissue positively correlateswith the devel-
opment of obesity and type 2 diabetes (Ke et al. 2018). Studies have also reported
inflammatory response to obesity, such as TLR4 and NLRP3 inflammasome activa-
tion aswell as IL-1β secretion, attenuatesβ3-adrenoreceptor-induced beige adipocyte
formation via oxidative stress andmitochondrial dysfunction, providing insights into
targeting innate inflammatory system for enhancement of the adaptive thermogenesis
against obesity (Okla et al. 2018).

Mitochondrial dysfunction can directly activate the NLRP3 inflammasome by
itself or indirectly activate the NLRP3 inflammasome via ROS production. The acti-
vation of NLRP3 inflammasome can also induce mitochondrial damage in ORKD.
Mitochondrial dysfunction is involved in obesity and obesity-related disorders which
can initiate autophagy, a cellular degradation pathway essential for survival, then
remove dysfunctional mitochondria and maintain cellular homeostasis (Conley et al.
2017). Yamamoto et al. found that autophagy ablation exaggerates HFD-induced
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mitochondrial dysfunction and inflammasome activation and proposed that HFD-
impaired autophagic flux contributes to kidney lipotoxicity.

19.7 NLRP3 Inflammasome and Chronic
Glomerulonephritis

Chronic glomerulonephritis (GN) is a series of immunological diseases with similar
symptoms, different patho-manifestations and prognoses. Nearly all forms of acute
glomerulonephritis have a tendency to progress to chronic glomerulonephritis. The
condition is characterized by irreversible and progressive glomerular and tubulointer-
stitial fibrosis, ultimately leading to a reduction in the glomerular filtration rate (GFR)
and retention of uremic toxins. Although some studies have shown that anti-GBM
glomerulonephritis involves IL-1 but is independent of NLRP3/ASC inflammasome-
mediated activation of caspase-1 (Lichtnekert et al. 2011), recent studies have demon-
strated that a selective inhibitor of NLRP3 inflammasome activity, Bay11-7082, pre-
vents the assembling and activation of the inflammasome, and decreases proteinuria,
blood urea nitrogen and glomerular damage during GN. Bay11-7082 treatment can
also decrease renal immune complex deposition and the levels of IL-1β, TNF-α and
CCL2 as well as the amount of infiltration of macrophages (Zhao et al. 2013).

19.8 NLRP3 Inflammasome and IgA Nephropathy

Immunoglobulin IgA nephropathy (IgAN) is the leading form of primary glomeru-
lonephritis associated with end-stage renal disease. Deposition of predominantly
glomerular IgA immune complexes (ICs) or IgA immune aggregates the activation
of innate immunity (Mestecky et al. 2013; Yu and Chiang 2014). The diagnosis of
IgA nephropathy currently only depends on renal biopsy. The characteristic patho-
logical features of IgAN are glomerular mesangial cells proliferation, mesangial
matrix increasing and IgA-based immunoglobulins. Recent studies have found that
NLRP3 inflammasome serves as a key regulator in the pathogenesis of IgAN (Liu
et al. 2014; Tsai et al. 2017). IgA ICs can activate the NLRP3 inflammasome in
macrophages and enhance the levels of NLRP3 and pro-IL-1β in macrophages (Tsai
et al. 2017). IgA ICs can also induce DC activity, resulting in CD4+ T cells activa-
tion and differentiation/polarization (Tsai et al. 2017). These findings indicate that
NLRP3 inflammasome plays an important role in the development of IgAN (He
et al. 2015; Liu et al. 2014). In IgA nephropathy, IgA ICs induce NLRP3 inflamma-
some activation through ROS-mediated pathways. IgA ICs increase mitochondrial
ROS generation and mitochondrial DNA release into the cytosol of macrophages.
Using mito-TEMPO, an inhibitor of mitochondrial ROS, the levels of NLRP3 and
pro-IL-1β and IL-1β secretion in IgA ICs-activated macrophages are significantly
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reduced by mito-TEMPO (Tsai et al. 2017), indicating that NLRP3 inflammasome
contributes to the development of IgAN, at least in part by inducing mitochondrial
damage and ROS production. Recent studies have also found that some compounds
for the potential treatment of IgAN, which are associated with the NLRP3 activation.
Icariin, a major constituent of flavonoids isolated from plants of genus Epimedium,
has been reported to suppress inflammatory responses and alleviate glomerulosclero-
sis in IgAN rats by inhibiting IgA deposition and NLRP3 inflammasome activation
(Zhang et al. 2017). Antroquinonol, a pure active compound from Antrodia cam-
phorata mycelium, inhibits renal inflammation and reduces oxidative stress in a
mouse model of renal fibrosis (Yang et al. 2013). Antroquinonol has been shown
to inhibit the activation of NLRP3 inflammasome and reduce ROS production in
IgA-IC-primed macrophages (Yang et al. 2013).

19.9 NLRP3 Inflammasome and Crystalline Nephropathies

Inflammasome activation is closely associated with crystal formation including cal-
cium oxalate, cholesterol emboli, uric acid, free light chains, myoglobin and cys-
teine (Hutton et al. 2016; Mulay et al. 2016; Mulay et al. 2014). Crystals can trigger
renal injury when deposited or formed inside the kidney. The high osmolarity in
certain renal segments, especially in the medulla, predisposes this organ to crystal
formation (Kurts 2013; Mulay et al. 2014). Monosodium urate and calcium oxalate
are well-characterized activators of the NLRP3 inflammasome in the kidney, which
can induce lysosomal rupture when phagocytosed and subsequently cause damage
to mitochondria, generating ROS (Emmerson et al. 1990). NLRP3 inflammasome-
mediated IL-1β secretion is recognized to be the essential pathophysiological ele-
ment of crystal- and particle-induced inflammation and has been demonstrated to
contribute to crystalline nephropathies. Studies from Mulay SR et al. have found
that calcium oxalates have a similar agonistic potential on NLRP3 and trigger IL-1β
secretion, and this process contributes to calcium oxalates-induced renal inflamma-
tion in nephrocalcinosis (Mulay andAnders 2017;Mulay et al. 2013). Further studies
confirm that NLRP3-mediated inflammation is a principal cause of progressive renal
failure in oxalate nephropathy. In a mouse model of progressive oxalate nephropa-
thy, NLRP3 expression is significantly increased in the kidney. NLRP3-null mice
are completely protected from the progressive renal failure in oxalate nephropathy.
Meanwhile, NLRP3 deficiency does not affect oxalate homeostasis. Thus, progres-
sive renal failure in oxalate nephropathy results primarily from NLRP3-mediated
inflammation (Knauf et al. 2013).
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19.10 NLRP3 Inflammasome
and Hyperhomocysteinemia-Induced Renal Injury

Hyperhomocysteinemia (hHcys) is an important independent risk factor for the devel-
opment of cardiovascular disease and end-stage renal disease (Abais et al. 2013).
Recent studies have found that NLRP3 inflammasome activation is importantly
involved in podocyte dysfunction and glomerulosclerosis induced by hyperhomo-
cysteinemia (Cavalca et al. 2001). Inhibition of NLRP3 inflammasome by either
ASC silencing or inhibition of caspase-1 has recently prevented the development of
hyperhomocysteinemia-induced glomerular injury and podocyte injury (Zhang et al.
2012). In addition, TXNIP is a negative regulator of the antioxidant thioredoxin that
links the changes in oxidative stress to NLRP3 activation. When ROS accumulates,
TXNIP can sense ROS and time-dependently dissociate from thioredoxin to bind
with NLRP3, leading to inflammasome formation and activation. Abais et al. have
also reported that inhibition of TXNIP prevents homocysteine-induced TXNIP pro-
tein recruitment to form NLRP3 inflammasome and reduces caspase-1 activity in
glomeruli of mice with hyperhomocysteinemia, indicating that TXNIP binding to
NLRP3 is a key signaling mechanism for homocysteine-induced NLRP3 inflamma-
some activation.

19.11 Other Inflammasomes and CKD

Besides NLRP3, other inflammasomes are also involved in CKD, including NLRP1,
NLRC4 and the human interferon-inducible 200 protein AIM2 (Fig. 19.1). NLRP1
contains a PYD domain and a C-terminal CARD domain, and therefore interacts
directly with caspase-1 and 5 (Boyden and Dietrich 2006). The NLRP1 inflam-
masome can also be activated by MDP (Faustin et al. 2007). Recent studies have
elucidated the involvement of NLRP1 in the development of diabetic kidney disease
(DKD). Two NLRP1 gene variants: rs2670660 and rs11651270 are significantly
associated with a decreased risk to develop DKD, suggesting that NLRP1 may play
an important role in DKD (Soares et al. 2018). However, the molecular mechanisms
of NLRP1 inflammasome in CKD keep unknown.

NLRC4 responds to bacterial flagellin and bacteria containing type III/IV secre-
tion systems such as Salmonella typhimurium andPseudomonas aeruginosa. NLRC4
can activate caspase-1 through a direct CARD–CARD interaction in the absence of
the adaptor ASC (Duncan and Canna 2018). In the aging kidney tissue, the expres-
sion levels of NLRP3 and NLRC4 are significantly increased compared with the
young group, indicating that age-associated renal diseases are related to NLRC4
inflammasome.

The AIM2 inflammasome is one of the major regulators in innate immune
responses. Unlike other three inflammasomes, AIM2 is a PYD containing human
interferon-inducible 200 proteins that does not belong to the NLR family (Hu et al.
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2016; Man et al. 2015) (Fig. 19.1). AIM2 forms a DNA-sensing inflammasome
with ASC and caspase-1 that mediates cytokine processing and pyroptosis. AIM2
is involved in antiviral host defense (Fernandes-Alnemri et al. 2010). In the kidney,
AIM2 ismainly activated by renalmacrophages.AIM2 is also expressed in glomeruli,
tubules and infiltrating leukocytes (Hu et al. 2016). In a mouse UUO model, AIM2
deficiency attenuates renal injury and inflammation. Moreover, in HBV-associated
glomerulonephritis (HBV-GN) model, the expression of AIM2 is also significantly
induced, which is related to the inflammatory cytokine expression (Komada et al.
2018; Zheng et al. 2018). Furthermore, AIM2 can be activated by cytosolic ds-
DNA, which may play an important role in the pathogenesis of lupus in mice
(Zhang et al. 2013).

19.12 Conclusion/Perspectives

There is an increasing number of evidence for an association between NLRP3
inflammasome activation and CKD, which leads to caspase-1-mediated IL-1β/IL-
18 production. This chapter highlights the current findings regarding the role of
NLRP3-mediated signaling pathways in different types of CKDs. Despite remark-
able progress in inflammasome, there are still numerous aspects that need to be
understood in the kidney. First of all, in the kidney, the molecular mechanisms for
individual PRRs to induce pleiotropic outcomes remain largely unknown. In addi-
tion, controversies exist on the certainty of detrimental or beneficial effects of some
inflammasomes in different disease states or different experimental animal models.
For instance, a protective role of NLRP3 against progressive renal injury by pre-
venting early renal interstitial edema and vascular permeability in UUO is recently
observed (Pulskens et al. 2014). Second, recognition and clarification of the non-
canonical effects of NLRP3 inflammasome activation in the kidney and alternative
pathways to activate this inflammasome may also be important, because it may
result in a combination of injurious actions independent of typical inflammation,
which may cause direct damage to kidney cells, suggesting that direct targeting of
the NLRP3 inflammasome may serve as a new therapeutic strategy for treatment
of CKD (Yu et al. 2017). Third, the strategies for therapeutic potential of targeting
inflammasomes in CKD are still very limited, despite several studies have shown
that some components can significantly inhibit the activity of inflammasome and
protect against renal injury in CKD. For instance, Danggui Buxue Tang (DBT) is
a kind of traditional Chinese medicine, with two main ingredients, Danggui (Radix
Angelicae Sinensis, RAS) and Huangqi (Radix Astragali, RA), with a weight ratio
of 1:5 (Song et al, 2004). Studies have discovered that DBT alleviates the progres-
sion of diabetic nephropathy induced with STZ through reducing the level of IL-1
by inhibiting NLRP3 inflammasome expression and activation. Growing evidence
reveals that recombinant thrombomodulin domain 1 (THBDD1), one of the compo-
nents of anticoagulant pathway, binds to thrombin on the cell surface to prevent the
formation from thrombus (Conway 2012), which can inhibit the activity of NLRP3
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inflammasome and ameliorate renal injury. Collectively, a better understanding of
the function of individual inflammasome and the development-related inhibitors will
provide unexpected opportunities for the treatment of CKD.
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Chapter 20
Complement Activation in Progression
of Chronic Kidney Disease

Su-Fang Chen and Min Chen

Abstract Chronic kidney disease (CKD) is a public health problem worldwide,
with increasing incidence and prevalence. The mechanisms underlying the progres-
sion to end-stage renal disease (ESRD) is not fully understood. The complement
system was traditionally regarded as an important part of innate immunity required
for host protection against infection and for maintaining host hemostasis. However,
compelling evidence fromboth clinical and experimental studies has strongly incrim-
inated complement activation as a pivotal pathogenic mediator of the development of
multiple renal diseases andprogressive replacement of functioningnephrons byfibro-
sis. Both anaphylatoxins, i.e., C3a and C5a, and membrane attack complex (MAC)
contribute to the damage that occurs during chronic renal progression through various
mechanisms including direct proinflammatory and fibrogenic activity, chemotactic
effect, activation of the renal renin–angiotensin system, and enhancement of T-cell
immunity.Evolvingunderstandingof themechanismsof complement-mediated renal
injury has led to the emergence of complement-targeting therapeutics. A variety of
specific antibodies and inhibitors targeting complement components have shown effi-
cacy in reducing disease in animal models. Moreover, building on these advances,
targeting complement has gained encouraging success in treating patients with renal
diseases such as atypical hemolytic uremic syndrome (aHUS). Nevertheless, it still
requires a great deal of effort to develop inhibitors that can be applied to treat more
patients effectively in routine clinical practice.
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20.1 Introduction

Chronic kidney disease (CKD) is a public health problemworldwide, with increasing
incidence and prevalence (Couser et al. 2011;Wang et al. 2018). Disease progression
to end-stage renal disease (ESRD) leads to dramatic increases in morbidity and mor-
tality, and it is associated with progressive glomerulosclerosis, tubulointerstitial and
vascular fibrosis. Possible mechanisms responsible for the development of renal dis-
eases and the progression of renal fibrosis leading to nephron loss have been explored
in the past decades. The complement system, traditionally regarded as an important
component of innate immunity required for host defense, has now been identified as
a critical pathogenic mediator of the development of multiple renal diseases. Besides
an important role in driving renal inflammation, cumulative evidence demonstrates
that activation of complement system contributes to progressive renal fibrosis and
loss of renal function. Herein, we provide a review of current understanding regard-
ing the role of complement activation in the development and progression of kidney
diseases, and highlight potential therapeutic targets.

20.2 Overview of the Complement System

The complement system is an enzyme cascade comprising of more than 30 proteins.
It serves as one of the first lines of defense in innate immunity by protecting against
invading microorganisms and facilitating the elimination of immune complexes and
apoptotic cells, as well as bridging the innate and acquired immunity. Complement
activation can be initiated through three different pathways—the classical pathway,
the lectin pathway, and the alternative pathway (Fig. 20.1).

The classical pathway is typically triggered by binding of IgM or IgG containing
immune complexes to C1, leading to the activation of serine proteases C1r and C1s.
The latter cleaves complement components C4 and C2 to form the C4bC2a enzyme
complex, the C3 convertase in the classical pathway.

The lectin pathway is activated by the recognition of carbohydrates on microbial
surfaces by mannose-binding lectin (MBL), ficolins, and several collections. Fol-
lowing the process, MBL-associated serine proteases (MASP-1 and MASP-2) are
activated, resulting in the formation of classical pathway C3 convertase C4bC2a by
cleaving C4 and C2.

Different from the classical and lectin pathways, activation of the alternative
pathway is initiated by spontaneously hydrolysis of C3 (referred to as tick-over),
yielding C3(H2O). By recruiting factor B (FB), which is enzymatically cleaved by
factor D (FD), it leads to the formation of C3(H2O) Bb, which continuously cleaves
C3 into C3a and C3b at a low rate. This pathway is progressed and amplified on
activating surfaces (e.g., bacterial surface) where C3b is protected from inactivation
by complement regulatory proteins, such as factor I (FI) and factor H (FH). C3b
associateswithBb to form the alternative pathwayC3 convertase (C3bBb). Properdin
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Fig. 20.1 Complement cascade. Complement activation can be activated through three different
pathways—the classical pathway, the lectin pathway, and the alternative pathway. The classical path-
way is induced by the binding of C1q to immune complexes or apoptotic cells. The lectin pathway is
triggered by the recognition of mannose residues on microbial surface byMBL/ficolins/collections.
The alternative pathway is spontaneously and continuously activated. Activation of any of the
three pathways leads to activation of C3, initiate the formation of C3 convertases, which cleaves
C3 to generate C3a and C3b. The additional C3b molecule binds to the C3 convertases result-
ing in the generation of C5 convertases, which cleaves C5 into C5a and C5b. By recruiting the
components C6, C7, C8, and C9, C5b contributes to assemble membrane attack complex. Physio-
logically, the progression of the cascade is strictly controlled at each step by multiple fluid phase
and membrane-bound regulatory proteins (shown in gray boxes) to protect host cells and tissues
from complement-mediated injury. Uncontrolled complement activation leads to the generation of
multiple effector compounds including C3a, C5a, and MAC, which are detrimental to the host. The
effect mechanism involved in the progression of chronic kidney diseases has been highlighted in
the yellow boxes. Abbreviations C4BP, C4b-binding protein; CR1, complement receptor 1; DAF,
decay-accelerating factor; EMT, epithelial-to-mesenchymal transition; FB, factor B; FD, factor D;
MAC,membrane attack complex;MASP,mannose-binding lectin-associated serine protease;MBL,
mannose-binding lectin; MCP, membrane cofactor protein; RAS, renin–angiotensin system



426 S.-F. Chen and M. Chen

serves as the only positive regulator of the alternative pathway by strongly stabilizing
the complex. In addition, it is able to directly initiate the alternative pathway on target
surfaces by providing a platform for in situ assembly of the alternative pathway C3
(Spitzer et al. 2007).

Activation of each of three complement pathways leads to the production of
C3 convertase which cleaves C3 into C3a and C3b. The additional C3b molecule
binds to the C3 convertases resulting in the generation of C5 convertases, which
cleaves C5 into C5a and C5b. C5a acts as a powerful anaphylatoxin and a potent
chemoattractant that promotes inflammation, vasodilation and chemoattraction of
leukocytes and is also involved in adaptive immunity. C5b contributes to assemble
the C5b-9 membrane attack complex (MAC), which penetrates cellular membranes
and leads to transmembrane leakage and subsequent lysis. Indeed, sublytic quantity
of C5b-9 is rarely sufficient to induce the lysis of host cells but is deleterious enough
to induce cellular activation thus leading to tissue injury (Abe et al. 2004; Adler et al.
1986; Burger et al. 1999; Nangaku et al. 2005; Qiu et al. 2014; Zhang et al. 2014).

Although complement activation plays an indispensable role in the clearance of
infectious agents and cellular debris, it is a double-edged sword as it also potentially
attacks host bystander cells when eliminating pathogens. Therefore, the human com-
plement system utilizes elaborate regulatory mechanisms to maintain a delicate bal-
ance between activation and inhibition, allowing activation on pathogens or modified
self surfaces and protection of host cells. The strict regulation of the complement
system is achieved with multiple fluid phases and membrane-bound regulatory pro-
teins. Soluble regulators include C1-inhibitor and C4b-binding protein (C4BP), both
of which act on the classical and lectin pathway, and complement factor H, which
functions as the major regulator of the alternative pathway by accelerating the decay
of the C3 convertase (C3bBb) and by acting as a cofactor for factor I-mediated
cleavage of C3b (Pangburn et al. 1977; Weiler et al. 1976). Surface-bound regulators
include complement receptor 1 (CR1; CD35), membrane cofactor protein (MCP;
CD46), and decay-accelerating factor (DAF; CD55), and CD59. Membrane-bound
regulators control all the three major complement activation pathways through vari-
ous way, including preventing assemble of C3 convertase by inactivation of both C3b
and C4b (CR1 and MCP) (Masaki et al. 1992), accelerating the decay of C3 and C5
convertases by rapidly promoting disassociation of Bb and C2a from their binding
sites (DAF) (Fujita et al. 1987), and inhibiting the formation ofMAC by CD59. Once
activation of the complement cascade is not appropriately controlled or inhibited at
host surfaces, it can progress resulting in excessive complement activation and tissue
injury.

20.3 Complement in Glomerular Diseases

Activation of the complement cascade has been implicated in the development of
many types of glomerulonephritis, including atypical hemolytic uremic syndrome
(aHUS), C3 glomerulopathy (C3G), lupus nephritis (LN), anti-neutrophil cytoplas-
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mic autoantibody (ANCA)-associated glomerulonephritis, IgA nephropathy (IgAN),
and diabetic nephropathy (DN).

20.3.1 Atypical Hemolytic Uremic Syndrome

Atypical hemolytic uremic syndrome, accounting for approximately 10% of
hemolytic uremic syndrome, is used to describe the cases not related to infection
with Shiga toxin-producing bacteria. It is a life-threatening thrombotic microan-
giopathy characterized by microangiopathic hemolytic anemia, thrombocytopenia,
and acute renal injury (Noris and Remuzzi 2009), with about half of patients pro-
gressing to ESRD (Noris andRemuzzi 2009). The strong association between uncon-
trolled complement activation and aHUS has been well recognized, with genetic
or acquired abnormalities resulting in dysregulation of the alternative complement
pathway have been found in 50–60% of cases (George and Nester 2014; Noris and
Remuzzi 2009). Inherited loss of function mutations in complement regulators (fac-
tor H, I, and CD46) and gain of function mutations in activation proteins (C3 and
factor B) have all been reported (Caprioli et al. 2001; Fremeaux-Bacchi et al. 2004,
2008; Goicoechea de Jorge et al. 2007; Noris et al. 2003). Acquired anti-FH autoan-
tibodies disturbing functional activity of FH have also been reported to be associated
with aHUS (Dragon-Durey et al. 2005; Jozsi et al. 2007; Moore et al. 2010). The
understanding was further advanced by recent discoveries that genomic rearrange-
ments of complement factor H-related proteins (CFHRs) leading to the production of
fusion proteins that competitively inhibit FH activity contributed to the development
of aHUS (Challis et al. 2016; Eyler et al. 2013; Francis et al. 2012; Valoti et al. 2015;
Venables et al. 2006). Additional evidence derives from an animal model that the
micewithmutated FH lacking surface recognition domains spontaneously developed
aHUS (Pickering et al. 2007). Using this model, the pivotal role of C5 activation in
the development of spontaneous aHUS has been demonstrated (de Jorge et al. 2011).
Based on these findings, complement inhibition targeting C5 by the anti-C5 mon-
oclonal antibody eculizumab has revolutionized the treatment of aHUS (Legendre
et al. 2013). Nevertheless, patients those are refractory to eculizumab may suffer
from diseases driven by C3 cleavage products, indicating that C3 and/or C3a/C3aR
may be a possible effective target for therapeutic intervention.

20.3.2 C3 Glomerulopathy

C3glomerulopathy describes a spectrumof disorders sharing the pathological finding
of predominant C3 deposition within the glomerulus in the absence of immunoglob-
ulins, including dense deposit disease (DDD), C3 glomerulonephritis (C3GN),
and CFHR5 nephropathy (Fakhouri et al. 2010b). Progression to ESRD and post-
transplant recurrence is common in all forms of C3 glomerulopathy. A large number
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of studies have highlighted a strong link between dysregulation of the complement
alternative pathway and the development of these diseases. In patients with C3G, var-
ious genetic and acquired complement abnormalities have been identified, including
inherited mutations in complement regulator genes (factor H, I, and CD46) and C3
convertase genes (C3 and factor B) (Iatropoulos et al. 2016; Levy et al. 1986; Schmidt
et al. 1999; Servais et al. 2012), and the development ofC3nephritic factors (C3Nefs),
which are autoantibodies that stabilize the C3 convertase leading to uncontrolled C3
activation. Besides, important developments in the understanding of complement
dysregulation in C3G have been made by recent findings that a number of genomic
rearrangements across different CFHR genes resulting in deregulation of FH have
been associated with C3G (Athanasiou et al. 2011; Chen et al. 2014; Malik et al.
2012; Medjeral-Thomas et al. 2014; Togarsimalemath et al. 2017; Tortajada et al.
2013; Xiao et al. 2016). Animal models with complement gene abnormalities further
provide supports for complement involvement in this setting. FH deficiency in pigs
was found to be associated with DDD (Hogasen et al. 1995). Moreover, FH-deficient
mice created in Pickering’s group spontaneously develop diseases sharing clinical
and laboratory characteristics of human C3GN (Pickering et al. 2002). Whereas,
restoration of alternative pathway regulation through administration of human FH or
engineered FH constructs ameliorate the experimental C3GN (Fakhouri et al. 2010a;
Michelfelder et al. 2018; Nichols et al. 2015; Yang et al. 2018). Inactivating the
terminal complement C5, but not C6, in the FH-deficient mice significantly reverses
glomerular injury, indicating a critical role for C5 activation in the induction of renal
lesions (Pickering et al. 2006). The C5 inhibitor eculizumab has been reported in
treating several cases with C3G, but with variable results (Bomback et al. 2012;
Daina et al. 2012; Gurkan et al. 2013; Le Quintrec et al. 2015; Vivarelli et al. 2012).
Identifying patients who will benefit from terminal complement blockade versus
upstream blockade may be of great potential to improve patients’ outcomes. Other
complement inhibition options targeting upstream complement activation such as C3
convertase should be further explored.

20.3.3 Lupus Nephritis

Lupus nephritis (LN) is a serious complication of systemic lupus erythematosus
(SLE), characterized by autoimmune disorder targeting multiple systems. It is gener-
ally recognized that the role of complement in themechanism of lupus is paradoxical,
both beneficial and deleterious. The evidence for complement-mediated protection
against SLE derives from the fact that inherited homozygous deficiencies of classical
pathway components (C1q, C1r, C1 s, C4, and C2) predispose individuals to develop
lupus (Manderson et al. 2004). On the other hand, compelling evidence from both
clinical observation and animal study has incriminated complement activation as
pathogenic in lupus nephritis. Firstly, decreased serum C3 and C4 levels and accu-
mulation of immune complex in the kidney are frequently observed in patients with
LN. It is further evidenced by the findings that complement split products such as



20 Complement Activation in Progression of Chronic Kidney Disease 429

C4d, Bb and C3d are sensitive indicators of disease activity (Manzi et al. 1996).
In addition to those clinical observations, further evidence was supported by ani-
mal models. Using the MRL/lpr mice model of lupus, Bao et al. demonstrated that
factor H deficiency resulted in dysregulation of the alternative complement path-
way accelerates the development of lupus nephritis (Bao et al. 2011). In contrast,
MRL/lpr mice genetically deficient in factor B developed less severe renal disease
and had improved survival (Watanabe et al. 2000). Similarly, factor D deficiency
significantly reduced glomerular C3 deposition, serum creatinine levels, and patho-
logical injury in MRL/lpr mice (Elliott et al. 2004). The important role of comple-
ment activation in the development of lupus nephritis is further confirmed by the
efficacy of complement inhibition. Complement inhibition targeting C3b deposition
using a CR2-Crry fusion protein significantly improved survival and renal function,
and also dramatically reduced glomerulonephritis and renal vasculitis in MRL/lpr
mice (Atkinson et al. 2008). Blockade of C5a receptor prevented the progressive
impairment in renal function of MRL/lpr mice (Bao et al. 2005). Similarly, blocking
C5 also markedly ameliorated the disease and increased survival in experimental
lupus nephritis using the murine NZB/W(F1) lupus model (Wang et al. 1996). In
the past few years, reports have emerged describing the successful use of the anti-
C5 monoclonal antibody, eculizumab in severe resistant lupus nephritis, especially
cases with thrombotic microangiopathy (Coppo et al. 2015; El-Husseini et al. 2015;
Pickering et al. 2015).

20.3.4 Anti-neutrophil Cytoplasmic Autoantibody
(ANCA)-Associated Glomerulonephritis

ANCA-associated vasculitis (AAV) is a group of potentially life-threatening
autoimmune diseases. Kidneys are frequently involved, histologically character-
ized by pauci-immune necrotizing crescentic glomerulonephritis (NCGN) with little
immunoglobulin deposition. Nevertheless, increasing evidence has demonstrated an
indispensable role of complement activation, particularly, via the alternative pathway,
in the development of AAV. Although with a relative paucity of glomerular stain-
ing for C3 and C4, various complement components including Bb, properdin, C3c,
C3d, and C5b-9 could be detected in renal specimens of patients with AAV (Chen
et al. 2009; Gou et al. 2013b; Hilhorst et al. 2017). Deposition of Bb and properdin,
components of the alternative pathway, was associated with renal injury. Moreover,
complement involvement is further supported by the observation that elevated lev-
els of Bb, C3a, C5a, and soluble C5b-9 were detected in urine and plasma samples
of patients with active AAV, and the correlation of Bb levels with disease activity
(Gou et al. 2013a, b). Using the anti-MPO antibodies induced necrotizing crescentic
glomerulonephritis mouse model, Xiao et al. demonstrated that complement deple-
tion with cobra venom factor protected mice from developing NCGN. FB deficiency
or C5 deficiency was protective, whereas C4 deficiency was not, highlighting the
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critical role of the alternative pathway in disease development (Xiao et al. 2007).
Blocking C5 using anti-C5 mAb could also prevent the development of ANCA-
associated glomerulonephritis in mice (Huugen et al. 2007). The critical role of C5a
in disease induction was further demonstrated by that deficiency or blockade C5aR
effectively ameliorates anti-MPO-induced NCGN (Schreiber et al. 2009; Xiao et al.
2014). By contrast, C6 deficiency has no effect on the disease development (Xiao
et al. 2014), indicating that C5 cleavage but not MAC formation is required to induce
injury. Building on the documentation that complement, especially C5a/C5aR, acts
as a critical mediator in developing AAV, targeting C5aR emerged as a potentially
effective therapy for AAV. As demonstrated by a multicenter phase II randomized
double-blinded placebo-controlled trial led by EUVAS, CCX168 (avacopan), a C5aR
antagonism, was effective and safe in replacing high-dose glucocorticoids in treating
AAV patients (Jayne et al. 2017).

20.3.5 IgA Nephropathy

IgA nephropathy (IgAN), characterized by dominant or co-dominant IgA deposition
in the glomeruli, is one of the most common glomerulopathy worldwide, leading to
ESRD in up to 40% of patients within 20 years after diagnostic biopsy (Berthoux
et al. 2008). It is generally accepted that the activation of complement participates
in the development of IgAN (Maillard et al. 2015). This process is likely to be
initiated by IgA-containing circulating immune complexes, inducing activation of
the alternative and lectin pathways (Maillard et al. 2015). The involvement of the
alternative complement activation in IgAN is suggested by frequently deposition of
C3, properdin and factor H in diseased glomeruli (McCoy et al. 1974), accompanied
by the presence of C3 cleavage products in the circulation. Moreover, mesangial
C3 deposition and circulating C3 activation products were correlated with severity
of the histological lesions and a higher risk of progression to ESRD (Kim et al.
2012; Wyatt and Julian 1988; Zwirner et al. 1997). A strong linkage between the
alternative pathway and IgAN was given by the genome-wide association study
identifying that a single nucleotide polymorphism rs6677604 in CFH which linked
with CFHR3-1 deletion confers a significant protective effect in IgAN (Gharavi et al.
2011). Significant associations of rs6677604 in CFH and CFHR3-1 deletion with
circulating factor H levels and mesangial C3 deposition in patients with IgAN have
been observed (Zhu et al. 2015), qualifying activators and regulators of the alternative
pathway as important players in the development of the disease. The involvement of
alternative complement pathway in IgAN is further supported by recent discoveries
that FHR-1 and FHR-5, which antagonize the regulatory ability of factor H, were
found to be elevated in IgAN and associated with the risk of renal dysfunction and
developing ESRD (Medjeral-Thomas et al. 2017; Tortajada et al. 2017; Zhu et al.
2018). Regarding the role of the lectin pathway, glomerular deposition of MBL, L-
ficolin, and MBL-associated serine proteases was observed in approximately 25%
of patients with IgAN, correlating with more pronounced histologic damage (Roos
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et al. 2006). Moreover, suggestive deleterious role of MBL in IgAN progression was
revealed by a recent study showing that MBL deficiency and MBL excess were both
associated with worse renal outcome (Guo et al. 2017). Therefore, complement may
be a possible targeted approach for the treatment of human IgAN, which requires
further study.

20.3.6 Diabetic Nephropathy

Diabetic nephropathy (DN) is one of the most common and serious consequences of
diabetes mellitus (DM) and is the leading cause of CKD worldwide (Jha et al. 2013;
Zhang et al. 2016b). There is growing evidence indicating that complement activation
may contribute to the susceptibility and progression of DN (Flyvbjerg 2017). In
clinical studies, circulating levels of MBL have emerged as a robust predictor of the
development of diabetic nephropathy and progression to ESRD (Hansen et al. 2003,
2004, 2010; Hovind et al. 2005; Ostergaard et al. 2015). In mice with streptozotocin-
induceddiabetes,MBLdeficiency attenuates renal damage, supporting a pathological
effect of MBL on the development of DN (Ostergaard et al. 2007). In addition, as
indicated by a prospective study, high levels of H-ficolin are associated with an
increased risk of progression to microalbuminuria in patients with type 1 diabetes
mellitus (Ostergaard et al. 2014). Downstream complement components such as
C3, C4, C4d, Bb, C3a, C5a, and MAC in the pathogenesis of DN have also been
highlighted by a number of studies (Barnett et al. 1984; Falk et al. 1983a, b; Fujita
et al. 2013; Li et al. 2019; Woroniecka et al. 2011). Therefore, these findings provide
the foundation for considering targeting complement as a potential approach to halt
or slow the progression of diabetic nephropathy.

20.4 Complements in Renal Fibrosis

For various renal disease associated with CKD, the loss of functioning nephrons
resulted in renal fibrosis is the final common pathway of developing ESRD. Increas-
ing evidence links complement activation to the pathogenesis of progressive kidney
fibrosis. Previous findings in transplanted kidneys have significantly contributed to
our understanding of the role of complement in chronic renal injury, as interstitial
fibrosis and tubular atrophy (IFTA) serves as the most common cause of kidney
transplant failure. Associative evidence derives from the findings that specific C5
polymorphisms in both the donor and recipient were associated with late worse graft
function and poorer transplant survival (Jeong et al. 2011). In addition, proteomic
analysis of kidney transplant biopsies revealed strong associations between chronic
progressive injury and overexpression of complement components (Nakorchevsky
et al. 2010). Studies in focal segmental glomerulosclerosis (FSGS) which character-
ized by focal and segmental glomerular sclerosis showed that IgM and C3 deposition
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are frequently detected in the affected glomeruli and associated with worse renal
outcomes (Zhang et al. 2016a). Collectively, these clinical observations indicate that
complement is a mediator of chronic kidney injury and fibrosis.

The role of complement in renal fibrosis is further supported by multiple ani-
mal models. The mouse model induced by adriamycin shows typical features of
chronic progressive renal disease in humans, resembling human FSGS. Either C3
or FD deficiency protected mice from developing glomerulosclerosis, tubulointer-
stitial injury, and renal dysfunction induced by adriamycin (Turnberg et al. 2006).
In addition, inhibition of FB using a monoclonal antibody delayed the development
of renal failure (Lenderink et al. 2007). It indicates an important role of alternative
pathway activation in mediating chronic renal injury. Similarly, C3aR deficiency in
mice significantly reduced adriamycin-induced glomerular sclerosis and tubuloint-
erstitial injury (Tang et al. 2009). Consistently, death due to renal failure was greatly
reduced in C3aR-deficient mice. Furthermore, the kidneys of C3aR-deficient mice
had significantly less accumulation of α-smooth muscle actin (α-SMA) expressing
myofibroblast and interstitial collagen I (Tang et al. 2009). Therefore, it highlights
a pathogenic role of C3aR in inducing tubular epithelial-to-mesenchymal transition
(EMT), an important process in renal fibrosis. In contrast, CD59-deficient mice lack-
ing the major regulator of MAC formation, developed significantly more glomeru-
losclerosis and tubulointerstitial injury, as well as poor renal function and greater
mortality than control mice (Turnberg et al. 2006). In parallel, increased myofibrob-
lasts accumulation and increased interstitial collagen deposition was observed in
CD59 deficient mice (Turnberg et al. 2006), indicating an important role of MAC in
driving renal fibrosis. Using a rat model of adriamycin-induced FSGS, Rangan et al.
showed that although glomerulosclerosis and accumulation of myofibroblast within
glomeruli were not altered in C6-deficient rats, interstitial fibrosis and peritubular
myofibroblast accumulation were significantly reduced (Rangan et al. 2004). And, in
the absence of tubulointerstitial MAC formation, peritubular a-SMA accumulation
and interstitial fibronectin deposition were dramatically reduced in C6 deficient rats
(Rangan et al. 2004). Consistent with these findings, C6-deficient rats were protected
from tubulointerstitial damage and progressive interstitial fibrosis in another protein-
uric nephropathy model induced by aminonucleoside of puromycin (Nangaku et al.
1999). Additionally, in a rat model of chronic progressive renal disease secondary to
nephron loss, performed by 5/6 nephrectomies, C6 deficiency ameliorated tubuloin-
terstitial injury, attenuated progressive interstitial fibrosis with decreased interstitial
extracellular matrix accumulation and macrophage infiltration, and improved renal
function (Nangaku et al. 2002). Other animal models investigating the involvement
of complement activation in the development of tubulointerstitial injury include the
model of unilateral ureteric obstruction (UUO), induced by the ligation of one ureter.
The injury is characterized by the progressive development of interstitial inflamma-
tion and fibrosis, infiltration of macrophage, T cells and fibroblast, and ultimately
loss of functional nephrons, closely resembling the pathology of human CKD. C3
deficiency significantly reduced interstitial fibrosis and tubular atrophy inUUOmice.
Moreover, epithelial-to-mesenchymal transitionwithin the kidneywas suppressed by
C3 deficiency (Zhou et al. 2013). Another study using C5-deficient mice showed that
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markers of renal fibrosis, includingα-SMA, vimentin, type I collagen andfibronectin,
and macrophage infiltration were significantly reduced after five days of UUO (Boor
et al. 2007). Significant reductions in mRNA of transforming growth factor (TGF-β)
and platelet-derived growth factor (PDGF), all of which have been shown to be cru-
cially involved in renal scarring (Chevalier 2006; Eitner and Floege 2005; Ostendorf
et al. 2001, 2006), were also observed in C5-deficient mice (Boor et al. 2007). In
consistence, treatment of UUO mice with a C5aR antagonist also ameliorates renal
scarring (Boor et al. 2007).Altogether, a large bodyof evidence fromboth clinical and
experimental studies using animal models has strongly identified complement acti-
vation as an important mediator of chronic glomerular and tubulointerstitial injury.

In vitro studies have advanced our understanding of how complement compo-
nents contribute to the development of progressive renal fibrosis. Exposure of tubu-
lar epithelial cells to serum proteins or the C3a induced the cells to undergo an
EMT process, as confirmed by a reduction in E-cadherin expression and increase
in α-SMA and collagen I expression (Tang et al. 2009). This effect could be pre-
vented by treating with a C3aR antagonist (Tang et al. 2009). This finding was
confirmed and extended by another study showing that C3a induced EMT of tubular
epithelial cells by increasing expression of TGF-β1, Krüppel-like factor 5 (KLF5)
(Zhou et al. 2013). Moreover, a subsequent expression of renin in epithelial cells
was induced by C3a through an increased expression of the transcription factor
LXRα (Zhou et al. 2013). Therefore, it demonstrated that C3a is involved in the
mechanism of progressive renal injury by inducing EMT and activating the renal
renin–angiotensin systems.

The complement activation productC5a has been suggested tomediate renal fibro-
sis by several mechanisms. An important profibrotic mechanism of C5a was demon-
strated by the finding that stimulated C5a stimulated production TGF-β1 in cultured
murine tubular cells, and this was inhibited by a C5aR antagonist (Boor et al. 2007).
Another effective mechanism may be attributed to its well-characterized chemotac-
tic properties on leukocytes including neutrophils, monocytes, and macrophages.
Monocyte/macrophage influx is widely recognized as a contributor to the develop-
ment of renal tubulointerstitial fibrosis (SeanEardley andCockwell 2005).Moreover,
a third mechanism by which C5a contributes to renal tubulointerstitial fibrosis may
be mediated by its regulatory activity in T-cell immunity. It has been reported that
C5a is able to inhibit the polarization of T-helper cells to Th1 cells (Kohl et al. 2006;
Wenderfer et al. 2005). The subsequent shift of T-helper cells to Th2 cells, together
with their cytokine response pattern, such as TGF-β release, acts in a profibroticman-
ner (Wynn 2004). In addition, both C5a and C3a serve as regulators of regulatory
T cells (Tregs), which play an indispensable role in suppressing excessive immune
responses deleterious to the host. Tregs have been demonstrated to have a protective
role against renal ischemia-reperfusion injury by increasing tubular cell prolifera-
tion, improving renal function, and reducing renal fibrosis (Kim et al. 2013). And,
it is instrumental for long-term transplant renal survival in humans (Sakaguchi et al.
2008). Genetic deficiency or pharmacological blockade of C3aR/C5aR signaling in
natural regulatory T cells (nTregs) enhances their in vitro and in vivo suppression
activity, indicating that signaling through C5aR and C3aR diminishes function of
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nTregs (Kwan et al. 2013). Additional evidence supporting a crucial regulatory role
of C3aR/C5aR signaling on Tregs was derived from other sets of data showing that
absence or blockade of C3aR/C5aR signaling augments induced regulatory T cells
(iTregs) generation, and inhibits their conversion to IFN-γ/TNF-a-producing effec-
tor T cells (Strainic et al. 2013; van der Touw et al. 2013). Antagonizing C3aR and
C5aR signaling also facilitate generation and stability of human iTregs from naive
precursors in vitro (Strainic et al. 2013; van der Touw et al. 2013).

C5b-9 is another important mediator in inducing progressive renal injury. It has
been reported that sublytic amount of C5b-9 could induce the production of proin-
flammatory and profibrotic cytokines by a variety of renal cells. In vitro complement
activation on the proximal tubular cell surface triggers the generation of proinflam-
matory mediators including IL-6 and TNF-α in a C6-dependent manner (David et al.
1997). Sublytic C5b-9 also stimulated IL-6 and TGF-β1 production in rat glomerular
mesangial cells (Zhang et al. 2014). Besides, treating endothelial cells with C5b-9
induced the release of profibrotic factors includingfibroblast growth factor andPGDF
(Benzaquen et al. 1994). Furthermore, effects of C5b-9 on the production of extra-
cellular matrix components have been observed. Activation of tubular epithelial cells
by sublytic concentration of C5b-9 rapidly increased the expression of fibronectin
mRNA as well as the synthesis of fibronectin protein (Burger et al. 1999). Besides,
stimulating proximal tubular epithelial cells with C5b-9 led to increased expression
of collagen type IV (Abe et al. 2004). Additionally, incubation with human glomeru-
lar epithelial cells with sublytic doses of C5b-9 significantly increased the collagen
synthesis (Torbohm et al. 1990). Collectively, these in vitro evidences supported that
C5b-9 can increase the profibrotic process associated with progressive renal injury.

Therefore, evidence from studies both in vivo and in vitro suggests that both
anaphylatoxins and MAC may be responsible for the damage that occurs during
chronic renal progression. Either complement depletion or inhibition in experimental
progressive renal disease can reduce the progression of renal fibrosis and loss of
functioning nephrons.

20.5 Conclusion

The complement system is a pathogenic mediator of renal diseases in humans.
Besides an important role in mediating of a broad range of glomerular disease,
complement activation contributes to progressive glomerulosclerosis and interstitial
fibrosis. The evolving understanding of complement activation in renal diseases has
significantly contributed to the elucidation of the mechanisms of kidney injury and
the development of effective complement-targeted therapeutics. A variety of specific
antibodies and inhibitors targeting complement components have shown efficacy in
reduce disease in animal models. Moreover, building on these advances, targeting
complement in patients has gained great success in treating renal diseases such as
aHUS. It indicates that inhibition of complement has the potential to abrogate disease
progression and improve patient health. Nevertheless, it still requires a great deal of
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effort to develop inhibitors that can be applied to treat more patients effectively in
routine clinical practice.
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Chapter 21
Renal Effects of Cytokines
in Hypertension

Yi Wen and Steven D. Crowley

Abstract Preclinical studies point to a key role for immune cells in hypertension
via augmenting renal injury and/or hypertensive responses. Blood pressure eleva-
tion in rheumatologic patients is attenuated by anti-inflammatory therapies. Both the
innate and adaptive immune systems contribute to the pathogenesis of hypertension
by modulating renal sodium balance, blood flow, and functions of the vasculature
and epithelial cells in the kidney. Monocytes/macrophages and T lymphocytes are
pivotal mediators of hypertensive responses, while dendritic cells and B lympho-
cytes can regulate blood pressure indirectly by promoting T lymphocytes activation.
Pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF), interleukin-1
(IL-1), interleukin-17 (IL-17), and interferon-γ (IFN), amplify blood pressure ele-
vation and/or renal injury. By contrast, interleukin-10 (IL-10) protects against renal
and vascular function when produced by T helper 2 cells (Th2) and regulatory T
cells (Treg). Thus, understanding the renal effects of cytokines in hypertension will
provide targets for precise immunotherapies to inhibit targeted organ damage while
preserving necessary immunity.

Keywords Immune system · Cytokine · Chemokines · Kidney · Hypertension

21.1 Introduction

Hypertension is a prominent risk factor for severe kidney and cardiovascular disease,
afflicting more than 1 billion people worldwide (NCD Risk Factor Collaboration
(NCD-RisC) 2017). Kidney and cardiovascular damage can amplify hypertensive
responses, resulting in a high risk of mortality (Lionakis et al. 2012). Despite the
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availability of pharmacologic therapies targeting the vascular system, cardiac func-
tion, renal sodium balance, and sympathetic outflow, blood pressure in up to half
of the hypertensive patients remains poorly controlled (Egan et al. 2010; Lionakis
et al. 2012). Preclinical studies have revealed that both innate and adaptive immune
systems contribute to the pathogenesis of hypertension, and immunotherapies may
represent a novel approach to regulate blood pressure and target organ damage (Coff-
man 2011; Crowley and Jeffs 2016; Crowley et al. 2011). Thus, understanding the
precise mechanisms through which the immune system regulates blood pressure
is important to develop novel therapies without the risks of immunosuppression.
Inflammatory cells affect functions of the cardiovascular system and kidney by alter-
ing cellular damage or repair and elaborating cytokines within the vasculature and
kidney. This chapter will discuss the role that cytokines play in hypertension and
target organ damage by direct actions in the kidney.

21.2 Inflammatory Cells in Hypertension

Autopsy studies demonstrated that inflammatory cells infiltrate the kidneys of
patients with severe hypertension (Sommers et al. 1958). Preclinical studies demon-
strated thedistinct role ofmyeloid cells and lymphocytes in the pathogenesis of hyper-
tension. Activated monocytes/macrophages express lysozyme M (LysM), and dele-
tion of LysM positive macrophages decreases blood pressure by inhibiting endothe-
lial damage with the consequent preservation of sodium excretion (Wenzel et al.
2011). CC chemokine receptor 2 (CCR2) onmonocytes/macrophages binds tomono-
cyte chemoattractant protein (MCP-1 or CCL2), facilitating their recruitment into
the kidney during hypertension (Chan et al. 2012; Elmarakby et al. 2007), while
CCL5 attenuates target organ damage and fibrosis in hypertension by interrupting
CCR2-mediated infiltration of inflammatory macrophages into the kidney (Rude-
miller et al. 2016). In contrast, VEGF-C-expressing macrophages in the skin inhibit
blood pressure elevation by promoting lymphatic drainage of sodium from interstitial
reservoirs to the circulating system. Thus, the exact effect of macrophages on blood
pressure and renal function depends on their phenotype and distribution (Machnik
et al. 2009; Wiig et al. 2013).

Dendritic cells (DCs) are another subset of myeloid cells that connect innate and
adaptive immune systems by processing and presenting antigens to T lymphocytes
that in turn stimulate reactive oxygen species and cytokine production that contributes
to hypertensive responses. DCs inside the kidney facilitate infiltration of T lympho-
cytes (Yatim et al. 2016), and the requirement for antigen presentation by DCs to
activate T lymphocytes in hypertensive responses has been demonstrated in multiple
models (Vinh et al. 2010). Therefore, activated DCs can promote the susceptibility to
hypertension only in the presence of functional T lymphocytes (Kirabo et al. 2014).

The activated adaptive immune system plays a major role in blood pressure ele-
vation and target organ damage (Mattson et al. 2006). Guzik and colleagues demon-
strated that adoptive transfer of T lymphocytes but not B lymphocytes restores hyper-
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tensive responses and vascular dysfunction in Ang II-infused Rag1−/−mice (Guzik
et al. 2007). Similarly, Crowley and colleagues found that lymphocyte deficiency
promotes sodium excretion during hypertension, possibly via stimulation of eNOS
and COX-2 in the kidney (Crowley et al. 2010). In addition, CD8+ rather than CD4+
T lymphocytes are the T cell subset that contributes to hypertensive responses by
impairing natriuresis and endothelial function. Although the adoptive transfer of B
lymphocytes alone does not affect blood pressure in Rag1−/− mice (Guzik et al.
2007), B lymphocytes may drive blood pressure elevation by promoting T lympho-
cyte activation and cytokines production in WTmice (Chan et al. 2015; Mathis et al.
2014). In conclusion, cells in both the innate and adaptive immune systems contribute
to hypertension via actions in the vasculature and the kidney. Next, we focus on the
specific actions of individual cytokines produced by these cells to drive renovascular
dysfunction and/or renal sodium retention.

21.3 Renal Effects of Cytokines in Hypertension

21.3.1 Tumor Necrosis Factor-α (TNF)

TNF is known as a macrophage cytokine, which is also generated by T lymphocytes
and resident kidney cells (Majid 2011). The effects of TNF on kidney function and
blood pressure are comprehensive (Ramseyer and Garvin 2013). While exogenous
TNF promotes natriuresis by ligation of TNF receptor 1 (TNFR1), the effects of
endogenous TNF during brisk activation of the renin–angiotensin system (RAS)
are to stimulate blood pressure and kidney injury (Castillo et al. 2012; Chen et al.
2010).Accordingly, theAng II-inducedhypertensive responses are inhibited byTNF-
deletion or blockade in rodentmodels (Guzik et al. 2007; Sriramula et al. 2008; Zhang
et al. 2014). NOS3-dependent natriuresis is suppressed byTNF in the thick ascending
limb (Ramseyer et al. 2012), and kidney cross-transplant studies demonstrated the
net effect of endogenous TNF in the kidney is to augment hypertensive responses
in vivo (Zhang et al. 2014). TNF induces glomerular epithelial cell injury in vivo
(Bertani et al. 1989; Gomez-Chiarri et al. 1994). In rats, TNF blockade attenuates
target organ damage in several hypertensive models (Elmarakby et al. 2006, 2008;
Venegas-Pont et al. 2010), and salt-dependent hypertension canbepreventedbydirect
infusion of a TNF blocker into kidney interstitium (Huang et al. 2016). Thus, in vivo
studies highlight a role for TNF in augmenting sodium retention via TNF receptor
2 during hypertension (Singh et al. 2013). The effects of TNF on blood pressure in
humans are complex. In patients with chronic heart failure, TNF blockade did not
affect blood pressure (Chung et al. 2003;Mann et al. 2004). However, in hypertensive
patients with frank immune activation, urinary TNF expression correlated with levels
of blood pressure (Herrera et al. 2006), and TNF inhibition with infliximab reduces
24-h ambulatory blood pressure in rheumatoid arthritis patients (Yoshida et al. 2014).
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Future studieswill need to identify approaches formore specificTNFblockadewhich
can prevent sodium retention and avoid off-target immunosuppression.

21.3.2 Interleukin-1 (IL-1)

A prototypical pro-inflammatory cytokine, IL-1, is generated by hematopoietic cells
and resident kidney cells (Sims and Smith 2010). IL-1 exerts the recruitment of
Myd88 and activation of IL-1 receptor associated kinases (IRAKs) via ligation of
IL-1 receptors (IL-R1), facilitating the transcription of pro-inflammatory cytokines,
such as TNF. The NLRP3 inflammasome drives the maturation of pro-IL-1 to active
IL-1.NLRP3deficiency inmice blunts the hypertensive responses and/or target organ
damage during Ang II or mineralocorticoid infusion (Krishnan et al. 2016; Shira-
suna et al. 2015; Wen et al. 2016). Although infused IL-1 exerts a natriuretic effect
(Kohan et al. 1989; Schreiner and Kohan 1990; Takahashi et al. 1992), the net effect
of endogenous IL-1 is to potentiate hypertensive responses. Intracisternal infusion of
IL-1 augments sympathetic activation leading to systemic vasoconstriction, which
impairs sodium natriuresis (Takahashi et al. 1992). Similarly, infusion of exogenous
IL-1 in the systemic or pulmonary vasculature augments hypertensive responses
(Shi et al. 2010; Voelkel et al. 1994). Zhang and colleagues found that IL-1R1 defi-
ciency or blockade blunts NKCC-dependent sodium retention in the thick ascending
limb and thereby attenuates Ang II-induced hypertension. IL-1R1 activation stimu-
lates the maturation of myeloid cells which inhibits sodium retention by producing
nitric oxide (NO) (Zhang et al. 2016). However, the direct activation of IL-1R1 on
macrophage phenotype remains unclear, as inflammasome-derived IL-1R1 activa-
tion on myeloid cells facilitates NO production during infection (Lima-Junior et al.
2013). Future studies will need to investigate how to precisely disrupt the actions
of IL-1 to attenuate cardiovascular damage without augmenting the susceptibility to
lethal infection (Ridker et al. 2017).

21.3.3 Interferon-γ (IFN)

IFN is produced by T cells and macrophages, regulating and marking Th1 differ-
entiation and activating myeloid cells and B lymphocytes. IFN limits natriuresis by
stimulating the NHE3 transporter in the proximal tubule and by enhancing NKCC2
andNCCactivity in the distal nephron (Kamat et al. 2015). IFNdeficiency bluntsAng
II-dependent hypertensive responses in rodent models (Saleh et al. 2015). However,
blockade targeting IFN receptor 1 (IFNR1) did not reduce Ang II-dependent hyper-
tensive responses (Marko et al. 2012), suggesting that IFN receptor 2 (IFNR2) plays
a major role in regulating sodium retention. Nevertheless, inhibition of IFNR1 does
prevent the progression of tubulointerstitial inflammation during Ang II-dependent
hypertension (Marko et al. 2012).
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21.3.4 Transforming Growth Factor-β (TGF-β)

TGF-β is a key driver of kidney fibrosis under RAS-associated hypertension (Kagami
et al. 1994; Schreiner and Kohan 1990). TGF-β augments kidney fibrosis by inhibit-
ing the activation of matrix metalloproteinases (MMPs) that increase the deposition
of extracellular matrix (Border 1994; Douthwaite et al. 1999; Mozes et al. 1999).
Infusion of exogenous TGF-β1 or TGF-β2 promotes kidney fibrosis, albuminuria,
and increases levels of blood pressure, possibly by inducing vascular dysfunction
and/or augmented sodium retention (Ledbetter et al. 2000). Chronic infusion of Ang
II increases the levels of TGF-β in serum (Noble and Border 1997). Dietary salt
intake augments the levels of TGF-β in the kidney (Sanders 2009; Ying et al. 2008).
In Dahl SS rats, TGF-β blockade significantly attenuates blood pressure elevation,
proteinuria, and kidney fibrosis (Dahly et al. 2002; Murphy et al. 2012). Inversely,
TGF-β generated by T regulatory lymphocytes (Tregs) cooperates with IL-10 to
attenuate hypertensive responses by suppressing the activation of T effector lym-
phocytes (Barhoumi et al. 2011). In hypertension, the exact effects of TGF-β on
renal function may depend on origin and concentration. Future studies will need to
investigate how to accurately disrupt the TGF-β signaling, given the complex and
redundant pathways downstream of TGF-β (Wei et al. 2013).

21.3.5 Interleukin-17 (IL-17)

Interleukin-17A is produced by RORrt+ CD4+ T cells and plays an important role
in infection and autoimmune diseases (Chen and Kolls 2017). IL-17A augments
the generation of pro-inflammatory cytokines and chemokines that stimulate cell-
mediated immune response (Kim et al. 2016; Korn et al. 2009). IL-17A is produced
by T cells that infiltrate the arterial wall and drive damage to vascular smooth muscle
cells by increasing production of ROS and pro-inflammatory cytokines (Eid et al.
2009; Pietrowski et al. 2011). In hypertensive patients, the levels of serum IL-17 are
significantly increased compared to healthy people (Madhur et al. 2010). Similarly,
chronic infusion of Ang II stimulates the production of IL-17 and increases the
expression of IL-17 inside the vesselwall (Madhur et al. 2010). Infusion of exogenous
IL-17 augments hypertensive responses and endothelial dysfunction by stimulating
the Rho-kinase pathway (Nguyen et al. 2013). Deficiency or blockade targeting IL-
17A but not IL-17F reduces blood pressure elevation and kidney inflammation in
Ang II-dependent hypertension (Madhur et al. 2010; Saleh et al. 2016). Deletion
of γδ T cells, another source of IL-17, significantly attenuates Ang II-dependent
blood pressure elevation and vascular injury (Caillon et al. 2017). IL-17A stimulates
sodium retention by activating the NHE3 sodium transporter in the proximal tubule
and the NCC exchanger in the distal nephron (Norlander et al. 2016). However,
the non-specific inhibition of IL-17 causes neutral or detrimental effects on kidney
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function during hypertension. Thus, future studies will need to clarify the tissue- and
isoform-specific actions of IL-17 (Krebs et al. 2014; Marko et al. 2012).

21.3.6 Interleukin-10 (IL-10)

IL-10 is an anti-inflammatory cytokine and produced by Th2 lymphocytes, Tregs,
mast cells, and monocytes. IL-10 attenuates the generation of pro-inflammatory
cytokines and chemokines by inhibiting NF-κB activation (Kim and Kim 2014;
Rodriguez-Iturbe et al. 2017). In the rat, infusion of exogenous IL-10 attenuates pro-
teinuria, endothelial damage, and blood pressure elevation during pregnancy-induced
hypertension (Chatterjee et al. 2015; Harmon et al. 2015; Tinsley et al. 2010). In
TLR3-induced preeclampsia, IL-10 deficiency augments endothelial damage and
hypertensive responses, which can be blunted by supplementation of exogenous
IL10 (Chatterjee et al. 2011). IL-10 deficiency exacerbatesmicrovascular endothelial
damage and blood pressure elevation by stimulating NADPH oxidase or RhoA/Rho
kinase signaling (Didion et al. 2009; Kassan et al. 2011; Lima et al. 2016). Thus,
the actions of IL-10 in protecting vascular function are consistent, but future studies
will need to investigate the effects of IL-10 on systemic vascular resistance and/or
renal sodium handling.

21.4 Conclusion

Guyton and colleagues demonstrated that increased sodium and water retention
are the foundation for blood pressure elevation (Guyton 1991). Evenwhen salt is non-
osmotically stored in the dermis, blood pressure is still regulated by the kidney via
titration of circulating volume (Machnik et al. 2009; Wiig et al. 2013). Thus, under-
standing the actions of inflammatory cytokines inmodulating renal function is critical
to understand the role of the immune system in the pathogenesis of hypertension.
Sympathetic tone and renal nerve activation, renal blood flow-dependent endothelial
dysfunction, and sodium transport in the thick ascending limb are the major targets
for inflammatory cytokines (Zhang et al. 2016). The effects of TGF-β on renal func-
tion and hypertension are complex due to the pro-fibrotic and immunosuppressive
functions. Generally, polarized inflammatory cells alter sodium retention and blood
pressure elevation by secreting individual cytokines. Thus, pro-inflammatory M1
macrophages, Th1 and Th17 cells augment kidney injury and hypertensive responses
by producing TNF, IL-17A, IL-1, and IFN. In contrast, Treg-derived IL-10 inhibits
blood pressure elevation and target organ damage. Macrophage-derived nitric oxide
(NO) and VEGF-C also perform antihypertensive actions by facilitating natriuresis
(Machnik et al. 2009; Zhang et al. 2016). Considering the concentration, tissue dis-
tribution, and subtype of certain cytokines, the animal studies cited above certainly
include exceptions to the template in which inflammation augments hypertensive
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responses. Nevertheless, the effects of inflammatory cytokines in stimulating blood
pressure elevation may reflect the protective actions of the immune system in pre-
venting circulatory collapse during an overwhelming infection.

Future studies will be needed to define the actions of cytokines in human hyper-
tension. The serum levels of inflammatory cytokines correlate with blood pressure
levels in some clinical studies (Bautista et al. 2005), and blockade targeting certain
cytokines can reduce blood pressure hypertensive patients with the rheumatologic
disease (Herrera et al. 2006; Yoshida et al. 2014). However, the risk of infection from
immunomodulatory therapy cannot be dismissed in patients with cardiovascular dis-
ease (Ridker et al. 2017). Thus, understanding the precise renal effects of cytokines
in hypertension is paramount to prevent cytokine-dependent sodium retention while

Fig. 21.1 Renal effects of cytokines in hypertension. Both B cells and dendritic cells (DC) par-
ticipate in the pathogenesis of hypertension through facilitating the activation of inflammatory
cells. Pro-inflammatory cytokines including tumor necrosis factor-α (TNF), interleukin-1 (IL-1),
interferon-gamma (IFN), transforming growth factor-β (TGF-β), and interleukin-17 (IL-17) are
produced by macrophages and T cells and augment renal function decline and the hypertensive
response. By contrast, interleukin-10 (IL-10) is generated by T helper 2 cells (Th2) and regulatory
T cells (Treg) and attenuates renal injury and blood pressure elevation
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avoiding immunosuppression and tumor escape. Meanwhile, given the recent find-
ings that sodium retention stimulates the pro-inflammatory polarization of T lympho-
cytes and macrophages (Hernandez et al. 2015; Jantsch et al. 2015; Kleinewietfeld
et al. 2013; Wu et al. 2013), therapy that combines diuretics together with an anti-
inflammatory agent offers potential for attenuating renal and cardiovascular damage
in certain hypertensive patients (Fig. 21.1).
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Chapter 22
Role of Extracellular Vesicles in Renal
Inflammation and Fibrosis

Lin-Li Lv

Abstract Extracellular vesicles (EVs) are the membrane-surrounded structures
released by almost all types of cells. Accumulating evidences have suggested that
EVs secretion is enhanced under stress conditions and have been associated with a
large wide of cellular physiological and pathological processes. In this part, recent
understanding about the generation and biological function of EVs was reviewed.
Moreover, the role of EVs in renal inflammation and fibrosis and future challenges
of EVs study in kidney disease were discussed.

Keywords Extracellular vesicles · Renal fibrosis · Renal inflammation · Biomarker

22.1 Generation of Extracellular Vesicles (EVs)

Extracellular vesicles (EVs) are the membrane-surrounded structures released by
almost all types of cells under study.Currently, EVs are classified into three categories
based on their biogenesis, exosomes, microvesicles (MVs) and apoptotic bodies.
Apoptotic bodies, with a diameter range from 200 nm to 5 mm, are shed from the
plasma membrane of dying cells undergoing programmed cell death. Microvesicles
are shed from the plasma membrane of viable cells with a size of 100–800 nm.
Exosomes are 30–150 nm in size and are released into the extracellular space when
multi-vesicular bodies (MVBs) fuse with the plasma membrane (Lasser et al. 2018;
Mathieu et al. 2019).

Exosome release may increase under cellular stress conditions, such as a dys-
functional lysosomal pathway, endoplasmic reticulum stress, hypoxia or irradiation.
It is demonstrated that inflammatory conditions promote the release of MVs with
increased procoagulant activity from tumor cell lines (Gieseler et al. 2018). Accu-
mulating evidence showed that cancer cells produce more exosomes under hypoxic
conditions than do parental cells under normoxic conditions. The increasing secre-
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tion of exosomes may be a way of eliminating waste products accumulated in the
cells under stress conditions. However, it is also likely that cells subjected to stress
communicate with adjacent cells via the release of EVs (Dusso et al. 2018).

During secretion, EVs contain some endogenous substances from the parent cells
including membrane traffic proteins (i.e., annexins, flotillin), multivesicular bodies
(i.e., TSG101, Alix), integrins and tetraspanins (CD9, CD63, CD81, CD29). Most
importantly, RNAs, DNAs, proteins and lipids from parent cells are also found in the
released EVs (Escrevente et al. 2011; Svensson et al. 2013). Comparative study also
revealed that the component varied in different populations of EVs. While large EVs
(L-EV) and small EVs (S-EV) (exosomes) purified from the same cells contained
similar amounts of protein, the DNA was more abundant in L-EV, despite S-EVs
being more numerous (Vagner and Spinelli 2018).

22.2 Biological Function of EVs

Initially, EVs were proposed to release for getting rid of cellular waste. However,
recent data support the idea of exosomes as an alternative way ofmaintaining cellular
homeostasis. Importantly, these vesicles are believed to play a role in intercellular
communication and have been associated with a large wide of cellular physiological
and pathological processes. For example, secretion of exosomes from late endosomes
is required for directional cell movement. Fibronectin is found on the outside of
exosomes to support cellular adhesion and migration (Sung et al. 2015). Moreover,
exosomes contain numerous cargoes that could impact cell motility, proliferation,
phenotypic change andmaturation. However, the total array of activities of the EVs is
still under study. Generally, increasing evidence supported that EVs played important
roles in immune modulation, tissue injury and repair and cellular homeostasis.

22.2.1 EVs in Immune Modulation

Exosomes and microvesicles have been shown to participate in antigen presenta-
tion, immune modulation, antitumor immunity and autoimmunity. EVs may exhibit
immune suppressing or activation depending on the specific circumstances and the
content (Caruso and Poon 2018). EVs have been shown to regulate molecule path-
ways in recipient cells through receptor–ligand interaction or function cargo transfer
via endocytosis as well as membrane fusion. EVs can modulate immune responses
by transporting damage-associated molecular patterns (DAMPs), cytokines such as
IL-1β and functional microRNAs. Alternatively, EVs could regulate immunological
memory through the surface expression of antigen-presenting MHC I and MHC II
molecules.
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22.2.1.1 EVs and DAMPs

Cells upon stress or injury release EVs containing damage-associated molecular
patterns (DAMPs), which can contribute to tissue inflammation. Newly identified
potential DAMPs include extracellular heat shock proteins (eHsp72), uric acid crys-
tals, mitochondrial DNA (mtDNA), endogenous RNAs, high mobility group box
(HMGB)1 and ATP (Fleshner and Crane 2017). Histones are the protein component
of nucleosomes,which are the importantDAMPs in tissue injury.Circulating histones
contribute to inflammation by interacting with specific receptors, notably toll-like
receptor 4 (TLR4). Recent study showed histones are actively released within EVs
by LPS-activated macrophages. And histones are present on the outer surface of
vesicles and can interact with TLR4 (Nair et al. 2018). Exosomes could also transfer
mitochondria from airway myeloid-derived regulatory cells to T cells and participate
in intercellular communication within the airways of human subjects with asthma
(Hough et al. 2018).

Besides, under pathological conditions, endogenous RNAs act as DAMPs for pat-
tern recognition receptors (PRRs). RN7SL1 is an endogenous RNA that is normally
shielded by RNA-binding proteins. Interestingly, triggering of stromal NOTCH-
MYC by breast cancer cells results in the increase of RN7SL1 and unshielded
RN7SL1 in stromal exosomes. After exosome transfer to immune cells, unshielded
RN7SL1 drives an inflammatory response (Nabet et al. 2017).

22.2.1.2 EVs and Cytokines

In addition to be secreted in soluble free format, cytokines are also imported into EVs
and release to extracellular space. For instance, IL-1β is a secreted protein that lacks
a signal peptide and cannot be secreted in a traditional pathway. Thus, IL-1β has
been the most studied cytokines that could be secreted in a protected form by being
packaged and secreted via both exosomes and MVs (Lopez-Castejon and Brough
2011; MacKenzie et al. 2001). In activated macrophages, the packaging of IL-1β
into exosomes is mediated by ATP-gated P2X7 receptors (P2X7R) (Lopez-Castejon
and Brough 2011). A recent report found that a wide variety of cytokines were
encapsulated into EVs as observed in different in vitro, ex vivo and in vivo systems.
Exosomes produced by hypoxic tumor cells are highly enriched in immunomodula-
tory proteins and chemokines (Park et al. 2019). Importantly, EVs carrying cytokines
are more stable than free cytokines and are biologically active upon interacting with
sensitive cells (Fitzgerald et al. 2018). Free cytokines are usually unstable and have
very short half-life in plasma (Kudo et al. 1990); EVs-associated cytokines are pro-
tected by the vesicles which may destine for signaling processes at sites distant to
the local inflammatory lesion.
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22.2.1.3 EVs and microRNA

Among EVs, exosomes are the fraction that is enriched in genetic material, mostly
non-codingRNAs. Circulating exosomes are themajormechanism formiRNA trans-
port. In addition to bounding to protective proteins, such as high-density lipoprotein
and Argonaute protein, miRNAs were packaged into protective microvesicles, such
as exosomes (Fleshner andCrane 2017). Since the first study reported in 2007 (Valadi
et al. 2007), increasing evidence showed that small non-coding RNAswithin EVs are
themajor contributors to themolecular events in the recipient cell (Turchinovich et al.
2019). Exosome miRNAs could reprogramme recipient cells upon internalization.
Adipose tissuemacrophages secreted exosomes containingmiRNA cargo, which can
be transferred to insulin target cell types with robust effects on cellular insulin action
(Ying et al. 2017). Another function of EV-associated miRNAs is that miRNA in
exosomes may activate TLRs as paracrine agonists and contribute to inflammation.
TLR7 and TLR8 are located in intracellular endosomes; Fabbri et al. demonstrated
miRNAs in cancer-released exosomes could reach and bind TLR7 and TLR8 in a
“receiving” cell (Fabbri et al. 2012).

22.2.2 EVs in Tissue Regeneration and Repair

Studies have revealed that EVs may contribute to tissue integrity and repair. Admin-
istration of EVs released from healthy cells, especially stem cells, has been shown to
promote tissue regeneration in a variety of tissue injurymodels. Stem/progenitor cell-
derived EVs have been demonstrated as a regenerative therapy for the acceleration of
wound healing in a range of clinically relevant animal models of cutaneous wounds
(Fabbri et al. 2012). A number of possible mechanisms involving EV-mediated trans-
fer of functional molecules that trigger pro-repair pathways in target cells have been
proved (Cabral et al. 2018). Gupta et al. identified a distinct type of early apoptotic
extracellular vesicle with specific mitogenic activity, which are found in damaged
mouse glomeruli and thus might have regenerative effects in the kidney (Gupta et al.
2017).

Interestingly, exosomes from human umbilical cord MSC inhibited STZ-induced
β-cell apoptosis and restored the insulin secreting function of T2DM. In the rat
models, exosomes from hucMSC can alleviate T2DM through reversing peripheral
insulin resistance and relieving β-cell destruction (Sun et al. 2018). Endogenous
annexin A1 (ANXA1) is released as a component of EVs derived from intestinal
epithelial cells, and these ANXA1-containing EVs-activated wound repair circuits
(Leoni et al. 2015).
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22.2.3 EVs in Cell Homeostasis

EVs were initially proposed as cellular wastes garbage (Johnstone et al. 1987);
however, the role of EVs secretion in maintaining cellular homeostasis is largely
unknown. Some recent data indicate that EVs were an alternative approach to elim-
inate waste products to maintain cellular homeostasis.

EVs were a protein quality control pathway that, unlike degradation-based
approach, promotes protein homeostasis by exporting misfolded proteins through
excretion route (Desdin-Mico andMittelbrunn 2017). Takahashi A et al. reported that
exosome secretion maintains cellular homeostasis by removing harmful cytoplasmic
DNA from cells. The inhibition of exosome secretion results in the accumulation
of nuclear DNA and consequently senescence-like cell cycle arrest or apoptosis in
normal human cells (Takahashi et al. 2017). However, the effect of secreted EVs
with DNA needs further clarification. Indeed, a recent study reports that T cell EVs
that contain genomic and mitochondrial DNA can be transferred to dendritic cells
(DC), inducing antiviral responses (Torralba et al. 2018). Interestingly, MSC elimi-
nated depolarizedmitochondria by the release of EVs to enhanceMSCs’ cell survival
(Phinney et al. 2015).

Multivesicular bodies (MVB) can either be directed to lysosomes for degrada-
tion or transported to the plasma membrane for exosome release. However, it is still
unclear that how this balance is regulated in different cellular status. Autophagy
is another pathway in the maintenance of protein homeostasis and the preserva-
tion of proper organelle function by selective removal of damaged organelles. Thus,
exosome biogenesis and autophagy are linked by the endolysosomal pathway to pre-
serve intracellular protein and RNA homeostasis. Under conditions that stimulate
autophagy, MVBs are directed to the autophagic pathway that consequently inhibits
exosome release (Hessvik and Llorente 2018; Xu et al. 2018). In neuronal cells,
autophagy stimulation with the mTOR inhibitor rapamycin strongly inhibited exo-
somal prion release. Autophagy modulation can control the lateral transfer of prions
by interfering with their exosomal release (Abdulrahman et al. 2018). Interestingly,
autophagy, lysosome and exosomes are coordinated to maintain cell homeostasis.
When uropathogenic E. coli (UPEC) infects bladder epithelial cells (BECs), they are
targeted by autophagy but avoid degradation because they can neutralize lysosomal
pH. This change is detected by mucolipin TRP channel 3 (TRPML3) in lysosomes,
initiating lysosome exocytosis and exosome-encased bacteria (Miao et al. 2015).

However, since EVs were released into extracellular space, which also mediate
the spreading of signals to surrounding cells in addition to preserve the parent cell
homeostasis.
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22.3 Functional Role of EVs in Renal Inflammation
and Fibrosis

Preliminary studies showed that EVs secreted into the circulation and extracellu-
lar fluid have roles in renal physiology and pathophysiology through intra-nephron
communication. The cross talk meditated by EVs especially among cell types with
their plasma membranes facing glomerular filtration tract such as epithelial cells or
in direct contact with the vascular compartment such as endothelial cells may reason-
ably be common in the kidney. The signaling carried by EVs may participate in renal
inflammation and fibrosis. Besides, EVs from particular cells may also contribute to
the repair of kidney injury.

22.3.1 Role of EVs in Tubulointerstitial Inflammation

Proximal tubule epithelial cells are the most populous cell type in the kidney and
carry out diverse regulatory and endocrine functions in normal kidney physiology
as well as the pathogenesis of kidney disease (Liu et al. 2018). Interestingly, recent
studies indicated that external insults such as hypoxia, exposure to proteinuria or
physical wounding triggered the release of EVs from injured TECs carrying specific
cargo. In the condition of hypoxia, hypoxia-inducible factor-1 (HIF-1) promoted
exosome production in tubular epithelial cells (Zhang et al. 2017).

Wang et al. reported that the expression of soluble epoxide hydrolase in renal
tubular epithelial cells regulates macrophage infiltration and polarization in IgA
nephropathy (Wang et al. 2018). Indeed, EVs pass from injured TECs to interstitial
space via a damaged basement membrane also contributed to macrophage activation.
Upon exposure to proteinuria, TECs produced increasing exosomes loading with
CCL2mRNAwhich could be transferred to macrophages and promotedmacrophage
activation. It may constitute a critical mechanism of albumin-induced tubulointersti-
tial inflammation (Lv et al. 2018). Similarly, hypoxia TECs producedmore exosomes
loadedwithmiR-23awhichwas transferred to interstitialmacrophages and promoted
the pro-inflammatory response (Li et al. 2019). Interestingly, in the tumor microen-
vironment, exosome-mimetic nanovesicles derived from M1 macrophages could
induce polarization of M2 macrophages to M1 macrophages in vitro and in vivo.
Thus, exosome may represent a novel mediator for inducing macrophage polariza-
tion (Choo et al. 2018).



22 Role of Extracellular Vesicles in Renal Inflammation and Fibrosis 461

22.3.2 Role of EVs in Renal Fibrosis

It has been shown that miR-21 was packaged into microvesicles released by tubular
epithelial cells, which then entered recipient tubular cells, and promoted tubular
phenotype transition (Zhou et al. 2013).

Borges FT et al. reported that exosomes released by injured epithelial cells pro-
mote fibroblast activation, including proliferation, a-smoothmuscle actin expression,
F-actin expression and type I collagen production, that is dependent on exosomes
delivering of TGF-β1 mRNA. The study indicated the potential utility of exosome-
targeted therapies to control tissue fibrosis (Borges et al. 2013). Since EV-associated
MMPs can contribute to the degradation of extracellular matrix surrounding cells,
and sometimes stimulate critical signaling pathways (Sanderson et al. 2017; Shimoda
and Khokha 2017), whether EV-associated MMPs participated in the development
remains an interesting question that deserves future investigation.

Podocyte exosomes were secreted in the urine and might pass through the renal
tubule and transmit information to tubular epithelial cells (Prunotto et al. 2013).Given
its location adjacent to the glomerulus, the proximal tubule represents a possible site
of interaction for podocyte EVs. It has been demonstrated in in vitro study that
podocyte microparticles (MPs) did communicate with proximal tubule epithelial
cells (PTECs) and induced the cell fibrotic responses. MPs were isolated from the
media of differentiated, untreated human podocytes (hPODs) and administered to
cultured PTECs. Treatment with podocyte MPs promoted proximal tubule fibrotic
signaling via p38 MAPK and CD36 (Munkonda et al. 2018).

22.4 EVs Biomarkers in Kidney Disease

EVs are found in different biofluids and carry multiple kinds of molecules, including
proteins, lipids and nucleic acids, providing useful information of the parental cells.
Accumulating evidence demonstrated that EVs’ cargo changed in disease states,
positioning EVs as potential sources for the discovery of novel biomarkers. Recent
study found in patients with metastatic melanoma, the level of circulating exosomal
PD-L1 positively correlated with that of IFN-γ, and was a predictive marker for
stratifying clinical responders from non-responders for anti-PD-1 therapy (Chen
et al. 2018).

RNAs (mRNA and miRNA) and proteins from kidney resident or infiltrating cells
can be loaded into urinary extracellular vesicles (uEVs) and thus protected from
degradation. Urinary EVs might be useful sources of novel biomarker discovery
for renal disease. Urinary EV uromodulin (UMOD) mRNA levels are progressively
elevated from T2DM to DKD groups and correlate with eGFR and ACR levels
(Yamamoto et al. 2018). We have recently isolated exosome released from podocyte
in the urine, and the structure was positive for the markers of both exosome and
podocyte that is CD9, AQP2 and Nephrin. Further study showed that CD2APmRNA



462 L.-L. Lv

from exosome was correlated with both kidney function and severity of fibrosis (Lv
et al. 2014).

Moreover, the stability and enrichment of miRNA in exosome make it a promis-
ing candidate biomarker for kidney disease. Exosome miRNA was stable despite
repeated frozen-thaw cycles and long-term storage (Lv et al. 2013a). Interestingly,
miRNAs were extremely enriched in the urinary exosome subpopulation, but not
MVs in hypertensive patients. Low exosomalmiR-146awas associatedwith the pres-
ence of albuminuria (Perez-Hernandez et al. 2018). MiR-29c from urinary exosome
was significantly reduced in CKDpatients and inversely correlatedwith renal fibrosis
scores (Lv et al. 2013b). Besides, the diagnostic potential of exosomal miRNA has
also been demonstrated in autosomal dominant polycystic kidney disease (ADPKD),
streptozotocin (STZ)-induced diabetic nephropathy animal models, patients with
minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS)
(Ben-Dov et al. 2014; Mohan et al. 2016; Ramezani et al. 2015). However, the
findings of exosomal biomarker in different types of kidney disease warrant further
validation studies.

22.5 Future Challenges and Directions of EVs Study
in Kidney Disease

Despite all the promising data regarding the EVs-mediated injury signal amplifying,
disease diagnosis and therapy, more research is still needed to extend these findings.
Since it is technically challenging to obtain a totally pure EV fraction free from
non-vesicular components, it is needed to establish comprehensive studies when
EV function was studied. Recently, International Society for Extracellular Vesicles
(ISEV) provides researchers with minimal experimental requirements that should be
used to attribute any specific biological cargo or functions toEVs (Lotvall et al. 2014).
And an update of the MISEV guidelines was published in 2018 (Thery et al. 2018).
It is suggested to follow the minimal requirement of experiments when performing
EV studies.

As for the functional study, nearly all results describing EVs-mediated cellular
cross talk are based on the experimental data in vitro or partly in rodent models.
Mechanisms concerning to the specific loading of bioactivemolecules into EVs, their
release and uptake by target renal cells are poorly understood. Themajor impediment
to mechanistic studies is to clarify how EVs are formed and how to track their
origin and destination in vivo (Shah et al. 2018). Identifying the tissues or specific
cell of origin for circulating EVs may be especially important in understanding
their relevance to disease. However, methods for identifying tissue or cell-specific
EVs require development (Shah et al. 2018). We have reported the purification of
exosomes from tubule. However, it is still difficult to identify other cellular origin of
EVs in the kidney. Evidence from in vivo study is needed to support the intra-nephron
communication.
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Besides, van Balkom et al. speculated that Tamm–Horsfall protein (uromodulin)
may limit exosomal fusion in downstream nephron segments, because urinary exo-
somes are usually surrounded by polymeric fibers formed from Tamm–Horsfall pro-
tein, which would prevent them from getting contact with surfaces of target cells
(Fernandez-Llama et al. 2010; van Balkom et al. 2011). The effect of Tamm–Hors-
fall protein on urinary exosome communication with downstream tubule segment
needs further investigation.

For urinary EV biomarker study, more efforts are necessary to standardize the
EVs isolation methods and the nomenclature of EVs, which might help to get more
comparable and repeatable data. Importantly, the low purity of EVs obtained from
different isolation methods is common. A recent study report that ultracentrifugation
followed by size exclusion chromatography (UC-SEC) yielded the most homoge-
nous population of exosomes and less non-vesicle co-precipitated proteins from
urine, compared to polyethylene glycol precipitation (PEG)-precipitation and ultra-
centrifugation (UC) method (Gheinani et al. 2018). The optimal method for EV
purification is important especially for urine samples from proteinuric nephropathy
patients. Besides, few reports have so far investigated systemic RNA cargo in urinary
EVs, and the next-generation sequencingmight be promising approaching for reveal-
ing the RNA transcriptome of urinary EVs in different kidney diseases (Turchinovich
et al. 2019).

In conclusions, EVs play important roles in renal inflammation and fibrosis
through conveying injury and repair signals between neighbor and distant cells.
Cargoes of EVs might represent promising biomarkers for renal pathological injury
and deterioration of kidney function. However, further studies are still needed to
explore the role and potential diagnostic applications of EVs in renal disease.
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Chapter 23
Hypoxia and Renal Tubulointerstitial
Fibrosis

Zuo-Lin Li and Bi-Cheng Liu

Abstract Hypoxia, one of the most common causes of kidney injury, is a key patho-
logical condition in various kidney diseases. Renal fibrosis is the terminal pathway
involved in the continuous progression of chronic kidney disease (CKD), charac-
terized by glomerulosclerosis and tubulointerstitial fibrosis (TIF). Recent studies
have shown that hypoxia is a key factor promoting the progression of TIF. Loss of
microvasculature, reduced oxygen dispersion, and metabolic abnormality of cells in
the kidney are the main causes of the hypoxic state. Hypoxia can, in turn, profoundly
affect the tubular epithelial cells, endothelial cells, pericytes, fibroblasts, inflamma-
tory cells, and progenitor cells. In this chapter, we reviewed the critical roles of
hypoxia in the pathophysiology of TIF and discussed the potential of anti-hypoxia
as its promising therapeutic target.

Keywords Hypoxia · Tubulointerstitial fibrosis · Hypoxia-inducible factor

23.1 Characteristics of Kidney Oxygenation

It is well known that cells require adenosine triphosphate (ATP) for normal physio-
logical functions of the intracellular organelles. Both oxidative phosphorylation and
aerobic glycolysis produce ATP, but the oxidative phosphorylation pathway is more
efficient. Hence, most cells need adequate supply of oxygen (O2) to generate ATP
via mitochondrial oxidative phosphorylation. Lack of O2 supply is a definite cellu-
lar stress. Therefore, the balance between O2 delivery and its consumption through
various mechanisms to maintain O2 homeostasis is vital for normal physiological
functions.

The cardiovascular system,which is responsible for regulating blood supply, is the
critical governor that maintains O2 homeostasis in all organs. Majority of the organs
have multiple autoregulatory mechanisms that help maintain their normal physio-
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logical functions by regulating blood flow (Davis and Kuo 2008). In the kidney, the
majormechanismsmediating autoregulation of renal blood flow (RBF) depend on the
myogenic and tubuloglomerular feedback system (Carlström et al. 2015). Addition-
ally, various pathways for the metabolic regulation of RBF are found in the kidney
(Pittman 2011). Unlike other organs where increments in the blood flow improve
oxygenation uniformly, increments in the RBF enhance the glomerular filtration
rate (GFR) and filtered reabsorptive load, which further augments O2 consumption
(Blantz et al. 2007). Therefore, in the kidney, an increase in the RBF simultaneously
increases O2 consumption and may not improve oxygenation.

Generally, oxygen in the arterial blood, RBF, GFR, oxygen consumed by the cells
and arterial-to-venous oxygen shunting, which is not available to the cells for con-
sumption, determine the tissue oxygen tension (pO2) in the kidneys (Evans et al.
2008). In order to sustain GFR, the kidney possesses a very high RBF, which con-
stitutes approximately 25% of the cardiac output. However, the low level of oxygen
extracted from the blood and the operating mechanisms of the arterial-to-venous
oxygen shunting provide an explanation about why intrarenal pO2 is remarkably
lower than the arterial pO2.

23.1.1 A Heterogeneous Environment

Even though the kidney cortex is remarkably perfused, ischemic renal injury is a
complication far more common than corresponding injuries to the other organs.
A heterogeneous blood supply within the kidney is the major explanation for this
apparent paradox. The cortex receives more than 25% of the total cardiac output with
a tissue pO2 of 50–60 mmHg while the medulla receives much less, the tissue pO2

being 10–20 mmHg. Although the low blood flow leaves the medullary tissue at the
brink of hypoxia, the cortico-medullary oxygen gradient is necessary to preserve the
medullary osmotic gradients for urinary concentration, and compelling evidence has
demonstrated that salt depletion leads to a change in the medullary oxygenation and
size of the thick ascending limb, causing marked cortical hypoxia (Stillman et al.
1994).

23.1.2 Regulation of Renal Oxygenation

There are several mechanisms that maintain pO2 homeostasis within the kidney,
which include altering the O2 delivery, either by altering the RBF or extraction of O2

from the blood, and inducing changes in the O2 consumption due to altered oxygen
demand (Evans et al. 2010). However, O2 consumption is a primary determinant of
the intrarenal pO2 when the RBF is unaltered and within the normal range. Approx-
imately 20% of the consumption of total renal O2 is related to the basal cellular O2

demanding processes and the remaining 80% to the tubular sodium transport (TNa).
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Thus, TNa is a major factor influencing the total renal O2 consumption (Layton et al.
2016).

Besides, nitric oxide (NO) is a major regulator of microvascular O2 supply and
consumption. NO could increase the RBF and hence O2 delivery via vasodilation
(Laycock et al. 1998), suggesting a modulatory role of NO on O2 consumption.
Additionally, decreased bioavailability of NO is considered to contribute to the high
renal O2 consumption in various pathophysiological conditions, like diabetes, hyper-
tension, and progressive renal disease (Singh et al. 2013; Tessari 2015; Welch et al.
2003). Angiotensin II (Ang II) also impacts renal oxygenation significantly and
appears to be antagonistic to the roles of NO. In various conditions, it has been
observed that high Ang II could lower O2 delivery and increase its consumption
by inducing renal vasoconstriction (Emans et al. 2016; van der Bel et al. 2016),
and inhibition of Ang II with angiotensin-converting enzyme inhibition (ACEI) and
angiotensin receptor blockade (ARB) lowering the elevated renal O2 consumption
also illustrates the key roles played by Ang II in regulating microvascular O2 supply
and consumption.

Recently, the hypoxia-inducible factor (HIF), a key factor of nuclear transcription
regulating O2 homeostasis, has received significant attention. HIF has been found
to regulate the renal pathophysiological function by regulating multiple target genes
including those responsible for vasomotor regulation (inducible NO synthase and
heme oxygenase-1), angiogenic growth (vascular endothelial growth factor, VEGF),
energymetabolism (glucose transporters and key glycolytic enzymes), and cell apop-
tosis (Haase 2017a). Compelling evidence shows that the function of HIF is pivotal
in the regulation of renal oxygenation under various pathophysiological conditions.
Hence, it is considered as a new target of investigation and is being explored increas-
ingly.

23.2 Hypoxia in Kidney Diseases

23.2.1 Acute Kidney Injury

Acute kidney injury (AKI) is linked with increased morbidity and the risk of death
(Rewa and Bagshaw 2014). Furthermore, patients who recover from AKI are at
increased risk of developing CKD and consequent ESRD (Leung et al. 2013). Renal
tissue hypoxia has been proposed as a critical mediator in the manifestation of mul-
tiple forms of AKI.

Ischemia/reperfusion (I/R) injury is the leading cause of AKI in the hospital
setting (Lameire et al. 2013). The renal vasculature being temporarily occluded dur-
ing surgical procedures such as renal transplantation or reparation of an abdominal
aneurysm, is one of the most common causes of AKI. Consequentially, delivery of
O2 to the kidney ceases in making it anoxic (Bonventre and Yang 2011; Abdelkader
et al. 2014). Thus, renal hypoxia caused by hypoperfusion is likely to be a major
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pathological cause of kidney injury. Cardiac surgery, requiring cardiopulmonary
bypass (CPB) in particular, is a major cause of AKI in hospitals. Renal hypoxia
induced by CPB might be associated with abnormalities in both delivery and con-
sumption of renal O2. A study has demonstrated that the delivery of renal O2 had
decreased by ~20% during CPB in humans (Lannemyr et al. 2017) and the persistent
of hypoxia in kidney after CPB may be a major pathological mechanism (Sgouralis
et al. 2017). Administration of contrast agents can lead to AKI. Renal tissue hypoxia
is a key contributor to the pathogenesis of contrast-induced nephropathy. Hypoxia
of the kidney has been consistently observed in animals administered with contrast
agents (Zhang et al. 2012); however, the exact mechanisms that cause AKI induced
by contrast agents still need to be unequivocally defined. A body of evidence has
shown that administration of contrast agents could induce constriction of the vasa
recta and consequent tubular dilation. Increased tubular reabsorption of sodium, and
thus O2 consumption, could also play a role in its manifestation (Fahling et al. 2017).
Besides, sepsis is becoming one of the leading causes of AKI in hospitals (Uchino
et al. 2005). Since rodent models of septic AKI are characterized by global vaso-
constriction consequently resulting in a marked reduction of the renal blood flow, it
is not surprising that renal hypoxia has been observed in this setting (Holthoff et al.
2012;Wang et al. 2012). Clinically, almost sepsis-inducedAKI is caused by bacterial
infection, which is likely to be associated with a hyperdynamic state. The evidence
of hypoxia in sepsis-induced AKIwas also elaborated by infusion of liveEscherichia
coli, a clinically relevant ovine model for sepsis, characterized by a hyperdynamic
state and well-maintained cortical oxygenation (Calzavacca et al. 2015). Thus, even
in the absence of ischemia, hypoxia is likely to be a common pathologic feature of
septic AKI. Collectively, hypoxia appears to be a common characteristic of AKI.
Renal hypoxia can lead to capillary rarefaction and thus propagates a vicious cycle
of tissue hypoxia and kidney injury.

23.2.2 Chronic Kidney Disease

CKD is a complex, multifactorial disease. In 1998, Fine et al (1998) proposed the
“chronic hypoxia hypothesis” for the pathogenesis of CKD for the first time. Since
then, the fascinating concept has been investigated intensively by Eckardt, Johnson,
and many other investigators (Eckardt et al. 2003; Kang et al. 2002). Despite various
underlying pathologicalmechanisms involved across the different etiologies ofCKD,
renal hypoxia appears to be the key feature leading to the progression of kidney
disease.

Hypoxia is a common finding in diabetic nephropathy (DN). Oxygen microelec-
trodes, which have been widely used in studies involving oxygenation in the kidneys,
have demonstrated the presence of hypoxia in DN (Palm et al. 2003). Several stud-
ies using blood-oxygen-level-dependent (BOLD)-MRI have provided evidence of
hypoxia in patients with DN (Yin et al. 2012). In remnant kidney models, hypoxia
of the renal cortex and medulla has been observed (Pruijm et al. 2018). Meanwhile,
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there is evidence suggesting that, 6–8 weeks following subtotal nephrectomy, pO2

of the kidney was found to be greater (Priyadarshi et al. 2002). The contradiction
between these evidences may be related to the time course of progressive kidney
diseases. Nevertheless, the balance of evidence suggests that hypoxia is a common
characteristic of CKD. In polycystic kidney disease (PKD), which is the most com-
mon genetic form of CKD, vascular remodeling and expansion of the tubules have
the potential to not only decrease tissue perfusion, but also increase the distance over
whichO2 must diffuse to reach the renal tissue. There is also evidence suggesting that
O2 demand, at least proportional to the level of sodium reabsorption, is augmented in
PKD. Thus, a decreased supply of O2 to the tissues and its inappropriately high con-
sumption are likely to contribute to the severe tissue hypoxia (Ow et al. 2014). The
evidence of hypoxia in lupus nephritis (LN) has also been explored. Using BOLD-
MIR, it was determined that the renal hypoxia was a critical pathologic feature in
patients with LN. Moreover, upregulation of glomerular HIF-1α, which could evi-
dence the phenomenon of hypoxia, was observed in renal biopsies obtained from LN
patients (Deng et al. 2014). These data demonstrated that renal hypoxia might be a
common mechanism for LN. However, the exact mechanisms of renal oxygenation
in LN patients remain unclear (Shi et al. 2017). Compelling evidence indicates that
the presence of inflammatory cytokines, a critical feature of LN, mediates fibroge-
nesis (Davidson 2016), in which the accumulation of ECM could promote hypoxia
by increasing the distance of O2 diffusion.

23.3 Mechanisms of Hypoxia in Renal Tissue

Due to its typical structure, the kidney, which plays a critical role in maintaining
physiological functions by performing complex roles during transport, is susceptible
to hypoxic injury. Hence, a variety ofmolecularmechanisms that are adaptive to renal
hypoxia have evolved. Compelling evidence illustrates that these mechanisms play a
vital role inmaintaining renal hemostasis, and hence, their wide-ranging implications
for the pathogenesis and treatment of renal diseases are being investigated.

23.3.1 Hypoxia-Inducible Factor

Recently, the HIF, a critical factor of nuclear transcription factor involved in main-
taining O2 homeostasis, has received extensive attention from scientists as well as
clinicians. Due to its significant role in cellular adaptation to hypoxia, the HIF path-
way has become a promising therapeutic target in areas of hypoxic conditions. Here,
the key mechanisms that integrate the HIF pathway with other responses of hypoxia
in the kidney are summarized.

HIF is a major contributor in cellular adaptation to hypoxia. It is a heterodimeric
transcription factor consisting of alpha (HIF-α) and beta (HIF-β) subunits. Under
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normoxic conditions, HIF-α could be hydroxylated by prolyl hydroxylase domain-
containing proteins (PHDs), which is the crucial enzyme in regulating HIF. Hydrox-
ylated HIF-α could be degraded immediately by the polyubiquitination–proteasome
system following von Hippel–Lindau tumor suppressor protein (vHL) activation
(Ivan et al. 2001). Contrarily, under hypoxic conditions, HIF-α cannot be hydrox-
ylated by the PHDs and is able to translocate to the nucleus where it forms a het-
erodimer with HIF-β. Being a critical transcription factor, the HIF heterodimers bind
to hypoxia response elements resulting in the transactivation of multiple target genes
(Nangaku et al. 2013) (Fig. 23.1). Indeed, HIF could upregulate the transcription of
more than 100 target genes controlling hematopoiesis (e.g., erythropoietin, EPO),
angiogenesis (e.g., VEGF), and anaerobic metabolism (e.g., glucose transporters and
glycolytic enzymes) (Mole et al. 2009). HIF-α consists of two major active isoforms,
HIF-1α and HIF-2α. In the hypoxic kidney, HIF-1α is expressed predominantly in
tubular epithelial cells and works as a master regulator of hypoxic stress, whereas
HIF-2α is expressedmainly in endothelial cells and interstitial cells. However, HIF is
not expressed in the normal renalmedulla (Rosenberger et al. 2002). These interesting
observations are likely to be associated with their distinct metabolic characteristics
and expression patterns of the PHD isoform (Schödel et al. 2009).

Fig. 23.1 Regulation of hypoxia-inducible factors. In normoxia, certain proline residues of the
HIF subunits are hydroxylated by prolyl hydroxylases (PHDs) using oxygen. The hydroxyprolines
(HP) allow von Hippel–Lindau (vHL) protein to bind and ubiquitinate HIF-α, which results in
their proteasomal degradation. In contrast, HIF-α escapes posttranslational modification by PHDs
under conditions of hypoxia. HIF-α forms a heterodimer with a β subunit (HIF-β) and then binds
to a hypoxia response element (HRE) in the regulatory region of a target gene and promotes its
transcription. Ub, ubiquitin



23 Hypoxia and Renal Tubulointerstitial Fibrosis 473

23.3.2 The Kidney in Control of O2 Carrying Capacity

It is well recognized that the stimulation to produce red blood cells through increased
synthesis of EPO is one of the most important mechanisms mediating systemic
adaptation to hypoxia. Because kidneys are the main sources of EPO in adults, an
extensive understanding of its physiologic and molecular mechanisms extensively in
the kidneys is of extreme clinical significance in order to pave the way for discovery
of the oxygen sensing machinery, namely the PHD/HIF pathway. It is well known
that peritubular interstitial fibroblasts are the EPO-producing cells in the kidney
(Asada et al. 2011). Accumulating evidence shows that HIF-2α, not HIF-1, is a
major regulator for renal EPO synthesis (Haase 2013; Haase 2017b). In contrast to
the nonrenal EPO-producing cell types, genetic studies in mice have determined that
the activity of HIF-2 in renal EPO-producing cells (REPCs) is mainly controlled
by PHD2 (Haase 2017b). It has been observed that the EPO transcription is highly
responsive to O2 in order to increase its carrying capacity and represents one of the
most sensitive hypoxia responses in the kidney. It is important to understand the exact
mechanisms of this response to explore the capacity of the kidneys in the regulation
of O2.

23.3.3 Metabolic Reprogramming in the Kidney

Increasing evidence has uncovered that changes occur in the metabolic pathways
involved in various biological functions and is referred to as metabolic reprogram-
ming. Recent evidence demonstrates that metabolic reprogramming has a critical
role in the progression of kidney injury. In fact, reprogramming of metabolism can
determine the extent of organ dysfunction, including that of the kidney, suggesting
a novel conceptual model of the cellular response to hypoxic injury.

The mitochondrion uses O2 to generate ATP via the mitochondrial respiratory
chain, which fuels multiple cellular processes. Efficient metabolic adaptation to low
pO2 is therefore imperative for the maintenance of normal renal functioning. A body
of evidence demonstrates that the PHD/HIF pathway has a central role in metabolic
reprogramming. Indeed, HIF-1α is required for metabolic reprogramming in human
diseases. HIF is able to shift the metabolism from oxidative phosphorylation to
anaerobic glycolysis by regulating cellular energy metabolism at multiple levels.
Further investigation revealed that HIF-1 could reprogram metabolism by blocking
the conversion of pyruvate to acetyl-CoA through transcriptional upregulation of
pyruvate dehydrogenase kinase and regulating the expression of proteins that com-
pose the mitochondrial respiratory chain (Weinberg 2011). Moreover, activation of
HIF-1 could also keep intracellular pH in the slightly alkaline range by regulating the
expression of the membrane-bound ectoenzyme carbonic anhydrase IX (Parks et al.
2011). These effects of HIF activation may be of relevance for the renal adaptation
to hypoxia.
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23.4 Hypoxia and Tubulointerstitial Fibrosis

Regardless of the initiating etiology, tubulointerstitial fibrosis (TIF) is a character-
istic feature of chronic and progressive kidney diseases and can be used as the best
predictive indicator of renal functional decline in glomerular diseases, DN, and tubu-
lointerstitial nephritis. A number of characteristic features could be observed during
TIF, which are as follows: infiltration of inflammatory cells; increase in the number
of fibroblasts due to proliferation of resident fibroblasts and recruitment of cells to
the tubulointerstitium; the appearance of myofibroblasts, which arise by differentia-
tion of various resident or infiltrated cells (Webster et al. 2017); the accumulation of
ECM as the result of increased production of matrix proteins, including type I col-
lagen, which is the most abundant matrix protein found during TIF; tubular atrophy
as a consequence of epithelial–mesenchymal transdifferentiation (EMT) and apop-
tosis; and rarefaction of the peritubular capillaries. Thus, tubulointerstitial injury has
become a leading candidate to target for CKD therapies.

Many factors are involved in the progression of TIF. One of the most important
occurrences leading to TIF is hypoxia (Schnaper 2017). A large body of experimental
and clinical evidence supports the occurrence of multiple mechanisms resulting in
hypoxia of the tubulointerstitium, which are as follows: (a) A significant reduction of
blood flow in peritubular capillaries due to glomerulosclerosis was observed. (b) Dis-
tortion and loss of peritubular capillaries decrease blood perfusion. (c) Constriction
of the efferent arterioles and peritubular capillaries due to activation of the renin-
angiotensin system induces a decrease in the blood flow. (d) Pericytes, a constituent
of peritubular capillaries, detach from vessels and compromises the capillaries (Star-
ling 2017). Furthermore, ECM deposition produced by various fibrogenetic cells
widens the distance between the capillaries and tubules, diminishing the efficiency
of O2 diffusion. At least six different cells, exhibiting diverse mechanisms, have
been proposed as contributors to the progression of tubulointerstitial injury induced
by hypoxia (Fig. 23.2).

23.4.1 Tubular Epithelial Cells

The tubules and tubulointerstitium make up a significant portion of the kidney and
are the major sites of response for injuries, such as hypoxia, proteinuria, toxins,
and metabolic disorders. Increasing evidence shows that tubular epithelial cells play
diverse roles in either renal repair or progression to CKD.

Proximal tubular epithelial (PTE) cells are the predominant epithelial cell type in
the cortex that is packed with mitochondria and dependent on oxidative phosphory-
lation. Hence, they are particularly vulnerable to hypoxic injury and have become the
focus of research in the related field. In PTE cells, hypoxia induces a complex tran-
scriptional response resulting in changes in the expression of many genes (Liu et al.
2018). The potential role of PTE cells in tubulointerstitial injury is demonstrated by
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Fig. 23.2 Multiple cells have been proposed in renal fibrosis. ECM-producing cells can be derived
from at least six different sources as follows: tubular EMT; capillary EndoMT; differentiation
by vascular pericytes; recruitment from circulating inflammatory cells; phenotypic activation of
fibroblasts and recruitment from circulating precursor cells. The relative contribution of each source
to theECM-producing cells in renal fibrosis is controversial. Conceivably, local activation of resident
fibroblasts remains themajor route for the generation of ECM-producing cells in diseased kidneys, at
least in the early stage. By contrast, EMT could be a late event and may contribute to the irreversible
progression of fibrosis. Abbreviations: ECM, extracellular matrix; EMT, epithelial–mesenchymal
transition; EndoMT, endothelial–mesenchymal transition

the preferential activation of inflammatory and fibrogenic signaling. In response to
hypoxia, PTE cells can transform into a secretory phenotype and elicit the response
of pro-inflammatory mediators. In injured PTE cells, NF-κB signaling is activated
immediately, which triggers the production and release of a variety of inflammatory
cytokines, chemokines, and adhesion molecules, and initiates peritubular inflam-
mation. Meanwhile, after hypoxic injury, tubular epithelial cells undergo changes
in their structure and phenotype by expressing and producing multiple profibrotic
factors. Compelling evidence shows that tubular epithelial cells are susceptible to
the action of TGF-β1 which is produced by various cells and instigates a fibrogenic
program. In PTE cells, hypoxia-induced injury could activate ILK (Li et al. 2003),
Wnt (Zhou et al. 2017), Notch-1 (Edeling et al. 2016) and HIF-1 pathway (Higgins
et al. 2007), all of which play critical role in renal fibrogenesis. Furthermore, there
is a considerable literature implicating the activation of major fibrogenic signaling
in PTE cells, such as the NF-κB, Smad and β-catenin signaling pathways which are
characteristic features of various fibrotic kidney diseases.

Additionally, PTE cells’ injury induced by hypoxia could also alter matrix
metabolism, thereby promoting ECMaccumulation and suppression ofmatrix degra-
dation. Hypoxic PTE cells might contribute directly to TIF by transforming into
myofibroblasts, a process known as the EMT (Zhou and Liu 2016). The last decade
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has witnessed that the HIF pathway is a master regulator, capable of controlling
the expression of hundreds of genes during hypoxia-induced injury. By exposing
renal tubular cells to chronic hypoxia, Manotham et al. (2004) demonstrated that
HIF activation could induce fibrosis. In 2007, Higgins et al. reported that HIF-1α
could induce EMT and cause epithelial cells to migrate. Available evidence indi-
cates that the exposure of PTE cells to hypoxic conditions induces a myofibroblastic
phenotype. Consistent with the results in vivo, a prolonged exposure of PTE cells
to hypoxic conditions could lead to apoptosis. The tubular atrophy accompanying
fibrosis is possibly a result of EMT and apoptosis. It is therefore concluded that
hypoxic TECs can contribute directly to the occurrence of interstitial inflammation
and fibrosis through various mechanisms.

23.4.2 Endothelial Cell

Mounting evidence supports the finding that vascular dysfunction plays a primary
role in creating a hypoxic environment and triggering a fibrotic response in the
tubulointerstitium. The fibrotic response, in turn, could exacerbate injury and enlarge
the regions inwhich hypoxia occurs, by impacting the adjacent previously unaffected
capillaries, and setting up an inexorable cycle of destruction to organ failure. A strong
body of evidence gathered from experiments and patients has established a close
correlation between peritubular capillary rarefaction and development of glomerular
and tubulointerstitial scarring (Kang et al. 2002).

Renal TIF is typically associated with peritubular microvascular rarefaction.Mul-
tiple mechanisms could account for the loss of peritubular capillaries in the fibrotic
kidneys, inwhich pathologic changes of endothelial cells are one of themost common
causes of microvascular rarefaction. Although endothelial cells are a primary target
for hypoxic injury and numerous evidences have indicated the complex response of
endothelial cells to hypoxia, the exactmechanisms of hypoxic response in endothelial
cells are largely unclear. It is well known that endothelial dysfunction contributes
to impairment in the integrity of peritubular capillaries. Available evidence indi-
cates that exposure of endothelial cells to hypoxia could activate the receptor for
advanced glycation end products, which is a common finding in TIF, and activate
the p38 mitogen-activated protein kinase and NF-κB signaling pathway, leading
to the progression of the renal disease (Matsui et al. 2015). Additionally, there is
increasing evidence that the endothelial cells possess the capacity to transdifferenti-
ate to myofibroblasts (EndoMT) under hypoxic environments (Xavier et al. 2015).
Thus, it is reasonable to speculate that the EndoMT, in turn, induced the dysfunc-
tion of endothelial cells and increased the number of ECM-producing fibroblasts,
exacerbating the hypoxia of kidneys. Accordingly, blocking EndoMT by a specific
inhibitor prevents injury to the endothelial cells, retarding the progression of DN (Li
et al. 2010). Furthermore, the EndoMT not only translates endothelium cells into the
matrix-producing (myo)fibroblasts, but also leads to the apoptosis of endothelial cells
directly. Loss of endothelial cells in fibrotic kidneys implies that apoptosis may be
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the predominant response of renal endothelial cells to hypoxia. Indeed, ischemia and
oxidative stress are the major apoptotic stimuli for endothelial cells, which could be
a potential mechanism resulting in the rarefaction of peritubular capillaries (Tanaka
et al. 2014).

23.4.3 Pericytes

Recently, emerging evidence illustrates that the pericyte, another hypoxia-sensitive
component of the peritubularmicrovasculature, plays a vital role in the progression of
TIF (Kramann andHumphreys 2014). Pericytes carry out the important function con-
stricting the capillaries and stabilizing the vessels. Indeed, studies have determined
that the pericyte could be a regulator of renal blood flow. And more interestingly, the
number of pericytes in the kidneys is very large.

Pericytes not only contribute to pathological vasoconstriction, but also have
the potential to promote ECM accumulation by differentiating into synthetic
myofibroblast-like cells (Falke et al. 2015). Additionally, under hypoxic conditions,
myofibroblast-like cells derived from pericytes could induce deficiency of pericytes
and dysfunction of the endothelium cells, eventually leading to a rarefaction of the
peritubular capillaries. Increasing evidence indicates that the PDGFRβ signaling in
pericytes plays critical roles in kidney injury. When PDGFRβ signaling in pericytes
is blocked, capillary rarefaction and TIF are attenuated in an animal model of pro-
gressive CKD (Lin et al. 2011). Furthermore, pericyte–myofibroblast differentiation
triggers a switch in the secretion of VEGF isomers (from VEGF-164 to VEGF-120
and VEGF-188), resulting in endothelial loss and microvascular rarefaction in TIF
(Lin et al. 2011).

23.4.4 Fibroblasts

In the fibrotic kidney, fibroblasts are the major ECM-producing cells, which is
predominantly located in the tubulointerstitium. Exposure of the fibroblasts to
hypoxic conditions promotes a fibrogenic phenotype with increased proliferation
and enhances differentiation of the myofibroblast. Consistent with the results in PTE
cells, exposure to hypoxia also increases ECM production, upregulating a variety
of matrix proteins (Gilkes et al. 2013). Additionally, hypoxia could also upregulate
various enzymes involved in the posttranslational modification of collagen, result-
ing in the development of resistance to degradation (Norman et al. 2000). Although
hypoxia could induce changes of the fibrogenic phenotype in fibroblasts, the exact
mechanisms underlying this process remain unexplored. There is evidence that the
fibrogenic phenotype induced by hypoxia is likely to occur due to the functions of
hypoxia-induced growth factors. Additionally, in parallel with increased ECM pro-
duction, hypoxia also suppresses matrix degradation by decreasing the expression
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and activity ofmultiplematrixmetalloproteinases, which are likely to demonstrate an
HIF-dependent expression. However, these proteases have not been widely studied
in renal pathophysiology. Meanwhile, the exact roles of other molecular pathways,
which are regulated by hypoxia in renal fibroblasts, are currently unexplored in
hypoxia-induced fibrosis.

23.4.5 Inflammatory Cells

Inflammation is a well-known component of the fibrotic response (Lv et al. 2018a,
b), and infiltration of inflammatory cells in the tubulointerstitium can be correlated
with deteriorating renal function (Kitching 2014). Among the complex pathological
mechanisms, hypoxia is a part of the process of normal immune cell development
and function, and the HIF pathway is a critical regulator of these. Hypoxia could
also induce accumulation of pro-inflammatory cells at the site of injury, resulting in
tubulointerstitium injury (Rama et al. 2008). Higgins et al (2007) found that, in the
absence ofHIF-1α, TIFwas inhibited alongwith reduced infiltration of inflammatory
cells and collagen deposition in kidneys subjected to unilateral ureteral obstruction
(UUO), suggesting the key roles of the HIF-1 pathway. Hypoxia also causes the
production of pro-inflammatory factors for the immune cells. In 2008, Rama and
colleagues reported that dendritic cell differentiation and stimulated lymphocyte
proliferation could be induced by hypoxia and HIF-1α-dependent, providing a link
between hypoxia and immune activation (Rama et al. 2008).Also, I/R injured kidneys
showed clear signs of dendritic cell maturation, and the evidences also highlighted
the pivotal role of the HIF-1 pathway in regulating the immune response.

Among the inflammatory cell populations, macrophages exhibit heterogeneous
phenotypes and have incredible functional plasticity, and play a key role in the devel-
opment and recovery of kidney diseases (Huen and Cantley 2017; Lv et al. 2017,
2018a, b). Macrophages can switch phenotypes in response to their microenviron-
ment and alter their effect from pro-inflammatory to anti-inflammatory. For example,
in contrast to M1 macrophages, subsets of M2 macrophages can resolve inflamma-
tion and repair injury. Compelling evidence shows that TIF is accompanied by the
accumulation of macrophages, which are derived from both resident and recruited
cell populations. Resident macrophages maintain tissue homeostasis under physio-
logical conditions and react upon tissue insults. Although macrophages have a broad
spectrum of functions, as a whole, they are considered to have a tendency to induce
TIF. Macrophages produce profibrotic and pro-inflammatory factors, which cause
activation of myofibroblasts and their fibrogenesis, creating a positive feedback loop
and developing TIF.
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23.4.6 Progenitor Cell

In CKD, a proportion of ECM-producing cells are derived from circulating precur-
sor cells (Xia et al. 2014). There is evidence that perivascular Gli1+ progenitors are
key contributors to injury-induced organ fibrosis, including the kidney. Although the
exact mechanisms of progenitor cell recruitment are unclear, the role for hypoxia
seems plausible as progenitor cells preferentially home to ischemic sites, which are
mediated by the HIF (Ceradini and Gurtner 2005). Additionally, in ischemic disease,
overexpression of the HIF-1α-mediated stromal cell-derived factor-1 is also involved
in the ischemic injury through bone marrow-derived progenitor cell recruitment.
However, the exact mechanism of the recruitment of precursor cells during hypoxia-
induced kidney injury is not clear. The IL-4 receptor potentially has a critical role in
bonemarrow-derivedfibroblast activation and theTIF promoting.Moreover, hypoxia
may alter the function of progenitor cells, which potentially have the ability to pro-
mote fibrogenesis.

23.5 Hypoxia Is a Therapeutic Target in CKD

With hypoxia having a primary role in the development of TIF, it is interesting to
speculate that anti-hypoxia may be a novel avenue that can be employed in pre-
venting TIF. Normalization of microvascular perfusion; preservation and repair of
the microvasculature; modulation of the HIF; manipulation of progenitor cell hom-
ing; correction of anemia and repair of the PTE (not discussed here) are potential
approaches to ameliorate hypoxia-mediated profibrotic changes.

Normalization of microvascular perfusion by alleviating vasoconstriction and
enhancing vasodilation is a logical goal. Therapeutic manipulation of the renin–an-
giotensin system (ACEI and ARB) has been well established. Administration of
ACEI could restore cortical perfusion and reduce tissue hypoxia thereby extending
a range of renoprotective mechanisms (Efrati et al. 2012). Endothelin (ET), another
potent vasoconstrictor, is activated during CKD and is a critical factor in the tran-
sition from AKI to CKD. Preclinical and clinical studies have demonstrated that
selective ET receptors’ antagonists have shown renoprotective effects. Particularly,
antagonism of ET-A receptors has maximal benefit in decreasing vasoconstriction
and thus blocks direct fibrogenic effects of the ET (Kasztan et al. 2017). On the other
hand, it may also be a potential therapeutic target to enhance NO signaling which is
compromised in the setting of CKD.

Microvascular rarefaction is a hallmark of renal fibrosis. It is well known that
hypoxia is a critical angiogenic regulatory stimulus and one of the anomalies in
hypoxia as a fibrogenic stimulus is the failure of angiogenic repair in hypoxia-induced
kidney injury. Inmodels ofCKD, levels ofVEGFexpression are significantly reduced
in the advanced stages of the disease, (Kang et al. 2002) the potential mechanism
for which is unclear. However, reduction in the levels of VEGF can be correlated
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with tubular atrophy and infiltration of inflammatory cells. Interestingly, a recent
study demonstrated that under hypoxic conditions, albumin could suppress VEGF
production in tubular epithelial cells, suggesting a possible link between proteinuria
and hypoxia in CKD (Katavetin et al. 2008). Expression of angiopoietin-1, another
key angiogenic factor, is also suppressed in the model of TIF, suggesting an overall
reduction in the pro-angiogenic factors (Kim et al. 2006.) Parallelly, an increase in the
anti-angiogenic factorsmay be a good explanation for failure of the angiogenic repair.
One of the important endogenous inhibitors of angiogenesis is endostatin, the levels
of which are increased by hypoxia (Paddenberg et al. 2006). Thus, preservation and
repair of the tubulointerstitial microvasculature by administration of exogenous pro-
angiogenic factors or inhibition of endogenous anti-angiogenic factors may present
promising therapeutic strategies.

HIF is a critical transcription factor mediating adaptive response to hypoxia. A
large body of preclinical evidence in a various kidney injury models supports the
observation that primary role for theHIF activation is protection from injuries, such as
I/R injury, cisplatin-induced nephropathy, acute and progressive glomerulonephritis.
Consistently, genetic deficiency in the HIF was found to exacerbate ischemic injury
(Hill et al. 2008). Collectively, these data illustrate that HIF activation protects the
kidney against injury. In terms of clinical applications, stabilizing theHIFbyblocking
PHD is a more promising and feasible approach and number of inhibitors are under
development with initial promising results (Bonomini et al. 2016). Although the
therapeutic strategies in CKD by activating HIF pathway have elicited considerable
interest, a note of cautionneeds to be sounded that cell-specific activation of theHIF in
tubular drives EMT and that HIF activates multiple profibrotic genes (Baumann et al.
2016) and in podocytes induces rapidly progressive glomerulonephritis (Ding et al.
2006). Furthermore, deletion of HIF-1α in tubular epithelial cells has been shown to
reduce fibrosis in a CKD model (Higgins et al. 2007). Given that activation of the
HIF pathway appears to have both renoprotective and profibrotic effects, potential
therapeutic strategies that target this pathway will require careful evaluation.

Amore speculative therapeutic aspect of the hypoxic response is themanipulation
of progenitor cell homing. However, the exact functions of these cells are still unclear
and need to be further explored.

23.6 Conclusion

The “chronic hypoxia hypothesis” was first put forward in 1998. Since then, the
role of hypoxia in the pathogenesis of CKD has been investigated and validated
intensively using in vitro studies, in vivo models, and studies in patients. Increasing
evidence indicates that hypoxia plays a critical role in the progression of kidney
disease. A thorough understanding of the role of hypoxia in TIF and its interaction
with other factors opens the door to a multitude of novel therapeutic strategies aimed
at preventing or retarding various kidney diseases.
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Chapter 24
New Understanding on the Role
of Proteinuria in Progression of Chronic
Kidney Disease

Dan Liu and Lin-Li Lv

Abstract Proteinuria is identified as an important marker and risk factor of pro-
gression in chronic kidney disease. However, the precise mechanism of action in the
progress of chronic kidney disease is still unclear. Mesangial toxicity from specific
filtered compounds such as albumin-bound fatty acids and transferrin/iron, tubu-
lar overload and hyperplasia, and induction of proinflammatory molecules such as
MCP-1 and inflammatory cytokines are some of the proposed mechanisms. Revers-
ing intraglomerular hypertension with protein restriction or antihypertensive therapy
may be beneficial both by diminishing hemodynamic injury to the glomeruli and
by reducing protein filtration. Therefore, understanding proteinuria and its role in
renal tubular interstitial inflammation and fibrosis is of great significance for the
study of renal protective therapy, such as antiproteinuric treatments, and delaying
the progression of chronic renal disease.

Keywords Proteinuria · Chronic kidney disease · End-stage renal disease

24.1 Introduction

Chronic kidney disease (CKD) arises from many heterogeneous disease and path-
ways that alter the function and structure of the kidney irreversibly, over months to
years. The diagnosis of CKD is based on a chronic reduction in kidney function and
structural kidney damage. There are studies showing the increasing prevalence of
global CKD. Among the first world countries such as USA and Australia, the preva-
lence of CKD is reported to be around 11% (Webster et al. 2017), while the adult
prevalence rate in China is as high as 10.8% (Zhang et al. 2012). There is evidence of
varying incidence, prevalence, and progression of CKD in different countries among
ethnicity and social class. Multiple CKD such as chronic glomerulonephritis, dia-
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betic nephropathy, and polycystic kidney disease could progress to ESRD. Therefore,
CKD has become an important public health issue of global concern.

Proteinuria is an important marker and the stronger predicator of CKD outcomes.
There are studies with the evidence supporting a strong association between protein-
uria and the risk of CKD progression among nondiabetic and diabetic patients. A
mass screening of 107,192members studied among over 10 years of the general pop-
ulation, in Okinawa, Japan identified proteinuria as the most prevailing risk predictor
of ESRD (Iseki et al. 1996). In the Ramipril Efficacy in Nephropathy (REIN) trial
(Ruggenenti et al. 1997), urinary protein excretion was the only baseline variable
that correlated with the rate of glomerular filtration rate (GFR) decline progressing
to ESRD while studied among 274 patients with nondiabetic chronic nephropathies.
Among the patients stratified according to baseline proteinuria levels, the lowest ter-
tile consistently had the lowest rate of renal disease progression and ESRD, as com-
pared with the middle and in the highest tertiles (Ruggenenti et al. 1998). The same
was observed for diabetic patients. Angiotensin II Antagonist Losartan (RENAAL)
study and in the Irbesartan in Diabetic Nephropathy Trial (IDNT) showed the base-
line urinary albumin-to-creatinine ratio was a strong independent predictor of ESRD
progression in the Reduction of Endpoints in NIDDM (Keane et al. 2006; Atkins
et al. 2005).

Thus, among CKD patients and the general population, proteinuria proves to be
a potential marker for the renal outcome. Furthermore, the RENAAL study found
the evidence of baseline albuminuria as the most important independent predictor
for the risk of ESRD, especially among ethnic white, Black, Asian, and Hispanic
individuals (de Zeeuw et al. 2006; Cravedi et al. 2012).

Cellular mechanisms of proteinuria for the determination and progression of CKD
are the proteins that access to the glomerular filtrate, which is a consequence of
distorted glomerular permeability further reaching the tubular lumen. The further
tubular synthesis of bioactive mediators causes it to act as trigger of interstitial
inflammatory and fibrotic reactions. This chapter focuses on the pathophysiology
of proteinuria and its pathogenic influence on tubulointerstitial inflammation and
fibrosis.

24.2 Pathophysiology of Proteinuria

24.2.1 Alteration of Glomerular Filtration Barrier

Serum albumin is reabsorbed by renal tubules after glomerular filtration, so the
appearance of urine albumin is caused by abnormal function of glomerular and
renal tubular, which increases albumin excretion. The injury of glomerular and renal
tubules is involved in the initial process of proteinuria formation. A chronic pro-
teinuric glomerulopathies are defined as common manifestation of the sustained
or permanent loss of selectivity of the glomerular barrier to protein filtration. The
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glomerular filtration barrier consists of triple-layer membrane structure, the inner-
most fenestrated glomerular endothelial, middle glomerular basement membrane,
and outermost podocytes. Increased hydrostatic pressure or a damaged glomerular
filtration barrier may cause overload in the glomerular proteinuria. The underlying
pathogenesis of glomerular disease related to proteinuria is hyperglycemia caus-
ing glycated hemoglobin concentration, dyslipidemia, inflammatory cytokines, reac-
tive oxygen species, the activation of angiotensin system (renin–angiotensin system,
RAS), causing increased endothelial permeability (Jefferson et al. 2008). Further-
more, some studies reported the association of glycocalyx for glomerular endothelial
defects with proteinuria highlighting the importance of this complex structure (Toblli
et al. 2012). The negatively charged glomerular charge barrier destruction, consist-
ing of collagen and laminin, which leads to negatively charged molecules into urine
(Huxley andWilliams 2000). Besides that, inflammatory cell infiltration, glomerular
mesangial cell growth, and extracellular matrix production were also reported as the
underlying mechanisms for proteinuria. Podocytes are the largest and the most dif-
ferentiated cell type of the glomerulus and an essential part of the filtration unit. In
the experimental model, it is thought that podocyte-related molecular dysfunction,
such as nephrin and podocin, leads to the alterations of the slit diaphragm and pro-
teinuria (Greka and Mundel 2012). The transient receptor potential cation (TRPC) is
a member of proteins involved in the regulation of Ca2+ influx. Recently, the study
demonstrated by increasing TRPC6 expression via an NFAT-mediated positive feed-
back signaling pathway, the Ang II participates in the podocyte injury. Therefore,
the finding has highlighted the crucial involvement of TRPC6 in the pathogenesis of
podocyte injury and proteinuria (Nijenhuis et al. 2011). Klotho is a type-1 membrane
protein produced mainly in the kidney. In a study by Kim et al., secreted Klotho sup-
pressedTRPC6-mediatedCa2+ influx in culturedmouse podocytes through inhibiting
phosphoinositide 3-kinase-dependent exocytosis of the channel. This finding may
offer a new therapeutic strategy for the treatment and management of proteinuria
(Kim et al. 2017).

24.2.2 Protein Reabsorption of Renal Tubules

The filtered albumin through the glomerulus is reabsorbed by the receptor-mediated
endocytosis in the proximal renal tubular cells which is further transferred into lyso-
somes for degradation. The receptor megalin and cubilin are responsible for the
reabsorption of albumin. Furthermore, new studies on mice have found the reabsorp-
tion of albumin in the proximal renal tubules depends on the simultaneous expression
of megalin and cubilin (Weyer et al. 2011; Amsellem et al. 2010). Clinical study on
extremely rare Donnai-Barrow/Facio-oculoacoustico-renal (DB/FOAR) syndrome,
which is characterized by low-molecular-weight proteinuria, found that the dysfunc-
tion of endocytic uptake of albumin was associated with the absence of megalin
expression (Storm et al. 2013). With renal tubular proteinuria, albumin via binding
to its receptor induces inflammation further releasing cytokines to promote inflamma-
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tion and fibrosis eventually leading to a decreased renal function. TGF-β is currently
recognized as a proinflammatory and fibrotic medium induced by albumin exposure.
This may be through a negative feedback mechanism which increases the albumin
filtration, meanwhile inhibits the megalin- and cubilin-mediated albumin endocytic
uptake, resulting in increased urine albumin concentration.

24.3 Proteinuria and Chronic Kidney Disease Progression

It was thought that proteinuria as the result of glomerular filtration barrier or renal
tubular interstitial injury, whereas in recent years, number of experimental studies
show that the proteinuria is not only a renal lesion index, but also with a close
relation for the progression of chronic kidney disease. Therefore, proteinuria could
be an independent pathogenic factor in the pathological process of kidney damage.

24.3.1 Proteinuria and Progression of Glomerulosclerosis

In chronic renal disease, the persistent proteinuria and the leakage of plasma protein
which accumulates in glomerular could be an independent risk factor exacerbating
glomerulosclerosis. Early studies have concluded that clustered plasma proteins in
the glomerularmesangial region can causemesangial cell damage, proliferation,with
an increase in mesangial matrix production eventually aggravating glomerulosclero-
sis. Lipoprotein, especially low-density lipoprotein (LDL), is one of the glomerular
filtered protein-damaging glomerular mesangial cells (GMs) through the following
mechanisms: ➀ LDL binding to mesangial cell surface receptor, which stimulates
proto-oncogene such as c-fos, c-jun expression, resulting in mesangial cell prolifer-
ation. ➁ LDL promotes the production of the extracellular matrix protein fibronectin
in mesangial cells as well as induces production of macrophage-specific chemotactic
protein-1 (MCP-1) and platelet-derived growth factor (PDGF). ➂ The presence of
LDL may form more oxidized cytotoxic LDL in macrophages and mesangial cells
further stimulating macrophages to produce growth factors, cytokines, and other
transmitters that stimulate collagen synthesis and cell proliferation, eventually sup-
porting the propagation of glomerulosclerosis (Burton and Harris 1996). In recent
years, further study has found the similarity between podocytes to renal tubular
epithelial cells along with the expression of megalin, on the contrary, do not con-
tain cubilin. In the PAN nephritis model, the detection of FITC-labeled albumin in
podocyte cytoplasm could suggest podocyte having a non-megalin/cubulin-mediated
albumin absorption mechanism, which is different from renal tubular epithelial cells.
This could be another cause of for podocytemorphology dysfunctionwhich increases
the progression of glomerulosclerosis (Tojo et al. 2008). Peired et al. observed that
on adriamycin nephropathy induced mice and transgenic mice, the model of human
FSGS, albuminuria reduced retinoic acid bioavailability, and impaired retinoic acid
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response element (RARE)-mediated transcription of podocyte-specific genes, thus
inhibiting podocyte differentiation suggesting proteinuria contributes directly to pro-
gressive glomerulosclerosis (Peired et al. 2013).

24.3.2 Proteinuria and Tubulointerstitial Inflammation

Recent studies have recognized that urinary protein per se has a toxic effect which
leads to tubulointerstitial injury. Filtered protein stimulates the abnormal regulation
in the signaling pathway of the proximal tubular epithelial cells (PTECs) causing a
change in the tubular cell growth, apoptosis, gene transcription and further induces
the production of inflammatory factors inducing inflammation and fibrosis. This
is one of the major reasons for the progression of chronic renal disease to ESRD
(Gorriz and Martinez-Castelao 2012). The pathology related to proteinuria causing
renal tubulointerstitial damage has always been a hot topic and is summed up as
follows.

24.3.2.1 Direct Toxicity of Proteinuria on Renal Tubules

A widely accepted underlying mechanism for the progressive kidney injury is tubu-
lointerstitial damage induced through direct toxicity of the filtered proteins (Liu et al.
2018). There are studies showing the association of plasma protein has a direct effect
on the regulation of gene expression levels in renal tubular cells and also plays a very
important role in chronic renal tubular interstitial injury (Abbate et al. 2006).

The cell apoptosis can contribute to a loss of functional PTEC in proteinuric
nephropathy.The role of albumin in regulating an apoptotic signalingpathway involv-
ing protein kinase B (PKB), phosphoinositide 3 (PI-3) kinase, and megalin could be
a crucial factor (Caruso-Neves et al. 2006). The low concentrations of albumin lead
to anchoring of megalin and PKB in cell membrane area, and this stimulates PI-3 K-
dependent cell protective pathway further promoting the growth of PTECs. Con-
versely, high concentrations of albumin downregulate megalin expression at plasma
membrane side further decreasing PKB activation. This initiates the apoptotic path-
way leading to the death of tubular epithelial cells (Baines and Brunskill 2011). It
has recently been found that albumin through inducing PKC-δ pathway causes renal
tubular injury and apoptosis, but there is still need for the clarification of the specific
mechanism (Li et al. 2010).

Through cell endocytosis, PTEC handling of filtered proteins is mainly dependent
on the megalin/cubilin complex. In addition to the role of the “scavenger” receptor,
further new researches found megalin may also be involved in signal transduction
before albumin endocytosis in PTECs. The mouse model study of albumin overload
confirmed glomerular filtered albumin with competitive inhibition of renal tubu-
lar resorption. It was mainly derived from the lysosomal enzymatic degradation of
albumin inflow into the renal tubular epithelial cells, rather than themegalin receptor-
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mediated albumin endocytosis. (Lee et al. 2013). Zou et al. were the first to find the
involvement ofmegalin in the regulated intramembrane proteolysis (RIP) which is an
evolutionarily conserved process that links cell surface receptor function to gene tran-
scription (Zou et al. 2004). The ectodomain cleavage of the megalin receptor is medi-
ated initially by PKC-dependentmatrixmetalloproteinase. Subsequently, γ-secretase
family of proteases cleaves the remaining transmembrane–cytosolic receptor frag-
ment, and the released cytosolic fragment is translocated to the nucleus for gene
transcription (Biemesderfer 2006). The RIP process of megalin could have impor-
tant physiological functions explaining the phenotypic changes of proximal tubules in
proteinuric kidney disease. Evidence contributing to megalin being involved in early
activation of proximal tubule cells during non-selective proteinuria was explained
through experiments in megalin-knock-out/NEP25 mice treated with the immuno-
toxin LMB2. This was a model for nephrotic syndrome, focal segmental glomeru-
losclerosis, and tubulointerstitial injury. Here, megalin-deficient cells in proximal
tubule resorbed less proteins and expressed less tubular cell injury markers, such as
MCP-1 and heme-oxygenase 1(Motoyoshi et al. 2008). Although it is hypothesized
that albumin could stimulate RIP of megalin, it is yet to be confirmed whether albu-
min regulates the gene transcription levels of renal tubular epithelial cells with RIP
process. In the opossum kidney cells, the overexpression of the transmembrane—
cytosolic fragment of megalin has shown to inhibit transcription of the megalin and
Na+, H+-exchanger-3 genes. Further, inhibition of γ-secretase attenuated this specific
effect (Baines and Brunskill 2011). Thrailkill et al. as comparedwith nonalbuminuric
patients with diabetes reported patients with diabetic nephropathy and albuminuria
display enhanced urinary shedding of the extracellular fragment of megalin. The
study further speculated this finding could be mediated by increased matrix met-
alloproteinase activity in the albuminuric diabetic kidney (Thrailkill et al. 2009).
A study by Fernandez et al. confirmed albumin associated with direct decreases
in Klotho expression in cultured tubular cells. This suggests it could contribute to
the higher risk of CKD progression in human CKD Category G1-2 and premature
death (Fernandez-Fernandez et al. 2018). These studiesmay provide a new evidential
direction for the mechanism of albumin toxicity among renal tubular epithelial cells.

24.3.2.2 Proteinuria and Tubular Interstitial Inflammation

Many studies which linked albumin exposure to PTEC dysfunction found the pro-
duction of inflammatory mediators and tubulointerstitial damage. Vitro experiments
have shown that exposure of proximal tubular cells to plasma proteins, such as IgG,
transferrin, and albumin, leads to the release of proinflammatory and profibrotic
molecules, including C–C motif chemokine ligand 5 (also known as RANTES),
osteopontin, monocyte chemoattractant protein-1 (MCP-1), and vasoconstrictor pep-
tide endothelin-1 (Abbate et al. 2006). Urine protein upregulates tubular gene expres-
sion and overexpresses various chemokines, recruiting inflammatory cells such as
monocytes and T cells to accumulate in the tubulointerstitium causing tubuloint-
erstitial inflammation and releasing interleukins which attract neutrophils aggrega-
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tion, also, promoting the synthesis of a variety of profibrotic molecules, such as
angiotensin II, endothelin, and TGF-β. These substances damage the structure of
the renal tubular basement membrane and facilitate the passage of tubular-derived
products into the interstitium and peritubular capillary spaces causing tubulointer-
stitial fibrosis which makes profibrotic molecules an important etiological factor
(Gorriz and Martinez-Castelao 2012). In the rat model of proteinuria overload, the
expression of RANTES, IL-8, MCP-1, and osteopontin in PTECs was significantly
increased and the expression of NF-κB was also up-regulated which was found to
be associated with chemotaxis and inflammatory cells infiltration. Thus, the series
of alteration were responsible for tubulointerstitial inflammation. After anti-MCP-1
treatment, tubulointerstitial inflammation, fibrosis, and tubular damage were signifi-
cantly reduced (Eardley et al. 2006; Shimizu et al. 2003). Additionally, chemokine-
induced macrophage and lymphocyte infiltration can regulate the synthesis of tubule
matrix by synthesizing TGF-β, PDGF, ET-1, and plasminogen activator inhibitor 1
(PAI-1) which lead to tubular epithelial–mesenchymal transition (EMT) which is
one of the important mechanisms for renal interstitial fibrosis. The mechanism of
EMT depends on three main pathways, including Integrin/ILK, TGF-β/Smad, and
Wnt/β catenin (Boor et al. 2010). TGF-β induces Smad phosphorylation to activate
Smad pathway that is involved in EMT of tubular cells. However, bone morpho-
genetic protein-7 (BMP-7) can inhibit TGF-β-induced transdifferentiation process,
reversing the progression of fibrosis (Strutz 2009).

24.3.2.3 Proteinuria-Induced Tubular Cell Oxidative Stress

Excessive production of superoxide plays a crucial role in the pathogenesis of var-
ious diseases. The reactive oxygen species (ROS) served as the second messenger
is a highly cytotoxic cytokine that directly induces tubulointerstitial damage. Some
studies also confirmed the evidence of a new mechanism of tubulointerstitial inflam-
mation by demonstrating that albumin and IgG cause a rapid and sustained generation
of hydrogen peroxide (H2O2) in human proximal tubular cells which further regu-
lates the activation of NF-κB. Then this activation releases various inflammatory
factors such as MCP-1 and IL-8 which act in tubulointerstitial inflammation. How-
ever, antioxidants inhibit H2O2 release which results in inhibition of NF-κB pathway
(Morigi et al. 2002; Souma et al. 2011). Nakajima et al. found that albumin acti-
vates STAT signaling pathway in renal tubular epithelial cells, resulting in increased
ROS-induced renal tissue damage, and ROS clearance abnormalities can also lead to
tubulointerstitial inflammation (Nakajima et al. 2004). In vitro study by Souma et al.
in 2011 demonstrated that via activation of a Pyk2 kinase signaling pathway in cul-
tured proximal tubule cells and acidic media significantly promotes oleic acid-bound
albumin-induced radical oxygen production. As in vivo, alkalized luminal feeding of
mice with protein-overload nephropathy selectively attenuated superoxide-induced
DNA damage and proximal tubule injury and alkalinized the urine (Souma et al.
2011). As a class B scavenger receptor, CD36 is distributed in widespread tissue
including renal tubular epithelial cells and is mediated in the uptake of oxidized
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lipoproteins and long chain fatty acids by macrophages. Advanced oxidation pro-
tein products (AOPPs) modified human serum albumin is subject to CD36dependent
endocytosis by immortalized human PTECs and results in increased production of
intracellular ROS that may take place via amechanism that involves NADPHoxidase
and PKC and upregulate TGF-β1 expression causing tubulointerstitial inflammation
and fibrosis (Iwao et al. 2008).

24.3.2.4 Proteinuria Causes Inflammasome Activation in Tubule Cells

The inflammasome-forming NOD-like receptor (NLR) genes are key regulators of
the innate immune response, which integrate various danger signals into caspase-1-
activating platforms leading to the processing and secretion of the proinflammatory
cytokines IL-1β and IL-18. Recent evidence suggests a crucial role for NLRP3, the
most understood inflammasome and IL-1β/IL-18 in the pathogenesis of acute and
chronic inflammation and tissue remodeling in the kidney (Anders andMuruve 2011;
Chang et al. 2014). Various in vitro and in vivo studies are present which show that
proteinuria could cause inflammasome activation in the proximal tubules (Liu et al.
2014; Nishi et al. 2013). This associationwas further supported by in vitro data show-
ing that bovine serum albumin was induced in a human tubule cell line caspase-1
activation and maturation of IL-1β and IL-18 in a time- and dose-dependent manner.
Recent data showed albumin overload resulted in NLRP3 inflammasome activation
mediated by cathepsin B-related lysosomal rupture which ultimately induced tubu-
lointerstitial inflammation (Liu et al. 2015).

24.3.2.5 Proteinuria Triggers Immune Response

Damaged tubules after protein overload secrete some inflammatory mediators which
may represent danger signals that may elicit an immune response directed against
self-protein. Actually, dendritic Cells (DCs) are able to promote local immunity
via CD8+ T cells that are activated in regional lymph nodes and recruited in the
renal interstitium. A study by Macconi et al. demonstrated that proximal tubular
cells transport albumin to DCs, where the protein was degraded into N-terminal
24-residue fragment of albumin (ALB1-24) via proteolytic cleavage. This peptide
was taken up by DC for further processing by proteasomes into antigen peptides
that had the binding motif for MHC Class I and were capable of activating CD8+ T
cells. In vivo, DCs from renal lymph nodes loaded with the albumin peptide ALB1-
24 activated syngeneic CD8+ T cells in primary culture (Macconi et al. 2009; Zoja
et al. 2015). Thus, the above-mentioned studies showed a link among proteinuria,
autoimmunity, and renal disease progression.
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24.3.2.6 Proteinuria and Renin–Angiotensin System (RAS)

Alvarez et al. gave Lewis rats protein overload and found that not only it leads to
proteinuria, but also cause local RAS activation and inflammatory cell infiltration in
the kidney, and promote the formation of salt-sensitive hypertension (Alvarez et al.
2002). The renin–angiotensin system was activated by exposure of proximal tubule
cells to high albumin doses via a PKC–NADPH oxidase-dependent pathway (Cao
et al. 2011). Our in vitro studies also found that albumin induces an increase of ACE
expression inHK-2 cells,whileACE2expressionwas downregulated and angiotensin
II production was increased. Captopril, however, attenuated the expression of ACE
but increased expression of ACE2 induced by BSA, confirming that proteinuria-
induced activation of intrarenal RAS by upregulation of ACE and downregulation
of ACE2 (Liu et al. 2009).

24.3.2.7 Proteinuria Induces Cellular Crosstalk via Exosome

Beyond classic signaling through soluble cytokines and inflammatory mediators,
extracellular vesicles were reported to have the potential role to deliver genetic
information (e.g., mRNAs and miRNAs) (Pitt et al. 2016). Exosomes from injured
tubular cells transfer TGF-β1 mRNA into fibroblasts and induce their proliferation,
type I collagen production, a-smoothmuscle actin expression, and F-actin-dependent
cytoskeletal rearrangements (Borges et al. 2013). New evidence indicated that exo-
somes, as a messenger which are loaded with lipids, proteins, and RNAs and increas-
ingly produced in the supernatant when TECs were treated with albumin. Transfer
of exosomal CCL2 mRNA from tubular epithelial cells to macrophages after expo-
sure of TECs to albumin is a critical mechanism through which albuminuria induces
tubulointerstitial inflammation (Lv et al. 2018).

24.3.2.8 Proteinuria and Serum Metabolomic Alterations

Latest study conducted clinical trials with per-protocol measures of 24-hour protein-
uria, eGFR and 58 different types of identified metabolites. Untargeted metabolomic
profiling demonstrated a strong association of proteinuria in CKDwith several serum
metabolites (including 4-hydroxychlorthalonil and 1,5-AG) and ametabolic pathway
(PEs). These findings focus on the need of future investigations into the pathophysi-
ology of proteinuria, prediction of risks, and the development of novel preventive or
treatment measures in CKD (Luo et al. 2019).
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24.4 Reducing Proteinuria Retards Renal Disease
Progression

To reverse intraglomerular hypertension, protein restriction or antihypertensive ther-
apy has been beneficial by diminishing hemodynamic injury to the glomeruli and
by reducing protein filtration, thus, lowering proteinuria. Some clinical trials have
consistently shown the renoprotective effect of proteinuria reduction (Remuzzi et al.
2006). With no doubt, the inhibition of the renin–angiotensin–aldosterone system
(RAAS) has been shown to be associated with a maximum reduction in proteinuria
and long-term renal risk reduction as well as renoprotection. Numerous clinical and
experimental studies have discussed the effect of either an angiotensin-converting
enzyme inhibitor (ACEI) or angiotensin II receptor blocker (ARB) as a single therapy
or in a dual blockade of RAAS to reduce or control proteinuria (Lewis et al. 2001;
Ruggenenti et al. 1999). In the REIN study, patients were randomly assigned to
receive ramipril or other conventional antihypertensive therapy to maintain diastolic
blood pressure at 90 mmHg or below. It was assessed the hypothesis that through
a specific antiproteinuric effect, ACEI could be superior to other antihypertensive
drugs in limiting the GFR decline and preventing ESRD in patients with chronic
nephropathies. Patients who had more proteinuria to start with ACEI therapy ben-
efited more than those who had less proteinuria. Of note, independent of the initial
level of proteinuria, the extent of short-term proteinuria reduction significantly cor-
related with the reduction in the rate of GFR decline and progression to ESRD than
in the long-term proteinuria (Ruggenenti et al. 2003). Two large trials with overt
nephropathy showed that proteinuria reduction by ARB treatment was associated
with a lower incidence of serum creatinine increase and risk of progression to ESRD
(Keane et al. 2006; Atkins et al. 2005). The latest study found that the median dura-
tion of CKD stage 3a to deteriorate was approximately 8.2 years shorter, and CKD
stage 3b was 5.6 years shorter in those with≥1 g/g (urine protein-to-creatinine ratio)
of proteinuria compared with those with <1 g/g of proteinuria (Ku et al. 2018).

24.5 Summary

CKD is an important high-risk factor for many chronic noncommunicable diseases
and cancer. Proteinuria is a marker of renal disease and an independent risk factor for
CKD progression. There are variety of mechanisms involved in renal inflammation
and fibrosis formation and progression, but glomerular damage leading to protein-
uria may form a critical loopback effect between proteinuria and tubulointerstitial
damage (Fig. 24.1). If proteinuria persistent, it causes tubular cell damage, leading
to tubulointerstitial inflammation and fibrosis, and ultimately renal function declines
and progresses fromCKD to ESRD. Therefore, further elucidation of the mechanism
of proteinuria has great significance for the early prevention and treatment of CKD
as it leads to tubulointerstitial inflammation and fibrosis formation.
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Fig. 24.1 Schematic representation of events underlying progressive glomerular and tubulointer-
stitial injury of proteinuric nephropathies
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Chapter 25
Mitochondria and Renal Fibrosis

Mohammed Mazheruddin Quadri, Syeda-Safoorah Fatima, Ruo-Chen Che
and Ai-Hua Zhang

Abstract Mitochondria are important organelles in eukaryotic cells and perform a
variety of biosynthetic and metabolic functions. Many human diseases are closely
related to mitochondrial dysfunction. Kidney is an organ with high-energy require-
ments, which is distributed with a large number of mitochondria. Mitochondrial
dysfunction plays a crucial role in the pathogenesis of kidney disease, and studies
have shown that mitochondrial dysfunction is involved in the physiological process
of renal fibrosis. This review introduced the biogenesis and pathophysiology of mito-
chondria, illustrated the involvement of mitochondrial dysfunction in renal fibrosis
based on various kinds of cells, and finally summarized the latest mitochondria-
targeted therapies.

Keywords Mitochondria · Renal fibrosis · Therapies

25.1 Basic Information of Mitochondria

25.1.1 Mitochondrial Structure

Mitochondria are ubiquitous and dynamic cellular organelleswithmany fundamental
roles in maintaining normal cellular function and mainly responsible for production
of adenosine triphosphate (ATP), which is oxygen dependent, utilized as energy cur-
rency inmany cellular processes. Over two billion years ago,mitochondria originated
via endosymbiotic effect in which a prokaryotic cell related to alpha-proteobacteria
were engulfed by a eukaryotic predecessor cell. In this process of phylogenesis, the
endosymbiont was merged into the cellular network (Becker and Wagner 2018).
Due to this reason, several mitochondrial proteins also have bacterial origin. Sim-
ilar to bacteria, each human mitochondrion is a double membrane which exists in
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most eukaryotic cells except for mature erythrocytes which is bound by an outer
mitochondrial membrane (OMM) and an inner mitochondrial membrane (IMM).
Between the OMM and IMM, there is an intermembrane space. IMM is folded to
form cristae that envelopes the matrix. The OMM has pores that allow the exchange
of metabolites between the IMM and cytosol, molecules smaller than 5000 Da pass
through passive diffusion, and larger molecules pass through the mitochondrion via
translocases on the OMM. OMM also seals the mitochondria from releasing harm-
ful agents into the cytosol such as ROS and mitochondrial DNA (mtDNA). When
the cell incurs an irreversible injury, the OMM permeability expands and proteins’
molecules present inside in the intermembrane space like cytochrome cmove out and
begins the process of programmed cell death. There are current studies that indicate
that the OMM channels and their transportation process are more varied than consid-
ered earlier. Transportation of well-defined sets of precursor proteins’ crossways and
into the OMM is assisted by four protein-conducting channels. For small hydrophilic
particles, themain transportation is voltage-dependent anion channel (VDAC). Addi-
tionally, there are three more channels whose substrate specificity which is yet to
be known is present in the OMM. The IMM is comprised of well-defined structural
regions which include the membrane lining, the junctions of cristae, and the cristae.
Cristae are IMM foldings which substantially increases the surface area; also, the
electron transport chain (ETC) proteins are situated here. The mitofilins which are
accumulated between the IMM and OMM constitute in the cristae morphology. The
ample number of proteins in the IMMcarries out a lot of functions such as redox reac-
tions, ATP production, blocks transportation of ions, and governs the mitochondrial
dynamics. The IMM also wraps the matrix in which the oxidative phosphorylation
(OXPHOS) enzyme and genetic material of mitochondria exist (Che et al. 2014).

25.1.2 Mitochondria Genome

Almost in all aspects, the mtDNA differs substantially from the nuclear genome,
although a majority of mitochondrial proteins are encoded by the nuclear genome
and imported into mitochondria. As opposed to nuclear genome (nDNA), mtDNA
of humans is a circular structure made up of double strands which are 16.6 kb long
heavy and light strands consisting of purines and pyrimidines. In total, there are 37
genes in mtDNA and there are short non-coding sequences and also one large non-
coding region which has triple strands known as D-loop, consisting of transcriptional
promoters and minimum of one origins’ replication. mtDNA is formed as nucleoid
by TFAM (mitochondrial transcription factor A), which condenses the DNA by
bending and then wrapping it into compact nucleoid structures. Several different
kinds of replications occur in mammalian cells as stated by Holt et al. In one of the
model called as “bootlace,” when the leading DNA strand is being replicated pre-
formedRNA fragments hybridize the laggingDNA strand. The process of replication
initiates at the site of genes cytb, nad5, and nad6 and continues bidirectionally till the
D-loop region. Until now, several mitochondrial polymerases have been mentioned
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other than DNA PolG, which are PrimPol, PolQ, PolB, PolH, and PolZ, but their
functions are still unknown (Volobueva et al. 2018). There are several genes involved
in the initiation (POLRMT, TFAM, TFB2B) and elongation (TEFM, MTERF1) in
the transcription of mtDNA; however, only mutations in TFAM have been shown to
cause human diseases to date (Stiles et al. 2016).

A lot of factors in mtDNA maintenance and OXPHOS components (complexes
I–IV), and the ATP synthase (complex V) are encrypted within the nucleus. The
mtDNA encodes 13 polypeptides, two ribosomal RNAs (mt-rRNAs), and 22 trans-
fer RNAs (mt-tRNAs). Furthermore, these polypeptides consists of seven sub-
units (ND1–ND6 and ND4L) of complex I (NADH dehydrogenase), three subunits
[cyclooxygenase (COX) I–III] of complex IV (cytochrome c oxidase), cytochrome
b (Cyt b) of complex III (ubiquinol cytochrome c oxidoreductase), and two subunits
(ATPase 6 and ATPase 8) of complex V (ATP synthase). There are multiple copies
of mtDNA within each human cell and depending on the cell type the total amount
varies. Inheritance of mtDNA is strictly maternal.

The electron transport chain is a significant source of reactive oxygen species
(ROS), in particular by complex I and complex III. Excessive ROS might damage
nucleic acids andhave a role in the pathogenesis ofmitochondrial diseases. Increasing
number of mutations in the nuclear genes that encode mitochondrial proteins has
been shown to causemitochondrial diseases. Other causes of defectivemitochondrial
function caused by nDNA mutations include apoptosis, mitochondrial chaperones,
and mitochondrial metabolism (Gorman et al. 2016).

25.1.3 Mitochondrial Energy Production

More than 90% of energy production in the human body takes place in mitochondria.
Oxygen in the cells is utilized by mitochondria to produce energy in the form of ATP
through a process called as oxidative phosphorylation (OXPHOS). The enzymes for
the metabolic paths such as fatty acid beta-oxidation, tricarboxylic acid (TCA) cycle,
part of the urea cycle are present in themitochondrial matrix. Electron transport chain
complexes I–IV of the respiratory chain use the reducing potential of NADH and
FADH2 which is generated during the process of glycolysis, TCA cycle, and fatty
acid oxidation to pump protons in the mitochondrial intermembrane space, hence
generating an electrochemical gradient which is then utilized by complex V to assist
the phosphorylation ofADP toATP.The oxidative phosphorylation electron transport
chain (OXPHOS-ETC) complexes are arranged into supercomplexes (SCs) of defined
ratio: Respirasome (SC I+ III2+ IV), a supercomplex formed by CI in combination
with CIII2 and CIV, also CI combines with CIII2 alone (SC I + III2). A super
complex (SC III2 + IV) is formed by the combination of CIII2 and CIV. CV forms
a dimer CV2. Recent cryo-electron microscopy studies have shown the structures
of SC I + III2 and SC I + III2 + IV. Evidence for the existence and importance
of respiratory SCs shows that (i) isolated respirasomes are capable of transferring
electrons from NADH to O2, (ii) CIII2 and CIV affect the stability of CI in the inner
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mitochondrial membrane, (iii) SCs decrease the number of reactive oxygen species
(ROS) formed during electron transport, and (iv) also there are differing opinions
that SC improvises the transfer efficiency of the electron carriers cyt c27 and Q and
may also trap a small amount of Q, hence dividing the membrane pool into two
distinct functional groups. It has been suggested that SC formation is important for
the stability of the individualOXPHOS-ETC complexes. There is evidence to suggest
that the formation of SCs may be adaptive to an increased energy demand in the cell
(Letts and Sazanov 2017). In recent studies of biomarkers for mitochondrial energy
metabolism diseases, serum fibroblast growth factor 21 (sFGF21) and serum growth
differentiation factor 15 (sGDF15) appear to be promising molecules (Boenzi and
Diodato 2018).

25.1.4 Mitochondrial Dynamics

Mitochondria were viewed as organelles that are isolated and static for a long time,
until it was revealed by advances in live cell imaging and genetic screening that
mitochondria are highly dynamic. Mitochondria can exhibit a change of their posi-
tion inside cells and also its architecture continuously by processes of fission and
fusion reactions; this is referred as “mitochondrial dynamics” which has become a
center of attention recently as they are necessary not only formitochondrial morphol-
ogy maintenance, but also for maintaining mtDNA integrity, regulate mtROS levels,
calcium homeostasis, and oxidative phosphorylation and participating in metabolic
processes.

Mitochondrial fusion involves fusion of both outer mitochondrial membrane
(OMM) and inner mitochondrial membrane (IMM). Mitochondrial fusion of the
OMM is induced byMitoPLD, a member of the phospholipase D family, which con-
verts cardiolipin into phosphatidic acid, and by homo- or hetero-dimerization of the
guanosine triphosphate hydrolases (GTPases) mitofusin (Mfn) 1 and 2. Mitochon-
drial fusion of IMM requires optic atrophy 1 (OPA1) anchored in the innermembrane
and exposed to the intermembrane space. On the other hand, GTPase dynamin-
related protein-1(Drp1) is responsible for mitochondrial fission which occurs when
Drp1 translocates to the OMM to bind its receptors, such as FIS1, MFF, MID49,
and MID51, and forms a multimeric structure around the fission site of the mito-
chondrion. While the precise reason is not yet known, mitochondrial protein 18 kDa
(MTP18) gene ablation induces fusion of mitochondria and expression of cleaved
OPA1 (S-OPA1) induces fission. Recently, researchers have discovered that an addi-
tional GTPase protein, dynamin-2 (Dyn2/Dnm2), directly coordinates mitochondrial
fission with Drp1. Many new indirect mitochondrial regulatory proteins have also
revealed which have been implicated in mitochondrial-related diseases. Vacuolar
protein sorting-35 (VPS35) is a central protein that indirectly modulates mitochon-
drial homeostasis through the trafficking of several mitochondrial proteins. It is a
subunit of the retromer cargo-selective complex (CSC). The chief function of this
complexwas to recovermannose 6-phosphate receptor fromperipheral endosomes to
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the Golgi complex in the cells. Studies implicate VPS35 and the retromer complex in
mitochondrial partial dysfunction and in the regulation of mitochondrial fusion and
fission (Farmer et al. 2018). An increase in mitochondrial fission or decreased fusion
process may be harmful to mitochondrial functions and cell survival. For instance,
Drp1 and Fis1 are augmented in cyclosporine A and rhabdomyolysis-induced tubular
apoptosis, and impediment of these proteins can recover tubular functions (Che et al.
2014).

25.1.5 Mitochondrial Nanotunnels

Mitochondria are intracellular organelles that move, fuse, and divide responding to
biochemical stimulus. They also influence a broad spectrum of cellular and physio-
logical roles through their signals. It is now known that mitochondria form a dynamic
network of signaling organelles not just being a powerhouse functioning in isolation
from one another as thought earlier. They can communicate with each other through
nanotunnels which are thin double-membrane projections that involve both the IMM
and OMM and connect the matrices of non-adjacent mitochondria. Emerging evi-
dence suggests that mitochondrial nanotunnels are generated by transport proteins
and they are in immotile mitochondria; this immotility encourages the formation of
membrane projections in different systems. Themitochondrial nanotunnels were first
reported about 10 years ago using electronmicroscopy and confocal imaging ofGFP-
labeled mitochondria in cultured African green monkey renal cells. The evidence of
mitochondrial nanotunnels comes from imaging studies in mammalian cells, other
nanotunnel-like structures which exchange molecular information between bacte-
ria, the mitochondrial ancestor; and recent literature on specific cell projections that
enable distant communication in mammalian cells. Because nanotunnels have only
recently been observed, several important questions still remain unanswered (Vincent
et al. 2017).

25.2 The Pathophysiology of Mitochondria

25.2.1 Mitochondrial Oxidative Stress

Molecules that are derived from oxygen and which can readily oxidize other
molecules are known as ROS. At low levels, ROS have a physiological function
as critical signaling molecules in which they take part in evoking proliferation and
survival in response to stressful situations but at increased levels, mitochondrial ROS
could be harmful causing cellular damage (Galvan et al. 2017). Mitochondria, apart
from being a powerhouse, are also cellular sites for ROS production while host-
ing the processes of oxidative phosphorylation. Free radicals like the superoxide
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anion (O2
−) may be generated in the respiratory chain when electrons derived from

NADHor succinate oxidationmay leak and react with O2 or other electron acceptors.
Superoxide anion (O2

−) can be further reduced to the hydroxyl radical (OH−) and
hydrogen peroxide (H2O2). Major sites for ROS production are predicted to be respi-
ratory chain complexes I and III. ROS can harm lipids, proteinswhich include nucleic
acids (DNA, RNA). There exist various defense mechanisms against ROS within the
cell. At first, superoxide is converted to H2O2 by two intracellular superoxide dismu-
tases (SODs): Cu–Zn SOD (SOD1) andMnSOD (SOD2), and H2O2 can be changed
into H2O by an enzyme catalase or glutathione peroxidase. A lot of non-enzymatic
cellular ROS scavengers are reported, such as carotenoids, ascorbate, glutathione,
and flavonoids. Hence, oxidative damage is caused by oxidative stress resulting from
an imbalance between ROS generation and disposal (Lagouge and Larsson 2013).
As mentioned above, lesser levels of ROS encourage proliferation and higher levels
of ROS lead to apoptosis. It was stated that a “ROS window” is needed for normal or
cancerous cellular functions: Cell death is activated above this level and proliferation
is blocked below it (Panieri and Santoro 2016). Ample evidence based on experi-
mental models of kidney injury and patients has suggested that in failing kidneys
generation of ROS is significantly increased. Consolidative proposals suggest that
excessive production of mitochondrial ROS is linked to mitochondrial dysfunction
causing cellular damage and progression of renal disease.

25.2.2 Mitochondrial Autophagy

Autophagy is defined as a natural regulated lysosome-dependent intracellular
degradative process that recycles cytoplasmic components into bioenergetic and
biosynthetic materials for maintenance of cellular homeostasis. As the function
of autophagy is critically important in several stressful conditions, disruption of
autophagy can result in abnormal cell function and diseases. Mitophagy is a type of
autophagy that targets mitochondrial degradation by removing damaged mitochon-
dria and recycling and reallocatinguseful components.Recent advances inmitophagy
researches are characterization of Parkin–phosphoubiquitin complex (Kumar et al.
2017) discovery and study of molecular structure of PINK–ubiquitin complex (Schu-
bert et al. 2017) as well as advancement in learning that the inner mitochondrial
membrane protein prohibitin 2 serves as mitophagy receptor (Wei et al. 2017).
Classification of mitophagy regulatory pathways is based on ubiquitin-dependent
or independent. In the PINK1–Parkin-mediated pathway of mitophagy, after stress,
Parkin recruitment is promoted when PINK1 is stabilized on the OMM after which
Parkin ubiquitinates several outer membrane components and leads to phosphory-
lation of Poly-Ub (ubiquitin) by PINK1 which serves as an “eat me” signal for the
autophagic machinery. Phosphorylated poly-Ub chains on mitochondrial proteins
are recognized by adaptor proteins like p62, optineurin (OPTN), nuclear dot protein
52 (NDP52) and initiate autophagosome formation by binding with autophagoso-
mal light chain 3 (LC3). OPTN is phosphorylated by the serine/threonine-protein
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kinase TBK1 (TANK-binding kinase 1), enhancing its binding affinity to Ub chains.
A feed-forward mechanism promoting mitochondrial clearance is established by
the OPTN–TBK1 complex. Gp78 (Glycoprotein 78), SMURF1 (SMAD-specific
ubiquitin protein ligase 1), MUL1 (mitochondrial E3 ubiquitin protein ligase 1),
SIAH1 (synphilin-1 recruited seven in absentia homolog), and ARIH1 (Ariadne
RBR E3 ubiquitin protein ligase 1) represent as several other E3 ubiquitin ligases
targeting OMM proteins prior to mitophagy. Mitochondrial dynamics and motility
are regulated by the PINK1–Parkin pathway for proteasomal degradation targeting
mitofusins (MFN) and Miro (outer mitochondrial membrane protein). In receptor-
mediatedmitophagy, several receptors likeNIX (NIP3-like proteinX),BNIP3 (BCL2
interacting protein 3), and FUNDC1 (FUN14 domain-containing protein 1) which
are located on OMM mitophagy receptors are localized to the OMM and interacts
with LC3 to facilitate mitochondrial elimination. Following mitochondrial dysfunc-
tion PHB2 (prohibitin 2) and cardiolipin which are localized externally to OMM
interacts with LC3 impairment. The specificity of the process in different tissues
is ensured by different receptors and followed by diverse stimuli. Their associa-
tion with LC3 is increased by NIX and BNIP3 phosphorylation. The regulation of
mitochondrial dynamic during hypoxia which is mainly modulated by FUNDC1
phosphorylation happens under the influence of both CK2 (casein kinase 2) and
Sc kinases and PGAM5 (phosphoglycerate mutase family member 5) phosphatase.
Through the breakup and release of OPA1 and the recruitment of DRP1 (dynamin-
related protein 1) on the mitochondrial surface, these mitophagy receptors encourage
fission of damaged organelles (Palikaras et al. 2018).

Numerous studies have shown that in the animal model of diabetic nephropathy,
a large amount of mitochondrial debris accumulation were observed in the renal
tissue, suggesting that the clearance process of abnormal mitochondria might be
defective in diabetic nephropathy. Calpain10 is a mitochondrial and cytosolic Ca2+-
regulated cysteine protease. In STZ-induced early diabetic (four-week) rat models,
calpain10 protein and mRNA levels are reduced after STZ injection, and mitochon-
drial autophagy regulator PINK1 was upregulated. After transfection with calpain10
siRNA,mitochondrial fusionwas reduced, mitochondrial division andmitochondrial
autophagy were increased, indicating that mitochondrial autophagy activity may be
elevated in early diabetic stage, and calpain10 can negatively regulate mitochondria
autophagy. However, the insulin-injected diabetic rats did not show upregulation of
PINK, indicating that mitochondrial autophagy is induced by a high glucose envi-
ronment. However, the expression level of PINK1 protein in renal tubular epithe-
lial cells of diabetic nephropathy mice was significantly down-regulated, and the
mitochondrial fragment content increased. The researchers speculated that this may
be the disorder of abnormal mitochondria clearance. Some scholars speculate that
in the early stage of diabetes, to remove abnormal mitochondria, the mitochon-
drial autophagy activity is compensatory increased, but with the progress of diabetic
nephropathy, abnormal mitochondrial content exceeds compensatory capacity.Mito-
chondrial autophagy activity decreases, and damagemitochondria cannot be removed
in time, eventually leading to cell death (Deng et al. 2017).
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25.2.3 Mitochondria and Inflammasome

The inflammatory response plays an important role in chronic kidney disease. In
recent years, it has been found that NLRP3 inflammatory bodies regulate the secre-
tion of IL-1β and IL-18,which are the core of the inflammatory response. TheNLRP3
inflammatory corpuscle is a polyprotein polymer complex that has been found to be
composed of the NLRP3 backbone, apoptosis-associated spot-like protein (ASC),
and caspase-1 (caspase-1). NLRP3, also known as cryopyrin, PYPAF1 or Nalp3,
is encoded by the cold-induced autoinflammatory syndrome (CIAS)-1 gene. It is a
member of the NLR family and belongs to pathogen-associated receptors (PRRs).
It consists of an N-terminal thermoprotein-like domain (PYD), a C-terminal leucine
repeat and an intermediate NACHT domain. ASC, also known as TMS1, encoded
by the PYCARD gene, is a connexin consisting of the N-terminal PYD domain and
the C-terminal caspase recruitment domain CARD (caspase recruitment domain).
After NLRP3 is activated, oligos are formed by the interaction between homologous
molecules, and the PYD domain can be linked to the PYD domain of ASC. Then, the
CARD of ASC is linked to the CARD of caspase-1, which forms an inflammatory
body that activates caspase-1. The activated caspase-1 promotes the maturation of
IL-1β and IL-18 by cleaving pro-IL-1β and pro-IL-18. These mature interleukins
participate in the inflammatory response and the body’s innate immune response.
Studies have shown that mitochondria dysfunction activates NLRP3 inflammatory
bodies by releasing ROS or mtDNA, while mitochondrial autophagy inhibits NLRP3
inflammatory bodies, and mitochondria regulate NLRP3 inflammatory body activa-
tion through self-change (Zhuang et al. 2014, 2015).

25.2.4 Mitochondria and Endoplasmic Reticulum Stress

As the factory for the folding and trafficking of proteins, endoplasmic reticulum (ER)
is highly sensitive to injury. Stimuli beyond control could lead to aggregation of mis-
folded proteins in the endoplasmic reticulum that immensely alters several cellular
signaling processes, which includes energy production, reduction–oxidation (redox)
homeostasis, inflammation, differentiation, and programmed cell death. Varied cellu-
lar stressors like changes in calcium homeostasis, redox imbalance, impaired protein
glycosylation, or faulty protein folding results in misfolded or unfolded proteins to
accumulate in the ER lumen, a condition called as ER stress (ERS). ER–mitochondria
contact sites are involved in autophagosome biogenesis which is the main organelle
of the autophagy degradation pathway. The ER–mitochondria contact sites have
been shown to be a place for the recruitment of the ATG (autophagy-related, such as
ATG1, ATG5, ATG8, ATG12, ATG16L1) machinery and autophagosome assembly
(Molino et al. 2017). ER membrane-derived structures that form physical contact
sites between the ER and mitochondria are called mitochondria-associated mem-
branes (MAMs); they control the chief functions of these two organelles in forming
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Fig. 25.1 Interaction between mitochondria dysfunction, endoplasmic reticulum stress, reac-
tive oxygen species, mitophagy, and inflammasome leads to various cell lesions in kidney,
which ultimately induces renal fibrosis.ER: endoplasmic reticulum, ROS: reactive oxygen species,
ECM: extracellular matrix, EMT: epithelial to mesenchymal transition, EndoMT: endothelial-to-
mesenchymal transition

a unique subcompartment at the junction between ER and mitochondria. MAMs are
crucial for lipid biosynthesis in normal cellular conditions, ER–mitochondria lipid or
Ca2+ transfer, mitochondrial dynamics and bioenergetics, apoptosis, or autophagy.
MAMs are now known to be the popular sites for the transmission of stress signals
from the endoplasmic reticulum to mitochondria, specifically during the of loss of
ER proteostasis, by involving the unfolded protein response (VanVliet and Agostinis
2018). In MCD patients, ER stress in parallel with mitochondrial dysfunction was
found to trigger tubule-interstitial fibrosis and inflammation linked to heavy pro-
teinuria. ER stress triggered a sterile inflammatory cascade, activating NLRP3 and
caspase 1 in proteinuric patients. Therefore, it can be concluded that the crosstalk
among ROS, mitochondrial dysfunction, ER stress, and inflammasome is one of the
major culprits for renal fibrosis (Fig. 25.1).

25.3 Mitochondria and Renal Fibrosis

Renal fibrosis, including glomerular and tubular interstitial fibrosis, is the common
pathologic pathway that various chronic kidney diseases (CKD) progressing to end-
stage renal diseases. The underlying mechanism remains unclear. Early in 2000,
French expertsDoleris LMfirst time reported four cases ofmitochondrial cytopathies
suffering from focal segmental glomerulosclerosis. Renal fibrosis induced by mito-
chondrial dysfunction has started drew much attention. Recent studies show that
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in peripheral blood monocytes of ESRD patients, ROS production, COX I and IV
increase significantly while respiratory complex IV decreases, which indicated that
mitochondrial dysfunction closely correlates with progression of CKD.

25.3.1 Mitochondrial Dysfunction-Induced Mesangial Cell
Proliferation and Extracellular Matrix (ECM) Deposit

Mesangial cells are located in the mesangial area of the bulb and are the most active
reactive cells in the glomerulus. Glomerular disease induced by inflammation is often
accompanied by significant mesangial cell proliferation in the early stage. Abnormal
proliferation of mesangial cells, secondary release of inflammatory mediator and
ECM accumulation leads to glomerular sclerosis, which is one of the critical risk
factors progressing to ESRD. Oxidative damage plays an important role in mesan-
gial cell proliferation and ECM aggregation. The main sources of ROS in mesangial
cells are mitochondria (electron leaking from the respiratory chain), NADPH oxi-
dase, xanthine oxidase, cyclooxygenase, lipoxygenase, cytochrome P450 oxidase,
and nitric oxide synthase. In a high glucose environment, the mitochondrial respira-
tory chain of the human mesangial cell line produces excessive ROS, accompanied
by a decrease in MnSOD activity, mtDNA copy number, mitochondrial membrane
potential, and ATP production (Xu et al. 2012). ROS accumulation activates nuclear
factor-κB (NF-κB) and activated protein-1 (AP-1), upregulate TGF-β1 expression,
which promotes inflammation, ECM secretion, and subsequently glomerular sclero-
sis. Recently, it has also been found that aldosterone can also induce an increase in
mitochondrial ROS production in mesangial cells. Mitochondria-derived ROS can
promote mesangial cell proliferation by activating Ras/extracellular signal-regulated
kinase (ERK1/2) signaling pathway. Mitochondrial Cyt bc1 complex inhibitor stig-
matellin (Akool et al. 2012) and the respiratory chain complex I inhibitor rotenone
(Yuan et al. 2012) inhibit mesangial cells proliferation by reducing mitochondrial-
derived ROS production and blocking ERK1/2 signaling pathway activation. SIRT1
(silent information regulator 2 associated enzyme-1) is a NAD+-dependent histone
deacetylase that activates PGC-1α and regulates mitochondrial function by promot-
ing deacetylation of PGC-1α. The SIRT1 agonist resveratrol blocks high glucose-
induced mitochondrial lesions and inhibits mesangial cell proliferation by activating
SIRT1.

25.3.2 Mitochondrial Dysfunction-Mediated Endothelial Cell
Injury

The kidney is rich in blood vessels. The integrity of the glomerular capillary plexus is
critical for maintaining glomerular filtration. Glomerular endothelial cells, which are
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one of the intrinsic cells of the glomerulus, are covered on the side of the glomerular
capillary wall and have many small holes. These small holes are of different sizes
with negative charge. As the first barrier of glomerular filtration membrane, it main-
tains the selective filtration functions. Glomerular endothelial cells can also adhere
to bacteria and white blood cells, repair the basement membrane, and have anticoag-
ulant and antithrombotic effects. Due to direct contact with blood flow, glomerular
endothelial cells stand in the frontier against hemodynamic abnormalities, immune
inflammation, excessive ROS, lipid metabolism disorders, and insulin resistance,
etc. If the glomerular endothelial cells undergo progressive damage, it will affect the
integrity of the filtration membrane. Plasma protein and blood cells leak out. Pro-
liferation or apoptosis after endothelial cell injury leads to microvascular occlusion,
glomerular capillary function loss, and eventually glomerular sclerosis. Recently, it
is recognized that endothelial cell dropout after acute injury like hypoxia takes part
in the transition from acute ischemic kidney injury to renal fibrosis. It has shown
that mitochondrial swollen and loss of cristae membranes in endothelial cells after
45-min ischemia in the rat led to loss of vascular integrity. Measures preventing
mitochondria from damage could effectively reduce the loss of peritubular capillar-
ies and cortical arterioles (Liu et al. 2014). In addition, endothelial cell injury is an
important cause of microalbuminuria in early diabetic nephropathy. It was found that
high glucose can induce mitochondrial lesions in glomerular capillary endothelial
cells, which are characterized by a significant increase in mitochondrial superoxide
anion production and mitochondrial membrane permeability transition pores open
with decreased membrane potential, respiratory chain enzyme complex I deactiva-
tion, and RCR reduction. 5/6 nephrectomy rat model is a classic model of chronic
progressive renal injury with glomerular sclerosis and interstitial fibrosis as basic
pathological changes. In the early stage of the rat model of remnant kidney, glomeru-
lar capillary endothelial cells proliferated, with the length and density of glomerular
capillary plexus increased, and therewas a phenomenon called “angiogenesis.”How-
ever, with the deterioration of renal function, the proliferation of endothelial cells is
weakened with inflammation and apoptosis. Inflammatory cells adhere to endothe-
lial cells, and NF-κB activity in renal tissues is enhanced. Tumor necrosis factor-α
(TNF-α) and TGF-β expression were upregulated and finally caused renal fibrosis
(Soetikno et al. 2013; Fedulov et al. 2005). Recent studies have found that TNF-α
can induce glomerular endothelial cell apoptosis through mitochondrial pathway.
After TNF-α stimulation of endothelial cells, mitochondrial membrane permeability
transition pores open with membrane permeability increased, inducing cytoplasm
enter of cytochrome c, increase of proapoptotic protein Bak expression and decrease
of anti-apoptotic protein Bcl-xL (Messmer et al. 1999). In addition, endothelial-to-
mesenchymal transition (EndoMT) has recently emerged as a potentially important
contributor in promoting fibrosis in chronic kidney disease. Evidence showed that
ROS plays a critical role in EndoMT and ROS scavenger to maintain the homeostasis
of endothelial function (Lin et al. 2018).
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25.3.3 Mitochondrial Dysfunction-Mediated Podocyte Injury

Podocyte, a kind of glomerular visceral epithelial cell, attaches to the outside of the
glomerular basement membrane (GBM). Podocyte, together with GBM and capil-
lary endothelial cells, constitute the glomerular hemofiltration barrier. The podocyte
cell body protrudes a lot of pseudopods, also known as the foot process (FP), which
are finger-crossed over the outer surface of the GBM and are attached to the GBM
by adhesion molecules and proteoglycan molecules. The fissure between two adja-
cent foot processes is called a slit, with a diameter of about 40 nm, and its surface
is covered with a zipper-like structure–slit diaphragm (SD), which is the last bar-
rier of plasma protein filtration. The integrity of the ruptured septum is the key to
determining the permeability of the glomerular filtration barrier, and the membrane
protein on the rupture membrane is closely related to the occurrence of proteinuria.
A large body of evidence indicates that the complex formed by nephrin, CD2AP,
and podocin will anchor the ruptured membrane to the podocyte actin backbone,
which plays an important role in maintaining the normal function of the glomeru-
lar filtration barrier. In 2000, Doleris et al. (2000) reported for the first time that
four patients with mitochondrial cell disease were concurrent with focal segmen-
tal glomerulosclerosis (FSGS). Subsequent studies showed that renal pathology in
patients with mitochondrial disease was mainly FSGS. For example, the podocyte
injury is particularly obvious in the patients with mitochondrial gene A3243G muta-
tion, including the abnormalities of podocyte mitochondria size and morphological
structure, mitochondria swelling, irregular shape, increased sputum plateau struc-
ture, smaller podocyte cell body, and foot process fusion. In the experimental animal
model of FSGS (puromycin aminonucleoside nephropathy), mitochondrial oxidative
phosphorylation dysfunction, decreased mtDNA copy number and mutation, and
decreased expression of mitochondrial respiratory chain enzyme complex subunit
were observed in renal tissues, and then apoptosis of podocytes occurred (Shoubridge
2001). In aldosterone-infused mice, we find that mitochondrial lesions are the initi-
ating factor of early podocyte injury. In the early stage, ahead of the occurrence of
proteinuria and foot process fusion, the mice have mitochondrial dysfunction, mito-
chondrial swelling, sputum disappearance, increased ROS production and decline
in mitochondrial membrane potential, mtDNA copy number, ATP production and
enzymecomplex I activity.Overexpressionof theSIRT1agonist (resveratrol), SIRT1,
or PGC-1 can alleviate podocyte injury by blocking mitochondrial dysfunction (Zhu
et al. 2011). In addition, podocyte injury is a process with disturbance of mitochon-
drial dynamics and quality control. Mitochondrial fission induced by high glucose
conditions leads to podocyte foot process effacement, probably through phosphory-
lation of Drp-1 by Rho-associated coiled-coil-containing protein kinase 1 (ROCK1).
The fission talked above could be reversed by podocyte-specific silencing of ROCK1
(Wang et al. 2012). Furthermore, mitophagy is responsible for scavenging abnormal
mitochondria with debility. As it is said above, suppressed autophagy by inhibition
of mTOR maintains damaged mitochondria, leading to proteinuria. Unfortunately,
podocytes exhibit high levels of autophagy while be unable to regenerate. As the
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compensation of podocyte loss, parietal cells in Bowman’s capsule gradually develop
fibrosis, showing the double-edged sword effect of autophagy.

25.3.4 Mitochondria-Induced Tubular Interstitial Fibrosis

Renal interstitial fibrosis (RIF) is a common outcome in various chronic kidney dis-
eases. The role of renal tubular epithelial cells (RTEC) in the pathogenesis of tubu-
lointerstitial fibrosis is of increasing concern. Normal RTEC has potent metabolic
activity and potential proliferative capacity and can secrete a variety of cytokines.
In the disease state, RTEC are very sensitive and highly susceptible to damage, such
as proteinuria, inflammatory mediators, ischemia, hypoxia, poisoning, or glucose.
RTEC are not only target cells for injury, but also active “participants,” which are
the main source of inflammatory factors and ECM production in kidney tissues.
Injured tubular epithelial cells can undergo phenotypic transformation, transforming
epithelial cell phenotype into mesenchymal cell phenotype (EMT), secreting a large
number of inflammatory factors, chemokines, profibrotic factors andmatrix proteins,
destroying normal tubulointerstitial structure, and leading to tubulointerstitial inflam-
mation and fibrosis. We demonstrated that with mtDNA depletion and mitochondrial
dysfunction, epithelial cells are susceptible to mesenchymal cells transition with risk
factors. While with the recovery of mtDNA, EMT was reversed in association with
reexpression of endogenous E-cadherin, downregulation of α-SMA expression, and
restoration of an epithelial phenotype. In folic acid-induced renal fibrosis model,
mitochondria structure and function disturbance led to mitophagy and apoptotic
necrosis, which induced fatty acid metabolism and accelerate interstitial fibrosis
(Liu et al. 2014). Transforming growth factor (TGF)-β is involved in the pathogene-
sis of renal cell injury in progressive CKD (Casalena et al. 2012), inducing both renal
cell apoptosis and renal fibrosis. On the one hand, TGF-β overexpression in various
renal cells directly leads to mitochondrial dysfunction. Mitochondrial fragmenta-
tion, cell apoptosis, and expansion were observed in podocytes, mesangial cells, and
proximal tubular epithelial cells, which further result in progressive glomeruloscle-
rosis, extracellular matrix accumulation, glomerular basement membrane (GBM)
thickening, and renal fibrosis (Schiffer et al. 2001) (Casalena et al. 2012). On the
other hand, TGF-β takes part in the molecular pathway of pro-fibrogenic process
with many other factors. The TGF-β/SMAD pathway is known to be one of the key
pathways of EMT and endothelial–mesenchymal transition (EndoMT). TGF-β dete-
riorates oxidative stress and stimulates SMAD3 expression in a positive feedback
loop through impairingmitochondrial antioxidant systemswith concomitant enhanc-
ing prooxidant NADPH oxidase (Nox4). To verify this, TGF-β-induced profibrotic
gene expression could be downregulated by the disruption of mitochondria-derived
ROS. (Jain et al. 2013). Of note, in the program of fibrosis mitochondrial biogenesis
is not inhibited. The study from Hickey et al. (2011) showed higher expression of
genes encoding keymitochondrial proteins from renal biopsies of diabetic nephropa-
thy patients, thus demonstrating the existence of mitochondrial biogenesis in renal
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proliferation and fibrosis. Induced in high glucose 1 (IHG1), mitochondrial protein
amplifies TGF-β1 signaling, decreased the TGF-β1 inhibitor SMAD7, and main-
tains PGC-1α expression, thereby promoting mitochondrial biogenesis and further
contributing to renal fibrosis. As we know, cAMP signaling is an indispensable path-
way of mitochondrial homeostasis regulation and dynamics. The level of cytosolic
AMP is positively associated with mitochondrial number and the level of ATP in
the tubule. Ding et al. found that restoring cAMP by the phosphodiesterases (PDE4)
inhibitor rolipram may ameliorate renal fibrosis by targeting C/EBP-β/PGC1-α and
mitochondrial biogenesis (Ding et al. 2018). Recent study examined the genetic
change of five families with autosomal dominant renal Fanconi syndrome and kid-
ney failure. It turned out that monoallelic mutations happened in the gene encoding
glycine amidinotransferase (GATM), a renal proximal tubular enzyme in the creatine
biosynthetic pathway. The mutation induced the abnormal aggregation of GATM.
Intramitochondrial fibrillary deposition of GATM leads to elongated and abnormal
mitochondria, which further activate inflammasome and cell death. Therefore, renal
proximal tubular mitochondrial pathology initiates the development of fibrosis (Rei-
chold et al. 2018).

25.3.5 Mitochondrial Cytopathy and Renal Fibrosis

Hereditary mitochondrial cytopathy is a type of disease caused by the presence of
one ormore genetic defects in the oxidative respiratory chain complex. The cause can
be divided into two major categories: mtDNA mutations and nuclear DNA (nDNA)
mutations. Since both mtDNA and nDNA are involved in the coding of the respira-
tory chain complex, mutations in both mtDNA and nDNAmay lead to mitochondrial
cytopathies. Genetic patterns are also diverse, such as sporadic, mtDNA maternal
genetic mutation, autosomal recessive inheritance, autosomal dominant inheritance,
andX-linked genetic nDNAmutations. In addition, unlike nDNA,mtDNAmutations
are heterogeneous, that is, because there are hundreds or even thousands of mtDNA
copies in tissue cells, mutant mtDNA and normal mtDNA can coexist in one cell
in different proportions. The phenotypic effect is determined by the relative ratio of
mutant mtDNA to normal mtDNA and the extent to which this tissue is dependent on
ATP produced by mitochondria (Dimauro and Schon 2003). Mutant mtDNA needs
to reach a certain proportion, which is enough to cause changes in tissue and organ
function, so the disease phenotype caused bymtDNAmutation has diverse character-
istics. Kidney involvement is only part of the multisystemic lesion of mitochondrial
cell disease, mainly characterized by focal segmental glomerulosclerosis (FSGS),
tubular dysfunction, and cystic nephropathy. These pathological changes eventually
lead to renal fibrosis and ESRD. FSGS is one of renal lesions frequently corre-
lated with genetic defects. Podocytes have limited potency for regeneration. In addi-
tion, in these cases arteriolar hyalinosis is commonly seen (Seidowsky et al. 2013).
Therefore, mitochondrial cytopathies could result in uncontrollable podocyte dam-
age and microvascular lesions, which arouse a desperate strike to the kidney. Besides
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FSGS,mitochondrial genemutations can lead to tubulointerstitial lesions, renal tubu-
lointerstitial inflammation, and progressive renal insufficiency. Renal biopsy of the
patient with mtDNA depletion showed chronic tubulointerstitial lesions, tubule atro-
phy, interstitial fibrosis, mitochondrial swelling, and abnormal morphology of RTEC
under electron microscope. As one of the major victims of MCs, proximal tubular
cells are relatively vulnerable to oxidative stress. Fanconi syndrome and Bartter-like
syndrome are frequently observed since the renal tubule defects mainly manifest
as loss of electrolytes and low-molecular-weight proteins. Additionally, myoclonic
epilepsy and ragged red muscle fibers (MERRFs), and Kearns-Sayre, Pearson’s, and
Leigh syndromes are also described in patients with mitochondrial tubulopathy. The
majority of genetic mutations detected in these diseases are fragment deletions of
mtDNA.

Based on different type of mutation, the following are illustrated.

25.3.5.1 mtDNA Point Mutation

The most common one is the mitochondrial gene A3243G mutation. This muta-
tion can lead to mitochondrial myopathy with hyperlactosis and stroke-like episodes
(MELAS), as well as diabetes, renal failure, and deafness. MELAS syndrome is
caused by a point mutation in the MTTL1 gene encoding mitochondrial tRNALEU,
of which 80% are A3243Gmutations, 7.5–10% are A3253Gmutations, and 7.5% are
T3271C mutations (Ireland et al. 2004). Guery et al. found that in nine patients with
kidney disease containing this mutation site, the pathological changes were mostly
focal segmental glomerulosclerosis (FSGS), but the clinical types varied greatly, from
tubulointerstitial disease to polycystic kidney disease (Guery et al. 2003). Among
9 patients, 5 developed ESRD within a median follow-up 5 years. Although the
pathogenesis of MELAS-associated FSGS is unknown, more morphological mito-
chondria are seen in the glomerular podocytes of these patients, the podocyte foot
process fusion disappears (Gucer et al. 2005), and hyaline degeneration is observed
in small arteries. Therefore, irreversible podocyte injury and microvascular disease
may be the cause of renal damage in MELAS syndrome.

25.3.5.2 mtDNA Deletion Rearrangement

There are reports suggesting that there is a 2–10 kb mtDNA deletion rearrangement
in some patients with tubular disease. Such patients often have neurological symp-
toms such as Pearson and Kearns-Sayre syndrome. The size and location of mtDNA
deletion rearrangements are not related to the clinical manifestations or severity of
the disease.
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25.3.5.3 Reduction in mtDNA Copy Number

This mutation can lead to lethal infant breathing, muscle, liver, and kidney failure. In
this type of patient, there is one or more mtDNA copy number deletions in the tissue,
and there is dysfunction of the affected tissue oxidative respiratory chain (Carrozzo
et al. 2003).

Mitochondrial diseases caused by mutations in nuclear genes are rare, including
mutations in genes encoding coenzyme Q10. Coenzyme Q10-related gene muta-
tions, including PDSS1, PDSS2, COQ2, COQ4, COQ6, COQ7, COQ9, ADCK3,
ADCK4, can lead to hormone-resistant nephrotic syndrome. COX10, SURF1,
BCS1L, UQCC2, TMEM70, and other respiratory chain protein genemutations have
been reported in patients with proximal tubular disease. For example, the BCS1 gene
is responsible for encoding a mitochondrial inner membrane protein involved in the
assembly of complex III in the respiratory chain. It has been reported that four fam-
ilies with BCS1 mutations exhibit a series of clinical manifestations of liver failure,
lactic acidosis, hepatocyte dysfunction, tubular disease, encephalopathy, hearing, and
visual loss (De Lonlay et al. 2001). COX10 mutations lead to multi-system involve-
ment in fatal neonatal encephalopathy, which ismainly characterized by renal tubular
disease (Antonicka et al. 2003).

25.4 Treatment

25.4.1 Gene Therapy

miRNAs, conserved, clustered, and specifically expressed, are a group of non-coding
regulatoryRNAs of approximately 22 nucleotides in length, which arewidely present
in viruses, plants, and humans. At present, there are nearly 800 identified miRNAs in
the human genome,which aremainly involved in the regulation of gene expression by
pairing with the 3′ untranslated region (3′-UTR) of the target gene mRNA sequence,
and participate in various biological processes. Previous studies have shown that
miRNAs are mainly involved in biological processes such as growth and devel-
opment, cell differentiation, proliferation, apoptosis, and tumorigenesis. A number
of in vitro and in vivo studies on the involvement of miRNAs in the pathogenesis
of kidney disease have been confirmed, some of which play a role in mitochon-
dria (Gomez et al. 2016). MiR-30e is down-regulated in renal tissue fibrosis, and
its analog can exert anti-fibrotic effect by acting on mitochondrial protein UCP2.
MiR-21 participates in the fibrosis process of various organs through a critical path-
way that acts on energy metabolism. In the Alport syndrome mouse model, miR-21
silencing enhances mitochondrial function, reduces mitochondrial ROS production,
significantly promotes survival of diseased mice, and reduces glomerular sclerosis,
interstitial fibrosis, tubular damage, and inflammatory response. MiR-17 is capable
of mitochondrial metabolism and promotes the growth of polycystic kidney cysts.
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In addition, studies have reported that transfection of tRNALys into cells mutated
into the A8344GMERRF gene partially restores mitochondrial function, and similar
results were observed in MELAS cells bearing the A3243G mutation (Hajarnis et al.
2017). However, no gene therapy was found to be the most effective up to now. The
treatment modification of the mitochondrial genome is more difficult than the treat-
ment of nuclear DNA disorders. The heterogeneity of mitochondria and the presence
of multiple genomes in a single cell are extremely complex.

25.4.2 Medication

25.4.2.1 Coenzyme Q10

Coenzyme Q10 is a biological element of the mitochondrial respiratory chain that
allows electrons to be transferred from complex I/II to complex III. Endogenous
coenzyme Q10 is derived from tyrosine in body tissues or is ingested from the diet.
Coenzyme Q10 has the characteristics of large molecular weight, strong lipophilic-
ity, and poor water solubility, so its bioavailability is relatively low. Coenzyme Q10
prevents membrane lipid peroxidation and exerts anti-apoptotic effects by inhibiting
the opening of mitochondrial permeability transition pores and mitochondrial mem-
brane potential depolarization. It promotes oxygen consumption, ATP synthesis, and
mitochondrial protein synthesis.

The total and oxidized forms of coenzyme Q10 in the renal cortex of db/db mice
were reduced. Supplementation of coenzyme Q10 improved mitochondrial dysfunc-
tion and reduced the amount of collagen in diabetic kidney tissue. Increased coen-
zyme Q10 in type 2 diabetic mice reduces oxygen consumption, inhibits mitochon-
drial division, and reduces glomerular hyperfiltration and proteinuria. In a nephrec-
tomized rat model, dietary supplementation of coenzyme Q10 reduced reactive oxy-
gen species levels and improved renal function. In kidney damage caused by chronic
nicotine exposure, coenzyme Q10 activates the antioxidant system by activating
the non-mitochondrial fork protein p66shc, thereby counteracting nicotine-induced
oxidative stress damage in renal tubular epithelial cells. The level of coenzyme Q10
in hemodialysis patients was lower than that in healthy controls, and the level of
coenzyme Q10 was negatively correlated with the thickness of epicardial adipose
tissue (19891905). Another study reported that supplementation of coenzyme Q10
in hemodialysis patients for 6 months reduced the level of oxidative stress in the
body. The latest clinical randomized, double-blind, controlled trial showed that reg-
ular hemodialysis patients were safe to take 1200 mg of coenzyme Q10 per day and
were able to reduce the level of oxidative stress index F2-isoprostanes (Rivara et al.
2017).
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25.4.2.2 Thiazolidinediones

Thiazolidinedione hypoglycemic agents, such as rosiglitazone, pioglitazone, are syn-
thetic PPAR gamma agonists and are now widely used in the treatment of clinical
type 2 diabetes. Some experts have found that these drugs also have a protective
effect on the kidney, which can reduce proteinuria and relieve renal fibrosis. It is
speculated that the mechanism may be related to inhibition of oxidative stress and
inflammatory response. Studies have shown that PPARγ can be involved in the reg-
ulation of mitochondrial biogenesis and oxidative phosphorylation in a variety of
cells. Thiazolidinediones have potential therapeutic effects by blocking mitochon-
drial dysfunction. PPARγ mutation can increase the production of reactive oxygen
species in the cell, leading to the decrease of mitochondrial membrane potential, and
overexpression of PPARγ can maintain the normal function of mitochondria.

In the rat model of type 2 diabetes, pioglitazone significantly inhibited glomerular
sclerosis, tubulointerstitial fibrosis, tubule atrophy, and podocyte apoptosis. PPARγ

agonists can effectively relieve glomerular sclerosis and tubulointerstitial fibrosis in
animal models of multiple kidney diseases such as DOCA-salt hypertensive rats,
unilateral ureteral obstruction rats, 5/6 nephrectomized rats, Zucker obese rats, and
cyclosporine A nephropathy rats. In the renal injury of puromycin nucleoside, the
expression of PPARγmRNA in podocytes was significantly down-regulated, and the
PPARγ agonist pioglitazone inhibited podocyte injury and alleviated glomerular scle-
rosis by regulating the expression of cyclin. In aldosterone-induced podocyte injury,
it was confirmed that the PPAR gamma agonist rosiglitazone protected podocytes
from damage by blocking mitochondrial dysfunction (Zhu et al. 2011).

25.4.2.3 Resveratrol

Resveratrol, also known as quinol, is a plant polyphenolic compound found in plants
and fruits such as Polygonum cuspidatum, grapes, peanuts, mulberry, and the highest
content of fresh grape skin. Studies have confirmed that resveratrol has many biolog-
ical activities such as cardiovascular protection, anti-cancer, anti-inflammatory, and
anti-oxidation. Mitochondria are one of the main sites for the production of reactive
oxygen species in cells. Studies have found that resveratrol inhibits high glucose-
induced mitochondrial superoxide anion production in a variety of cell types. The
inhibition of mitochondrial oxidative stress by resveratrol may be partly related to
the activation of the mitochondrial antioxidant system. In addition, resveratrol pro-
motes mitochondrial biogenesis in multiple tissues; resveratrol is the most potent
activator of SIRT1 currently found. Resveratrol has been shown to act by increasing
the activity of SIRT1, thereby regulating the transcription of PGC-1α and its target
genes, and promotingmitochondrial function protection by promotingmitochondrial
biosynthesis (Yuan et al. 2012).
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25.4.2.4 Omega 3 Polyunsaturated Fatty Acids

Omega 3 is a member of the polyunsaturated fatty acid family and plays an impor-
tant role in regulating cell and organ membrane structure and function. Omega 3 is
mainly derived from fish oil. Omega 3 blocks the activation of NF-κB by inhibiting
the phosphorylation of IKB, thereby reducing the expression of adhesion molecules,
cytokines, and pro-inflammatory factors. Omega 3 has anti-platelet effects as a pre-
cursor to prostaglandins. In addition, they are involved in membrane fluidity, ion
channel transport, and regulation of mitochondrial biosynthesis. Moreover, Omega 3
also has antioxidant properties that reduce the production of reactive oxygen species
by enhancing the endogenous antioxidant system (An et al. 2009). Clinical supple-
mentation of Omega 3 can be beneficial for lipid metabolism, blood pressure, redox
status, and the cardiovascular system.

After 12 weeks of supplementation with Omega 3 in a rat model of chronic
kidney disease, the proapoptotic, pro-inflammatory, and proapoptotic signals were
down-regulated. In UUO, Omega 3 reduces fibroblast activation and kidney fibrosis.
Studies have reported that the level of Omega 3 unsaturated fatty acids in hemodial-
ysis patients is lower than in the normal control group, which may be related to
increased cardiovascular risk. In addition, supplementation of fish oil in hemodialy-
sis patients can significantly reduce systolic blood pressure and diastolic blood pres-
sure. Omega 3 treatment reduces the activity of peripheral blood leukocyte apoptosis-
related enzymes in patients with end-stage renal disease. A recent meta-analysis of
Omega 3 treatment of chronic kidney disease has shown that supplementation with
Omega 3 significantly reduces the risk of end-stage renal disease and delays disease
progression.

Although these studies on Omega 3 bring hope to kidney disease treatment, there
are some inconsistent results that require attention. This may require more clinical
randomized controlled trials to confirm the role of Omega 3 in the chronic kidney
patient population and further confirm the dose and interval of supplementation of
Omega 3 in a special population such as hemodialysis to achieve a reasonable blood
concentration. In turn, avoid side effects

25.4.2.5 Vitamin E

The inhibition of oxidative factors by vitamin E alleviates the development of a
variety of cardiovascular diseases, aging, and other chronic disease degenerative dis-
eases, including CKD. Dietary vitamin E supplementation delays the progression
of chronic diseases. Studies have confirmed that vitamin E supplementation plays
a beneficial role in dialysis patients with chronic kidney disease. The SPACE study
investigated the effects of daily supplementation of 800 IU of vitamin E on cardio-
vascular events in hemodialysis patients. After a long follow-up, vitamin E reduced
the incidence of cardiovascular events and myocardial occlusion. After the dialysis
membrane is coated with vitamin E, it can reduce oxidative stress and inflammation
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indicators in hemodialysis patients, improve hemoglobin levels, and reduce the use
of erythropoietin (Yang et al. 2006).

25.4.2.6 MitoQ

MitoQ is themostwidely studied andwidely usedmitochondria-targeted antioxidant.
It consists of a triphenylphosphine cation and a benzoquinone moiety of coenzyme
Q10 covalently bonded through a ten carbon fatty chain. MitoQ can be concentrated
in the mitochondria by mitochondrial membrane potential and then degraded into a
form that can exert antioxidant activity. As the ubiquinone moiety is inserted into the
hydrophobic interior of the mitochondrial membrane, the matrix within the mem-
brane is its primary absorbing moiety, allowing it to exert a protective effect on lipid
peroxidation (Kelso et al. 2001). MitoQ has been used in a variety of animal disease
models to test its protective effects against mitochondrial oxidative stress damage. In
micewith ischemia–reperfusion-induced renal injury, intravenous injection ofMitoQ
15minbefore renal vascular occlusion can reduce oxidative stress damage andprotect
renal function (Dare et al. 2015). In Akita mice with type 1 diabetic nephropathy,
it was confirmed that MitoQ has anti-fibrosis and anti-glomerative chronic dam-
age. In type 2 diabetic nephropathy db/db mice, MitoQ inhibits cellular oxidative
stress by upregulating autophagy, preventing mitochondrial membrane potential and
decreasing mtDNA copy number in renal tubular epithelial cells, down-regulating
cleavage protein Drp1 expression, restoring fusion protein Mfn2 expression, as well
as inhibiting cellular oxidative stress and apoptosis. In stroke-susceptible sponta-
neously hypertensive rats, MitoQ could prevent the development of hypertension,
promote the bioavailability of endothelial NO, and reduce cardiac hypertrophy. The
addition of MitoQ to renal tissue prevents mitochondrial dysfunction and improves
cell viability and kidney morphology. Oral MitoQ has entered Phase I and Phase II
clinical trials.

25.4.2.7 SS-31

SS-31 is a small molecule peptide that is capable of freely penetrating cells and tar-
geting the mitochondria. In 5/6 nephrectomized rats, SS-31 can clear excess ROS in
mitochondria, reduce ROS production, stabilize mitochondrial membrane potential,
prevent mitochondrial permeability changes, reduce cytochrome c release, and pre-
vent kidney tissue inflammation and fibrosis. In the UUO rat model, administration
of SS-31 at a dose of 1 or 3 mg/kg 1 day before surgery significantly reduced tubu-
lar apoptosis, macrophage infiltration, and renal fibrosis, while increasing tubular
proliferation. In the rat model of ischemia–reperfusion, subcutaneous administration
of SS-31 30 min before bilateral renal ischemia can reduce the apoptosis of tubular
cells caused by reperfusion, maintain the structure of renal tubules, and maintain the
integrity and function of mitochondria. ATP synthesis can be restored upon reper-
fusion. Oxidative stress and inflammatory response are alleviated, and the rate of
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tubular cell regeneration is accelerated. In addition, SS-31 also has a protective effect
on capillary endothelial cells during ischemia and perfusion. Similar to renal tubular
epithelial cells, SS-31 protects mitochondrial structure. In a recent study of aging-
related glomeruli disease, SS-31 improved mitochondrial damage in podocytes and
parietal epithelial cells, reducing glomerular sclerosis (Sweetwyne et al. 2017).

25.4.2.8 Sirolimus

Drugs that regulate autophagy and mitochondrial autophagy include sirolimus
(rapamycin), an inhibitor of mTORC1. A variety of diabetic animal models have
demonstrated that it can inhibit the activation of the mTOR signaling pathway,
thereby preventing kidney hypertrophy, glomerular sclerosis, reducing proteinuria,
and inhibiting mesangial proliferation. However, rapamycin is considered to be
an immunosuppressive agent widely used in kidney transplant patients, and its
clinical treatment is limited due to its side effects. Rapamycin not only inhibits
mTORC1 but also inhibits mTORC2. Studies in type 2 diabetic mice have found
that rapamycin reduces high glucose tolerance and insulin activation by inhibit-
ing mTORC2. mTORC1 is regulated by mTOR’s rapamycin-insensitive companion
of mTOR, which is regulated by mTOR’s raptor rapamycin-associated protein of
mTOR. mTORC2 regulates the expression of autophagy genes by phosphorylating
FOXO3a by activating the Akt signaling pathway. FOXO3a regulates LC3, Bnip3,
Nix, Atg4b, and Atg12l, and these genes play an important role in mitochondrial
autophagy. This also explains the side effects of knockout mTOR in podocyte con-
ditions, resulting in autophagic flow disorders and renal failure (Cina et al. 2012).
Rapamycin and its analogs are still in the experimental research stage as effective
drugs for clinical chronic kidney diseases such as diabetic nephropathy.

25.5 Conclusion

Mitochondria are the key energy supply organelle in human bodies, which make it
the vulnerable target of detrimental stimulus. Nomolecule is an island. The crosstalk
among mitochondrial dysfunction, ROS, ER stress, mitophagy, and inflammasome
induces cytokines’ thunderstorm, which induce various cell lesions in kidney. The
ECM deposit, EMT, EndoMT, and several other decompensated changes ultimately
lead to renal fibrosis. To date, there are few adoptive therapies targetedmitochondrial
dysfunction. More research and clinical trials are needed.
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Chapter 26
Lipid Metabolism Disorder and Renal
Fibrosis

Xiao-Gang Du and Xiong-Zhong Ruan

Abstract Since the lipid nephrotoxicity hypothesis was proposed in 1982, increas-
ing evidence has supported the hypothesis that lipid abnormalities contributed to
the progression of glomerulosclerosis. In this chapter, we will discuss the gen-
eral promises of the original hypothesis, focusing especially on the role of lipids
and metabolic inflammation accompanying CKD in renal fibrosis and potential new
strategies of prevention.

Keywords Lipids · Inflammation · Glomerular atherosclerosis · Tubulo-interstitial
diseases · Statin

26.1 Introduction

Dyslipidemia is frequently observed in nephrotic syndrome (NS) and each stage
of chronic kidney disease (CKD). The lipid profile of CKD patients is typified by
high-circulating triglycerides, very low-density lipoprotein (VLDL), intermediate
density lipoprotein (IDL), chylomicron remnants (CM), small dense LDL (sdLDL),
and low-plasma high-density lipoprotein (HDL) cholesterol. Patients with protein-
uria and patients treated with peritoneal dialysis (PD) have higher levels of LDL-C
than non-proteinuric CKD or hemodialysis (HD) patients. The LDL cholesterol level
in HD patients is not usually elevated and may even be reduced. A higher risk of
death from cardiovascular disease is associatedwith low plasma cholesterol (“reverse
epidemiology”) (Liu et al. 2004; Lowrie and Lew 1990). Increased glomerular fil-
tration membrane permeability is related to proteinuria and loss of lipoprotein lipase
(LPL) activators ApoC-II and ApoA1. In addition, CKD patients present an upsurge
of apolipoprotein C-III, a competitive inhibitor of LPL (Ginsberg et al. 1986), con-
sequently leading to a delay of CM and VLDL removal which increases VLDL
triglycerides (Moorhead et al. 1982). The loss of ApoA1 in urine results in decrease
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of plasma HDL levels. Furthermore, abnormal lecithin–cholesterol acyltransferase
(LCAT) and cholesteryl ester transfer protein activities aggravate lipid abnormalities.

In addition to the changes in plasma levels, the composition and size distribution
of all lipoproteins have also been modified in patients with CKD. The best example
is the shift in the composition and size distribution of LDL to the increased content
of sdLDL, which can undergo oxidation and enter into arterial wall easily, causing
vascular damage (Berneis and Krauss 2002). In addition, the ratios of cholesterol-
to-triglyceride, free cholesterol-to-cholesterol ester, and phospholipid-to-protein are
changed. It has been strongly suggested that the elevated serum triglyceride-to-HDL
ratio is not only a feature of dyslipidemia in patients with renal diseases but also an
independent and highly predictive parameter for disease progression. Several clinical
investigations have confirmed that the increased serum triglyceride-to-HDL ratio
significantly influences the development of CKD and the decline of the estimated
glomerular filtration rate (Tsuruya et al. 2015). In addition, CKD results in deficiency
of HDL-associated enzymes (paraoxonase, glutathione peroxidase, and LCAT) and
conversion of HDL from an antioxidant/anti-inflammatory agent to a pro-oxidant and
pro-inflammatory agent (Moradi et al. 2009; Vaziri et al. 2009). These abnormalities
can compound the effects of HDL deficiency in promoting an atherogenic diathesis
in CKD. Lp(a) and apolipoprotein (apo)A-IV are also increased in this population.
This lipid profile is similar to the atherogenic dyslipidemia of diabetics, and may
sometimes be observed in early stages of primary kidney disease when measured
glomerular filtration rate (GFR) is normal (Wanner and Ritz 2008).

Dyslipidemia is not only a consequence of CKD, but also a cause of kidney
injury. Kidney injury on the molecular level involves complex interactions between
all of the resident cell types and infiltrating cells from circulation. While tubular
cells are often the initial site of injury, fibroblasts are subsequently recruited and
activated. Initial responses are likely an attempt to repair kidneys and recapitulate
embryologic developmental pathways. However, should repair processes persist, a
profibrotic environment is promoted,which leads to the replacement of normal kidney
with scar tissue composed of a variety of extracellular matrix (ECM) components,
including collagens and fibronectin (Liu 2011). Renal fibrosis is a crucial determinant
of progressive CKD. The pathogenesis of renal fibrosis is poorly understood but
is commonly associated with dyslipidemia, suggesting that dyslipidemia plays an
important role in renal fibrosis.

In this chapter, we will discuss the scientific evidence of lipid-mediated renal
injury and potential mechanisms by which lipid causes renal fibrosis.

26.2 Lipid Nephrotoxicity

In 1982, Moorhead and colleagues published the “Lipid Nephrotoxicity Hypoth-
esis” in the Lancet that stimulated lipid studies in the context of kidney diseases
(Moorhead et al. 1982). In this “two-hit” model, the original disease could coexist or
to be replaced by lipid-mediated damage. Persistent albuminuria stimulates excess
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lipoprotein synthesis by the liver, hencemaintaining the lipid injury cycle. It also pro-
posed that numerous of the features of progressive glomerular and tubulo-interstitial
diseases share biologicalmechanismswith those of atherosclerosis including dyslipi-
demia, oxidative stress, inflammatory stress, and genetic factors. The term “glomeru-
lar atherosclerosis” was proposed. Since then, many laboratory and clinical studies
(Grone et al. 1989; Moorhead et al. 1982) have supported the hypothesis that hyper-
lipidemia resulting from compensatory hepatic synthesis of lipoproteins in response
to urinary loss of albumin contributed to the progression of glomerulosclerosis and
tubulo-interstitial fibrosis.

Lipids are attributed to 3% of the wet weight of the normal human kidney. The
major lipid components in the kidney are phospholipids (>50%), triglycerides (20%),
and FFAs (10%). It seems that dyslipidemia per se might not be sufficient for renal
injury, but it is one of the essential components of the multiple-hit mechanisms. It
can affect the kidney by inducing lipotoxicity, inflammation, and oxidative stress,
as well as signaling events and hormones with renal activity. Intensive laboratory
studies have demonstrated that dyslipidemia in CKD can be both a consequence and
a cause of the progression of CKD.

26.3 Impaired Cholesterol Homeostasis and Kidney Injury

Normally, there is a fine balance between cholesterol uptake, de novo synthesis
and consumption in cells. LDL cholesterol uptake is mediated by multiple factors,
such as LDL receptors, scavenger receptors, and lipid synthesis-related enzymes
which express in kidney. Physiologically, the key biological function of LDL is to
carry cholesterol from the liver to peripheral tissues, such as the kidney for sterol or
phospholipid synthesis and energy supply. HDL is believed to play a beneficial role
in the kidney and cardiovascular system by extracting cholesterol from peripheral
organs and reverse transporting it to the liver. Renal dysfunction may disrupt the
balance of lipid homeostasis, causing lipid accumulation which has been found in
all kinds of renal resident cells such as podocytes, mesangial cells, endothelial cells,
tubular epithelial cells, and interstitial cells. In addition, HDL has antioxidative, anti-
inflammatory, and endothelium-protective properties. All of the above characteristics
of HDL are critical for maintenance of normal lipid metabolism and for protecting
the kidney from excessive lipid accumulation under conditions of lipid overloading.

It has long been established that cholesterol supplementation in the diets of several
animal species leads to focal and segmental glomerulosclerosis (FSGS). French et al.
showed that feeding guinea pigs with a 1% cholesterol diet caused severe glomeru-
lar disease (Brenner 1985; Feng et al. 2012). Peric-Golia et al. have demonstrated
that feeding normal male Sprague-Dawley rats a diet containing 3–4% cholesterol
resulted in hypercholesterolemia accompanied by aortic damage and renal glomeru-
lar abnormalities including lipid droplets, hyalinosis, glomerulosclerosis and intersti-
tial fibrosis (Kasiske et al. 1990; Peric-Golia and Peric-Golia 1983). The severity of
the glomerular injury is greatly increased if dietary induced hyperlipidemia is com-
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bined with either a loss of functioning nephrons, partial nephrectomy, or hyperten-
sion. Rats fed a diet consisting of 4% cholesterol which had a unilateral nephrectomy
at 1 month developed significantly higher glomerular scarring than cholesterol-fed
rats with two kidneys. Chronic renal failure induced by 5/6 nephrectomy results in
abnormal lipid accumulation in the remnant kidney which is associated with upregu-
lation of receptors involved in the influx of oxidized lipids and lipoproteins, activation
of fatty acid biosynthesis and inhibition of pathways involved in fatty acid oxidation
(Kim et al. 2009). Studies using the puromycin amino nucleoside (PAN) nephrotic rat
model have also shown that cholesterol feeding increases the severity of proteinuria
and FSGS (Kasiske et al. 1990; Lee et al. 1997). Apo B and apo E were found in
increased amounts in the mesangium and co-localized with oil red O-positive lipid
deposits (van Goor et al. 1993). Animals with endogenous hyperlipidemia (Kasiske
et al. 1985) also develop progressive glomerular damage. Such models include the
hyperlipidemic Sprague-Dawley rat developed by Imai (Imai et al. 1977), the spon-
taneously hypertensive rat described by Koletsky (Koletsky 1975), and the obese
Zucker rat (Kasiske et al. 1985). Glomerular injury is also greater when systemic
hypertension is combined with hyperlipidemia (Grone et al. 1993).

Several clinical studies have documented an association between dyslipidemia
and the progression of CKD. Atherosclerosis risk in communities (Muntner et al.
2000) with low HDL cholesterol and increased non-HDL cholesterol was associ-
ated with increased risk of developing a reduced GFR (≤55 ml/min/1.73 m2). In
the Atherosclerosis Risk in Communities (ARIC) study, higher HDL cholesterol
levels were associated with a lower risk of CKD progression although one study
showed an association between high LDL cholesterol levels and progression of kid-
ney disease (Samuelsson et al. 1998). The weight of evidence therefore suggests that
hypertriglyceridemia, accumulation of LDL cholesterol, and low HDL cholesterol
are associated with higher risk of CKD progression. Survival statistics in renal trans-
plant patients have also demonstrated that survival despite declining renal function
is far superior in patients with normalized lipid profiles (Kobashigawa and Kasiske
1997; Pascual et al. 2002).

Foam cells and lipid deposits are found in FSGS in human renal biopsies (Lee
et al. 1991). In these individuals, lipid deposition in the glomerulus is associated with
progressive renal insufficiency. In patients with hepatorenal syndrome, the presence
of lipoproteins with abnormal compositions have been reported to have progres-
sive glomerular damage. A unique form of the nephrotic syndrome was reported in
Japanese patients, where mesangial proliferation, mesangial expansion, glomerular
deposition of lipoproteins, and FSGS were associated with high levels of circulating
apoE (Koitabashi et al. 1990). Lee et al. found that 8.4% of 631 CKD patients had
ultra-structurally detectable extracellular lipid in non-sclerotic glomeruli, which sug-
gests that there may be an early pre-sclerotic stage of lipoprotein-mediated damage
(Lee et al. 1991). Takemura also demonstrated that predominant deposition of apo
B and apo E in the mesangial area in mesangial proliferative glomerulonephritis and
the distribution and staining intensity of these apolipoproteins correlated with the
grade of mesangial proliferation and proteinuria, but were independent of plasma
lipid levels (Takemura et al. 1993).
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It seems that hypercholesterolemia and cholesterol mainly affect glomerular
mesangial cells which have been shown to bind LDL and Ox-LDL, leading to more
cell proliferation via multiple downstream effects. LDL also stimulates the expres-
sion of extracellular matrix proteins including fibronectin. Furthermore, glomerular
macrophages obtained from hypercholesterolemic animals displayed higher TGF-β
mRNA expression which contributes to glomerular matrix expansion and glomeru-
losclerosis (Ding et al. 1994).

26.4 Deficiency of Fatty Acid Metabolism and Tubular
Fibrosis

The kidney is an organ with a high-energy demand, but it has a relatively low gly-
colytic capacity. Therefore, beta-oxidation of free fatty acids (FFAs) in themitochon-
dria is the major source of energy, especially in proximal tubule cells. Due to the low
level of fatty acid synthase (FAS), the kidney has a limited ability to synthesize fatty
acids de novo; thus, it mainly relies on the uptake of triglycerides or FFAs from the
circulation for energy.

Albumin carries >99% of plasma long-chain fatty acids (LCFAs). In CKD
(especially diabetic kidney disease), the circulating levels of LCFAs are markedly
increased, leading to an increase in the LCFA load per albumin molecule, with a
molar FFA:albumin ratio of approximately 6 compared to ≤1 in health (Arici et al.
2003). Serum LCFAs bound to albumin in glomerular filtrate are reabsorbed by the
proximal tubular cells via fatty acid transport CD36 andmediate renal tubular fibrosis
(Ruggiero et al. 2014), highlighting the roles of hypertriglyceridemia and high level
of FFAs on tubular fibrosis (Yang et al. 2017).

In CKD, the accumulation of triacylglycerols and FFAs with lower fatty acid
oxidation (FAO) has critical roles in foam cell formation and the pathogenesis of
kidney fibrosis (Yang et al. 2017). Lipid accumulation, reduced FAO, and ROS
are reciprocal causations. Many factors can induce disbalance between fatty acid
uptake and consumption in CKD, such as oxidative damage of mitochondria, which
results in reduction in FAO (Jiang et al. 2017). Gene ontology analysis indicated
that genes related to fatty acid metabolism and their key transcriptional regulator
complex (PPARα/PGC-1α) were markedly lower in human chronic kidney disease
(CKD) samples with higher lipid accumulation in diseased renal TECs. Mouse mod-
els of kidney fibrosis showed similar metabolic changes including low fatty acid and
high intracellular lipid accumulation. Genetic or pharmacological improvement of
FAO protected animals from kidney fibrosis development in vivo, suggesting restor-
ing FAO could offer new therapeutic approaches for the treatment and prevention of
kidney fibrosis.

As a specificmembrane proteinmediating kidney uptake of circulating fatty acids,
cluster of differentiation 36 (CD36) modulates multiple pathways (Stremmel et al.
2001), which are closely linked to CKD and renal fibrosis. CD36 can be bound with
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context-specific binding partners (such as Toll-like receptor 2 (TLR2), TLR4, TLR6,
and Na +/K + ATPase) to activate multiple signal pathways (Brown et al. 2015;
Li et al. 2013; Stewart et al. 2010). The interactions of CD36 with TLR2 (Brown
et al. 2015; Li et al. 2013; Stewart et al. 2010), tetraspanin (Huang et al. 2011), and
integrin (Antonov et al. 2004; Yakubenko et al. 2011) induces uptake of ox-LDL
and formation of foam cells in atherosclerosis. In vitro, CD36-dependent uptake of
palmitic acid led to lipid accumulation in podocytes together with a dose-dependent
increase in the levels of mitochondrial ROS, depolarization of mitochondria, ATP
depletion, and apoptosis (Baranova et al. 2005; Hua et al. 2015). Knockout of CD36
inmonocytes in unilateral ureteral obstruction (UUO)-induced kidney fibrosismouse
models and ischaemia–reperfusion injury models reduced the severity of fibrosis and
ameliorated kidney function (Pennathur et al. 2015).

It is also reported that oxidized HDL enhanced the production of reactive oxygen
species (ROS) and upregulated the expression of pro-inflammatory factors, impairing
the function of human renal proximal tubule epithelial cells (HK-2) mainly through
the scavenger receptor, CD36 (Gao et al. 2014). Zhang M also found that that oxi-
dizedHDL enhanced pro-inflammatory properties inmesangial cells partly via CD36
(Zhang et al. 2010). A CKD mouse model on high-fat diet shows CD36 is a key
modulator of pro-inflammatory and oxidative pathways that promote fibrogenesis
(Okamura et al. 2009). In proximal tubular epithelial cells, CD36-dependent sig-
naling was involved in the activation of protein kinase Cα (PKCα) and NADPH
oxidase (Cao et al. 2013). NADPH oxidase-dependent ROS production can lead to
multiple downstream events such as NLRP3 inflammasome priming, activation of
NF-κB, secretion of TGF-β, and downregulation of PPARα, PPARGC1α, and CPT1
(Yang et al. 2017). Anti-CD36 monoclonal antibody significantly inhibited secre-
tion of TGF-β1 induced by AOPPs-HSA in HK-2 cells (Iwao et al. 2008). In fact,
CD36 promoted renal fibrosis not only by increasing oxidative stress and activating
pro-inflammatory pathways (Kim et al. 2009), but also by regulation the expression
of TGF-β1 (Iwao et al. 2008) and activation of intrarenal renin–angiotensin sys-
tem (RAS), playing a critical role in the progression of CKDs and promoting renal
fibrogenesis (Kobori et al. 2007).

Hypertriglyceridemia is also regarded as an independent risk factor for develop-
ing proteinuria and CKD (Lee et al. 2009; Tozawa et al. 2002). Adipose tissue is
typically the appropriate organ for lipid storage. However, once the entire storage
capacity is exceeded, the lipids will be deposited ectopically, including in the kid-
ney. In obesity, gross observations have revealed a large fat accumulation in the renal
sinus and an altered appearance of renal parenchyma. Aided by microscopy and var-
ious staining techniques, ectopic lipid deposition in kidney has been confirmed. In
fact, in addition to obesity and metabolic diseases, ectopic lipid aggregation is not
uncommon in diverse renal diseases such as diabetic kidney disease (DKD), minimal
change disease (especially tip variant), lupus nephritis, membranous nephropathy,
Alport syndrome, Fabry disease (FD), hypertensive glomerular injury, and the aging
kidney. An association between local lipid accumulation and kidney damage has
been confirmed in multiple animal models and clinical studies (Wang et al. 2012;
Weinberg 2006).
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26.5 Pathophyiological Changes Driven by Lipid
Overloading in Kidney

Lipid loaded foam cells in the kidney and atherosclerotic plaques support pathophys-
iological roles for lipids in the progression of both CKD.

26.5.1 Oxidative Stress

Though initial events involved in lipid-mediated renal damage are unclear, oxida-
tive stress is thought to be especially important. Hyperlipidemia causes signifi-
cantly higher rates of monocyte reactive oxygen species (ROS) production, which is
strongly associated with impairment of endothelium-dependent relaxation and ele-
vated plasma Ox-LDL level. Arteries from hypercholesterolemic animals produced
significantly higher rates of oxygen radical than control arteries.

Themechanisms bywhich hyperlipidemia contributes to systemic oxidative stress
in CKD remain unclear. Plasma HDL cholesterol with its important antioxidant
function is reduced in CKD (Vaziri 2008). Inflammatory mediators, including TNFα

and IL-1β, are ROS activating factors in the kidney and may induce oxygen radical
production by MCs. Immune-mediated mesangial injury causes increased oxygen
radical and eicosanoid production (Oberle et al. 1992). An important source ofROS is
NAD(P)H-oxidase (NOX). The NOX family includes seven members: Nox1–Nox7.
Nox1 and Nox2 (gp91phox-containing NADPH oxidase), together with Nox4 and
Nox5 have been identified in the cardiovascular–renal systems and also have been
implicated in oxidative stress in kidney (Sedeek et al. 2009) disease. Additionally, the
leukocyte-derived enzymes myeloperoxidase (MPO) and xanthine oxidoreductase
(XOR)maycontribute to oxidative stress pathways in end-stage renal disease (ESRD)
with a role in cardiovascular dysfunction (Kaysen and Eiserich 2004).

Inappropriate ROS productionmay contribute to tissue dysfunction in three ways:
(i) dysregulation of redox-sensitive signaling pathways, (ii) oxidative damage to
biological structures including DNA, proteins, and lipids, and (iii) activation of
macrophages. Lipid peroxidation is the first step in the generation of Ox-LDL, which
can accumulate in renal mesangial cells (Ruan et al. 1999). The process of lipid per-
oxidation itself generates free radicals and ROS.

Ox-LDL, produced in vitro by incubating LDL with CuSO4, could induce
podocyte (Bussolati et al. 2005) and endothelial cells apoptosis, whichmay influence
cellular turnover in vascular and renal injuries. Furthermore, allmajor cell types in the
artery wall and kidney including endothelial cells, SMCs, monocyte–macrophages
andMCs have been shown to cause oxidativemodification of LDL in vitro (Fernando
et al. 1993;Heinecke et al. 1986). Oxidative stress decreases renalNOproduction and
availability (Rahman et al. 1999) and stimulates angiotensin II synthesis, suggest-
ing that renin–angiotensin system (RAS) activation may contribute to lipid-induced
renal injury. It has been demonstrated that Angiotensin II increases the expression of
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TGF-β and plasminogen activator inhibitor-1 (PAI-1), thereby propagating glomeru-
lar fibrosis (Chalmers et al. 2006). Oxidized LDL has also been identified in the
lesions of FSGS in vivo (Lee 1999).

26.5.2 Endoplasmic Reticulum (ER) Stress

Metabolic stress within the ER induces a coordinated unfolded protein response
(UPR),which helps the ER to copewith the accumulation ofmisfolded proteins. UPR
is initiated by three ER transmembrane proteins [namely PKR-like ER-regulated
kinase (PERK), inositol-requiring enzyme-1 (IRE-1), and activating transcription
factor-6 (ATF-6) (Ron and Walter 2007). Recent studies report that intracellular
accumulation of saturated fatty acids and cholesterol results in ER stress, resulting
in apoptosis of macrophages. Macrophage scavenger receptor type A is essential
in regulating ER stress-induced apoptosis (Tabas 2002). Palmitate also induces ER
stress by increasing IRE1 protein levels and activating the c-JunNH2-terminal kinase
(JNK) pathway (Bachar et al. 2009). In both cultured cells and whole animals, ER
stress leads to activation of the JNK and IKK/NF-κB pathways, promoting an inflam-
matory response. ER stress, in turn, leads to dysregulation of the endogenous sterol
response mechanism and concordantly activates oxidative stress pathways (Kovacs
et al. 2009).

26.5.3 Inflammatory Stress

The presence of oxidative and ER stress activates the NF-κB pathway which has
been reported associated with inflammatory events in glomerulonephritis, as well the
progression of CKD (Guijarro and Egido 2001). In addition, lipids may act as pro-
inflammatory mediators. At certain concentrations, LDL, VLDL, and IDL enhanced
the secretion of inflammatory cytokines by MCs, including IL-6, PDGF, and TGFβ.
Since HDL could downregulate VCAM-1 and E-selectin on endothelial surfaces and
reduce NF-κB, low HDL cholesterol levels may augment inflammatory responses
(Ashby et al. 1998). In Apo E KOmice (Tomiyama-Hanayama et al. 2009) blocking
IL-6 receptor prevented the progression of proteinuria and renal lipid deposition, as
well as the mesangial cell proliferation associated with severe hyperlipoproteinemia.
These results strongly support the role of pro-inflammatory cytokines in the patho-
genesis of hyperlipidemia-induced glomerular injury. Inflammation also enhances
both medial and intimal calcifications which contribute to vascular, and perhaps also
renal injury (Al-Aly 2008; Moe and Chen 2005).

Ox-LDL preferentially binds to the glomerulus when injected intra-arterially in
the rat and to mesangial cells in vitro (Coritsidis et al. 1991). Ox-LDL is a potent
pro-inflammatory chemoattractant for macrophages and T lymphocytes with a role
in recruiting circulating monocytes either directly or by inducing SMC, MCs, and/or
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endothelial cells to produce chemotactic and adhesive factors such asMCP-1, mono-
cyte colony stimulating factor (m-CSF), and IL-1β (Berliner et al. 1990; Cases and
Coll 2005). Modified LDL may also inhibit the motility of resident monocytes once
they have differentiated into macrophages within the site (Quinn et al. 1987). Both
oxidized LDL and minimally oxidized LDL stimulated TNFα secretion by MCs by
activating the NF-κB pathway (Guijarro and Egido 2001).

26.5.4 Renal Fibrosis

Renal fibrosis is the key pathological change in the process of end-stage renal disease,
and it is the final pathological outcome of various chronic progressive renal diseases.

26.5.4.1 Wnt/β-Catenin Signaling and Renal Fibrosis

Wnt/β-catenin signaling is an evolutionarily conserved, outside-in signal pathway
that has a fundamental role in development and homeostasis of tissues, regulating cell
morphology, proliferation, motility, and cell fate. Canonical and non-canonical Wnt
ligands regulate key metabolic signaling pathways such as mTOR and insulin signal-
ing. Given the importance ofWnt signaling in homeostasis and metabolism, aberrant
Wnt signaling may contribute to chronic metabolic diseases. Although relatively
silent in normal adult kidneys, Wnt/β-catenin signaling is re-activated after renal
injury in a variety of animal models and in human kidney disorders such as obstruc-
tive nephropathy, diabetic nephropathy, adriamycin nephropathy, remnant kidneys
after 5/6 nephrectomy, polycystic kidney disease, and chronic allograft nephropathy
(Dai et al. 2009; He et al. 2009; Kato et al. 2011; Surendran et al. 2005; von Toerne
et al. 2009). This re-activated canonical Wnt signaling can contribute to adult kidney
fibrosis. Inhibition of canonical signaling also reduced total renal fibrosis and matrix
deposition (He et al. 2009; Iglesias et al. 2007). In kidney cells, Wnt/β-catenin pro-
motes the expression of numerous fibrosis-related genes such as Snail1, plasminogen
activator inhibitor-1, andmatrixmetalloproteinase-7 (Dai et al. 2009; He et al. 2010).

Wnt/β-catenin has also been known as a molecule switch promoting adipogenesis
and lipid accumulation (Dai et al. 2009; He et al. 2012). Wnt signaling maintains
preadipocytes in an undifferentiated state through inhibition of the adipogenic tran-
scription factors PPARγ. When Wnt signaling in preadipocytes is prevented, these
cells differentiate into adipocytes, while disruption of Wnt signaling also causes
adipogenesis. In fact, non-canonical Wnts, Wnt5a, and Wnt5b, have been shown to
promote adipogenesis by increasing PPAR-γ expression which is critical for adipose
tissue (van Tienen et al. 2009). Meanwhile, blocking Wnt/β-catenin also can effec-
tively reduce serum triglyceride levels (Feng et al. 2016;Malliou et al. 2018), and the
Wnt/β-catenin pathway was activated in aortas of mice fed with a high-cholesterol
diet (Borrell-Pages et al. 2015).
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In CKD, mounting evidence indicates that Wnt/β-catenin signaling plays a key
role in promoting podocyte injury and/or dysfunction through dedifferentiation and
mesenchymal transition, which led to proteinuria and glomerulosclerosis (Heikkila
et al. 2010; Liu 2010; Zeisberg and Neilson 2009). It is also found that canonical
Wnt/β-catenin signaling mediates TGF-β1-driven podocyte injury and proteinuria
(Kato et al. 2011). Fenofibrate, a PPARα agonist, has been shown to increase the
expression of lipolytic enzymes and reduce lipid accumulation in glomeruli (Tanaka
et al. 2011). It can inhibit aberrant activation of the canonical Wnt pathway in the
kidneys of diabetic rats (Cheng et al. 2016). In view of the importance of Wnt/b-
catenin signaling in renal fibrosis and lipid metabolism, blockade of this signaling
might be beneficial in fibrotic CKD (Zhou and Liu 2015), especially with lipid
metabolism disorders.

26.5.4.2 TGF-β

In addition to Wnt/β-catenin signaling, researchers also found that TGF-β plays a
role in lipid metabolism disorders and renal fibrosis. TGF-β is one of most widely
potent regulators of many fibrosis diseases such as various chronic liver diseases and
CKD, which may induce epithelial–mesenchymal transition (EMT) of renal tubular
epithelial cells (Ding et al. 1993; Liu et al. 2018). In animal model, blockade of TGF-
β signaling ameliorated ECM accumulation in anti-Thy-1 nephritis (Kasuga et al.
2001), reduced proteinuria, renal fibrosis, and glomerular damage in hypertension-
induced renal injury (Murphy et al. 2012), suggesting that anti-TGF-β therapy might
afford renoprotection opposing the progression of renal disease.

Disorders of lipid metabolism may increase the expression of TGF-β. Studies
indicated that LCFA upregulated the mRNA expression of TGF-β and key down-
stream transcription factors Snail, Twist and Zeb1 of hepatocyte (Liu et al. 2018).
Hypercholesterolemia induced by cholesterol feeding upregulated glomerular TGF-
β1 and fibronectin gene expression (Ding et al. 1993). It is shown that Ox-LDL
increased fibronectin expression in glomerular epithelial cells by a mechanism
involving expression of TGF-β, suggesting that abnormal lipid accumulation in
human glomerular epithelial cells may contribute to the pathogenesis of glomeru-
losclerosis through TGF-β-mediated mechanism (Ding et al. 1994). A study also
found a significant increase in renal cortical TGF-β1 mRNA levels with the appear-
ance of TGF-β1-positive interstitial cells in rats with diet-induced hypercholes-
terolemia (Eddy 1996). All of these showed that TGF-β is an important mediator
of the kidney pathological effects induced by lipids.

Furthermore, Wnt/β-catenin signaling works in combination with TGF-β signal-
ing in the process of fibrosis, and TGF-β signaling can induce the expression of
Wnt/β-catenin superfamily members and vice versa (Guo et al. 2012). Inhibition of
Wnt is effective in blocking TGF-β-mediated β-catenin activation in vivo, resulting
in diminished podocyte injury and albuminuria induced by TGF-β1 (Wang et al.
2011). Taken together, TGF-β is a potential regulator underlying lipid metabolism
disorders and renal fibrosis.
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26.6 Lipid Lowering: A Potential Approach for Prevention
of Renal Fibrosis

Mounting evidence shows that hyperlipidemia can lead to glomerulosclerosis and
renal fibrosis, and therefore, lipid lowering may act as a potential therapeutic
approach for prevention of renal fibrosis. A research (Chade et al. 2005) showed
a simultaneous increase in extracellular matrix deposition with an increased colla-
gen IV expression and fibrosis in renal tissues of pigs fed a high-cholesterol diet
and a lipid-lowering dietary intervention partly regressed interstitial and vascular
fibrosis, renal functional decline, and structural injury. Another study showed that
lipid-lowering therapywith rosuvastatin significantly decreasedmesangial expansion
and exerted a protective effect on renal function and morphology in young Zucker
rats fed a HFD (Reisin et al. 2009). In a study including 43 patients with idiopathic
nephrotic syndrome, lipid-lowering therapy with fluvastatin decreased the intersti-
tial fibrosis and renal fat deposits and played a protective effect on kidney function
(Gheith et al. 2002).

However, several lines of evidence demonstrated that statins may have pleiotropic
beneficial effects including antioxidant properties, anti-inflammatory properties,
myofibroblast function downregulation and decreasing extracellular matrix (ECM)
production, fibrinolytic effects through downregulation of plasminogen activator
inhibitor-1 (PAI-1), inhibition of epithelial-to-mesenchymal transition (EMT), and
suppressed mesangial and monocyte/macrophage proliferation, which are all inde-
pendent of their lipid-lowering effect. It is shown that epithelial-to-mesenchymal
transition plays a crucial role in contributing to the developmental and pathologi-
cal processes of tissue fibrosis, including renal fibrosis. Clark et al. (2016) demon-
strated that simvastatin could inhibit EMT through activation heme oxygenase-1
(HO-1) gene in renal proximal tubule cells, which may play an important role in
protection of the kidney from EMT and consequent fibrosis. In STZ-induced dia-
betic nephropathy ratmodels, lovastatin significantly amelioratedmicro-albuminuria
and renal hypertrophy, inhibited EMT, and prevented renal fibrosis without affect-
ing blood glucose and blood lipids level, the mechanism of which might be partly
through suppression of oxidative stress and downregulated TGF-β1-Smad signaling
pathway (Ma et al. 2017). Johnson et al. (1999) found that simvastatin may abrogate
cyclosporin (CsA)-augmented interstitial collagen synthesis and further ameliorate
interstitial fibrosis via direct actions on renal cortical fibroblasts in a human model
of cyclosporin nephrotoxicity. Another study showed that simvastatin significantly
abated development of renal fibrosis, probably by upregulating inhibitors of TGF-β
signaling and thereby attenuating EMT, fibrogenic activity, and remodeling. In high-
cholesterol diet-induced hypercholesterolemia pig models, simvastatin attenuated
inflammatory and oxidative injury as well as fibrosis in kidneys, with an associated
increase in renal perfusion (Chade et al. 2008). Hamasaki et al. (2012) found that
simvastatin contributed to preventing the progression of renal fibrosis by upregu-
lating BMP-7-mediated anti-fibrotic signaling in a mouse tubulo-interstitial injury
model. The mechanism is involved in regulating HOXA13-USAG-1 pathway. Nam
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et al. (2013) showed that rosuvastatin supplementation attenuated renal inflammation
and cell apoptosis and inhibited the fibrotic processes via the Smad-dependent and
Smad-independent pathways in a rat model of CsA-induced nephropathy.

26.7 Conclusion

Clinical and experimental evidence suggest that dyslipidemia is not only a conse-
quence of CKD, but also a cause for the progression of CKD by activating inflamma-
tory, oxidative and ER stress, and renal fibrosis. Renal fibrosis mediated by Wnt/β-
catenin signaling and TGF-β signaling is the final pathological outcome of various
chronic progressive renal diseases. Lipid lowering may act as a potential therapeu-
tic approach for prevention of renal fibrosis. The beneficial effect of statins is not
solely derived from their lipid-lowering effect, but also its pleiotropic beneficial
effects including antioxidant, anti-inflammatory, and anti-fibrotic properties, which
may play a crucial role in prevention of renal fibrotic disease.

Acknowledgements “Lipid Nephrotoxicity: New Concept for an Old Disease” was reported by
our group in Dyslipidemias in Kidney Disease (Ruan et al. 2014). The related contents are reused
with permission.
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Chapter 27
Renal Interstitial Lymphangiogenesis
in Renal Fibrosis

Gang Xu

Abstract The basic physiological functions of the lymphatic system include absorp-
tion of water and macromolecular substances in the interstitial fluid to maintain the
fluid homeostasis, promoting the intestinal absorption of nutrients such as lipids and
vitamins from food. Recent studies have found that lymphangiogenesis is associ-
ated with some pathological conditions, such as tumor metastasis, injury repair, and
chronic inflammation. For a long time, the study of lymphatic vessels (LVs) has been
stagnant because of the lack of lymphatic-specific cytology and molecular markers.
Renal interstitial lymphangiogenesis is found in patients with chronic kidney disease
(CKD) and a series of animal models of renal fibrosis. Intervention of the formation
or maturation of LVs in renal tissue of CKD may reduce the drainage of inflamma-
tory cells, attenuate chronic inflammation, delay the progression of renal fibrosis,
and improve renal function. This review will summarize the latest findings on renal
interstitial lymphangiogenesis in CKD.

Keywords Lymphangiogenesis · Kidney disease · Renal fibrosis · Immune
responses

27.1 Introduction

There are two major circulatory systems in the body: the blood circulation system
and the lymphatic circulation system, first described by Hippocrates. Although the
two have many similarities in anatomy, structure, and function, only the blood cir-
culation system has been widely and deeply studied, and lymphatic systems have
been neglected for their elusive morphological structure and unique pathophysio-
logical effects. It was not until the last decade that a series of landmark discoveries
changed this situation (Choi et al. 2012). The first and most important finding is
the lymphatic endothelial cells (LECs)-specific lymphatic endothelial growth factor
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receptor 3 (VEGFR-3) (Kaipainen et al. 1995). VEGFR-3 is one of the members of
the VEGF receptor family. It is structurally related to VEGFR-1 and VEGFR-2. It is
expressed in most vascular endothelial cells at the early stage of development, but is
fixed in the lymphatic system at the late stage of development and after completion
of development. Wigle et al. found that knocking out the homologous transcription
factor PROX-1 leads to early blockade of lymphatic development and could not form
the lymphatic system.After the completion of the development, the persistence of the
LECs phenotype depends on the sustained expression of PROX-1, and overexpres-
sion of PROX-1 in vascular endothelial cells can also reconstitute it into LVs. Due to
these important functions, PROX-1 is called the “master gene for lymphatic devel-
opment” (Hong and Detmar 2003). Therefore, PROX-1 can be considered a marker
of LECs. Following the discovery of VEGFR-3 and PROX-1, two other important
markers of LVs, LYVE-1 and podoplanin (PDPN), were simultaneously reported in
1999. LYVE-1 is a receptor for hyaluronic acid (HA), which is specifically expressed
in LECs and is homologous to CD44 (Banerji et al. 1999). Except as a lymphatic
vessel marker, LYVE-1 is also expressed in activated tissue macrophages and hep-
atic and spleen sinusoidal endothelial cells. PDPN, a mucin-type transmembrane
sialoglycoprotein, is expressed in endothelial cells of all major veins at 11.5 days
of embryonic development in mice and gradually decreased in the expression of
venous endothelial in late embryo, but it is continuously expressed in LECs during
the whole development period. It is worth mentioning that D2-40, as a novel PDPN
monoclonal antibody, can react with antigenic determinants of lymphatic rather than
with vascular endothelium. This antibody has been widely used in the prediction of
tumor metastasis and prognosis by lymphatic density. Besides, lymphatic biomark-
ers such as COUP-TF and FOXC2 also play an important role in the development
and formation of LVs (Oliver 2004). With the progress of the research, the lymphatic
system is no longer an adjunct to the blood system, but also has independent research
value.

The lymphatic system is composed of LVs and secondary lymphoid organs. The
tissue fluid, extracellular macromolecules, and cells present in the interstitial tissues,
enter the primary capillary lymphatic vessels, merge into a larger collection of lym-
phatic vessels, pass through the lymph nodes, and finally enter the subclavian vein
through the thoracic duct to return to the blood circulation system (Choi et al. 2012).
The main function of primary capillary lymphatic vessels is drainage of interstitial
fluid; it is composed of monolayer lymphatic endothelial cells, with no continu-
ous basement membrane and pericytes surrounding, and a gap that can lead to the
surrounding tissue (Johnson and Jackson 2008); endothelial cells are connected by
a special discontinuous button-like joint, forming a primary valve to make lymph
flow in one direction. At the same time, the capillary lymphatic endothelial cells are
adhered to the outer layer of the filament and are directly anchored to the extracellular
matrix. When the interstitial pressure rises, the interstitial filaments will prevent the
collapse of the capillary lymphatic vessels by pulling the endothelial cells, opening
the cell connections to allow interstitial fluid to enter (Choi et al. 2012; Schulte-
Merker et al. 2011). The primary function of the collecting lymphatics is to transport
lymph; the endothelial cells are tightly connected by a zipper-like joint, and there
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are basement membranes and pericardial cells, smooth muscle cells to promote lym-
phatic transport (Mäkinen et al. 2007). Similar to the vein structure, the collecting
lymphatic vessels have pairs of valves that prevent lymphatic reflux (Johnson and
Jackson 2008).

In addition to transporting interstitial fluid and cells to maintain tissue homeosta-
sis, the regulation of the immune response by the lymphatic system has been a hot
topic in the past decade. Recent studies have found that lymphangiogenesis is often
associated with some pathological conditions, such as tumor metastasis (Martínez-
Corral et al. 2012; Xiong et al. 2018), injury repair (Güç et al. 2017), and chronic
inflammation (D’Alessio et al. 2014; Huggenberger et al. 2011; Kim et al. 2014).
Immune cells enter the lymphatics through the gap between the endothelial cells and
then transported to the regional lymph nodes to react with the antigen causing an
immune response to remove pathogens from the body (Khawar et al. 2017). In addi-
tion, LECs can directly regulate immune response: Studies have shown that TLR-4
expression in LECs is an important part of LPs-induced lymphangiogenesis (Kang
et al. 2009); inflammatory LECs can regulate immune response by directly inhibiting
the maturation and function of DC cells through Mac-1/ICAM-1 pathway (Podgra-
binska et al. 2009); these findings make the role of lymphatic vessels in inflammation
and repair of damage increasingly prominent. Chronic kidney disease (CKD) is an
immune inflammatory disease, and renal fibrosis is the end stage of all chronic renal
diseases. The relationship between the progression of CKD and lymphangiogene-
sis is being paid more and more attention. This chapter will summarize the present
status of research progress on renal interstitial lymphangiogenesis in chronic kidney
disease.

27.2 Lymphangiogenesis and Kidney Disease

In healthy renal tissue, relatively few lymphatic capillaries are distributed around
the interlobular artery and interlobular vein, and the glomerulus and renal intersti-
tium are not distributed (Yazdani et al. 2014). In minimal change nephropathy and
focal glomerulosclerosis without interstitial fibrosis, D2-40-positive LVs in the renal
interstitial region are rare. However, some chronic kidney diseases such as lupus
nephritis, antineutrophil cytoplasmic antibody-related glomerulonephritis, tubuloin-
terstitial nephritis, focal segmental glomerulosclerosis, crescentic glomerulonephri-
tis, type II diabetic nephropathy, and IgA nephropathy show markedly increased
populations of LVs compared to controls (Heller et al. 2007; Khawar et al. 2017;
Sakamoto et al. 2009; Zimmer et al. 2010). A number of studies have shown that the
formation of proteinuria can aggravate kidney damage, and large amounts of protein-
uria will cause renal tubular epithelial cells to express and release chemokines and
mediators, causing inflammatory cells recruitment and kidney impairment (Bakris
2008; Eddy 2004; Moreno et al. 2014). Proteinuria can trigger renal lymphangiogen-
esis before the development of interstitial fibrosis via these chemokines promoting



546 G. Xu

the recruitment of circulating leukocytes, such as regulatory T-cells (Yazdani et al.
2012).

It is noteworthy that lymphatic hyperplasia is significantly less in acute tubu-
lointerstitial nephritis than in chronic tubulointerstitial nephritis. This suggests that
chronic inflammation of the kidney may promote lymphangiogenesis. There is a
significant correlation between the extent of renal interstitial damage and lymphatic
vessel density in different types of chronic kidney disease. The density of renal inter-
stitial LVs in type II diabetic nephropathy is higher than non-diabetic nephropathy.
The density of renal interstitial lymphatics is positively correlated with the density of
fibroblasts and macrophages in the renal tissue of non-diabetic nephropathy, while
the density of renal interstitial LVs in diabetic nephropathy is not correlated with the
density of fibroblasts and macrophages. The density of interstitial LVs in intersti-
tial nephritis is significantly positively correlated with the density of fibroblasts, but
not with the density of macrophages (Sakamoto et al. 2009). This indicates that the
mechanism of renal interstitial lymphangiogenesis in different pathological types of
chronic kidney disease varies.

Even so, pathological lymphangiogenesis requires some common factors. The
best known factors to promote lymphangiogenesis are vascular endothelial growth
factor (VEGF)-C and VEGF-D. VEGF-C binds to VEGFR-2 and VEGFR-3, which
plays a crucial role in survival, proliferation, and migration of lymphatic endothe-
lial cells (LECs) (Veikkola et al. 2001). VEGF-C or VEGF-D can stimulate protein
kinase C-dependent activation of the ERK1 or ERK2 signaling cascade and phos-
phorylation of AKT (Mäkinen et al. 2001; Shibuya 2013). A previous study showed
that the induction of lymphangiogenesis ameliorates inflammation and fibrosis in
the renal interstitium. Enhancement of the VEGF-C signaling pathway in LECs may
be a therapeutic strategy for renal fibrosis (Hasegawa et al. 2017). On the contrary,
VEGF-C deficiency results in embryonic death in mice (Karkkainen et al. 2004). In
addition, VEGF-D is another major inducer of lymphangiogenesis, also signaling via
VEGFR3, but its ability to promote lymphangiogenesis is less important than that of
VEGF-C. Both VEGF-C and VEGF-D are also able to induce angiogenesis (Ben-
est et al. 2008; Rissanen et al. 2003). The VEGF-C/VEGFR-3 signaling pathway
is currently considered to be the most important signaling pathway in lymphangio-
genesis. The budding response of LECs to VEGF-C is mediated by VEGFR-3 and
its co-receptor NRP-2. Although LECs budding requires VEGFR-3, knocking out
VEGFR-3 does not alter lymphoid sac formation, suggesting possible VEGF-C also
works with VEGFR-2. The activation of VEGFR-2 alone will only cause lymphatic
vessel expansion without causing budding, indicating that VEGFR-2 and VEGFR-3
also have effects on lymphatic sprouting (Zhang et al. 2010). Beyond that, Tie1 and
Tie2, which are vital to vascular remodeling, maturation, and stability, are also worth
mentioning. Tie1 deficiency leads to lymphatic hypertrophy and abnormal remodel-
ing, while the absence of Tie2 ligand can form functional lymphatic and valve-free
lymphatics (D’Amico et al. 2010), which indicates that Tie1 and Tie2 also play an
important role in lymphatic development. Recent findings suggest that basic fibrob-
last growth factor (FGF-2) also promotes lymphangiogenesis by interacting with the
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LYVE-1 transmembrane domain on LVs, and this process does not depend on the
activation of VEGFR-3 signaling (Platonova et al. 2013).

In the rat unilateral ureteral obstruction (UUO) model, the expression of TGF-β1
and VEGF-C was detected in renal tubular epithelial cells and monocytes, and the
expression level increased gradually with the time prolongation of ureteral obstruc-
tion and reached the highest value at 14 days. Serial sections showed that the expres-
sion site and expression intensity of VEGF-C were consistent with TGF-β1. TGF-β1
up-regulated the expression of VEGF-C in tubular epithelial cells, fibroblasts, and
macrophages, and TGF-β1 receptor inhibitor LY364947 inhibited the up-regulation
of VEGF-C in vitro. LY364947 also inhibited the up-regulation of VEGF-C and
lymphangiogenesis in the kidney in vivo (Suzuki et al. 2012). This indicates that
in the UUO model, tubular cell-derived TGF-β1 ultimately induces lymphangio-
genesis by up-regulating the expression of VEGF-C in renal parenchymal cells and
macrophages. In addition, the connective tissue growth factor (CTGF) is another
important factor in the production of VEGF-C (Kinashi et al. 2017). The study
reported in this issue ofKidney International demonstrates that lymphangiogenesis to
be associated with increased expression of CTGF and VEGF-C in human obstructed
nephropathy as well as in diabetic kidney disease. Consistent with the assumptions,
the increase in LVs and VEGF-C was significantly reduced in CTGF knockout com-
pared to wild-typemice after UUO and ischemia–reperfusion injury. This conclusion
was also verified in vitro using HK-2 cells. These two reports confirmed that renal
tubules are damaged not only as victims but also as a promoter of the progression of
kidney disease, which promoted lymphangiogenesis and the development of chronic
kidney disease by producing TGF-β1, CTGF, and other cytokines.

As discussed, renal lymphangiogenesis has been reported to occur in numerous
chronic kidney diseases. However, the origin of the newborn LVs is not completely
understood. Our research team found that lymphangiogenesis occurs in the kidney
after renal injury mainly results from the local proliferation of preexisting lymphatic
endothelium (unpublished data). In order to confirm this hypothesis, we detected
in situ immunostaining of Ki67 with LYVE-1. We found more intrarenal proliferat-
ing LVs (LYVE-1+ Ki67+ vessels) in sections from UUO or IRI kidneys compared
with controls. Furthermore, we found lymphangiogenesis-related cytokines VEGF-
C, VEGF-D, and FGF-2 were up-regulated in renal tubular epithelial cells (TECs).
We used two different methods, parabiosis and bone marrow (BM) chimera, to deter-
mine whether bone marrow-derived cells also directly contribute to lymphangiogen-
esis in the UUO model. Parabiosis surgery was performed between wild-type mice
and green fluorescence protein (GFP) mice, and chimera was done by BM transplan-
tation from GFP mice to wild-type mice. We found few co-localizations of LYVE-1
and GFP in UUO kidneys after parabiosis or BM chimera. This finding indicates
preexisting lymphatic endothelium proliferation, but not direct trans-differentiation
of bone marrow-derived cells, which are the main source of lymphatic endothelium
cells during renal lymphangiogenesis.
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27.3 Lymphangiogenesis and Renal Fibrosis

The mechanisms of renal injury in different pathological types are not the same,
but fibrosis is a common pathway for all types of kidney disease progression to
end-stage nephropathy. Lesions of the renal tubule basement membrane and the
glomerular capsule of the glomerular capsule during fibrosis will cause the primary
urine to be filtered back to the renal interstitial (Kriz et al. 2001) so that the pressure
of renal interstitial fluid increased, coupled with a large number of renal intersti-
tial inflammatory cells infiltration. Therefore, objectively, more output channels are
needed to drain these interstitial fluids and inflammatory cells, but at the same time,
the perivascular capillary network is gradually destroyed as the fibrosis progresses
and the inflammatory cells infiltrate, so from the basic functions of LVs (drainage
interstitial fluid and inflammatory cells), the rebirth of renal interstitial lymphatics
can be seen as a compensatory response to the kidney itself to drain excess interstitial
fluid and inflammatory cells.

It is generally known that CKD is an immune inflammatory disease, and renal
fibrosis is the end stage of all chronic kidney diseases. A recent review highlights
the close relationship between inflammation and fibrosis (Wick et al. 2013). Lym-
phangiogenesis has also been previously correlated with renal fibrosis in substantial
studies (Lee et al. 2013; Matsui et al. 2003; Sakamoto et al. 2009; Suzuki et al.
2012; Zampell et al. 2012). In animal research, 5/6 nephrectomized rat model as a
more common model of renal fibrosis, its pathological morphology, and human end-
stage renal disease have many similarities, such as loss of nephrons, compensatory
hypertrophy of residual renal tubules, interstitial inflammatory cells infiltration, and
progressive renal fibrosis. In the 5/6 nephrectomized group, the capillaries around the
renal tubules were damaged compared with the normal group, and the renal intersti-
tial LVs were significantly increased. LVs are distributed around the dilated tubules
and fibrotic areas, and there are inflammatory cells in the individual lumen. In situ
hybridization shows that lymphangiogenesis factor VEGF-C mRNA is expressed
in renal interstitial infiltrating mononuclear cells (Matsui et al. 2003). Yazdani S
et al. established a model of chronic adriamycin nephropathy from unilateral renal
artery infusion of doxorubicin. The experiment lasted for 30 weeks. Within the first
12 weeks, accompanied by the increase in proteinuria, lymphatic density increased
by 3 times, while renal tubular osteopontin expression was up-regulated, the num-
ber of mesenchymal fibroblasts increased significantly, but collagen deposition and
macrophage infiltration did not increase significantly, while VEGF-C was mainly
derived from renal tubular epithelium cell. In the ACEI intervention group, the renal
damage decreased, while the lymphatic vessel formation was reduced correspond-
ingly (Yazdani et al. 2012). This indicates that lymphangiogenesis is not synchro-
nized with renal fibrosis in the adriamycin-induced nephropathy model, and VEGF-
C derived from damaged renal parenchymal cells, rather than macrophage-derived
VEGF-C, is involved in lymphangiogenesis. The above animal models have initially
explored the mechanism of interstitial lymphangiogenesis during renal fibrosis and
their foothold is VEGF-C. But in different animal models, due to various types and
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degrees of mass damage, there are also differences in the mechanism of lymphan-
giogenesis.

It is well known that LVs participate in the inflammatory response by regulating
lymphocyte infiltration. Afferent LVs attract activated fibrocytes, dendritic, T, and
B cells expressing the chemokine receptor 7 (CCR7) to secondary lymphoid organs
by producing CC chemokine ligand 21 (CCL21) (Förster et al. 2008; Tammela and
Alitalo 2010). Therefore, these neogenetic LVs are able to promote chronic kidney
inflammation and renal fibrosis. Different degrees of lymphangiogenesis exist in
almost all specimens of renal transplant rejection (Adair et al. 2007). A study on
renal transplant rejection found that active lymphangiogenesis, with more than 50-
fold increase in LV numbers being associated with nodular mononuclear infiltrates,
which including a huge number of Ki-67+ CD4+ and CD8+ T lymphocytes, S100+

dendritic cells, and Ki-67+ CD20+ B lymphocytes and λ- and κ-chain-expressing
plasmacytoid cells. In the same way, these CCR7+ cells within the nodular infiltrates
seemed to be attracted by CCL21 that is produced and released by LECs (Kerjaschki
et al. 2004). This elegant study provides direct evidence that CCR7/CCL21 signaling
pathway can promote chronic inflammation and accelerate the progression of renal
fibrosis. Another clinical study on kidney transplantation is also a good confirmation
of this view. The authors collected 165 biopsy specimens from patients receiving
kidney transplantation, histological examination using hematoxylin–eosin, periodic
acid–Schiff, and Masson’s trichrome staining, and CCR7, CCL21 were determined
by immunohistochemistry. The results show that CCR7-positive expression was a
strong protective factor for kidney transplant rejection,whileCCL21-positive expres-
sion led to high susceptibility to recurrent nephropathy (Zhou et al. 2013). This
experiment also demonstrated the important role of a CCR7/CCL21 signaling path-
way in renal fibrosis induced by kidney transplantation. Animal experiments have
also demonstrated that lymphangiogenesis regulates the progression of renal fibrosis
through this signaling pathway. A previous study published in PNAS showed that a
large number of CD45-positive inflammatory cells and type 1 collagen deposition
reached the highest peak in 7 days in the UUO-induced renal fibrosis model. Most
of these inflammatory cells express CCR7, and blocking CCR7/CCL21 signaling by
anti-CCL21 antibody can reduce renal inflammatory cells infiltration and ameliorate
renal fibrosis. This study shows that a CCL21-positive lumen (i.e., LVs) can cause a
large amount of CCR7 inflammatory cells to be recruited in the kidney, therefore pro-
moting renal fibrosis (Sakai et al. 2006). Similarly, we also found that UUO-induced
renal fibrosis can also be alleviated by injecting mice with CCR7-neutralizing anti-
bodies (unpublished data).

So far, in addition to CCR7/CCL21 signaling pathway, the role of hyaluronan
in the regulation of renal fibrosis by lymphangiogenesis has also been emphasized.
Hyaluronan (HA), a ubiquitous component of the extracellular matrix, is a vari-
able length, long-chain polysaccharide containing repeating disaccharide units of
glucuronic acid and n-acetylglucosamine. A recent study reported the relationship
between hyaluronan and lymphangiogenesis of UUO. Researchers found that HA
accumulation is correlated with the number of LYVE-1-positive LVs in the UUO
kidney because HA could stimulate lymphangiogenesis, cooperating with VEGF-
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C. Depletion of macrophages with clodronate decreased UUO-induced HA accu-
mulation and lymphangiogenesis. Additionally, hyaluronan synthase (HAS) mRNA
expression and HA production were increased in bone marrow-derived macrophages
upon stimulation with TGF-b1. Additionally, VEGF-C expression and LYVE-1-
positive lymphatic area were significantly lower from TLR4 null mice than that
from TLR4 wild-type mice after UUO (Jung et al. 2015). This study demonstrated
that hyaluronan-induced VEGF-C promotes fibrosis-induced lymphangiogenesis via
Toll-like receptor 4-dependent signal pathway and has opened up a new way for us
to study the role of lymphangiogenesis in renal fibrosis.

As discussed above, there is a well-established interaction between inflamma-
tory cells and lymphangiogenesis via CCR7/CCL21 signaling pathway or some
other undiscovered mechanisms. It means that an increase in LVs number might
be detrimental by exacerbating the inflammatory response and thereby promoting
renal fibrosis.

Even so, the causal relationship between lymphangiogenesis and renal fibrosis
has not been fully elucidated and lymphangiogenesis may be a double-edged sword
in some kidney diseases. In addition, whether lymphangiogenesis delays or acceler-
ates the progression of renal fibrosis remains controversial. At present, the opinion
accepted by most scholars is that lymphangiogenesis is closely related to fibrosis and
the beneficial or detrimental effects of lymphangiogenesis depending on the differ-
ence in the inflammatory microenvironment of each experimental model. A recent
study used VEGF-C to promote the proliferation of LV and found that it can allevi-
ate renal fibrosis. Researchers found that lymphangiogenesis increased significantly
compared with the control group after sustained injection of VEGF-C into UUO
model mice. Interestingly, the inflammatory cells and inflammatory cytokines in the
interstitium of the kidneys are greatly reduced (Hasegawa et al. 2017). This discov-
ery makes us have a further understanding of the function of the new LVs. Also of
concern is that disturbance of lymphatic circulation by ligation was shown to induce
renal fibrosis by enhanced activation of the TGF-beta1/Smad signaling (Zhang et al.
2008).

In other organ studies, such as idiopathic pulmonary fibrosis, soluble factors such
as short-fragment hyaluronic acid andmacrophages contribute to lymphangiogenesis
(El-Chemaly et al. 2009). A recent study found that a large number of LVs in fibrotic
lungs show aberrant association with mural cells and excessive basement membrane
deposition, which is driven by ectopic PDGF-B expression in LECs and signal-
ing through PDGFR-β. Because of impaired lymphatic drainage, aberrant mural
cell coverage fostered the accumulation of fibrogenic molecules and the attraction
of fibroblasts to the perilymphatic space, promoting the progression of pulmonary
fibrosis. On the contrary, blocking the PDGF-B/PDGFR-ß signaling prevents the
attraction of fibroblasts to the perilymphatic space, to restore lymphatic drainage,
and to ameliorate pulmonary fibrosis (Meinecke et al. 2012). This study describes
the close relationship between lymphangiogenesis and pulmonary fibrosis. However,
it is unclear whether this mechanism is also present in renal fibrosis.
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27.4 Management and Therapeutic Targets
of Lymphangiogenesis-related Renal Fibrosis

Studies have shown that lymphangiogenesis induced by exogenous pathways can
help to alleviate chronic inflammatory reactions in arthritis and skin (Huggenberger
et al. 2010; Zhou et al. 2011). After tumor lymph node dissection, the LVs that
are transfected with the adenovirus coated with VEGF-C can mature and become
functional after a period of time, thereby reducing lymphedema and increasing the
removal of inflammatory cells (Tammela et al. 2007). This suggests that promoting
lymphangiogenesis or lymphatic functional maturation is conducive to the reduction
of lesions. Conversely, inhibition of immature lymphangiogenesis after heart and
islet transplantation reduces lymphocytes infiltration, inhibits rejection, and prolongs
graft survival (Nykänen et al. 2010; Yin et al. 2011). Therefore, both blocking and
promoting lymphangiogenesis have been suggested to be advantageous and imply
to be highly context-dependent and organ-specific. On the one hand, the newborn
LVs can serve as an excessive inflammatory cell output channel, thereby attenuating
chronic inflammatory response. A recent study showed that promoting lymphan-
giogenesis by VEGF-C156S increased clearance of interstitial hyaluronan and had a
promise for improving lung graft outcomes. Numerous reports confirm that inducing
lymphangiogenesis has been shown to decrease interstitial fluid accumulation and
attenuate inflammatory response (Cheung et al. 2006; Kim et al. 2012; Szuba et al.
2002). On the other hand, lymphangiogenesis as a “fast channel” for inflammatory
cell migration accelerate the recruitment of inflammatory cells to the injured site
and participate in the local inflammatory response amplification. It is possible to
improve the drainage of inflammatory cells, weaken the chronic inflammation, and
delay the progression of renal fibrosis through exogenousmeasures to intervene in the
formation ormaturation of LVs in the renal tissue of patients with CKD.A report con-
firmed that VitD is anti-lymphangiogenic through VDR-dependent anti-proliferative
and pro-apoptotic mechanisms. The VEGF-C/VEGF-D–VEGFR-3 signaling axis is
the most prominent that induces lymphangiogenesis as we discussed above. Niina K.
Palin et al. showed that lymphangiogenesis is associatedwith chronic kidney allograft
injury in rat UUOmodel, and sirolimus is a potent inhibitor of lymphangiogenesis in
renal allografts via inhibition VEGF-C/VEGFR-3 pathway (Palin et al. 2013). Using
sirolimus to block the VEGF-C/VEGFR-3 pathway and inhibit lymphangiogenesis,
thereby delaying renal fibrosis is expected to become a new therapeutic target. In
cardiac allograft rejection and arteriosclerosis, VEGFR-3 inhibition may as a novel
lymphatic vessel-targeted immunomodulatory therapy by reducing allograft lym-
phatic vessel CCL21 production (Nykänen et al. 2010).

The CCR7/CCL21 signaling pathway is another important mechanism for lym-
phatics involved in renal fibrosis. CCR7/CCL21 signaling of fibrocytes may provide
therapeutic targets for combating renal fibrosis (Sakai et al. 2006). We also found
that blocking CCR7+ cells recruitment by inhibition of LVs via genetic and phar-
macologic approaches or using CCR7 neutralizing antibody attenuated intrarenal
inflammation and fibrosis (unpublished data).
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Despite the long history of research on the mechanisms and functions of lym-
phangiogenesis involved in renal fibrosis, there is still a long way to go for the clin-
ical application of Intervention lymphangiogenesis. As far as the current research
is concerned, both promoting lymphangiogenesis—for example, by using VEGF-
C156s—and inhibiting it—for example, by using sVEGFR3-FC—could be served
as a therapeutic strategy. Only through in-depth experiments to understand the func-
tions of the newborn LVs and their relationship with kidney disease, can we find
the exact appropriate intervention targets to delay or even reverse the progression of
renal fibrosis.
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Chapter 28
Cell Apoptosis and Autophagy in Renal
Fibrosis

Xing-Chen Zhao, Man J. Livingston, Xin-Ling Liang and Zheng Dong

Abstract Renal fibrosis is the final common pathway of all chronic kidney diseases
progressing to end-stage renal diseases. Autophagy, a highly conserved lysosomal
degradation pathway, plays important roles in maintaining cellular homeostasis in all
major types of kidney cells including renal tubular cells as well as podocytes, mesan-
gial cells and endothelial cells in glomeruli. Autophagy dysfunction is implicated
in the pathogenesis of various renal pathologies. Here, we analyze the pathological
role and regulation of autophagy in renal fibrosis and related kidney diseases in both
glomeruli and tubulointerstitial compartments. Further research is expected to gain
significant mechanistic insights and discover pathway-specific and kidney-selective
therapies targeting autophagy to prevent renal fibrosis and related kidney diseases.

Keywords Autophagy · Renal fibrosis · Focal segmental glomerulosclerosis ·
Diabetic kidney disease · Acute kidney injury · Podocytes · Proximal tubular
epithelial cells

28.1 Introduction: Basics of Autophagy

First proposed by Christian de Duve in 1963, autophagy is a term derived from
Greek and refers to “self-eating” (Klionsky 2008). It is an evolutionarily conserved
catabolic process from yeasts to mammals, by which portions of cytosolic compo-
nents and organelles are delivered to the lysosomes for degradation and recycling
(Mizushima et al. 2008; Mizushima and Komatsu 2011). There are three types of
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autophagy in mammalian cells: macroautophagy, microautophagy and chaperone-
mediated autophagy, which differ in the type of cargo to be degraded and the way
of delivering them to lysosomes. Macroautophagy (herein referred to as autophagy),
the best characterized form and the focus of this chapter, begins with the envelop-
ing of large cytosolic structures by double-membraned autophagosomes and then
fuses with the lysosome. Microautophagy involves the direct engulfment of small
cytoplasmic cargos within the invagination of the lysosomal membrane. Chaperone-
mediated autophagy is a process of direct transport of selective unfolded protein via
chaperonin across the lysosome membrane for degradation (Levine and Kroemer
2008; Mizushima et al. 2008; Ravikumar et al. 2010).

The process of autophagy consists of a cascade of cellular events (Fig. 28.1). It
is initiated by the formation of a double-membrane, cup-shaped structure termed
phagophore around sequestered cytoplasmic targets, followed by expansion and clo-
sure of the phagophore to form an autophagosome. The autophagosome then docks
and fuses with a lysosome to form an autolysosome, in which the autophagosome
inner membrane and the cytoplasmic substrates are degraded by acidic lysosomal
hydrolases. Eventually, the resultant degradation products are released for recycling
(Mizushima et al. 2008;Mizushima andKomatsu 2011). The complete dynamic flow
of autophagy is thus called autophagic flux. Although the origin of the autophago-
some membrane has been a matter of debate for decades, it is now generally agreed
that the initiation of the phagophore is associated with the phosphatidylinositol 3-
phosphate (PtdIns3P)-enriched membrane compartment that appears to be linked to
the endoplasmic reticulum (ER). An omega-shaped protrusion (also called omega-
some) forms on ER at the initiation site of phagophore and functions as a scaffold
for autophagosome biogenesis (Yang and Klionsky 2010; Rubinsztein et al. 2012).
Furthermore, the phagophore is in contact with many surrounding organelles either
by vesicular transport to and from the phagophore or through transient membrane
contacts and exchange of proteins and lipids to grow and expand (Yang and Klionsky
2010; Rubinsztein et al. 2012; Yu et al. 2018).

In mammals, autophagosome biogenesis is regulated coordinately at different
steps by the core machinery that consists of more than 36 autophagy-related (Atg)
genes (Yang and Klionsky 2010; Klionsky et al. 2011;Mizushima et al. 2011; Rubin-
sztein et al. 2012; Hurley and Young 2017). The initiation of phagophore formation
is orchestrated by the ULK1/2 (Unc-51-like kinase 1/2) complex, which is composed
of ULK1/2 serine–threonine kinase, ATG13, FIP200 (FAK family kinase-interacting
protein of 200 kDa, also known as RB1CC1, RB1-inducible coiled-coil protein 1)
and ATG101. The ULK1/2 complex senses upstream signals and relays them to the
downstream central autophagy pathway via the coordination and interaction with
other ATG proteins or complexes (Yang andKlionsky 2010; Rubinsztein et al. 2012).
Phagophore nucleation is dependent on the class III phosphatidylinositol 3-kinase
(PtdIns3K) complex that consists of PIK3C3/VPS34 (vacuolar protein sorting 34)
lipid kinase, PIK3R4/VPS15, beclin 1/BECN1 andATG14L. This complex produces
PtdIns3P at the site of phagophore nucleation to stabilize membrane curvature and to
recruit more downstream factors for phagophore growth (Yang and Klionsky 2010;
Rubinsztein et al. 2012). The delivery ofmembrane from other sources to the forming
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Fig. 28.1 Basics of autophagy. The autophagy pathway and its molecular regulation are shown.
Autophagy is initiated by the formation of omegasome, an omega-shaped protrusion from the ER,
which is enriched in phosphatidylinositol 3-phosphate (PtdIns3P) and further forms the phagophore.
Then, the autophagosome is formed by the expansion and closure of phagophore, which then
docks and fuses with a lysosome to form an autolysosome. The autolysosome degrades the inner
membrane of autophagosome and the cytoplasmic substrates by acidic lysosomal hydrolases to
recycle the nutrients. The initiation of autophagy is regulated by the ULK1/2 complex and the
class III phosphatidylinositol 3-kinase (PI3K) complex. The ULK1/2 complex senses upstream
signals and relays them to the downstream central autophagy pathway via the coordination and
interaction with other ATG proteins or complexes. The PI3K complex produces PtdIns3P at
the site of phagophore nucleation to stabilize membrane curvature and to recruit more down-
stream factors for phagophore growth. ATG18/WIPIs (WD repeat phosphoinositide interacting
proteins) and ATG9L contribute to delivery of membrane to the phagophore. The expansion and
closure of phagophore to form autophagosome require two ubiquitin-like conjugation systems: the
ATG12-ATG5-ATG16L complex and themicrotubule-associated protein light chain 3-phosphatidyl
ethanolamine (MAPLC3/LC3-PE). LC3 precursor (proLC3) is cleaved by a cysteine proteaseATG4
to generate LC3-I. The PE then conjugated to LC3-I to form LC3-II by ATG7 and ATG3 (E2-like)
enzymes. The ATG12-ATG5-ATG16L complex is formed by the ATG7 (E1-like) and ATG10 (E2-
like) enzymes, which directs LC3-II into autophagosomal membrane. Specific soluble NSF attach-
ment protein receptor (SNARE) complexes contribute to the fusion of autophagosomes with lyso-
somes. The mTORC1 and AMP-activated protein kinase (AMPK) are major autophagy regulators,
sensing and integratingmultiple signaling pathways. mTORC1 inhibits autophagy by phosphorylat-
ing ULK1 to inhibit its activity, while AMPK induces autophagy by either directly phosphorylating
ULK1 or suppressing mTORC1. Nutrient starvation or low energy induces autophagy by suppress-
ing mTORC1 and activating AMPK pathway
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autophagosome is regulated byATG18/WIPIs (WD repeat phosphoinositide interact-
ing proteins), a PtdIns3P scaffold and binding protein, and cycling of the transmem-
brane proteinATG9L (Yang andKlionsky2010;Rubinsztein et al. 2012).Autophago-
some elongation and completion require two ubiquitin-like conjugation systems: the
ATG12-ATG5-ATG16L complex and the microtubule-associated protein light chain
3-phosphatidyl ethanolamine (MAPLC3/LC3-PE). ATG12, a ubiquitin-like protein,
is conjugated to ATG5 following activation by ATG7 and ATG10, E1- and E2-like
enzymes, respectively. ATG12-ATG5 then associates with ATG16L to form a large
protein complex. LC3 precursor (proLC3) is cleaved by a cysteine protease ATG4 to
generate LC3-I. Conjugation of PE to LC3-I to formLC3-II ismediated byATG7 and
ATG3 (E2-like) enzymes. The ATG12-ATG5-ATG16L complex directs LC3-II into
autophagosomal membrane, and the conversion of cytosolic LC3-I to membrane-
bound LC3-II is a biochemical and cell biologic hallmark of autophagy. A large set
of molecules, including cytoskeleton components and related motor proteins, teth-
ering factors, phospholipids, and specific soluble NSF attachment protein receptor
(SNARE) complexes have been identified as important players in the maturation and
fusion of autophagosomewith lysosome (Yang andKlionsky 2010; Rubinsztein et al.
2012; Yu et al. 2018). Dynein, a microtubule motor, mediates the centripetal move-
ment of autophagosomes to ensure a close spatial positioning between autophago-
somes and lysosomes. UV radiation resistance-associated gene (UVRAG), via inter-
action with PtdIns3 K complex, activates the GTPase Rab7 (Ras-related protein 7)
for tethering. As the core components of the fusion machinery, SNAREs can mediate
membrane fusion on their own as well as via the regulation and interaction with other
fusion factors. Upstream of the core machinery, autophagy is tightly regulated by a
complex signaling network (He and Klionsky 2009; Mehrpour et al. 2010; Klion-
sky et al. 2016). The mechanistic target of rapamycin (mTOR) pathway, specifically
mTOR complex 1 (mTORC1), serves as a sensor and a master negative regulator
of autophagy. Multiple signaling pathways stimulated by nutrients, growth factors
and energy may integrate and merge at mTORC1 to regulate autophagy. mTOR-
independent mechanisms have also been implicated in autophagy regulation. A vari-
ety of cellular stress, including hypoxic stress, oxidative stress, ER stress and DNA
damage, may also induce autophagy through various signaling pathways (Klionsky
et al. 2016).

Multiple techniques have been developed to monitor autophagy in cells or tissues
(Klionsky et al. 2016). Electron microscopy (EM) is a classic method for detecting
and analyzing various autophagic structures including the phagophore, autophago-
some and autolysosome. However, EM is less quantitative and could be problematic
due to sampling artifacts. LC3-based assays have been widely used for the analysis
of autophagy in cells and tissues. Especially, the conversion of LC3-I to LC3-II or
expression of LC3-II measured by immunoblotting is a well-accepted biomarker for
autophagy. In addition, LC3-I resides in cytosol whereas LC3-II is membrane-bound
on autophagosomes. The change of LC3 localization can be revealed by microscopic
examination of endogenousLC3 following immunostaining or exogenous green fluo-
rescence protein (GFP)-LC3 following transfection.Considering the dynamic change
of autophagic flux, several methods are utilized to detect the dynamic flow: (1) LC3
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turnover assay that compares LC3-II abundance in the presence and absence of lyso-
some inhibitors; (2) examination of the turnover of autophagic substrates such as
p62/sequestosome 1 (SQSTM1); and (3) the use of a tandem red fluorescent protein
(mRFP)/mCherry-GFP-LC3 reporter for the monitoring of autophagosomes (red-
and green-costained LC3 puncta) and autolysosomes (red-only LC3 puncta) (Klion-
sky et al. 2016).

Autophagy can non-selectively break down bulk cytosol and also selectively rec-
ognize and digest specific organelles such as mitochondria, ER and lysosomes, pro-
tein aggregates, lipid droplets and intracellular pathogens (Mizushima et al. 2008;
Mizushima and Komatsu 2011; Zaffagnini and Martens 2016). Under physiological
conditions, a basal level of autophagy in most cells is an important mechanism of
removing potentially harmful or simply unneeded cytoplasmic materials, which is
essential to the maintenance of cellular homeostasis. During starvation or nutrient
deprivation, autophagy is activated to break down and recycle cytosolic contents
to replenish pools of biosynthetic precursors (amino acids, lipids, nucleotides) and
energy sources (Sionov et al. 2015; Dikic and Elazar 2018). Emerging studies have
further shown the role of autophagy in a much broader range of cell stress and patho-
logical conditions. Under these conditions, induction of autophagy primarily serves
as an adaptive and defensive strategy for cell to deal with stress for survival (Sionov
et al. 2015; Dikic and Elazar 2018). Conversely, dysregulation of autophagy may
contribute to the pathogenesis of various diseases, such as cancer and cardiovascular
disease (Huber et al. 2012; Choi et al. 2013; Sionov et al. 2015; Dikic and Elazar
2018).

28.2 Autophagy in Renal Resident Cells

Autophagy is an important mechanism for maintaining cellular homeostasis in all
major types of renal resident cells including podocytes, mesangial cells, glomerular
endothelial cells and renal tubular epithelial cells.

28.2.1 Autophagy in Podocytes

Podocytes, also called glomerular visceral epithelial cells, are highly specialized
epithelial cells with a large cell body and primary processes that further branch into
fine secondary foot processes. The foot processes from adjacent podocytes interdig-
itate and wrap around the outside of glomerular basement membrane (GBM) that
surrounds the capillaries of glomeruli. Podocytes play a critical role in maintain-
ing the selective permeability and structural integrity of the glomerular filtration
barrier. Terminally differentiated, podocytes are incapable of proliferation, and the
mechanism of podocyte replacement is limited (Pavenstädt et al. 2003). As a result,
podocytes are the most vulnerable component of the glomerulus and can be irre-
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versibly injured by various insults, leading to proteinuria and glomerulosclerosis
that contribute to the pathogenesis of many glomerular diseases. As long-lived cells,
podocytes rely on cellular quality controlmechanisms tomaintain their structural and
functional homeostasis, and autophagy is one such mechanism under both normal
and disease conditions (Zhang et al. 2014a).

Compared to other types of cells in the kidney, podocytes, especially differen-
tiated podocytes, exhibit a high level of constitutive autophagy. In normal adult
rats, abundant LC3 staining was detected in glomeruli but barely seen in proximal
tubules. Punctate LC3 staining co-localized with podocalyxin, a podocyte marker.
LC3-II accumulated in tissue lysates of isolated glomeruli. In conditionally immor-
talized mouse podocytes, a high level of basal autophagy was also primarily seen
in differentiated podocytes (Asanuma et al. 2003). In GFP-LC3 transgenic mice,
compared with tubular cells, podocytes displayed clearly detectable levels of GFP-
LC3 puncta under basal conditions (Mizushima et al. 2004; Hartleben et al. 2010;
Fang et al. 2013). However, in newborn GFP-LC3 mice, GFP-LC3 puncta were not
seen until more mature or differentiated podocytes appeared in the late capillary
loop stage (Hartleben et al. 2010; Fang et al. 2013). The formation of GFP-LC3
puncta was enhanced upon starvation (Mizushima et al. 2004). LC3 turnover assay
further revealed remarkably increases in both the number of GFP-LC3 puncta and the
accumulation of LC3-II by lysosomal inhibitor chloroquine, suggesting a complete
process of autophagic flux in podocytes (Hartleben et al. 2010; Fang et al. 2013).

In doxycycline-inducible podocyte-specific Atg5 knockout mice, acute induction
ofAtg5 deletion in 12-week-oldmice triggered a rapid onset of albuminuria, suggest-
ing that autophagy is a fundamental mechanism for podocyte homeostasis (Hartleben
et al. 2010; Fang et al. 2013). In contrast to this inducible knockout model, mice
with constitutive podocyte-specific Atg5 knockout were indistinguishable from their
wild-type littermates for up to 2–4 months after birth, suggesting that other adap-
tive pathways may compensate for the constitutive loss of Atg5 (Hartleben et al.
2010; Fang et al. 2013). Indeed, proteasome activity was significantly increased in
glomerular lysates of 8-month-old podocyte-specific Atg5 knockout mice, prevent-
ing the accumulation of polyubiquitinated proteins. Inhibition of proteasome activity
led to increased albuminuria in 6-month-old podocyte-specific Atg5 knockout mice.
In differentiated podocytes in vitro, inhibition of proteasome activated autophagy.
These results suggest that basal autophagy in podocytes acts in concert with the pro-
teasome pathway tomaintain podocyte homeostasis (Hartleben et al. 2010; Fang et al.
2013). Using paracellular permeability influx assay, Fang et al. found that inhibition
of autophagy by 3-methyladenine in cultured mouse podocytes led to an increased
leakage of albumin across the podocyte monolayer. The expression of podocyte slit
diaphragm proteins such as nephrin and podocin was suppressed by 3-methyladenine
and BECN1 siRNA, further suggesting an essential role of high basal autophagy in
the maintenance of podocyte health (Hartleben et al. 2010; Fang et al. 2013). Since
lysosome is crucial for autophagic degradation, lysosomal dysfunction in podocytes
by gene ablation ofmTOR, prorenin or VPS34 also resulted in severe glomeruloscle-
rosis and proteinuria (Oshima et al. 2011; Cinà et al. 2012a; Chen et al. 2013). These
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results highlight the importance of an intact autophagic flux pathway in maintaining
podocyte homeostasis.

In humans, Zeng et al. demonstrated a negative correlation between the podocyte
autophagic activity and the progression of glomerular diseases (Zeng et al. 2014). In
experimental models, autophagy was induced by adriamycin in cultured podocytes
in vitro and in podocytes in mice. Importantly, inducible ablation of autophagy-
related gene 7(ATG7) in podocytes exacerbated podocyte injury, glomerulopathy and
proteinuria during adriamycin treatment, supporting a protective role of autophagy in
podocytes (Yi et al. 2017). Recent studies have further suggested defective autophagy
in podocytes of aged kidneys. Compared with young rats, the expression of LC3 and
ATG7was significantly decreased in old rats. p62/SQSTM1 and polyubiquitin aggre-
gates accumulated in aged kidneys, accompanied with an accumulation of damaged
mitochondria and induction of oxidative stress (Cui et al. 2012). Similar findingswere
also shown in aging mice (Wanner et al. 2014). In 20- to 24-month-old podocyte-
specific Atg5 knockout mice, Atg5 deletion accelerated podocyte aging, leading to
massive ER stress and oxidative stress in the knockout mice. The compensatory pro-
teasome pathway that clears protein aggregates in young Atg5 knockout mice was
also significantly reduced in the old mice. Ultimately, the Atg5-deficient old mice
developed podocyte loss and progressive glomerulosclerosis (Hartleben et al. 2010;
Fang et al. 2013). These results highlight the fundamental role of autophagy for the
longtime maintenance of glomerular podocytes.

Notably, podocytes also display higher mTORC1 activity compared with other
glomerular cells,which appears to be required for postnatal growth (Narita et al. 2011;
Fukuda et al. 2012). Podocytes stop cell division in the capillary loop stage; thus, an
increasing glomerular volumemust be accompanied bymTORC1-dependent growth
of every single podocyte to cover the glomerular capillaries (Hartleben et al. 2014;
Inoki 2014). The high levels of both basal autophagy and mTORC1 in podocytes
seem contradictory to the concept that mTORC1 negatively regulates autophagy;
however, it may suggest the existence of a unique mechanism involving a mutual
function and coordination ofmTORC1 and autophagy in these cells. TOR-autophagy
spatial coupling compartment (TASCC), a distinct cytoplasmic compartment, has
been identified in podocytes (Narita et al. 2011). Located at the trans side of Golgi
apparatus, TASCC is mostly occupied by mTORC1, lysosomes and autolysosomes
but largely excludes autophagosomes. The formation of a spatial mTORC1 gradi-
ent within a podocyte by TASCC sequestration thus allows simultaneous activation
of mTORC1 and autophagy in different areas of the same cell (Narita et al. 2011).
Functionally, this system plays a beneficial role in generating sufficient secretory
proteins with a constant energy and source supply derived from autophagy. More
importantly, it also creates a self-regulating mechanism, in which the autolysosomal
degradation products reinforce mTOR enrichment and activity to in turn suppress
autophagy and recycle lysosomes. This feedback regulation, called autophagic lyso-
some reformation (ALR), is very important for a balance and fine-tuning between
mTOR pathway and autophagy-lysosomal pathway (Yu et al. 2010, 2018). In line
with this, mice with podocyte-specificmTOR knockout developed severe proteinuria
and renal failure 3–5 weeks after birth. mTOR deficiency led to impaired autophagic
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flux in podocytes, and the failure of ALR appeared to account for this podocyte
dysfunction (Cinà et al. 2012b).

28.2.2 Autophagy in Mesangial Cells

Glomerularmesangial cells are specialized contractile cells that are locatedwithin the
mesangium. They provide structural support for the glomerular tufts and also form
a functional unit together with adjacent podocytes and glomerular endothelial cells
to regulate glomerular filtration. Mesangial cells produce ECM components in the
mesangium and play an important role inmaintainingmesangial matrix homeostasis.

The role of autophagy in mesangial cells is poorly understood. Transforming
growth factor (TGF)-β1 induced autophagy in mouse mesangial cells and protected
against serum deprivation-induced apoptosis. The induction of autophagy by TGF-
β1 inmesangial cells was shown to bemediated by TGF-β-activated kinase 1 (TAK1)
and PI3 K-protein kinase B(PKB)/Akt pathway. TGF-β1 failed to rescue autophagy-
deficient mesangial cells from serum deprivation-induced apoptosis, further sup-
porting a pro-survival role of autophagy in mesangial cells (Kim et al. 2012a). The
protective effect ofmesangial autophagywas also associatedwith its role in themain-
tenance of matrix protein homeostasis (Kim et al. 2012a). Primary mouse mesangial
cells isolated from autophagy-deficient mice expressed a higher basal level of col-
lagen I protein. In response to TGF-β1, both protein and mRNA levels of collagen I
were induced, and notably, the increased collagen I proteinwas co-localizedwithLC3
and lysosomal marker lysosome-associated membrane protein 1 (LAMP1). Inhibi-
tion of autophagy by BECN1 knockdown or lysosomal inhibitors further increased
collagen I protein accumulation without affecting mRNA expression. Upregulation
of autophagy reduced collagen I protein in wild-type but not in autophagy-deficient
mesangial cells. These results suggest a critical role of autophagy in negatively reg-
ulating to limit excessive ECM deposition in mesangial cells by promoting collagen
I degradation (Kim et al. 2012a).

28.2.3 Autophagy in Glomerular Endothelial Cells

Glomerular endothelial cells localize in the inner side of GBM and are important
components of the glomerular filtration barrier. The renalmicrovasculature also plays
a key role in renal physiology by regulating vasomotor tone, vascular permeability,
leukocyte recruitment and antithrombogenic responses. Glomerular endothelial dys-
function is associated with the progression of CKD and renal fibrosis; however, the
underlying mechanisms remain largely unknown. Thus far, very few studies have
examined the role of autophagy in glomerular endothelial cells. Xavier et al. showed
that bone morphogenetic protein and activin membrane-bound inhibitor (BAMBI),
a competitive receptor antagonist for the TGF-β receptor family, was increased in
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cultured mouse glomerular endothelial cells treated with TGF-β. By contrast, the
decrease of BAMBI by serum starvation or rapamycin was completely impeded by
lysosomal inhibitor bafilomycin A1 and partially inhibited by 3-methyladenine, but
not by proteasome inhibitors. These results suggest a role of autophagy in regulating
BAMBI turnover in endothelial cells, which may influence endothelial function via
BAMBI-mediated regulation of TGF-β pathway (Xavier et al. 2010).

28.2.4 Autophagy in Proximal Tubular Epithelial Cells
(PTECs)

PTECs are the key targets in both acute kidney injury (AKI) and chronic kidney dis-
eases (CKDs). Under physiological conditions, PTECs exhibit a relatively low level
of autophagy. Mice with proximal tubule-specific knockout of Atg5 or Atg7 showed
progressive renal damage and also developed premature renal aging, as indicated
by an accumulation of deformed mitochondria, p62/SQSTM1 and polyubiquitin-
positive inclusion bodies as well as increased tubular cell apoptosis and renal inter-
stitial fibrosis. These results suggest that a low but sufficient level of basal autophagy
is needed to maintain cellular homeostasis in PTECs under normal conditions and
a higher level of autophagy is required for the cells to deal with age-related stress
(Kimura et al. 2011; Liu et al. 2012). Autophagy is remarkably activated in PTECs
under various stress conditions and plays a renoprotective role against tubular injury
and cell death (Huber et al. 2012; Jiang et al. 2012; Havasi and Dong 2016; Zhang
et al. 2016; Tang et al. 2018).

28.3 Autophagy in Renal Fibrosis and Related Kidney
Diseases

Renal fibrosis, characterized by the excessive deposition of extracellular matrix
(ECM) in glomeruli and tubulointerstitium, is the common pathological hallmark
of progressive CKD regardless of the initial causes. The pathogenesis of renal fibro-
sis involves an extremely complex interaction of multiple cellular events including
excessive proliferation and activation of fibroblasts, increased deposition of ECM,
infiltration of inflammatory cells, tubular atrophy, glomerulosclerosis and microvas-
cular rarefaction (Liu 2011; Duffield 2014; Humphreys 2018). Recently, increasing
evidence has demonstrated that dysregulated autophagy may also contribute to the
pathogenesis of renal fibrosis and related kidney diseases.
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28.3.1 Autophagy in Focal Segmental Glomerulosclerosis
(FSGS)

FSGS is a heterogeneous fibrotic kidney disease with poor clinical outcome due to
progressive loss of kidney function. It is either idiopathic or secondary to a number of
other disorders. The cause of idiopathic or primary FSGS remains unclear. Although
FSGS is characterized by lesions in the glomerulus, particularly podocytes, early
functional defects in proximal tubular cells are also found in some patientswith FSGS
(Löwik et al. 2009; Kawakami et al. 2015). A pathological feature in the development
of FSGS is podocyte injury and loss, leading to the adhesion of glomerular capillary
tuft to Bowman’s capsule followed by occlusion of the capillaries and eventual total
nephron degeneration (D’Agati 2012; Hartleben et al. 2014).

Using in vivo and in vitro models of puromycin aminonucleoside (PAN) nephro-
sis (an experimental model of human FSGS), Asanuma et al. showed that autophagy
induction in podocytes was correlated with the recovery from PAN nephrosis, and
provided the first evidence that podocyte autophagy may prevent the development
of FSGS (Asanuma et al. 2003). Upregulation of autophagy in podocytes was fur-
ther shown in human renal biopsy specimens from patients with FSGS, as indicated
by increased Atg3 mRNA and LC3 puncta. Accordingly, podocyte-specific Atg5
knockout significantly sensitized mice to glomerulosclerosis induced by PAN, fur-
ther suggesting that autophagy defends the integrity of podocytes against the devel-
opment of FSGS (Hartleben et al. 2010). In an adriamycin-induced experimental
model of FSGS, our recent work demonstrated an induction of autophagy in cul-
tured podocytes and the podocytes in mice (Yi et al. 2017). In cultured podocytes,
activation of autophagy by rapamycin suppressed adriamycin-induced apoptosis,
whereas inhibition of autophagy by chloroquine sensitized the cells to apoptosis. In
inducible podocyte-specific Atg7 knockout mice, adriamycin induced more severe
podocyte injury, glomerulopathy and proteinuria as compared with wild-type mice,
further supporting a protective role of podocyte autophagy in FSGS (Yi et al. 2017).

Using renal biopsies from patients with minimal change disease (MCD) or FSGS,
a recent study examined the role of podocyte autophagy in controlling the progres-
sion of podocytopathies (Zeng et al. 2014). It showed that podocytes from MCD
patients had higher levels of BECN1-mediated autophagy than podocytes fromFSGS
patients.

Tracking of podocyte autophagy inMCDpatients by repeat renal biopsies showed
that the patients with decreased autophagy activity in podocyte progressed to FSGS,
whereas those with relatively high levels of podocyte autophagy maintained MCD
status. In PAN-treated cultured podocytes, apoptosis was enhanced by autophagy
inhibition through BECN1 knockdown or autophagy inhibitors (3-methyladenine or
chloroquine), while alleviated by autophagy induction through rapamycin. In PAN-
treated rats, inhibition of autophagy led to severe renal dysfunction and podocyte
injuries with earlier onset and greater proteinuria, and more extensive foot process
effacement and reduction in podocyte markers. Conversely, restoration of autophagy
by rapamycin resulted in the attenuation of proteinuria and foot process effacement,
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and better preservation of podocyte markers. These results suggest that a gradually
impaired autophagy in podocytes contributes to the progression of podocytopathies
from MCD to FSGS (Zeng et al. 2014). In addition, compared with the podocytes
from patients withMCD, the ubiquitin-proteasome activity was also compromised in
podocytes from patients with FSGS, leading to abnormal protein accumulation and
compensatory upregulation of autophagy (Beeken et al. 2014). These results further
demonstrate that the two proteolytic systems may act in concert to protect podocytes
and prevent the progression of FSGS.

To further determine the role of autophagy in the pathogenesis of FSGS,
Kawakami et al. generated amousemodel inwhichAtg5 orAtg7 genewasmutated in
the embryonic progenitor cells (Humphreys et al. 2008; Kawakami et al. 2015). The
mutant mice showed mild albuminuria with normal kidney function and widespread
podocyte foot process effacement without significant mesangial matrix deposition at
2 months old. At 4 months of age, these mice developed severe albuminuria, tubu-
lointerstitial pathologies and glomerular changes. The mice also showed histologic
features of FSGS in the kidneys, such as segmental lesions of scarring with capillary
loop obliteration, tuft to capsule adhesion, lesions at the tubular pole and glomeruli
with tuft collapse. Themutant mice died from kidney failure by 6months. Ultrastruc-
turally, podocytes and tubular cells from the mutant mice displayed vacuolization,
abnormal mitochondria, evidence of ER stress and increased production of ROS,
which recapitulated the features of human idiopathic FSGSkidney biopsy specimens.
This over-production of ROS in podocyte and tubules, appearing early before any
histological pathology, may be a result of autophagy deficiency-mediated impaired
clearance of dysfunctional mitochondria and its proteins. These findings indicate that
mitochondrial dysfunction and ER stress due to impairment of autophagic turnover
may play a central role in FSGS development (Carney 2015; Kawakami et al. 2015).

28.3.2 Autophagy in Diabetic Kidney Disease (DKD)

DKD is a serious complication of diabetes mellitus and a leading cause of CKD
and end-stage renal disease (ESRD) worldwide (Levin et al. 2017). The pathogen-
esis of DKD is extremely complex, involving multifactorial interactions between
hyperglycemia-mediated metabolic alterations, hemodynamic abnormalities and
intracellular stress (Brownlee 2005; Forbes and Cooper 2013). The clinical hallmark
pathology of DKD is persistent albuminuria or proteinuria followed by decreased
glomerular filtration rate (GFR), tubular cell damage and tubulointerstitial lesions,
eventually leading to renal failure. Additional pathological features of DKD include
an accumulation of ECMcomponents, thickening of bothGBMand tubular basement
membrane, mesangial expansion, glomerulosclerosis, podocyte effacement, tubular
atrophy, and afferent and efferent arteriolar hyalinosis (Abbate et al. 2006).

Emerging evidence has suggested that autophagy is impaired in diabetic kidneys
(Fig. 28.2). The defective autophagy in DKD is associated with the abnormalities of
multiple nutrient-sensing pathways including mTOR, AMP-activated protein kinase
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Fig. 28.2 Autophagic insufficiency in diabetic kidneys. a TEM of kidney specimens from control
subjects (normal renal tissues from patients with renal cell carcinoma) and patients with diabetic
nephropathy (DN). The number of autophagic vacuoles (arrows) was reduced in podocytes from
patients with DN (means ± SEM, n = 4 for control subjects, n = 5 for patients with DN; 51–57
images were selected from each group). Student’s t-test, *P < 0.05 versus control group. Scale bar=
500 nm. b Immunofluorescence staining for LC3 (red) and synaptopodin (green) in the renal cortex
from control subjects and patients with DN. Quantification of the number of LC3—positive dots
(yellow) indicated a reduction in the number of autophagosomes in podocytes from patients with
DN (means ± SEM, n = 3, and 14–20 images from each group). Student’s t-test, *P < 0.05 versus
control. Scale bar= 50μm. cWestern blot assay of beclin 1 expression in renal cortex from control
subjects and patients with DN. Beclin 1 expression normalized against GAPDH was reduced in
the renal cortex from patients with DN (means ± SEM, n = 3). Student’s t-test, *P < 0.05 versus
control

(AMPK) and sirtuins (SIRTs) (Kume et al. 2012; Levin et al. 2017; Yang et al.
2018). mTOR, especially mTORC1, is activated under excessive nutrient conditions
by increased levels of glucose, amino acid and growth factors (Wellen and Thompson
2010; Zoncu et al. 2011). mTORC1 negatively regulates autophagy by phosphory-
lating ULK1 to inhibit its activity (Hosokawa et al. 2009; Jung et al. 2009). Upon
nutrient/energy depletion, AMPK and SIRTs are activated, respectively, in response
to increasing levels of intracellular AMP and nicotinamide adenine dinucleotide
(NAD+) levels (Steinberg and Kemp 2009; Imai and Guarente 2010). In contrast
to mTORC1, both AMPK and SIRTs are positive regulators of autophagy. AMPK
either directly phosphorylates ULK1 to promote autophagy or inhibits mTORC1 for
autophagy induction (Lee et al. 2010; Kim et al. 2011; Alers et al. 2012). SIRT1,
the most studied member of the SIRTs family, promotes autophagy by deacety-
lating ATG5, ATG7 and LC3 (Lee et al. 2008). SIRT1 also deacetylates the tran-
scriptional factor Forkhead box O3a (FoxO3a), leading to activation of BNIP3
(BCL2/adenovirus E1B 19-kDa interacting protein 3) (Kume et al. 2010). In addi-
tion, SIRT1 cross talks with AMPK and mTOR to regulate autophagy (Cantó et al.
2009; Ghosh et al. 2010). Dysregulation of these nutrient-sensing pathways under
diabetic conditions contributes to the defective autophagy and the pathogenesis of
DKD (Kume et al. 2012; Levin et al. 2017; Yang et al. 2018).
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Hyperactivation of mTORC1 was frequently seen in animal models and patients
of both type 1 and 2 DKDs (Nagai et al. 2005; Mori et al. 2009; Zhang et al. 2014b).
In non-diabetic mice, activation of mTORC1 specifically in podocytes induced renal
damage that recapitulates features of DKD including GBM thickening, ECM expan-
sion, podocyte loss and proteinuria (Inoki et al. 2011). The causative link between
the hyperactivation of mTORC1 and the development of DKD was further verified
in both mouse models and human DKD samples (Gödel et al. 2011). In diabetic
PTECs, hyperactivation of mTORC1 also induced apoptosis and tubular hypertro-
phy (Sakaguchi et al. 2006; Velagapudi et al. 2011). On the contrary, inhibition of
mTORC1 exerted a renoprotective role against DKD. Inhibiting mTORC1 phar-
macologically by rapamycin alleviated kidney injury and attenuated expression of
pro-inflammatory and profibrotic cytokines in STZ-induced diabetic rats (Yang et al.
2007; Wittmann et al. 2009). Rapamycin also reduced proteinuria, glomeruloscle-
rosis, mesangial expansion and renal hypertrophy in both STZ-induced diabetic rats
and db/db mice (Lloberas et al. 2006; Sakaguchi et al. 2006; Sataranatarajan et al.
2007; Mori et al. 2009; Stridh et al. 2015). Rapamycin rescued autophagy inhibition
in cultured podocytes during prolonged high glucose treatment (Fang et al. 2013).
The protective effects of rapamycin via inhibitingmTORC1 for autophagy activation
were also shown in STZ-induced diabetic mice (Xiao et al. 2014). Pharmacological
inhibition of mTORC1 by Torin1 also restored autophagy in db/db mice with high
levels of advanced glycation end products (AGEs) and in AGEs-stimulated cultured
podocytes (Zhao et al. 2018). In diabetic Wistar fatty rats, inhibition of mTORC1 by
a very low protein diet restored autophagy in PTECs and protected against tubular
cell injury, inflammation and interstitial fibrosis (Kitada et al. 2016). These findings
suggest that hyperactivation of mTOR signaling pathway, via negatively regulating
autophagy, plays a critical role in the pathogenesis of DKD.

The activity of AMPK was suppressed in both type 1 and 2 diabetic kidneys,
which, importantly, could be reversed by several AMPK activators, leading to the
restoration of autophagy and the attenuation of diabetic kidney injury. For exam-
ple, berberine suppressed high glucose-induced podocyte apoptosis and protected
diabetic mice by reactivating AMPK and autophagy (Zhao et al. 2014; Jin et al.
2017). Cinacalcet attenuated diabetic injury in db/db mice by activating autophagy
via AMPK pathway (Lim et al. 2018). Consistently, other AMPK activators, such as
resveratrol,metformin andAICAR(5-aminoimidazole-4-carboxamide-1β-riboside),
also afforded renoprotective effects against kidney injury in both type 1 and 2 mod-
els of DKD (Kim et al. 2012b, 2013; Dugan et al. 2013). Similar to AMPK, SIRT1
was downregulated in renal cells in human and animal models of DKD, and activa-
tion of SIRT1 protected the kidney from diabetic injury. Mice with overexpressed
SIRT1 specifically in proximal tubules were resistant to diabetes-related progression
of podocyte damage and subsequent proteinuria (Hasegawa et al. 2013). Resveratrol,
via restoring SIRT1 activity, provided beneficial effects in both podocytes andmesan-
gial cells (Chuang et al. 2011; Wu et al. 2012). Recently, Ma et al. demonstrated a
role of SIRT1 and consequent autophagy reactivation in the renoprotective effects
of resveratrol in type 2 diabetic rats and in hypoxia-treated PTECs (Ma et al. 2016).
Similarly, calorie restriction, via increasing SIRT1 activity, activated autophagy in
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a mouse model of type 2 diabetes and ameliorated glomerular and tubular injury of
DKD (Kitada et al. 2011). These findings suggest that inactivation of AMPK and
SIRT1 pathways under diabetic conditions suppresses autophagy and facilitates the
development of DKD.

Although dysregulated nutrient-sensing pathways suppress autophagy in diabetic
kidneys, as a compensatory response, autophagy is also induced by stress signaling
to maintain cell integrity. The failure of this adaptive response may lead to abnormal
accumulation of damaged organelles, such as mitochondria and ER, and progres-
sion of DKD. In this regard, both oxidative stress via reactive oxygen species (ROS)
and ER stress have been suggested to regulate autophagy under diabetic conditions
(Levin et al. 2017; Yang et al. 2018). Autophagy was induced in podocytes by high
glucose within 24 h along with ROS generation, which was inhibited by antioxi-
dant N-acetylcysteine (Ma et al. 2013). ROS-mediated autophagy was also seen in
podocytes treated with palmitic acid, a saturated free fatty acid (FFA), for 24 h (Jiang
et al. 2017). Oxidative stress stimulated autophagy to remove damagedmitochondria
(mitophagy). This autophagy-mediated mechanism of mitochondrial quality control
and subsequent reduction ofROS is indispensable for protecting against kidney injury
under diabetic conditions (Higgins and Coughlan 2014). Autophagy also plays an
important role inmaintainingERhealth duringDKD.Defective autophagy under dia-
betic conditions may lead to prolonged ER stress, and activation of autophagy for ER
degradation (ERphagy) is required to protect kidneys from cytotoxic ER stress. Tau-
roursodeoxycholic acid (TUDCA), a chemical chaperone, inhibited AGEs-induced
podocyte apoptosis by reducingER stress (Chen et al. 2008). Autophagywas restored
in TUDCA-treated diabetic mice, accompanied by reduced podocyte injury and pro-
teinuria (Fang et al. 2013; Cao et al. 2016a). In STZ-induced diabetic rats and db/db
mice, 4-phenylbutyric acid (4-PBA), a chemical chaperone and ER stress inhibitor,
suppressed ER stress-associated inflammation and kidney injury (Qi et al. 2011;
Cao et al. 2016b). Both TUDCA and 4-PBA reactivated autophagy in db/db mice
and in high glucose-treated podocytes, thus preventing ER stress-induced podocyte
apoptosis under diabetic conditions (Cao et al. 2016b).

The changes of autophagy in podocyte seem to be time-dependent and corre-
lated with the severity of podocyte injury and the progression of DKD. Autophagy
was induced in immortalized murine podocytes within 24 h of high glucose treat-
ment (Ma et al. 2013), but inhibited at 48 h (Fang et al. 2013). Similarly, in pri-
mary podocytes, autophagic flux was prompted by 24-h treatment of high glucose.
Genetical inhibition of autophagy by Atg5 ablation sensitized the podocytes to high
glucose-induced apoptosis. In a stable podocyte cell line (SVI), autophagy was acti-
vated at 48 h of high glucose treatment, while inhibited after 15 days of high glucose
treatment (Lenoir et al. 2015). In diabetic mice, autophagy was induced in podocytes
at 4 weeks after STZ injection, when mice were hyperglycemic but had not yet
developed glomerular lesions. At 8-week post-STZ injection, along with the occur-
rence of glomerular lesions autophagy in podocytes was inhibited. Podocyte-specific
Atg5 deletion accelerated glomerular injury in these mice. TEM further confirmed
the presence of mesangial expansion and glomerulosclerosis in podocyte-specific
autophagy-deficient mice, underscoring the communication between podocytes and
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mesangial cells under diabetic conditions (Lenoir et al. 2015). In renal biopsy sam-
ples from diabetic patients, autophagy was also decreased in podocytes (Fang et al.
2013). These results suggest that autophagy is induced for renoprotection by short
term of high glucose (early stage diabetes), but it is suppressed by long term of high
glucose exposure (late stage diabetes) contributing to aggravated glomerular injury
and progression of DKD. Interestingly in cultured podocytes, along with autophagy
impairment, ER stress was induced by prolonged high glucose treatment for up
to 60 h (Fang et al. 2013). There was a switch from an adaptive unfolded pro-
tein response (UPR) to a cytotoxic ER stress response. ER stress inhibitors such
as salubrinal or TUDCA restored autophagy and reduced podocyte injury, indicat-
ing that this adaptive-to-cytotoxic switch may be correlated to deficient autophagic
turnover of damaged ER (Fang et al. 2013). Tagawa et al. further confirmed that
autophagy deficiency in podocytes is pivotal for the progression of advanced DKD,
particularly the development of massive proteinuria (Tagawa et al. 2016). Autophagy
was impaired in the podocytes of type 2 diabetic patients and Otsuka Long-Evans
Tokushima Fatty (OLETF) rats with massive proteinuria, but not in those with absent
orminimal proteinuria. Comparedwith high-fat diet (HFD)-fed control mice that had
minimal proteinuria, HFD-fed mice with podocyte-specific Atg5 deletion displayed
more severe podocyte injury and tubulointerstitial fibrosis, damaged lysosomes accu-
mulated in podocytes. These autophagy-deficient diabetic mice showedmassive pro-
teinuria, suggesting that autophagy is crucial for the clearance of damaged lysosomes
in DKD and its impairment is involved in the progression of podocyte injury and
proteinuria in DKD. The sera from diabetic patients and OLETF rats with mas-
sive proteinuria impeded autophagy–lysosomal pathway in cultured podocytes and
prompted apoptosis, suggesting that serum-derived factors may negatively regulate
podocyte autophagy in the progression of DKD (Tagawa et al. 2016).

The mechanism underlying diabetes-associated autophagy impairment in
podocytes is under investigation. Nutrient-sensing pathways and intracellular stress
signaling pathways are most explored. Several recent studies have provided novel
insights. β-arrestins were upregulated in the kidney of diabetic mice and kidney
biopsies from diabetic patients as well as in cultured podocytes exposed to high
glucose. β-arrestins interacted with ATG7 to downregulate ATG12-ATG5 conjuga-
tion, thereby suppressing autophagy in podocytes (Liu et al. 2016). Sun et al. further
demonstrated a negative regulation of podocyte autophagy by miR-217. In high
glucose-induced podocytes, miR-217 was upregulated to induce podocyte injury
and insulin resistance. Inhibition of miR-217 expression reactivated autophagy and
reduced podocyte injury. Phosphatase and tensin homolog (PTEN) was a target of
miR-217 in podocytes (Sun et al. 2017). A role of FoxO1 in regulating mitophagy in
podocytes has also been suggested. Overexpression of FoxO1 promoted mitophagy
via PTEN-induced putative kinase 1 (PINK1)/Parkin pathway, leading to the clear-
ance of aberrant mitochondria and the amelioration of podocyte injury (Li et al.
2017). Furthermore, HDAC4 was induced in cultured podocytes by high glucose,
AGEs and transforming growth factor (TGF)-β. By deacetylating signal transduc-
ers and activators of transcription factor 1 (STAT1), HDAC4 inhibited podocyte
autophagy and induced podocyte injury. Inhibition of HDAC4 reactivated autophagy
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and alleviated podocyte injury. These results suggest that HDAC4 may suppress
podocyte autophagy via STAT1 to accelerate the development of DKD (Wei and
Dong 2014).

Hyperglycemia inhibits autophagy in proximal and distal tubules of diabetic
animals. Sodium-glucose cotransporter 2 (SGLT2), mainly expressed in proximal
tubules, regulates the high capacity reabsorption of glucose in PTECs via sodiumgra-
dient produced by sodium/potassium ATPase pumps. Inhibition of SGLT2 reduced
the reabsorption of glucose in PTECs and decreased blood glucose concentrations
(Nair and Wilding 2010). Deletion of Sglt2 alleviated STZ-induced abnormal accu-
mulation of p62/SQSTM1 in kidney, indicating that SGLT2-mediated glucose uptake
contributes to autophagy impairment in PTECs under diabetic conditions (Vallon
et al. 2013).High glucose also induced p53 to upregulate the transcription and expres-
sion of miR-155 in PTECs. Overexpression of miR-155 targeted SIRT1 by binding
to the SIRT1 3′UTR region to reduce its expression and activity on essential ATG
proteins such as ATG5 and LC3, leading to autophagy impairment in PTECs (Wang
et al. 2018). In addition, hyperactivated mTORC1 was involved in obesity-related
autophagy inhibition in PTECs in type 2 diabetic mice and patients, as diet restriction
or rapamycin restored autophagy under these conditions (Moruno-Manchon et al.
2018). Similarly in diabetic Wistar fatty rats, dietary restriction rescued autophagy
deficiency in PTECs via suppression of mTORC1 and activation of SIRT1 path-
ways, which subsequently resulted in the protection against diabetes-induced tubu-
lar injury and renal dysfunction (Kitada et al. 2011, 2016). Recent studies further
reveal an interconnection between autophagy impairment and AGEs accumulation
in PTECs and its contribution to tubular injury in DKD. AGEs overload led to lyso-
somal dysfunction and disruption of autophagic flux in PTECs (Liu et al. 2015;
Takahashi et al. 2017). AGEs overload upregulated LAMP1 in Atg5-competent pri-
mary PTECs, while it was suppressed in Atg5-deficient cells with AGEs overload,
indicating that autophagy contributes to inducing lysosomal biogenesis and function
under diabetic conditions. Similarly, the upregulation of lysosome was suppressed
in PTEC-specific Atg5 deletion of diabetic mice compared to the diabetic control
mice. Along with autophagy deficiency, the PTEC-specific Atg5 deletion of diabetic
mice displayed enhanced accumulation of AGEs in PTECs, glomeruli and renal
vasculature, and increased inflammation and renal fibrosis (Takahashi et al. 2017).
These results suggest that autophagy may degrade accumulated AGEs by promoting
lysosomal biogenesis and function in PTECs. As such, impaired autophagy under
diabetic conditions may lead to failure in the turnover of lysosomes and consequent
AGE accumulation, which further disrupts lysosomal function and blocks lysosomal
degradation of AGEs. This vicious cycle subsequently results in irreversible injury in
both glomeruli and tubulointerstitium for the progression of DKD (Takahashi et al.
2017).

The role of autophagy in mesangial cells and glomerular endothelial cells remains
largely unclear. The expression of tissue inhibitors of metalloproteinase 3 (TIMP3)
was reduced in STZ-induced diabetic mice and diabetic patients. Timp3-deficient
mice had more severe diabetic kidney injury compared with control mice. Timp
deletion in culturedmesangial cells suppressed autophagy via FoxO1/STATpathway,
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and re-expression of TIMP in these mesangial cells reversed autophagy impairment
(Fiorentino et al. 2013). In AGEs-treated mesangial cells, autophagy/mitophagy was
activated via ROS and protected against AGEs-induced mitochondrial dysfunction
and cell apoptosis (Xu et al. 2016a). In contrast, autophagy was suppressed in cul-
tured rat mesangial cells in response to high glucose, accompanied with collagen
I accumulation and cell hypertrophy. The inhibition of autophagy was mediated
by miR-21/PTEN/Akt/mTOR pathway, and ursolic acid restored autophagy activity
and attenuated mesangial injury and collagen I production (Lu et al. 2015). Using
endothelial-specificAtg5 knockoutmice, a recent study demonstrated direct evidence
on the role of glomerular endothelial cell autophagy in DKD (Lenoir et al. 2015).
Endothelial-specific Atg5 knockout non-diabetic mice exhibited mild lesions to the
glomerular filtration barrier. These mice also hadmore severe glomerular endothelial
injuries following STZ injection, showing GBM thickening and podocyte efface-
ment. These results suggest that via a crosstalk between glomerular endothelial cells
and surrounding podocytes autophagy in glomerular endothelial cells preserves both
endothelial integrity and podocyte homeostasis (Lenoir et al. 2015).

28.3.3 Autophagy in Acute Kidney Injury (AKI) and Kidney
Repair

AKI, mostly caused by nephrotoxic drugs, renal ischemia-reperfusion and sepsis, is
a major renal disease associated with poor clinical outcomes in both short term (high
morbidity and mortality) and long term (the development of CKD and ESRD) (Bel-
lomo et al. 2012; Zuk andBonventre 2016). The pathogenesis ofAKI ismultifactorial
and involves a complex interplay among microvascular, tubular and inflammatory
factors. Tubular cell injury and death are the key pathological features of this dis-
order (Bellomo et al. 2012; Linkermann et al. 2014; Zuk and Bonventre 2016). The
activation of autophagy in AKI was initially demonstrated in experimental models
of cisplatin-induced nephrotoxicity (Periyasamy-Thandavan et al. 2008; Yang et al.
2008). While Yang et al. showed autophagy activation in cultured renal tubular cells
(Yang et al. 2008), we demonstrated it using both cell culture and mouse models
(Periyasamy-Thandavan et al. 2008). Interestingly, both studies suggested a protec-
tive role of autophagy in renal tubular cells. Our follow-up study further verified
autophagy activation and its protective role in renal ischemic/hypoxic AKI (Jiang
et al. 2010). In 2012, we and other two groups independently demonstrated the pro-
tective role of tubular cell autophagy in AKI using renal tubule-specific autophagy
gene knockout mouse models (Liu et al. 2012; Takahashi et al. 2012; Cheng et al.
2015). These findings have been summarized in recent reviews (Livingston andDong
2014; Havasi and Dong 2016).

After injury, renal tubular cells have the capacity to regenerate for kidney repair.
This process involves the activation of multiple signaling pathways in injured and
regenerating tubular cells leading to the production and secretion of growth factors,
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cytokines and inflammatory mediators. Normal tubular repair begins with dedif-
ferentiation, migration and proliferation of surviving cells to replace injured cells,
followed by re-differentiation to restore normal epithelial structure and function.
However, tubular repair following severe or multiple episodes of AKI is often incom-
plete and maladaptive, leading to renal interstitial fibrosis and CKD (Ferenbach and
Bonventre 2015; Venkatachalam et al. 2015; Basile et al. 2016; He et al. 2017).
Although the mechanisms underlying AKI to CKD transition remain to be eluci-
dated, emerging evidence suggests a central role of proximal tubules in the disease
progression. After severe or episodic AKI normal tubular epithelial cells undergo a
phenotype change with persistent production and secretion of profibrotic proteins.
These tubule-derived molecules may drive renal interstitial fibrosis and AKI to CKD
transition via autocrine and paracrine functions (Ferenbach and Bonventre 2015;
Venkatachalam et al. 2015; Basile et al. 2016).

Autophagy is induced in tubular cells during AKI and protects against kidney
injury (Livingston and Dong 2014; Kaushal and Shah 2016). During recovery fol-
lowing AKI, resolution of autophagy in tubular cells may promote cell proliferation
for tubular regeneration and repair (Li et al. 2014). Using autophagy reporter mice
with a tandem RFP-EGFP-LC3 fusion protein expressing ubiquitously under the
CAG promoter, Li et al. revealed dynamic changes of autophagy in renal tubules
during ischemic AKI and the following recovery phase. At 1 day of reperfusion,
there was increased formation of both autophagosomes and autolysosomes in prox-
imal tubule cells. At 3 days of reperfusion, autolysosomes appeared, suggesting the
resolution of autophagy during the recovery phase.Mechanistically, mTORwas acti-
vated after ischemic AKI. Some renal tubules showed defective mTOR activity and
persistent RFP-LC3 puncta, and interestingly tubular proliferationwas also inhibited,
indicating that autophagic cells are less likely to divide for tubular repair (Li et al.
2014). These findings are consistent with an earlier study suggesting that rapamycin
delays recovery from ischemic AKI (Lieberthal et al. 2006).

A recent study by Brooks et al. further revealed a novel mechanism of epithelial
biology linking phagocytosis, autophagy and antigen presentation to regulation of
the inflammatory response after injury (Brooks et al. 2015). Kidney injury molecule-
1 (KIM-1) expressed on proximal tubular cells transformed the cells into phagocytes
for the uptake of luminal apoptotic cell debris. This KIM-1-mediated phagocytosis
was subsequently processed through autophagy for efficient clearance of apoptotic
cells and autophagic degradation of phagosomes, leading tomajor histocompatibility
complex (MHC) restricted antigen presentation that suppressed CD4 T cell prolifer-
ation but increased the percentage of regulatory T cells in an autophagy-dependent
manner. These results highlight the role of autophagy in downregulating the inflam-
matory response after injury andmaintaining self-tolerance in proximal tubular cells,
both of which would contribute to an improved tubular repair (Brooks et al. 2015).

The role of autophagy in maladaptive repair and AKI to CKD transition needs to
be further elucidated. In this setting, autophagy may be less effective and thereby fail
to mediate intracellular degradation of newly synthesized fibrotic proteins (Zuk and
Bonventre 2016). Instead, autophagy, coordinated with several other proximal tubu-
lar responses such as dedifferentiation, cell cycle changes and metabolic changes,
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may be adaptive initially, but ultimately lead to maladaptive responses that promote
interstitial fibrosis and AKI to CKD transition (He et al. 2014; Gewin 2018). Along
this line, a profibrotic role of autophagy has been shown in a mouse model of post-
ischemic kidney fibrosis (Baisantry et al. 2016). Sustained activation of autophagy
(30 days) following ischemic AKI induced prosenescent changes in proximal tubules
of the S3 segments during recovery phase. Selective deletion of Atg5 in these prox-
imal tubules suppressed autophagy, which in turn inhibited the development of a
senescent phenotype and AKI progression to CKD (Baisantry et al. 2016). Of inter-
est, compared with wild-type mice, selective Atg5 knockout mice showed more
tubular cell death at the S3 segment at 2 h after reperfusion but less tubular dam-
age and inflammation at day 3, suggesting that autophagy inhibition may enhance
cell death in severely damaged tubular cells during injury phase but is beneficial for
adaptive tubular repair during recovery phase. When such compromised cells with
intact autophagy escape from cell death pathway and persist, they may develop into
a senescent phenotype and promote renal interstitial fibrosis (Baisantry et al. 2016).

28.3.4 Autophagy in Renal Interstitial Fibrosis Induced
by Unilateral Ureteral Obstruction (UUO) or TGF-β1

So far, most of the studies on the role of autophagy in renal interstitial fibrosis
were performed in models of UUO or TGF-β1 and the findings are controversial.
In mice subjected to UUO, autophagy was activated in renal tubules along with
tubular apoptosis (Li et al. 2010; Forbes et al. 2011; Xu et al. 2013). Under this
condition, autophagy and apoptosis acted in concert to induce tubular atrophy and
nephron loss (Li et al. 2010). Oxidative stress-mediated mitochondrial damage was
likely to promote autophagy and apoptosis in renal tubules, which may play a role
in facilitating tubular decomposition in UUO (Xu et al. 2013). Using a tetracycline-
controlled mouse model with TGF-β1 overexpression specifically in renal tubules,
Koesters et al. showed that persistent expression of TGF-β1 promoted autophagy
in renal tubules, leading to tubular dedifferentiation with widespread peritubular
fibrosis. Notably, such degenerating cells were not positive for TUNEL staining for
apoptosis, indicating that autophagy could be a key driver of tubular atrophy in TGF-
β1-induced renal fibrosis (Koesters et al. 2010). Using pharmacological and genetic
inhibitory approaches, we further demonstrated a profibrotic role of autophagy in
a mouse model of UUO and in TGF-β1-treated PTECs (Livingston et al. 2016).
Autophagy was persistently activated in proximal tubules following UUO. Pharma-
cological and genetic blockade of autophagy attenuated interstitial fibrosis, accompa-
nied with the alleviation of tubular cell apoptosis, interstitial macrophage infiltration
and production of fibroblast growth factor 2. In primary culture of PTECs, TGF-β1
induced fibronectin accumulation and cell death in an autophagy-dependent method
(Livingston et al. 2016). A recent study by Yan et al. further demonstrated a con-
nection between sustained activation of autophagy and lipid accumulation in tubular
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epithelial cells during kidney fibrosis (Yan et al. 2018). UUO-induced lipid accumu-
lation in tubular cells was significantly reduced by autophagy inhibitors, along with
the attenuation of renal interstitial fibrosis, tubular cell apoptosis and tubular cell
dedifferentiation. This fibrosis-related lipid accumulation was not associated with
lipophagy–lysosome pathway but was dependent on BECN1. These results high-
light a role of autophagy in regulation of the lipid metabolism in renal tubular cells
(Yan et al. 2018). Of interest, during thioacetamide or CCl4-induced liver injury,
autophagy was activated in hepatic stellate cells, which further broke down lipids
to fuel the activation of these cells to promote liver fibrosis (Thoen et al. 2011;
Hernández-Gea et al. 2012). Therefore, autophagy may involve in lipid metabolism
through a bidirectional mechanism of inducing lipolysis to activate liver fibroblasts
as well as promoting lipid accumulation to induce lipotoxicity in renal tubular cells,
both of which contribute to the development of fibrosis in these organs. A role for
autophagy in the activation of fibroblasts and its profibrotic effects were also shown
in UUO kidneys and in cultured renal fibroblast cells exposed to TGF-β1. Protein
kinase C (PKC)-α, via stimulating autophagic flux, drove renal fibroblast activation
and kidney fibrosis (Xue et al. 2018).

On the contrary, several studies have demonstrated an antifibrotic role of
autophagy in UUO-associated renal interstitial fibrosis. In a rat model of UUO,
inhibition of autophagy by 3-methyladenine aggravated tubular cell apoptosis and
interstitial fibrosis, indicating that autophagy may inhibit fibrosis by suppressing
tubular apoptosis (Kim et al. 2012c). In primary culture of mouse kidney mesangial
cells, both protein andmRNAlevels of collagen Iwere induced byTGF-β1. Inhibition
of autophagy by BECN1 knockdown or lysosomal inhibitors further increased colla-
gen I protein accumulation without affecting its mRNA level, indicating a potential
effect for autophagy in regulating ECM deposition in mesangial cells by facilitating
the degradation of collagen I (Kim et al. 2012a). MAP1S, via interacting with LC3,
activated autophagy to suppress fibrosis by mediating fibronectin turnover. Defec-
tive MAP1S impaired autophagic clearance of fibronectin and induced renal fibrosis
in aged mice. Reduced expression of MAP1S in renal biopsies from patients with
kidney fibrosis was also accompanied with elevated accumulation of fibronectin (Xu
et al. 2016b). Ding Y et al. further showed the role for autophagy in promoting
the degradation of mature TGF-β1 in UUO kidneys and in TGF-β1-treated PTECs,
further suggesting that autophagy can inhibit renal interstitial fibrosis by negative
regulation of TGF-β1 (Ding et al. 2014). Using a proximal tubule-specific Atg5
knockout mouse model, Li et al. suggested that autophagy deficiency promoted cell
cycle G2/M arrest and accelerated renal interstitial fibrosis following UUO. Stimu-
lation of Atg5-deficient primary proximal tubular cells with angiotensin II also led
to G2/M arrest and increased production of collagen I, which was rescued by the
restoration of autophagy-competent Atg5 in these cells (Li et al. 2016). Elucidation
of the mechanisms of autophagy regulation in renal interstitial fibrosis is pivotal for
identifying potential therapeutic targets to treat progressive CKD.



28 Cell Apoptosis and Autophagy in Renal Fibrosis 577

28.4 Conclusions and Perspectives

Basal level of autophagy is essential to the maintenance of cellular homeostasis
in renal resident cells including podocytes, renal tubular cells, mesangial cells and
glomerular endothelial cells. Autophagy defects in these cells have been implicated
in the development of CKD such as FSGS and DKD. Autophagy is induced in
response to AKI for renoprotection. After kidney injury, tightly regulated autophagy
may participate in adaptive renal repair, whereas dysregulated autophagy may lead
to maladaptive repair contributing to AKI to CKD transition. The role of autophagy
in renal interstitial fibrosis is multifaceted and complex. Further research is needed to
gain significant insights into the role of autophagy in the pathogenesis of renal fibro-
sis and related kidney diseases as well as the regulatory mechanisms of autophagy in
these disease settings. A comprehensive understanding of the regulation and patho-
logical roles of autophagy in renal fibrosis will facilitate the discovery of novel
therapeutic strategy that can target autophagy for the prevention and treatment of
fibrosis-related CKD.
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Chapter 29
Oxidative Stress and Renal Fibrosis:
Mechanisms and Therapies

Hua Su, Cheng Wan, Anni Song, Yang Qiu, Wei Xiong and Chun Zhang

Abstract Oxidative stress results from the disruption of the redox system marked
by a notable overproduction of reactive oxygen species. There are four major sources
of reactive oxygen species, including NADPH oxidases, mitochondria, nitric oxide
synthases, and xanthine oxidases. It is well known that renal abnormalities trigger the
production of reactive oxygen species by diverse mechanisms under various patho-
logic stimuli, such as acute kidney injury, chronic kidney disease, nephrotic syn-
drome, and metabolic disturbances. Mutually, accumulating evidences have iden-
tified that oxidative stress plays an essential role in tubulointerstitial fibrosis by
myofibroblast activation as well as in glomerulosclerosis by mesangial sclerosis,
podocyte abnormality, and parietal epithelial cell injury. Given the involvement of
oxidative stress in renal fibrosis, therapies targeting oxidative stress seem promising
in renal fibrosis management. In this review, we sketch the updated knowledge of
the mechanisms of oxidative stress generation during renal diseases, the pathogenic
processes of oxidative stress elicited renal fibrosis and treatments targeting oxidative
stress during tubulointerstitial fibrosis and glomerulosclerosis.

Keywords Oxidative stress · Tubulointerstitial fibrosis · Glomerulosclerosis

29.1 Introduction

The concept of oxidative stress (OS) was proposed in 1985 as “a disturbance in the
prooxidant–antioxidant balance in favor of the former” (Sies 1985) and was then
updated in 2006 to a more precise definition “a disruption of redox signaling and
control” (Jones 2006). In terms of its definition, OS results from increased levels of
endogenous and exogenous free radicals and other oxidants and decreased levels of
antioxidants along with the depressed activity of antioxidant enzymes.
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Attempts have been made to classify OS based on its intensity as basal, low
intensity, intermediate, and high level theoretically. As we knew, reactive oxygen
species (ROS) are generated in living organism abidingly, and however, at basalOS, it
is toonegligible to observeormeasure.At low-intensityOS, expressionof antioxidant
enzymes is up-regulated with commonly normal prooxidant–antioxidant balance. As
for intermediate-intensity OS, heat shock proteins (HSPs) and inflammatory proteins
are up-regulated along with enhanced antioxidant enzymes, at this time, bodies are
struggling to sustain the equilibrium. High-intensity OS leads to perturbation of
mitochondrial permeability transition pore and destruction of electron transporters,
resulting in activation of apoptosis and necrosis (Lushchak 2014). Thus far, due to
lacking in well-defined assays to evaluate, this classification is too complicated to
apply (Lichtenberg and Pinchuk 2015).

OS results from overproduction of ROS and reactive nitrogen species (RNS). It is
well known that ROS/RNS is a double-edged sword, and under physiologic status, it
is indispensable for cell signaling conduction, hormonal effects, ion channel activity,
cell growth, senescence, and so on (Sedeek et al. 2013). However, when encountering
improper stimuli, redox homeostasis may be destroyed, thus inducing a series of
injurious reactions.

OS is one of the major components contributing to renal fibrosis which is the
common pathway leading to end-stage renal disease (ESRD), while diverse renal
abnormalities trigger OS and accelerate the disorders of kidney, such as acute kid-
ney injury (AKI), chronic kidney disease (CKD), nephrotic syndrome (NS), and
metabolic disturbances. In this review, we address the updated knowledge of the
generation of OS during above-mentioned pathologic status and further elucidate
the mechanisms and treatments about OS-associated tubulointerstitial fibrosis and
glomerulosclerosis.

29.2 The Generation of OS in Renal Diseases

There are four major pathways for ROS generation in the organisms, all of which are
implicated in renal diseases. Generally, the first mentioned and the most important
resource of ROS is nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(Nox) (Gill andWilcox 2006; Lassègue and Clempus 2003). Nox consists of a mem-
brane subunit flavocytochrome b558 and cytosolic subunits which include p40phox,
p47phox, p67phox, andRac. The assembly of these subunits inducesNADPH to transfer
electrons to O2 to generate O·−

2 (Krause 2007). Secondly, in mitochondria, NADH-
ubiquinone oxidoreductase (complex I) and ubiquinol-cytochrome c reductase (com-
plex III) transfer electrons to O2 to produce O

·−
2 and generate H2O2 by reacting with

manganese superoxide dismutase (MnSOD) (Handy and Loscalzo 2012). Thirdly,
nitric oxide synthase (NOS) is the enzyme which catalyzes L-arginine to produce
nitric oxide (NO), and the uncoupling of endothelial NOS (eNOS) with its cofactors
such as tetrahydrobiopterin and calmodulin generates O·−

2 by transferring electrons
to O2 (Forstermann and Munzel 2006). Subsequently, O·−

2 reacts with NO forming
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peroxynitrite (ONOO−) which is a potent RNS that converts tyrosine residues to 3-
nitrotyrosine and may induce oxidative damage to other macromolecules. Fourthly,
xanthine oxidase (XO) is also a ROS-producing enzyme which oxidizes hypoxan-
thine to uric acid and xanthine (Pacher et al. 2006).

29.2.1 The Generation of OS in AKI

AKI is defined as a sudden reduction in glomerular filtration rate (GFR), which
leads to azotemia and/or decreased urine production. It is mainly caused by renal
ischemia, nephrotoxic agents, sepsis, and the reduction in effective intravascular
volume (Bonventre and Yang 2011), and various sources of ROS are implicated in
AKI as we illustrated below (Ratliff et al. 2016; Araujo and Welch 2006).

For ischemia- or nephrotoxicity-induced AKI, mitochondrial dysfunction is the
major source of ROS (Lushchak 2014), which occurs before the rise of serum crea-
tinine level and is an early pathologic event in AKI (Ralto and Parikh 2016). Simul-
taneously, the activity of antioxidant enzymes, like superoxide dismutase (SOD),
glutathione reductase, and catalase, is depressed with the declined antioxidants such
as the enzymic cofactor glutathione (GSH) (Chirino and Pedraza-Chaverri 2009).

In sepsis-mediated AKI, besides the dysfunction of mitochondria (Brealey et al.
2002), the inducible NOS (iNOS) is up-regulated significantly with escalating NO
production (Brealey et al. 2002), which not only induces the uncoupling of eNOS
and generates O·−

2 , but also competes with SOD and generates peroxynitrite (Radi
2013). Moreover, the infiltration of inflammatory cells with myeloperoxidase and
Nox activation are the predominant sources of ROS generation in sepsis. The exten-
sive inflammatory response also induces vascular endothelium to release chemokines
(Andrades et al. 2011) and damage-associated molecular patterns (DAMPs) such
as high-mobility group box-1 and HSPs (Gill et al. 2010). Chemokines recruit
immune cells andDAMPs activate the toll-like receptorwith ensuingROSgeneration
(Andrades et al. 2011; Basile et al. 2012). In severe burns and trauma, rhabdomy-
olysis is one of the major causes for AKI, during which massive heme-containing
myoglobin (Mb) is released (Baliga et al. 1999). Consequently, Mb degrades low-
molecular-weight peroxides to generate the redox-active irons.

29.2.2 The Generation of OS in CKD

CKD is a progressive decline of renal function over time, which requires renal
replacement therapies such as hemodialysis and peritoneal dialysis when developing
to ESRD. OS in CKD is in association with uremic toxins and dialysis, caused by
increased oxidase activities and/or diminished antioxidants.

The accumulation of uremic toxins induces OS in CKD patients (Oberg et al.
2004). For instance, indoxyl sulfate activates Nox (Tumur et al. 2010) and XO (Dou



588 H. Su et al.

et al. 2007), which generates ROS by catalyzing the oxidation of hypoxanthine to
xanthine and further to uric acid. Homocysteine (Hcy) generates ROS through auto-
oxidation and inhibition of SOD and GSH peroxidase (GPx) (Massy et al. 2001).

During hemodialysis, the contact with dialytic membranes, such as polysulfone
and regenerated cellulose (Ward and McLeish 2003), and the challenge of dialysate
contaminants, such as endotoxins, trigger ROS generation by activating neutrophils
and peripheral blood mononuclear cells. Under peritoneal dialysis, the high concen-
tration of glucose in dialysate induces human peritoneal mesothelial cells to produce
ROS (Noh et al. 2006). Additionally, hydrophilic nonenzymatic antioxidants are lost
due to the highly permeable dialytic membranes (Ward et al. 2003).

In fact, even from the early stage of CKD, there is an obvious decline of both
enzymatic and nonenzymatic antioxidants including thiol, vitamins E and C, GPx,
arylesterase, and SOD (Tbahriti et al. 2013). For instance, thiol, a nonenzymatic
antioxidant reacting with most oxidants, is depleted in CKD. Vitamin C, which
reacts with ROS or RNS to generate semidehydroascorbic acid, is insufficient in
CKD patients who are under dietary restriction of vegetables and fruits. GPx, an
enzymatic antioxidant which degrades H2O2 and other peroxides, is also profoundly
deficient in CKD patients (Fassett et al. 2015).

29.2.3 The Generation of OS in NS

NS is a constellation of clinical syndromes which manifests as massive proteinuria,
hypoalbuminemia, edema, and hyperlipidemia. Although the underlying etiologies
and pathogenesis are dissimilar, however, there is a strong link between excessive
protein trafficking and intensity of OS in the kidney. Urinary albumin elicits signifi-
cant ROS generation largely through mechanisms listed as below.

Firstly, urinary albumin is reabsorbed in proximal tubular cells, by the scavenger
receptors including CD36, megalin, and cubilin (Baines et al. 2012), and this process
activates protein kinase C (PKC). PKC is a family of serine/threonine protein kinases
which is implicated in Nox activation and ROS generation. For instance, PKCδ phos-
phorylates p47phox, which then translocates to the membrane-bound cytochrome to
assemble Nox, thus facilitating the activation of Nox and ROS production (Brown
et al. 2003).

Secondly, albumin induces proximal tubular epithelial cells to secrete comple-
ment C3 and chemokines, such as interleukin-8 (IL-8), RANTES, endothelin-1 and
monocyte chemotactic protein 1 (MCP-1). These chemokines recruit inflammatory
cells which are major sources of ROS. For instance, RANTES and MCP-1 recruit
monocytes and T cells, while IL-8 recruits neutrophils, monocytes, and T cells.

Thirdly, hypoalbuminemia aggravates OS aswell, since albumin performs amajor
antioxidant role in plasma, such as providing thiol groups, scavenging free radicals,
for example, hypochlorous acid andONOO−, and binding copper ionswhich enhance
ROS-induced oxidative damage (Sitar et al. 2013).
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29.2.4 The Generation of OS in Metabolic Disturbances

Hyperglycemia, hyperlipidemia, and hyperuricemia are three major metabolic dis-
turbances which cause OS in kidney diseases.

As we knew, diabetes is the leading cause of ESRD. Approximately 50% of
diabetes patients develop diabetic nephropathy (DN), many of whom progress to
ESRD (Tuttle et al. 2014). Under the diabetic state, ROS production is augmented
via diversemechanisms. Firstly, hyperglycemia and other stimuli such as angiotensin
II (AngII), transforming growth factor-β (TGF-β), and advanced glycation end prod-
ucts (AGEs) up-regulate Nox expression in intrinsic renal cells (Wan et al. 2016). For
instance, Nox4 expression is enhanced in mesangial cells in response to AngII, lead-
ing to excessive ROS generation directly and Nox4-mediated uncoupling of eNOS
which further exacerbatesOS indirectly (Lee et al. 2013). Secondly,mitochondria are
speculated to be the main source of ROS in DN. Hyperglycemia provides excessive
electrons to the Krebs’s cycle in mitochondria, resulting in mitochondrial membrane
hyperpolarization and redundant ROS generation. Besides, SOD is diminished in
DN, while XO is up-regulated.

Hyperlipidemia is suggested to mediate renal injury, which is predominantly
attributed to the dysregulation of redox signaling (Su et al. 2017). The overmuch
fatty acid induces ROS production probably due to elevated β-oxidation and the
ensuing electron overflow in the mitochondrial electron transport chain (Seifert et al.
2010). Meanwhile, the elevation of fatty acids in plasma activates monocytes and
neutrophils to generate ROS and release various cytokineswhich recruitmore inflam-
matory cells and amplify OS (Tripathy et al. 2003). Furthermore, unsaturated fatty
acids, triglycerides and phospholipids, are sensitive to oxidation, while peroxidation
products of the lipids are more liable to activate Nox via AngII and TGF-β1, forming
a vicious cycle (Lee and Song 2009).

Uric acid (UA) is the end product of the purine nucleotide metabolism in human.
The decline of GFR causes decreased UA clearance and hence results in hype-
ruricemia, which is prevalent in patients with advanced stages of CKD (Madero
et al. 2009). Excessive UA leads to its ionized formation urates, which partici-
pate in aggravating OS by activating inflammasome (Martinon et al. 2006), or by
being converted to urate radical (Meotti et al. 2011). In addition, hyperuricemia up-
regulates the expression of Nox4 and AngII and decreases NO bioavailability, along
withmitochondrial alterations and reduced adenosine triphosphate (ATP) production
(Sánchez-Lozada et al. 2012), all of which contribute to OS.

29.3 The Mechanisms of Renal Fibrosis Triggered by OS

Renal fibrosis is a common pathophysiologic process shared among diverse renal
diseases which gradually develop to ESRD. Renal fibrosis is marked with certain
pathological features includingmyofibroblast activation, extracellular matrix (ECM)
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deposit as well as glomerulosclerosis. Notably, OS is one of the important compo-
nents contributing to renal fibrosis, and OS triggers tubulointerstitial fibrosis and
glomerulosclerosis via multiple mechanisms, which will be illustrated in the follow-
ing parts.

29.3.1 OS-Induced Tubulointerstitial Fibrosis

Tubulointerstitial fibrosis is the utmost recognized pathological feature in renal fibro-
sis, while OS is implicated in the pathogenesis of tubulointerstitial fibrosis by myofi-
broblast activation through various pathways as listed below (Fig. 29.1).

29.3.1.1 OS and Fibroblast/Pericyte Transdifferentiation

Under normal conditions, renal tubulointerstitial fibroblasts are rather quiescent. It
is a kind of low metabolic and inactive cells. However, various stimuli, such as
inflammation, hypoxia, and hyperglycemia, can strongly elicit fibroblast activation,
proliferation, phenotypic changes, and transforming into myofibroblasts. It is well
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Fig. 29.1 Correlation between OS and tubulointerstitial fibrosis. OS mainly produced by Nox,
especially by Nox4, leads to fibroblast/pericyte transformation, tubular EMT, fibrocyte/macrophage
recruitment, and EndMT, which are four crucial events of tubulointerstitial fibrosis. OS usually
induces fibroblast/pericyte activation and EndMT directly, whereas it triggers EMT by activation
of Src/caveolin-mediated EGFR/ERK pathway, NLRP3 inflammasome, and so on. And OS fre-
quently enhances macrophage recruitment by increasing the responsiveness of macrophages to
chemoattractants, especially to MCP-1



29 Oxidative Stress and Renal Fibrosis: Mechanisms and Therapies 591

known that the myofibroblasts expressing α-smooth muscle actin (α-SMA) are the
main source of ECM accumulation in the tubulointerstitium during fibrosis. Nox is a
well-recognizedmediator to promoting the transition of fibroblasts tomyofibroblasts,
thus increasing the synthesis of ECM and aggravating renal fibrosis. It is reported
that inhibition of Nox4 prevents ROS production and myofibroblast differentiation
and consequently reduces tubulointerstitial fibrosis (Bondi et al. 2010).

Pericytes are another main source of myofibroblasts which are embedded in the
basementmembrane of the vessel. As pericytes stabilize endothelial cells structurally
and functionally, the loss of pericytes destabilizes endothelial cells and further leads
to the rarefication of microvasculature which results in tissue hypoxia and ensuing
fibrosis (Kida et al. 2014). It has been discovered that ROS has a potential ability
to trigger the transition from pericytes to myofibroblast phenotype in bleomycin-
induced pulmonary fibrosis (Andersson-Sjoland et al. 2016), but the mechanisms of
ROS-elicited pericyte-myofibroblasts transformation remain elusive.

29.3.1.2 OS and Tubular EMT

Renal tubular epithelial–mesenchymal transition (EMT) means mature tubular
epithelial cells (TECs) lose the epithelial phenotype and acquire mesenchymal phe-
notype. When exposed to OS, inflammation, and hypoxia, tubular EMT occurs com-
monly, namely TECs transforming into myofibroblasts. Evidences have shown that
Noxs participate in this process. It has been found that high glucose (HG)-induced
EMT can be attenuated by suppression of Nox1 and Nox4 (He et al. 2015). Also,
the possible involving signaling pathways in EMT, including extracellular signal-
regulated kinase (ERK), Src/caveolin-mediated epidermal growth factor receptor
(EGFR)/ERK (Kim et al. 2012; Chen et al. 2012a), and NOD-like receptor fam-
ily, pyrin domain containing 3 (NLRP3) inflammasome, and so on, are frequently
activated by mitochondrial ROS (Lorenz et al. 2014; Shahzad et al. 2015).

29.3.1.3 OS and Fibrocyte/Macrophage Recruitment

Fibrocytes, a class ofmonocytes with the surfacemarkers of hematopoietic cells such
as CD34\CD45\MHC-II molecules, function similarly to fibroblasts, such as secret-
ing collagen and other matrix proteins. Sakai’s study showed that in themodel of pro-
gressive renal fibrosis in unilateral ureteral obstruction (UUO) mice, the interstitial
infiltration of CD45 and type I collagen dual-positive (CD45+/ColI+) fibrocytes were
found, particularly in the cortex–medulla junction (Sakai et al. 2006). CD45+/ColI+

fibrocytes were present in DN renal interstitium as well, and the number of fibrocytes
was correlated to the degree of renal fibrosis.

Many studies have suggested the correlation between ROS and the activation of
fibrocytes. In the kidney, the decreased expression of bone morphogenetic protein-6
(BMP-6) is associated with the increase of fibrocytes, in which BMP-6 deficiency
aggravates tubulointerstitial damage and fibrosis due to indirect activation of ROS
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(Dendooven et al. 2011). Consistently, Wagner et al. demonstrated that fibrocytes
were increased in contrast-treated animals in association with increased expression
of fibrotic markers, Nox4, and ROS (Wagner et al. 2012). However, the exact role of
ROS infibrocyte activation during renal fibrosis remains obscure, andmore evidences
are needed.

Macrophages, also derived from monocytes, are rapidly recruited in glomeruli or
tubulointerstitium after acute renal injury, to regulate immune response, and phago-
cytize debris and apoptotic cells as a protective role in an early stage. However,
persistent renal damage induces macrophage to infiltrate into renal tissue and to pro-
duce various growth factors, which eventually lead to the destruction of the normal
kidney and irreversible fibrosis.

In renal diseases,macrophage recruitment is always accompaniedby the activation
of OS. Lee et al. found that aryl hydrocarbon receptor (AhR) was increased in DN,
while AhR deficiency by genetic knockout or pharmacological inhibition decreased
macrophage infiltration, which was associated with the attenuated Nox-derived ROS
(Lee et al. 2016). In cyclosporine A-induced chronic nephrotoxicity, macrophage
depletion could attenuate the reduction inGFR, renal bloodflow, and the development
of tubulointerstitial fibrosis, likely due to the inhibition of NO pathway and OS
(Carlos et al. 2010). The underlying association between macrophage recruitment
and OS has been explored. A number of studies have shown that OS enhances the
responsiveness of macrophages to chemoattractants, such as MCP-1, osteopontin,
intercellular adhesion molecule 1 (ICAM-1), and RANTES, which subsequently
recruit macrophages to the tubulointerstitium (Qiao et al. 2009).

29.3.1.4 OS and EndMT

Recently, endothelial–mesenchymal transition (EndMT) is found to induce expres-
sion of fibroblast markers as well, and its pathological role in the process of fibrosis
has been gradually recognized and emphasized. EndMT is defined as a cellular
process in which endothelial cells undergo morphological changes with loss of their
endothelial phenotype and gain mesenchymal properties, characterized by the loss of
CD31 and von Willebrand factor along with up-regulation of α-SMA and fibroblast-
specific protein 1. EndMT induced by HG, inflammation, and growth factors as well
as OS eventually leads to renal fibrosis.

ROS has been proved to participate in the induction of EndMT directly. Treat-
ment with H2O2 triggered EndMT in primary endothelial cells (Montorfano et al.
2014). On the other hand, antioxidant treatment is protective for EndMT. N-acetyl-
L-cysteine, a ROS scavenger compound, has been verified effective in preventing
endotoxin-induced EndMT. Moreover, apocynin, a Nox inhibitor, was found suffi-
cient to inhibit the development of fibrotic markers, indicating Nox activation as a
crucial step in endotoxin-induced EndMT (Echeverria et al. 2013). Taken together,
OS is a precipitating cause of EndMT, and inhibition of ROSmay provide new insight
into the treatment of renal fibrosis.
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29.3.2 OS-Induced Glomerulosclerosis

Mesangial sclerosis, podocyte abnormality, and parietal epithelial cell (PEC) injury
are three crucial events and key diagnostic points for glomerulosclerosis, which
is not a certain specific glomerular disease but a kind of pathological feature in
renal fibrosis, especially in focal segmental glomerular sclerosis (FSGS). There is a
consensus that OS plays an essential role in the pathogenesis of glomerulosclerosis,
and some features labeling glomerulosclerosis may affect OS in turn (Fig. 29.2).
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Fig. 29.2 Correlation between OS and glomerulosclerosis. OS leads to mesangial sclerosis,
podocyte abnormality, and PEC injury, which are three essential processes of glomerulosclero-
sis. Mesangial sclerosis as the central event is attributed to ECM accumulation, mesangial cell
hypertrophy, inflammatory infiltration, and mesangial cell apoptosis. Diverse signaling pathways
are also involved, such as Nrf2-Keap1 and TGF-β pathways. Podocyte abnormality is triggered via
oxidative toxicity, increased inflammatory mediators, mitochondrial dysfunction and ensuing ATP
deficiency with TGF-β/mTOR signaling activation. In turn, podocyte abnormalities enhance ROS
production via mTOR signaling. Finally, OS initiates PEC injury due to oxidative toxicity, increased
inflammatory mediators, and ECM deposit
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29.3.2.1 OS and Mesangial Sclerosis

Mesangial cells mainly offer structural support for capillary loops by generating
ECM and alter glomerular filtration by regulating smoothmuscle activity and diverse
ion channels. Mesangial sclerosis manifests as ECM accumulation, mesangial cell
hypertrophy, as well as recently recognized inflammatory infiltration and mesangial
cell apoptosis, all of which are linked with OS.

Mark et al. discovered that ECM production, such as fibronectin and collagen
IV, increased along with ROS production in HG treated mesangial cells, while it
could be reversed by addition of antioxidants, suggesting OS might potentiate ECM
accumulation in mesangial sclerosis.

There are a few evidences illustrating the underlying mechanisms about OS-
inducedECMdeposit in themesangium.Yang et al. found thatmesangial cells treated
with L-homocysteins (L-Hcys) presented a raise in Nox activity, O·−

2 generation,
cell proliferation, collagen I formation, and tissue inhibitors of metalloproteinase-
1 (TIMP-1), which could be blocked by Nox inhibitors (Yang and Zou 2003). As
TIMP-1 inhibits matrix metalloproteinase, a main enzyme responsible for degrading
collagens and reducing ECM deposit, it indicates that Hcys may not only trigger
mesangial cell proliferation but also induce collagen deposit by enhancing TIMP-
1 expression associated with Nox activity. Similarly, hyperglycemia may induce
mesangial fibrosis by activating PKC, producing AGEs, regulating sorbitol accu-
mulation and nuclear factor kappa-light-chain-enhancer of activated B cell (NF-κB)
activity, which are mainly mediated by ROS (Nishikawa et al. 2000; Catherwood
et al. 2002). In addition, in terms of abundance and activity, TGF-β and connective
tissue growth factor (CTGF) are also considered to be implicated in OS-induced
ECM deposit (Mason 2003).

Furthermore, Nishikimi et al. identified that monocyte/macrophage infiltration
along with OS in hypertensive glomerulosclerosis rats and treatment of Rho-kinase
inhibitor could reduceOS and inflammation (Nishikimi andMatsuoka 2006). Consis-
tently, Jha et al. noticed depressed renal expression of NF-κB and MCP-1 and atten-
uated glomerular macrophage infiltration in diabetic mice with deletion or inhibition
of Nox4 (Jha et al. 2014). Thus, inflammatory infiltration takes part in OS-induced
mesangial sclerosis probably via NF-κB and MCP-1.

Moreover, Wang et al. observed mesangial cell hypertrophy in DN and revealed
the possible mechanism that HG-induced OS could affect mesangial cell cycle by
preventing cells from progressing to G1/S transition, ultimately keeping cells in G1
phase. During G1 phase, the RNA and protein synthesis are enhanced, andmesangial
cells undergo hypertrophy (Wang et al. 2006; Tang et al. 2011). Furthermore, the
hypertrophic mesangial cell produces more ECM via autocrine action and further
exacerbates ECM accumulation. Thereby, OS-induced mesangial cell hypertrophy
and ECM deposit collectively contribute to glomerulosclerosis.

Recently, Lu et al. revealed that under HG, the apoptotic markers along with
ROS levels were increased, which were tightly associated with mesangial sclerosis,
and mammalian target of rapamycin (mTOR) inhibitor rapamycin could not only
alleviate OS but also reduce mesangial cell apoptosis (Lu et al. 2017).
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Diverse cell signaling pathways are involved in OS-induced mesangial sclerosis,
for instance, the classic TGF-β-Smad pathways. TGF-β-Smad2/3 accelerates ECM
accumulation, while TGF-β-Smad7 slows it down (Wang et al. 2006; Tang et al.
2011). Besides, other pathways, such as mitogen-activated protein kinase (MAPK),
Janus kinase (JAK)–signal transducer and activator of transcription (STAT), and a
number of transcription factors, are also involved in glomerular ECM deposition
(Tang et al. 2011; Mason 2003).

In adriamycin-induced FSGS, antioxidant tetrahydroxystilbene glucoside reduces
OS and collagen level, with a raise of nuclear factor erythroid-2-related factor 2
(Nrf2) in glomeruli. Meanwhile, silencing Nrf2 and its coupling molecule Kelch-
like erythroid-cell-derived protein 1 (Keap1) in mesangial cells accelerates sclerosis.
Thus, the antioxidant axis Nrf2-Keap1 plays a crucial role in the protection against
OS-mediated mesangiosclerosis (Lin et al. 2018).

29.3.2.2 The Interplay Between OS and Podocyte Abnormalities

Podocyte is a kind of mono-layer cell with foot processes covering the outside of the
glomerular basement membrane, which functions as one of the major components
of the glomerular filtration barrier. The involvement of OS in podocyte impairment
has already been verified, although the underlying mechanisms remain obscured.

Due to its direct oxidative toxicity, OS causes podocyte foot process effacement
and fusion (Okamura and Pennathur 2015). Besides, OS induces podocyte impair-
ment and depletion partially by inflammatory mediators, such as cyclooxygenase-2
(COX-2), iNOS, IL-6, and tumor necrosis factor-α (TNF-α) (Lin et al. 2018). More-
over, excessive ROS promotes depolarization of the mitochondrial membrane which
consequently impairs the electron transport chain and leads to the ATP depletion.
Morphologically, podocytes present cell body attenuation, foot process effacement
and fusion, pseudocyst formation, and microvillous transformation and then gradu-
ally advance to necrosis and apoptosis to the loss of podocyte (Jefferson and Shank-
land 2014). Notably, it has been recognized that OS-stimulated podocyte apoptosis is
closely related with the progression of glomerulosclerosis in DN (Chen et al. 2012b).

It is reported that quite a lot of signaling cascades are associated with OS-induced
podocyte injuries, for example, TGF-β-Smad2/3 pathway, protein 38 (p38)/MAPK,
c-Jun N-terminal kinase (JNK), ERK1/2, and so on (Kim et al. 2003).

In turn, podocyte abnormalities evidently enhance OS generation. When
podocytes undergo pathological stimuli, mTOR is activated and exerts damage in a
dose-dependent manner. Explanatorily, low-degree mTOR activity rescues podocyte
from deletion; however, intensive and persistent activation of mTOR increases the
level and activity of Nox leading to the deletion of podocyte. Theoretically, persistent
mTOR-Nox activation disturbs mitochondrial respiration and ATP synthesis by ROS
overproduction which results in podocyte injuries (Zschiedrich et al. 2017).

Together, there is a vicious cycle between ROS and podocyte damage, which
jointly worsened podocyte associated disorders including glomerulosclerosis.
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29.3.2.3 OS and PEC Injury

Initially, PEC is mainly considered just as a component of Bowman’s capsule with-
out well-defined function. However, emerging evidences show that PEC also serves
as podocyte ancestral cells with differentiation capability toward podocytes or TECs
(Eng et al. 2015; Shankland et al. 2013). Several mechanisms are attributed to the
OS-induced PEC injury that including oxidative toxicity, increased inflammatory
mediators, and ECM deposit which are similar to podocytes (Su et al. 2015; Smeets
et al. 2011). In addition, ERK1/2 pathway and renin–angiotensin–aldosterone system
(RAAS), which are always mentioned under OS status, are found to be associated
with PEC proliferation and necrosis during crescent formation, suggesting their crit-
ical role in OS-induced PEC injury.

29.4 Targeting OS in Renal Fibrosis Management

OS is extensively implicated in renal fibrosis as we elucidated above, and thus, tar-
geting OS seems to be a promising strategy in renal fibrosis management. Numerous
antioxidants have been proposed to slow down CKD progression by reducing renal
fibrosis in preclinical or clinical trials.

29.4.1 Targeting Nox

Since Nox family is vital in renal fibrosis, GKT137831 and GKT136901, two dual
Nox1 andNox4 inhibitors, have beendemonstrated to reduce cytosolic andmitochon-
drial ROS production, macrophage infiltration, ECM accumulation, and albuminuria
in different renal disease models (Decleves and Sharma 2014; Jha et al. 2014; Gorin
et al. 2015).

A novel pan-Nox-inhibitor, APX-115 which decreases Nox1, Nox2, and Nox4
protein expression and reduces ROS generation, has been found to attenuate albu-
minuria and preserve GFR in addition to ameliorating mesangial expansion and
macrophage infiltration in the diabetic kidney. Moreover, APX-115 has been vali-
dated to reduce HG-mediated ROS and fibronectin production in vitro (Cha et al.
2017).

Nox mediates TGF-β1-induced OS and fibrosis in part. P144, a synthetic peptide
from TGF-β1 type III receptor competitively binding TGF-β1, could prevent TGF-
β1-induced Nox activation and OS and down-regulate expression of collagen and
CTGF, exerting antioxidative and antifibrotic effects (Baltanas et al. 2013).

There are many other signaling pathways regulating Nox, such as phosphatidyli-
nositol 3-kinase (PI3K)/AKTand adenosinemonophosphate-activated protein kinase
(AMPK). Fluorofenidone has been reported to inhibit Nox and ECM deposition via
PI3K/AKT pathway, and resveratrol has been verified to inhibit renal fibroblast pro-
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liferation and activation by regulating AMPK/Nox/ROS signaling; therefore, they
are both considered as potential novel therapeutic agents against renal fibrosis (Qin
et al. 2013; He et al. 2016).

29.4.2 Targeting Mitochondria

Since pirfenidone is a newly identified antifibrotic agent, it may preserve the function
and structure of mitochondria by maintaining ATP production, increasing mitochon-
drial DNA (mtDNA) and stabilizing mitochondrial membrane potential, as well as
reducing OS by enhancing MnSOD activity (Chen et al. 2013).

Pioglitazone is also found to attenuate renal fibrosis partially by improving mito-
chondrial function. Pioglitazone corrects the dysfunction of mitochondria via pro-
moting mitochondrial biogenesis and reducing mitochondrial ROS by reducing
the activity of cytochrome c oxidase and phosphorylation of p66Shc, in addition
to increasing mtDNA, maintaining ATP production, and stabilizing mitochondrial
membrane potential (Lv et al. 2018).

Similar mitochondrial improvement has been seen in renal fibrosis promoted by
hypochlorite-modified albumin treated by SS-31, a mitochondrial-targeted antioxi-
dant peptide (Zhao et al. 2017).

p66Shc, which is a recently recognizedmediator ofmitochondrial ROSproduction,
may be suppressed by probucol. Since it reverses OS and ameliorates renal injury in
DN, probucol is considered to be a potent antioxidant agent (Yang et al. 2017).

29.4.3 Targeting NOS and XO

Relaxin, a member of the insulin-like growth factor family of hormones, has been
revealed to provide antifibrotic effects since it may up-regulate the expression of
NOS1 andMnSOD, hence increasing the production of NO and attenuating OS (Leo
et al. 2017; Sasser 2013). In addition, it has been shown to increase NO production by
activating eNOS, thus improving endothelial function and alleviating inflammation.

Besides relaxin, curcumin and pyrolidium dithiocarbamate are also reported to
targeting NOS, as they may protect against shock-wave lithotripsy-induced renal
injury by decreasing expressions of iNOS and serum NO level (Bas et al. 2009;
Tugcu et al. 2008).

XO is also a critical source of ROS. Febuxostat, an XO inhibitor approved for
treating hyperuricemia, has been verified to prominently reduce XO activity and
thereby alleviate OS in addition to endoplasmic reticulum stress, contributing to
preserving renal function and reducing histopathological changes such as tubular
injury, interstitial fibrosis, and macrophage infiltration (Tsuda et al. 2012).
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29.4.4 Targeting Nrf2 Signaling Pathway

Nrf2 regulates expression of a wide array of genes encoding thiol molecules, antiox-
idant proteins, and enzymes. Many natural Nrf2 activators, such as curcumin, sul-
foraphane, astaxanthin, and cinnamic aldehyde, have been shown to alleviate OS
and renal fibrosis (Soetikno et al. 2013; Choi et al. 2014; Liu et al. 2015). However,
there were other unsatisfactory clinical findings that curcumin had no effect on Nrf2
activation, antioxidant enzyme activities, proteinuria, or GFR (Jimenez-Osorio et al.
2016).

Mycophenolate mofetil (MMF) has also been proposed to exert renoprotective
effect by regulating Nrf2-Keap1 pathway and thereby attenuate OS (Tapia et al.
2016), as well as dioscin, which adjusts TGF-β1/Smad to inhibit renal fibrosis in
addition (Qiao et al. 2018).

Fimasartan, which is a novel angiotensin II receptor blocker, has been found to
up-regulate the Nrf2 pathway, accompanied by decreased expression of Nox family
and increased expression of antioxidant enzymes, protecting against renal fibrosis
induced by UUO (Kim et al. 2015).

In addition to the up-regulation of Nrf2, the enhanced nuclear translocation of
Nrf2 by treatment with oleanolic acid has also been reported (Hong et al. 2014).

Moreover, sitagliptin, a dipeptidyl peptidase-4 (DPP-4) inhibitor, has been proved
beneficial in DN therapy, by reason that it may attenuate OS by depressingmiR-200a,
which is an inhibitor of Keap1 (Civantos et al. 2017).

29.4.5 Other Antioxidants

Cysteamine bitartrate, another antioxidant, has been found to reduce renal fibrosis in a
UUOmodel accompanied by attenuation ofOS, in parallelwith the decreased genera-
tion ofROS in culturedmacrophages.Moreover, cysteamine bitartrate reducesmyofi-
broblast differentiation and proliferation in vivo and in vitro via TGF-β-independent
pathway (Okamura et al. 2014).

Semicarbazide-sensitive amine oxidases (SSAOs) produce H2O2 via oxidatively
deaminating primary amines. Inhibiting SSAO by PXS-4728A reduces ROS gener-
ation, profibrotic cytokine secretion, and ECM deposition (Katagiri et al. 2016).

Besides, the SOD mimetic tempol and the angiotensin converting enzyme
inhibitor ramipril have been tested to have an antioxidative effect by blunting
diabetes-induced up-regulation of Noxs and ameliorating renal endoplasmic reticu-
lum stress (De Blasio et al. 2017).
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29.5 Conclusion and Perspectives

Renal diseases trigger OS marked by excessive ROS generation via different pre-
dominant mechanisms according to different etiologies. There are fourmajor sources
of OS including Nox, mitochondria, NOS, and XO in general. OS contributes criti-
cally to the pathophysiology of renal fibrosis which is the common pathway of renal
diseases leading to ESRD. OS leads to fibroblast/pericyte activation, tubular EMT,
fibrocyte/macrophage recruitment, and EndMT for tubulointerstitial fibrosis, along
with mesangial sclerosis, podocyte abnormality, and PEC injury for glomeruloscle-
rosis. The targeting OS therapy seems promising in renal fibrosis management as it
may inhibit ROS generation, improve mitochondrial dysfunction, and regulate the
antioxidative system. Many antioxidants have been tested to attenuate renal fibrosis,
some of which are satisfying but some are not. A better understanding of the under-
lying mechanisms by which OS induces renal fibrosis and renal fibrosis triggers OS
will provide new insights into the development of novel therapies to hold back the
progression of renal diseases.
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Chapter 30
Urinary Biomarkers of Renal Fibrosis

Le-Ting Zhou, Lin-Li Lv and Bi-Cheng Liu

Abstract Renal fibrosis is the common pathological pathway of progressive CKD.
The commonly used biomarkers in clinical practice are not optimal to detect injury
or predict prognosis. Therefore, it is crucial to develop novel biomarkers to allow
prompt intervention. Urine serves as a valuable resource of biomarker discovery for
kidneydiseases.Owing to the rapid development of omics platforms andbioinformat-
ics, research on novel urinary biomarkers for renal fibrosis has proliferated in recent
years. In this chapter,wediscuss the current status andprovide basic knowledge in this
field. We present novel promising biomarkers including tubular injury markers, pro-
teins related to activated inflammation/fibrosis pathways, CKD273, transcriptomic
biomarkers, as well as metabolomic biomarkers. Furthermore, considering the com-
plex nature of the pathogenesis of renal fibrosis, we also highlight the combination
of biomarkers to further improve the diagnostic and prognostic performance.

Keywords Urinary biomarker · Renal fibrosis · Omics · Combined biomarker

30.1 Introduction

Renal fibrosis, characterized as a relentless deposition of extracellular matrix (ECM)
with concomitant loss of the parenchyma, is the common pathological pathway of
progressive CKD.

Generally speaking, there are two basic goals of developing biomarkers for renal
fibrosis: (1) to diagnose renal fibrosis (diagnostic biomarkers); and (2) to predict the
progression of renal fibrosis (prognostic biomarkers). Renal functional parameters
such as serum creatinine (SCr) and SCr-based estimated glomerular-filtration rate
(eGFR) measurements are most widely used biomarkers to evaluate renal fibrosis.
However, these parameters cannot suggest the underlying molecular mechanism and
usually change little at the onset of fibrosis (Puzantian and Townsend 2013). In
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addition, it is still difficult to identify subjects at high risk of developing advanced
renal fibrosis accurately. These challenges all highlight the importance of finding
novel biomarkers.

Urine is regarded as a “fountain” of valuable information of the kidney with easy
access and therefore provides an ideal source of biomarkers for kidney diseases.
With the advent of the omics era, biomarker research is increasingly facilitated by
burgeoning high-throughput omics technologies, which permits providing urinary
molecular profiles in unprecedented speed and details. Besides, the massive datasets
generated by omics platforms also represent typical sources for developing com-
bined biomarkers, which are expected to yield better performance than standalone
molecules. This field has, therefore, witnessed enormous expansion in new findings.

In this Chapter, we will discuss the current status, as well as provide basic knowl-
edge of urinary biomarkers for renal fibrosis, predominantly in the context of CKD.
First, we will summarize some basic issues on this topic. In the second part, we will
focus on the novel biomarkers, especially those identified by omics technologies in
recent years. Lastly, wewill talk about the opportunities and challenges of generating
combined biomarkers using high-throughput technologies.

30.2 Basic Issues

30.2.1 An Overview of Developing Biomarkers: From
Identification to Validation

We have mentioned in the introduction part that we aim to develop biomarkers
that can diagnose renal fibrosis and predict disease progression. Generally speak-
ing, a comprehensive pipeline for developing these biomarkers usually includes,
but is not limited to, identification of candidate biomarkers, verification of differen-
tial expressions and validation of diagnostic/prognostic power (Fig. 30.1) (Latterich
and Schnitzer 2011). Omics approaches are usually used for screening candidates
in identification phase (Table 30.1). However, these high-throughput strategies may
generate spurious candidates owing to the enormous amount of molecules and rela-
tively small sample size. The field addressing this issue, namely feature selection, has
become a hotspot in bioinformatics research. Several algorithms such as principal
component analysis, clustering, or multidimensional scaling can help researchers to
grasp several thousand parameters generated by high-throughput platforms (Wang
et al. 2016, 2017a). Another feasible strategy to strengthen the effectiveness of selec-
tion is to testify the differential expressions of candidates using public databases. An
excellent introduction of databases in nephrology can be found in a recent review
(Papadopoulos et al. 2016).

In subsequent verification phase, more convenient and accurate assay methods
(e.g., immunoassay for protein measurement) are applied to verify the association of
putative biomarkers with renal fibrosis and those with best associations will move on
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Fig. 30.1 A comprehensive pipeline for developing prognostic biomarkers using omics technolo-
gies

Table 30.1 An overview of urine omics

Category of Omics Target Major research
platforms

Databases

Proteomics Proteins and peptides
degraded from urinary
proteins

MS
Microarray

Human kidney and
urine proteome
project (http://www.
hkupp.org/)
Urinary peptidomics
and peak-maps (http://
www.padb.org/updb)
peptiCKDdb (www.
peptickddb.com)

Transcriptomics All coding and
non-coding RNAs
(including miRNA,
lncRNA and
circRNA)

RNA sequencing
Microarray

GEO (http://www.
ncbi.nlm.nih.gov/gds)
SRA (https://www.
ncbi.nlm.nih.gov/sra)

Metablomics Products of cellular
metabolism with
molecular masses of
80–1200 Da

MS
NMR

Human metabolome
database (http://www.
hmdb.ca/)

http://www.hkupp.org/
http://www.padb.org/updb
http://www.peptickddb.com
http://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/sra
http://www.hmdb.ca/
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to subsequent validation. Case-control studies based on renal biopsies and prospec-
tive cohorts generate the ideal datasets for validating the diagnostic and prognostic
biomarker, respectively. Despite this, nested case-control study or case-cohort study
is preferred in situations where cohorts are too burdensome to carry out.

Validation is regarded as the bottleneck for translating biomarker discovery into
clinical reality, owing to the difficulty of launching studies with large samples, inef-
fectiveness after adjusting known risk factors and discrepancy among the results
obtained by different centers. Rifai once described the development of biomarker
as “the long and uncertain path,” which is somewhat frustrating but the reality that
every researcher in this field should face (Rifai et al. 2006).

30.2.2 Urine as a “Fountain” of Biomarkers for Kidney
Diseases: What’s New?

Urine is a complex mixture of water, numerous dissolved compounds, cells and cell-
derived particles derived from the kidney, urinary tract and circulation, aswell as crys-
tals, bacteria and sperms (Fig. 30.2). Owing to the development of high-throughput
technologies, the urinary molecule profiles can be detected with high resolution in a

Fig. 30.2 Components of the urine isolated by differential centrifugation
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relatively short time. In general, the cell-free supernatants are preferred for proteomic
and metabolomic analysis, while cells or particles with membrane structures provide
the ideal source for transcriptomic analysis (Papadopoulos et al. 2015). EVs are a
heterogeneous group of vesicles with a pivotal role in cell-to-cell communication,
which can be divided into microparticles and exosomes according to the diameter
(Fig. 30.2). Recently, EVs are increasingly recognized as a novel abundant source for
discovering biomarkers in addition to urinary sediment and supernatant (Erdbrugger
and Le 2016). Interestingly, novelmolecular types such as circular RNAs (circRNAs)
and long non-coding RNAs (lncRNAs) are also enriched in EVs (Kim et al. 2017).
Differential centrifugation is the most commonly used method to isolate EVs. Other
isolation techniques include density gradient centrifugation, size exclusion chro-
matography, and immunoaffinity capture. (Mateescu et al. 2017). Currently, several
technical issues remain to be addressed with respect to urinary EVs for biomarker
discovery, including lack of optimized isolation method and normalization method
of the molecular changes (Dear et al. 2013).

30.3 Novel Urinary Biomarkers for Renal Fibrosis

30.3.1 Proteomic Biomarkers

Proteins are both direct effectors of biological processes and targets of nearly all
current drugs and therefore proteomics represents the classical realm for biomarker
discovery in kidney diseases (Mischak et al. 2015). Sustained tubular injury, activated
inflammation/fibrosis pathways and deposition of ECM are recognized as promot-
ers of renal fibrosis. A growing number of putative protein biomarkers have been
discovered based on these key pathological events. Lately, urinary peptidomics dis-
plays a good development momentum, casting new light on the clinical application
of biomarkers in renal fibrosis.

30.3.2 Tubular Injury Markers

Neutrophil gelatinase-associated lipocalin (NGAL), kidney injurymolecule 1 (KIM-
1),N-acetyl-b-D-glucosamininidase (NAD) are representative tubular injurymarkers
that have been demonstrated to be extremely valuable in the context of AKI. Con-
sidering the fact that tubular injury is not only a consequence but also a driving
force of renal fibrosis progression, these biomarkers are expected to be potentially
useful as predictors (Liu et al. 2018). Increased urinary levels of these tubular injury
markers have been found in patients with various types of CKD and are associated
with declined eGFR. However, conflicting results on their performance in predicting
progression were obtained. A matched case-control study involving 286 participants
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from ARIC study showed that uNGAL but not KIM-1 was a predictor of incident
CKD stage 3 in the general population (Bhavsar et al. 2012). In contrast, another
nested case-control study fromMESA study reported that KIM-1 but not NGALwas
associated with incident CKD stage 3 and/or rapid kidney function decrease (Peralta
et al. 2012). In terms of predicting ESKD, a recent meta-analysis showed that the
concentration of uNGAL can be used as an independent predictor of ESKD among
patients with CKD, whereas NAD and KIM-1 failed (Zhou et al. 2016). However, in
a large prospective study published later, the CRIC study investigators reported that
none of these biomarkers are capable of predicting CKD progression (the incidence
of ESKD or halving of eGFR) (Hsu et al. 2017).

Other tubular injury markers are also faced with the same dilemma. In a small
prospective study, urinary L-FABP levels might be a useful predictor of renal func-
tion deterioration in patients with glomerulonephritis (Mou et al. 2012). In a cross-
sectional study, urinary TFF-3 was significantly elevated in stage 4 and 5 CKD
(Lebherz-Eichinger et al. 2015). Moreover, a case-control study from ARIC study
indicated urinaryTFF-3was associatedwith incidentCKDstage 3 (with restriction of
decline in eGFR ≥25%) (Astor et al. 2011). However, both L-FABP and TFF3 were
not associated with incident CKD stage 3 in a large cohort from FHS (O’Seaghdha
et al. 2013).

Overall, the prognostic power of urinary tubular injury markers, as revealed by
large cohorts, is not as definitive as previously thought. On the other hand, novel
tubular injury markers still hold the promise of predicting CKD progression effi-
ciently. Recent study reveals that (TIMP-2*IGFBP-7), a tubular cell cycle arrest
marker, is informative in predicting the occurrence of AKI (Aregger et al. 2014; Tan
et al. 2016). Its utility as a biomarker for renal fibrosis remains to be examined.

30.3.3 Biomarkers Related to Activated
Inflammation/Fibrosis Pathways

30.3.3.1 Chemokines

Chemokines play a pivotal role in amplifying inflammation during the early stage
of renal fibrosis. CKD patients have increased urine excretion of chemokines such
as CCL17, CCL20, CCL22, and CXCL11(Lebherz-Eichinger et al. 2014). Urinary
chemokine (C-X-C motif) ligand CXCL1 concentration was suggested to be an
independent risk predictor of renal function deterioration in IgAN (Zhao et al. 2015).
CCL2, or monocyte chemoattractant protein-1 (MCP-1), is a chemokine that recruits
monocytes to the sites of inflammation. Several earlier studies suggested that urinary
CCL2 are significantly elevated in patients with DKD andmight serve as an indepen-
dent prognostic marker for renal function decline in this population (Shoukry et al.
2015; Titan et al. 2012) (Verhave et al. 2013). More recently, a nested case-control
study from the ACCORD Trial reported that the addition of urinary MCP-1 to tra-
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ditional predictors could significantly improve the power in discriminating patients
with sustained renal decline from those with preserved renal function in the setting
of T2DM (Nadkarni et al. 2016).

30.3.3.2 Angiotensinogen (AGT)

The activation of intrarenal renin–angiotensin system (RAS) is a hallmark of the
development of renal fibrosis. Despite the kidney contains all components of the
RAS, AGT is preferred for its good correlation with intrarenal RAS activation and
stability in the urine (Yamamoto et al. 2007). Elevated urinary excretion of AGT
has been reported in patients with DKD, IgAN, and MN. The use of RAS inhibitors
can attenuate the increase of urinary AGT in patients with hypertension (Burns
and Hiremath 2012). In a cohort of 80 CKD patients with a median follow-up of
23 months, elevated urinary AGT was associated with a higher risk of renal function
deterioration (Yamamoto et al. 2007). Moreover, elevated urinary AGT was also
associated with eGFR decline, chronic hemodialysis and cardiovascular events in
T2DM patients (Sawaguchi et al. 2012). In a case-control study of 402 participants,
higher levels of uAGT were independently associated with incidence of CKD after
multiple adjustments (Mills et al. 2012). Interestingly, in another study including 141
T2DM patients, the middle tertile of uAGT/creatinine was shown to be associated
with the lowest incidence of ESKD (Aflarian et al. 2015;Mills et al. 2012). Therefore,
pending further validation, urinary uAGT may serve as not only a useful prognostic
biomarker but also a therapeutic target for renal fibrosis.

30.3.3.3 Connective Tissue Growth Factor (CTGF)

CTGF is a secreted cysteine-rich protein implicated in a variety of fibrotic disor-
ders including renal fibrosis. The utility of CTGF as a potential biomarker is mostly
investigated in DKD. Higher urinary levels of CTGF were observed in diabetic rats
and patients, especially in those with nephropathy (Riser et al. 2003). Notably, in
a cross-sectional study involving 347 patients with type 1 diabetes, urinary CTGF
levels correlated with urinary albumin excretion and inversely with eGFR, suggest-
ing its potential role as a predictor of disease progression (Nguyen et al. 2006).
Intuitively, higher urinary CTGF concentrations might be associated with increased
risk of incident CKD. However, urinary CTGF concentrations showed a significant
inverse associationwith incident CKD stage 3 in the general population (O’Seaghdha
et al. 2011). The same result was also obtained by a large cohort involving 2948 par-
ticipants from FHS (O’Seaghdha et al. 2013). The exact mechanism for this inverse
association is unclear. One possible explanation is that lower CTGF is associated
with attenuated recovery of mesangial injury, which contributes to the progression
of renal fibrosis.
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30.3.3.4 Periostin and MMP7

With the deepening of the research, several profibrotic molecules, such as periostin
and MMP7, have been identified as novel mediators of renal fibrosis in recent years.
Periostin is a 90 kDa proteinwith a role in regulating the formation of ECM (Prakoura
and Chatziantoniou 2017). Expression of periostin is upregulated in the fibrotic areas
of a variety of kidney diseases. Urinary levels of periostin were found elevated in
patients with T2DM and correlated with impaired renal function in T2DM patients
(Satirapoj et al. 2012, 2015). In a cohort involving 399 patients with IgAN, urinary
periostin concentration is positively correlated with the severity of renal fibrosis and
can predict the worsening of renal function (Hwang et al. 2016).

Similar to periostin, MMP-7 is also implicated in the regulation of ECM turnover.
Wnt/beta-catenin signaling is responsible for enhancing the transcription of MMP-
7, and urinary MMP-7 levels can serve as an indicator of renal Wnt/beta-catenin
activity (He et al. 2012; Zhou et al. 2017a). In a cohort of 141 T2DM patients with a
median follow-up of 3 years, uMMP7 was found to be associated with a higher risk
of ESKD (Aflarian et al. 2015). However, the diagnostic role of these biomarkers
remains to be established.

30.3.3.5 Other Novel Biomarkers

Most biomarkers introduced in the previous sections are discovered using a literature-
based approach. The following two studies, on the other hand, not only provide novel
candidate biomarkers but also exemplify the biomarker discovery approach for renal
fibrosis in the omics era. In the first study, hundreds of dysregulated peptides were
first identified by comparing the urinary peptidomic profiles in rat models. Next,
urinary epidermal growth factor, one of the parent proteins, was confirmed to be
decreased in rats by ELISA. The researchers further conducted a cohort involving
over 600 patients with DKD with normal albuminuria at baseline to validate the
prognostic power of urinary EGF. As a result, lower urinary EGF was independently
associatedwith incidentCKDstage 3 (Betz et al. 2016).Another study byCraciu et al.
applied RNA sequencing instead to identify candidate genes from the kidneys of folic
acid-induced nephropathy mice. Subsequently, by verification in three other distinct
CKD mouse models, ten genes were selected as candidate biomarkers reflecting
the course of renal fibrosis. Among these ten candidates, urinary concentration of
CDH11, MRC1, and PLTP proteins were determined to significantly increase in
CKD patients (Craciun et al. 2015).

Recently, urinary exosomes have emerged as a novel repository for proteomic
biomarkers (Pisitkun et al. 2004). One of the first studies in nephrology performed
proteomic analysis on urinary exosomes from cisplatin injected rats and found that
urinary exosomal fetuin-Amight be a prognostic biomarker of structural renal injury
by subsequent verification (Zhou et al. 2006). A recent study identified a panel of
urinary exosomal protein signature in response to hypertension and/or albuminuria
including SERPINA5, S100A8 that might serve as prognostic marker for CKD pro-
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gression (Gonzalez-Calero et al. 2017). However, the diagnostic value of exosomal
proteins remains to be established.

30.3.4 Urinary Peptidomics

As a “subset” of the proteome, urinary peptidomics has gained increasing research
interest for its several advantages over traditional proteomics, e.g., early change,
better reproducibility, and stability (Klein et al. 2016). Good et al. compared the
urinary peptidomics of 230 CKD patients with that of 379 healthy participants by
CE-MS and identified a panel of 273 peptides with both statistical significance and
known sequence (Good et al. 2010). The classifier generated by these peptides,
named CKD273, was demonstrated to have a perfect discriminative power of CKD
in a validation set of 128 participants (sensitivity of 85.5%, specificity of 100%)
(Good et al. 2010). Subsequent studies indicated that CKD273 also correlated with
eGFR and the extent of renal fibrosis (Argiles et al. 2013; Ovrehus et al. 2015;
Magalhaes et al. 2017). These peptides are degradation fragments of both in situ
and circulatory proteins, of which collagen-derived peptides account for the largest
proportion. Other components of CKD273 are fragments of circulatory proteins,
kidney-specific proteins and secreted proteins (Good et al. 2010). It has been shown
that urinary levels of collagen-derived and circulatory peptides indicate renal fibrosis
and nephron damage, respectively.

In terms of prognostic power, in a large multicenter cohort of 1990 participants
with a mean follow-up of 54 months, CKD273 outperformed urinary albumin in
predicting rapid progression (defined as a decrease in eGFR slope >5% per year)
(Schanstra et al. 2015). Another large cohort including 2672 individuals at various
CKD stages also found that CKD273 were superior to urinary albumin in discrimi-
nating progressors from those with stable renal function (Pontillo et al. 2016). The
utility of CKD 273 as a prognostic marker of CKD progression was further supported
by an independent assessment study with a high evidence level (1b) according to the
Oxford Evidence-Based Medicine guideline (Critselis and Heerspink 2016).

30.3.5 Transcriptomic Biomarkers

30.3.5.1 mRNAs

A growing number of studies, mostly cross-sectional, have suggested that urinary
mRNAs provide pathological information of renal fibrosis that is not captured by
conventional risk factors and may serve as potential prognostic biomarkers (Lyu
et al. 2017).

The utility of urinary mRNA as biomarker was first established by Li et al. in
2001 (Li et al. 2001). Later, Szeto et al. found that the level of TGF-β mRNA in
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urinary sediment correlated with intrarenal level, degree of tubulointerstitial fibrosis
(TIF), and eGFR in CKD patients (Szeto et al. 2005). Our previous work showed
that urinary podocyte-associated mRNAs including synaptopodin and podocalyxin
increasedwithDNprogression (Zheng et al. 2011). In a small cohort, CXCL9mRNA
levels were found to be independently associated with eGFR decline (Wang et al.
2015). Recently, targeted PCR array provides a high-throughput screening platform
for discovering potential mRNA biomarkers. By analyzing urinary mRNA profiles
of 39 CKD patients and 11 controls with a targeted PCR array of renal fibrosis,
we identified 21 mRNAs that significantly altered in CKD, among which vimentin
mRNA showed strong correlation with the score of TIF and could better discriminate
none-to-mild renal fibrosis frommoderate-to-severe fibrosis than eGFR (Zheng et al.
2012; Cao et al. 2015). Furthermore, we also developed a random forest classifier
composed of four urinary mRNAs that can detect early renal fibrosis with excellent
sensitivity (Zhou et al. 2017b).

To standardize the expression of mRNAs among different samples, housekeeping
genes that ubiquitously expressed in nucleated cells aremeasured as the denominator.
This common process, however, may cause the problem that the obtained mRNA
expression is actually the weighted average of all cells, including those from lower
urinary tract. To deal with the dilemma, Sato et al. introduced aquaporin 2 (AQP2)
as the kidney reference gene and found mRNA: AQP2 ratios might be a candidate
indicator of podocyte injury (Sato et al. 2009). However, AQP2 is predominantly
expressed by renal collecting tubules and may not represent the overall contributions
of the kidney. Reference genes that are extensively and specifically expressed by
renal cells may yield better performance. In spite of this, the adjusted ratio is still a
rough estimation of the actual expression. To analyze mRNA expression based on
renal intrinsic cells in urine may unclog the current bottlenecks.

Besides, EVs also serve as a repository for urinary mRNAs. Our recent study
revealed that CD2AP mRNA in exosome correlated negatively with 24-h urine
protein and severity of tubulointerstitial fibrosis (Lv et al. 2014). Urinary EV-
derived UMOD mRNA is significantly elevated in diabetic patients who sub-
sequently develop renal injury (Yamamoto et al. 2018). But whether exosomal
mRNAs yield better performance than those from urinary sediment still requires
further investigation.

30.3.5.2 Non-coding RNAs

MicroRNAs (miRNAs) are a class of non-coding RNAs with an approximate
sequence length of 22 nt. A growing list of miRNAs is demonstrated to participate
in the pathogenesis of renal fibrosis, including miR-21, miR-29 (Van der Hauwaert
et al. 2015; Lorenzen et al. 2011). Urinary sediment serves as a common resource
for miRNA measurement. One of the first studies reported urinary miR-29b and
miR-29c levels correlated with proteinuria and eGFR, and urinary miR-93 levels
correlated with the extent of glomerulosclerosis in patients with IgAN (Wang et al.
2012). In a small cohort of patients with CKD, urinary miR-21 and miR-216a levels
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were associated with renal function decline and risk of progression to ESKD (Szeto
et al. 2012). Using miRNA chip assay, a recent study further identified a urinary
miRNA signature including miR-25-3p, miR-144-3p and miR-486-5p which were
differentially expressed in patients with IgAN (Duan et al. 2016).

In addition to deciduous cell pellets, urinarymiRNAsalso exist inEVsandprotein-
bind form. Nevertheless, free miRNAs without membrane protection are likely to be
gradually degraded by elevated urinary RNases during renal fibrosis (Cheng et al.
2014). Recent studies suggest that exosomes are rich sources of urinary miRNAs
(Cheng et al. 2014). Our pilot study optimized the measurement of urinary exo-
somal microRNAs and found miR-29c could discriminate mild from moderate to
severe tubulointerstitial fibrosis effectively (Lv et al. 2013a, b).Moreover, usingRNA
sequencing, Khurana et al. screened urinary exosomal miRNA profiles in patients
with various CKD stages and healthy controls. As a result, miRNA-181a was found
to be decreased by about 200-fold in exosomes of patients with CKD. Another
study identified 384 differentially expressed mRNAs in urinary exosomes between
patients with stage 4–5 CKD and those with earlier stages, whichweremainly related
to TGF-β signaling pathway (Muralidharan et al. 2017). The original data of both
studies have been uploaded to sequence read archive (SRA, https://www.ncbi.nlm.
nih.gov/sra) and a reanalysis of the urinary exosomal miRNA profiles might provide
additional clues on developing biomarkers for renal fibrosis.

Long non-codingRNAs (lncRNAs) and circRNAs are novel classes of non-coding
RNAs attracting increasing research interest for their emerging roles in mediating
renal fibrosis (Bachmayr-Heyda et al. 2015; Zhou et al. 2014; Sun et al. 2017). In an
experimental MN mouse model, urinary Xist (lncRNA) showed a strong correlation
with disease severity (Huang et al. 2014). CircRNAs, in particular, are abundant and
stable inmammalian cells and thus are regarded as promising resource for biomarkers
discovery (Jeck and Sharpless 2014). CircRNAs can be detected in human bloodwith
high expression and reproducibility. In the plasm of patients with chronic glomeru-
lonephritis, over 700 circRNAs including hsa_circ_0006602 and hsa_circ_0091104
were dysregulated (Wang et al. 2017b). Though there is no publication on urinary
circRNAs as biomarkers of renal fibrosis yet, it is expected that related research will
spring up in the near future.

30.3.6 Metabolomic Biomarkers

Metabolomics, or metabolic profiling, is the quantitative measurement of all low-
molecular-weight products of cellular metabolism, which is regarded as the link
between genotypes and phenotypes (Zhao 2013; Fiehn 2002). A wide range of
metabolic pathways are dysregulated in the context of CKD (Zhou et al. 2018).
Although initial interest lay in examining metabolome of plasma or dialysate from
ESKD patients, analysis of urinary metabolomics has become an emerging arena for
biomarker discovery in renal fibrosis.

https://www.ncbi.nlm.nih.gov/sra
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In adenine-induced CKDmodel, 12 urinary metabolites including phytosphingo-
sine, adrenosterone, tryptophan, and creatinine were significantly altered as revealed
by MS (Zhao et al. 2012). But this may not represent the real changes in patients.
In fact, another seven urinary metabolites (5-oxoproline, glutamate guanidoacetate,
α-phenylacetylglutamine, taurine, citrate, and trimethylamine N-oxide) were found
significantly dysregulated in patients with CKD (Posada-Ayala et al. 2014). Besides,
urinary excretions of proline and citrulline significantly increase with the progres-
sion of CKD, whereas urinary excretion of asymmetric dimethylarginine (ADMA)
decreases (Duranton et al. 2014). Notably, in a case-control study of 386 participants
from the Framingham Offspring cohort, urinary glycine and histidine were associ-
ated with a lower risk of incident CKD (McMahon et al. 2017). Despite their small
sample sizes, these pilot studies still depict the profiles of urinary metabolites during
renal fibrosis progression and provide potential biomarkers.

30.3.7 Toward Combined Biomarkers

Here, we highlight the notion that a biomarker can be a single measurement, such as
the urinary protein level, or a combined one computed frommany different variables,
such as CKD273, which is a support vector machine (SVM) classifier calculated
from the levels of 273 urinary peptides (Argiles et al. 2013). Given the inherent
complexity of molecular mechanisms involved in renal fibrosis, it is not surpris-
ing that combined biomarkers yield better performance than standalone molecules.
From a statistics standpoint, diagnosis is a classification problem in nature. With
the rapid development of statistics, artificial intelligence, and computer science, a
lot of machine learning methods have been developed and are expected to have a
tremendous influence on the way biomarker research is done today. Most popular
machine learning algorithms include k-nearest neighbor, naive bays, decision trees,
random forests, support vector machines, and neural networks. Despite the fact that
machine learning methods are more powerful in classification tasks, it should be
kept in mind that no algorithm can yield best performance under any situation and
the classification error rate can be quite different for the same model with different
parameters. Therefore, understanding the strengths of the algorithms and setting the
right parameters are important for generating an accurate model. We should also
notice that there is widespread optimism in studies where novel combined biomark-
ers are discovered, which is largely resulted from selection bias and small sample
size. This challenge is particularly prominent for the imbalanced datasets generated
by high-throughput technologies, which contain small sample sizes and numerous
measured quantities. In this context, good separation of the classes can be achieved
even for sets of classifiers chosen randomly, which is known as “over-fitting”. Cross
validation is an easy way to test potential over-fitting. Several algorithms such as
principal components analysis, clustering, or multidimensional scaling can also help
researchers to grasp several thousand parameters generated by high-throughput plat-
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forms. Other strategies include using models with strong resistance to “over-fitting”
such as random forest.

Traditionally, the prognostic power of a biomarker is determined by its indepen-
dent relationship with the given outcome. This equals to testing the superiority of
the new combined biomarker to the one with only established risk factors (in this
case, the computingmodel is usually the coxmodel). Thereby, we are indeed seeking
for a better combined biomarker when we are adjusting risk factors in a multivari-
able model. In this setting, cox model remains the ideal model for risk prediction.
Tangri et al. provided a good example by proposing and validating a cox regression
model containing routine clinical data,which showedgoodperformance of predicting
progression to ESKD among CKD patients (Tangri et al. 2011). For detailed pro-
cedures of developing a predictive model, the reader is directed to relevant reviews
(McGeechan et al. 2008; Moons et al. 2012a, b).
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Chapter 31
New Therapies for the Treatment
of Renal Fibrosis

Feng Liu and Shougang Zhuang

Abstract Renal fibrosis is the common pathway for progression of chronic kidney
disease (CKD) to end stage of renal disease. It is nowwidely accepted that the degree
of renal fibrosis correlates with kidney function and CKD stages. The key cellular
basis of renal fibrosis includes activation of myofibroblasts, excessive production of
extracellularmatrix components, and infiltration of inflammatory cells.Many cellular
mechanisms responsible for renal fibrosis have been identified, and some antifibrotic
agents show a greater promise in slowing down and even reversing fibrosis in animal
models; however, translating basic findings into effective antifibrotic therapies in
human has been limited. In this chapter, we will discuss the effects and mechanisms
of some novel antifibrotic agents in both preclinical studies and clinical trials.

Keywords Renal fibrosis ·Mechanism · Anti-fibrosis treatment · Clinical trial

31.1 Introduction

Renal fibrogenesis manifests itself in the kidney both after acute kidney injury and in
the progression of chronic kidney disease (CKD). Interstitial fibrosis accompanied by
glomerulosclerosis, tubular atrophy and dilation, and vascular hyalinosis represents
the final common pathway as CKD progresses to ESRD. It is now widely accepted
that the degree of renal fibrosis correlates well with kidney function and CKD stages
in native kidneys aswell as in kidney allografts (Francois andChatziantoniou2018). It
is standard teaching that fibrosis in the kidney is permanent and does not regress. The
key cellular basis of renal fibrosis is the activation of myofibroblasts, resulting in the
excessive and continual production of extracellular matrix (ECM) components, and
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inflammatory cell infiltration (McVicker and Bennett 2017). Many cellular mecha-
nisms responsible for renal fibrosis have been identified, and some antifibrotic agents
show a greater promise in slowing down and even reversing fibrosis, but translating
that knowledge into effective antifibrotic therapies in humans has been limited due
to lack of sufficient effects, off-target effects, or both (Klinkhammer et al. 2017). In
this chapter, we will discuss mechanisms and antifibrotic effects of those agents in
both preclinical studies and clinical trials.

31.2 Potential Therapeutic Targets and Specific
Antifibrotic Agents Tested in Clinical Trials

31.2.1 TGF-β and Its Inhibitors

TGF-β is a profibrotic mediator in all organs (Humphreys 2017). It stimulates tissue
fibrosis mostly by inducing activation and proliferation of fibroblasts and subse-
quent overproduction of ECM proteins. Inhibition of TGF-β is highly effective in
stopping the progression of experimental CKD in mice (Humphreys 2017). Because
of the importance of TGF-β1 signaling in mediating renal fibrogenesis, numer-
ous approaches have been designed and tested to block TGF-β signaling in pre-
clinical models (Meng et al. 2015). Such approaches include genetic disruption,
blocking antibodies, antisense oligodeoxynucleotides, soluble receptor inhibitors,
and inhibitors of its kinases (Meng et al. 2015).

Several TGF-β-neutralizing antibodies and small-molecule inhibitors have been
developed for clinical trials (Klinkhammer et al. 2017). Among them, metelimumab
can neutralize the bioactivity of both TGF-β1 and TGF-β2, and fresolimumab can
neutralize the biological activity of TGF-β1 (Klinkhammer et al. 2017). In phase II
clinical trial of Fresolimumab in patients with focal segmental glomerulosclerosis
(FSGS), proteinuria was not significantly reduced although estimated glomerular fil-
tration rate (eGFR)was stable and notworse compared to the placebo group (Vincenti
et al. 2017).

The effectiveness of LY2382770, an antibody that neutralizes the bioactivity of
TGF-β1,was assessed in phase II clinical trial in patientswith type 1 or type 2 diabetes
mellitus (Klinkhammer et al. 2017). In this study, patients received LY2382770,
subcutaneously (2, 10 or 50 mg monthly) for 12 months with the primary outcome
being the change in serum creatinine from baseline to 12months (Klinkhammer et al.
2017). The study was terminated prematurely in 2015, and no outcomes have been
published yet.

Pirfenidone, a small synthetic molecule, was shown to reduce renal fibrosis in
preclinical models. It is thought to act by blocking the TGF-β promotor (Cho and
Kopp 2010). Although effective in animal models (RamachandraRao et al. 2009;
Sharma et al. 2011), pirfenidone had mixed results in humans CKD. In Phase II
trials in diabetic nephropathy (DN), eGFR increased only in patients treated with
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the lowest pirfenidone dose, but decreased at a similar rate in the group treated at
a higher dose and in the placebo group (Sharma et al. 2011). In a phase II study in
patients with FSGS, treatment with pirfenidone had no effect on blood pressure or
proteinuria, but did demonstrate an effect in slowing eGFRdecline by 25% (Cho et al.
2007). An ongoing phase III trial in diabetic patients has shown a slight improvement
in eGFR (Klinkhammer et al. 2017).

The major barrier of the clinical application of TGF-β inhibitors is its dual role
in cancer. TGF-β inhibition might lead to tumorigenesis, although it had a signifi-
cant effect on blunting progression of advanced-stage tumors andmetastases (Garber
2009). Biogen Idec (USA) is developing STX-100, a humanized monoclonal anti-
body that selectively targets integrin αvβ6, as a potential antifibrotic drug. STX-100
binding to integrin αvβ6 prevents integrin αvβ6 from binding and activating latent
or inactive TGF-β complexes (Tampe and Zeisberg 2014b). In 2009, a phase II
study of STX-100, in 48 renal transplant patients with interstitial fibrosis and tubu-
lar atrophy, was conducted to test the safety of subcutaneously administered STX-
100 (Lo et al. 2013). The study was halted, however, before enrollment for reasons
that were not announced. Additional strategies to inhibit TGF-β activity include the
administration of antisense oligonucleotides like trabedersen by Isarna Therapeu-
tics, Germany. But their ability to inhibit fibrogenesis has not been tested clinically
(Tampe and Zeisberg 2014b).

31.2.2 CTGF and Its Inhibitors

Connective tissue growth factor (CTGF) is a profibrotic factor acting downstream of
TGF-β (Kok et al. 2014). It is secreted by fibroblasts activated by TGF β and stimu-
lates fibroblast growth with ECM production, but unlike TGF-β, it is not involved in
anti-inflammatory effects (Kok et al. 2014). CTGF plasma levels seem to be an inde-
pendent predictor of overall mortality in patients with DN and albuminuria (Tampe
and Zeisberg 2014b). Inhibition of CTGF with antisense oligonucleotides, small
interfering RNA (siRNA) or neutralizing antibodies can prevent expansion of ECM
in experimental models of kidney disease (Kok et al. 2014). In one clinical study,
treatment with the anti-CTGF monoclonal antibody FG 3019 (Fibrogen; USA) sig-
nificantly decreased albuminuria in patients with diabetic kidney disease and was
well tolerated (Adler et al. 2010).

31.2.3 BMP-7 and Its Agonists

BMP-7 is a member of the TGF-β superfamily, but it directly counteracts TGF-
β1 signaling (Zeisberg et al. 2003). BMP-7 is a natural antagonist for TGF-β and
has a potent renoprotective function, including reversing renal fibrosis in various
animal models (Morrissey et al. 2002; Zeisberg et al. 2003; Manson et al. 2011).
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Administration of exogenous BMP-7 not only ameliorates fibrosis, but also promotes
renal regeneration (Zeisberg et al. 2003). Translational efforts to introduce BMP-
7 to clinical use as antifibrotic therapy stalled due to the technical challenges in
manufacturing bioactive BMP-7 in large enough quantities (Swencki-Underwood
et al. 2008). A small-moleculeAA123 thatmimics BMP-7 activity through activating
ALK3 signaling (Sugimoto et al. 2012) is sufficient to recapitulate the antifibrotic
activity of recombinant BMP 7 in murine models of renal fibrosis (Sugimoto et al.
2012).

31.2.4 Galectin-3 (Gal-3) and Its Inhibitors

Galectin-3 (Gal-3), a 35kD-lectin ubiquitously expressed, including in the kid-
ney, forms oligodimers upon ligand binding. These dimers consist of cross-linked
oligosaccharides in the interstitial space that serve to strengthen the ECM during
fibrogenesis (Drechsler et al. 2015). Gal-3 is also expressed in the distal tubules
and the intercalated cells of the collecting ducts (Henderson et al. 2008; Desmedt
et al. 2016). Its expression is upregulated in renal fibrosis; its serum concentration
correlates with the decline in kidney function (Drechsler et al. 2015). In diseased
kidneys, Gal-3 is produced by immune cells, tubular cells, endothelium, and myofi-
broblasts, but the galectin secreted by infiltrating macrophages appears to medi-
ate myofibroblast activation (Desmedt et al. 2016). In experimental nephropathies,
increases in Gal-3 concentration, as well as its absolute levels, correlated with inter-
stitial fibrosis (Henderson et al. 2008).Many studies have demonstrated that either its
genetic disruption or pharmacological inhibition prevents the development of fibro-
sis in experimental models of injury. Those models include ischemia-reperfusion
injury (Fernandes Bertocchi et al. 2008), the lipid-induced kidney injury (Martinez-
Martinez et al. 2016), the unilateral ureteral obstruction (UUO) (Henderson et al.
2008), and hypertensive nephropathy (Frenay et al. 2015). Depending on the model
and the stage of the disease, other studies have shown that Gal-3 may prevent renal
fibrosis (Tsuchiyama et al. 2000; Okamura et al. 2011). Thus, the role of Gal-3 in
renal fibrosis remains controversial, as recently reviewed (Saccon et al. 2017).

Contradictory results not withstanding, clinical trials of Gal-3 inhibitors have
been conducted. A phase 1 study investigated the safety of GCS-100, a modified
citrus pectin and galectin-3 antagonist, in CKD patients. Inclusion criteria included
a detectable level of Gal-3 in plasma before study entry (Klinkhammer et al. 2017).
Although Gal-3 was not assessed in the kidneys, this study remains the only example
of an effort to select patients based on the target expression. GCS-100 was adminis-
tered onceweekly by intravenous injection. The subsequent phase 2a study ofweekly
doses of GCS-100 in patients with CKD (primary outcome: eGFR) was completed
in 2015 (Klinkhammer et al. 2017). Three phase 2 trials of GCS-100 in CKD spon-
sored by the same company started between 2014 and 2015 resulted in the promising
outcomes (Klinkhammer et al. 2017). But one of these studies, aimed at determining
the safety and tolerability of extended dosing with a fixed dose of 3 mg GCS-100
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intravenously, was withdrawn before enrollment began (Klinkhammer et al. 2017).
Gal-3 pharmacological inhibition with modified citrus pectin was studied in phase II
clinical trials in DN (Francois and Chatziantoniou 2018). The results of these trials
remain unpublished, and no phase III trials have been registered so far.

31.2.5 CC Motif Chemokine 2 (CCL2) and Its Inhibitors

Chemokines play an important role in the initiation of the inflammatory response
and recruitment of fibrocytes (Charo and Ransohoff 2006). Despite the presence of
47 chemokines and 20 chemokine receptors, the CC motif chemokine 2 (CCL2)-CC
chemokine receptor type 2 (CCR2) ligand-receptor axis is considered a therapeutic
target for renal fibrosis (Anders et al. 2003). In the diseased kidney, CCL2 is pri-
marily released by tubular epithelial cells, prompting an influx of CCR2-positive
monocytes, T cells and fibrocytes (Reich et al. 2013). In preclinical studies using
transgenic human CCR2 knock-in mice, treatment with CCX140 B, a CCR2 antago-
nist, ameliorated glomerular hypertrophy, podocyte loss and loss of renal function as
well as improved blood glucose levels (Sullivan et al. 2013). However, the blood glu-
cose reduction was also observed in a clinical trial with this inhibitor in DN (Tampe
and Zeisberg 2014b). This may be related to the inhibitory effect of CCX140 B on
monocyte infiltration in fat and the pancreas.

31.2.6 ACE-I/ARB

Angiotensin-converting enzyme inhibitors (ACE-I) or angiotensin receptor blockers
(ARBs) have been the mainstays of therapy for CKD for more than 20 years (Breyer
and Susztak 2016). The initial rationale for testing ACE-I/ARB therapy was based on
preclinical and clinical studies that showed a reduction in intraglomerular hemody-
namic pressure accompanied with resulting in a reduction of proteinuria (Hostetter
et al. 2001). They remain the backbone of treatment in CKD patients although, at
best, they can only slow the development of renal fibrosis. Notably, the therapeutic
benefit of ACE-Is and ARBs is closely associated with an early reduction in eGFR
coupled with a reduction in albuminuria (Brenner et al. 2001; Lewis et al. 2001;
Parving et al. 2001), which is consistent with the capacity of these agents to reduce
intraglomerular filtration pressure. While ACE-Is and ARBs slow the progression
of renal disease, they do not halt this progress (Breyer and Susztak 2016). Nev-
ertheless, ACE-Is and ARBs are now considered the standard of care for chronic
proteinuric kidney disease; therefore, any novel therapy must prove added benefit on
the background of ACE-I or ARB therapy.

Several trials investigating the combination of an ACE-I and an ARB have been
conducted (Marquez et al. 2015). The ONTARGET trial compared the benefit of
the ACE-I Ramipril, the ARB telmisartan and their combination in 25,920 patients
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with vascular disease and/or high-risk diabetes (Yusuf et al. 2008). Similarly, in
patients with type 2 diabetes mellitus, the VA NEPHRON-D trial was conducted to
identify whether renal outcomes were further improved when the combination of
an ACE-I and an ARB (lisinopril and losartan, respectively) (Fried et al. 2013). In
the year following randomization, a further decline in albuminuria was observed,
which was significantly greater in the combination therapy group compared with
patients receiving monotherapy (Fried et al. 2013). Although the combination of
ACEI–ARBhad a trend toward reducing renal failure events, therewas no statistically
significant difference. However, when compared to monotherapy, the combination
maybe related to doubling of the risk for hyperkaliemia and acute kidney injury (Fried
et al. 2013) Therefore, the combination ofACE-I-ARB is notwidely recommended in
clinical practice although this combination might provide some benefit for selected
patients with residual proteinuria by fastidious management of serum potassium
(Yusuf et al. 2008).

Since renin-mediated cleavage of angiotensinogen to angiotensin I is the first step
in the renin–angiotensin–aldosterone cascade, and its inhibitionmay be an alternative
approach to RAS blockade. As a renin inhibitor, the effect of Aliskiren on renal out-
comeswas identified in patients with DN (theALTITUDE trial) (Parving et al. 2012).
Aliskiren administration resulted in greater albuminuria reduction than placebo, not
along with improvement of renal function, but with the risk of hyperkalemia and
stroke increasement (Parving et al. 2012). The ALTITUDE trial was prematurely
terminated due to increasing adverse events and no benefit on renal function decline.
In the conclusion, these results suggest the increasing considerations regarding the
safety of complete RAS inhibition as to treat progressive renal disease.

31.2.7 Anti-inflammation Therapies

In most cases, fibrosis is associated with a robust mononuclear infiltration. However,
in the absence of infectious agents or specific immunogens, sterile inflammation is
considered to have a prominent role in the initiation of fibrotic responses (Kurts et al.
2013). This hypothesis is based on the observation that the inhibition of inflamma-
tion protects against fibrosis in experimental models of CKD (Anders et al. 2004).
Macrophages, B cells, and T cells are considered the primary sources of profibrotic
growth factors (Huaux et al. 2003; Ricardo et al. 2008). Although the immune-
modulatory drugs targeting tumor necrosis factor −α(TNF-α), IL 6 or CD20+ B
cells are available in the clinic, they have not been used to prevent fibrosis yet.

Membrane-associated TNFR1 and TNFR2 have important roles in activating
chemokine and cytokine release (Breyer andSusztak2016). Levels of both circulating
TNFRs are increased and predictive of progression (Al-Lamki et al. 2005). TNFR1
and TNFR2 have been associated with different functions. A renal protective role for
TNFR1 has also been postulated in studies showing that deletion of this receptor is
associated with higher systolic pressure and urinary albumin excretion, as well as an
altered GFR (Al-Lamki andMayadas 2015). Currently, it remains uncertain whether
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TNF or its receptors exerts a pathogenic role in CKD or diabetic nephropathy. There
are only few studies to test the clinical efficacy of anti-TNF agents in lupus nephritis
(LN) and FSGS (Al-Lamki et al. 2005; Al-Lamki and Mayadas 2015).

31.2.8 Endothelin-1 (ET-1) Blockers

Endothelins are a family of three peptides known to have powerful vasoconstric-
tor and vasopressor properties (Francois and Chatziantoniou 2018). One of these
peptides, endothelin-1 (ET-1), is the only one shown to be expressed in the kidney
(Dhaun et al. 2006). Systemic overexpression of ET-1 leads to renal inflammation and
fibrosis (Dhaun et al. 2006). Biological activity of ET-1 is mediated via two recep-
tors (endothelin-1 receptor [ETA] and endothelin B receptor [ETB]), both of which
display ubiquitous expression in the kidney (Saito et al. 1990; Kuc and Davenport
2004). ET-1 promotes renal fibrosis mainly through its binding to ETR-A. Activation
of ETR-A induces renal vasoconstriction and therefore increases glomerular pressure
and renal ischemia, then in turn induces renal fibrosis (Dhaun et al. 2006). ETR-A
can also directly promote ECM protein synthesis through increased inflammation,
reactive oxygen species, and activation of the renin–angiotensin system (Dhaun et al.
2006; Barton 2008). In preclinical studies, treatment with a selective ETA antagonist
reduced proteinuria and glomerulosclerosis (Benigni et al. 1993; Opocensky et al.
2006), as well as attenuated vascular fibrosis and collagen deposition in hyperten-
sive mice (Boffa et al. 2001). Similar results were observed in various models of
glomerulonephritis (Fukuda et al. 1996; Gomez-Garre et al. 1996; Benigni et al.
1998).

A clinical study in 286 patients with hypertension and CKD with or without
diabetes mellitus (type 1 or type 2) showed that ETA antagonists could substan-
tially reduce blood pressure and proteinuria (Wenzel et al. 2009; Saleh et al. 2011).
However, a randomized controlled trial in patients type 2 diabetes mellitus was ter-
minated prematurely (after 4 months), due to a high incidence of serious adverse
effects, including pulmonary edema, congestive heart failure, and more death events
in the experimental group than in the placebo group (Mann et al. 2010). A large
phase III trial that sought to investigate the role of atrasentan in diabetic nephropathy
was also stopped prematurely because of serious adverse cardiovascular events in the
experimental arms (Egido et al. 2017). Thus, it seems that ETA antagonists cannot
be safely used in patients with renal disease.

31.2.9 Aldosterone Blockers

Aldosterone is a mineralocorticoid hormone-promoting sodium retention and renal
fibrosis by inducing renal vasoconstriction, oxidative stress, and inflammation (Fran-
cois and Chatziantoniou 2018). Aldosterone or mineralocorticoid (MR) blockers
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are still mainly used as diuretics in the treatment of hypertension (Francois and
Chatziantoniou 2018). In experimental models of CKD, MR blockers have shown
a significant decrease in renal fibrosis and proteinuria in subtotal nephrectomy, dia-
betic nephropathy, and various glomerulopathies as previously reviewed (Bertocchio
et al. 2011). However, in CKD patients treated with an ACE-I or ARBs, increased
aldosterone levels are observed (Francois and Chatziantoniou 2018); the application
ofMRblockers in addition toACE-I andARBsmay thus reduce proteinuria and slow
GFR decline (Bolignano et al. 2014; Hou et al. 2015) in this population of patients.
A major drawback in this therapeutic strategy is hyperkalemia. A recent random-
ized controlled trial suggests that the addition of a non-absorbed potassium-binding
agent, patiromer, and reduces hyperkalemia in patients treated by ACE-I, ARBs, or
MR blockers (Bakris et al. 2015; Weir et al. 2016). Therefore, patiromer adminis-
tration may help patients to remain on treatment of RAAS blockade and even to
increase dosage of these drugs that achieve a better nephroprotection, by decreasing
potassium levels and reducing aldosterone levels in patients on RAAS blockade.

31.2.10 Pirfenidone

Pirfenidone is an antifibrotic, anti-inflammatory, and antioxidant compound that was
recently approved by the FDA for patients with idiopathic pulmonary fibrosis (IPF)
(RamachandraRao et al. 2009). It inhibits TGF-α and free radical oxygen species
(ROSs), as well as reduces IL-1, IL-6, IL-8, IL-12, and TNF-α levels (Taniguchi et al.
2010). Several preclinical studies and clinical trials have indicated that pirfenidone
provides some promise in treating IPF and renal fibrosis (RamachandraRao et al.
2009; Li et al. 2017; Robalo-Cordeiro et al. 2017).

The effect of pirfenidone on renal fibrosis has also been investigated. Rao et al.
showed that pirfenidone-inhibited mesangial matrix expansion and reduced levels
of type I and IV collagen, and fibronectin gene expansion in kidneys of mice with
DN (RamachandraRao et al. 2009). In 5/6 nephrectomy of the rats, Sharma et al.
found that pirfenidone inhibits M1 and M2 macrophage infiltration (Sharma et al.
2011). In UUO rats and cultured HK-2 cells, pirfenidone significantly attenuated
TGF-β1-induced EMT and ECM synthesis, as indicated by decreased expression
of α-SMA, type I and III collagen, S100A4, fibronectin, and increased expression
of E-cadherin (Li et al. 2017). All the preclinical studies indicated an antifibrotic
effect of pirfenidone in the kidney. In a clinical trial that includes 77 patients with
DN, (eGFR ranging from 20 mL/min/1.73 m2 to 75 mL/min/1.73 m2), pirfenidone
treatment resulted in an average increase in GFR of+8.5 mL/min/1.73 m2 compared
with a mean eGFR decrease of 2.2 mL/min/1.73 m2 in the placebo group after 1 year
(Sharma et al. 2011). More experimental and clinical trials are needed to evaluate
whether pirfenidone could be used for clinical treatment of fibrotic renal diseases.
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31.2.11 PPARs Agonist

Peroxisome proliferator-activated receptors (PPARs), including three subtypes
known as PPARα, PPARβ/δ, and PPARγ, are nuclear transcription factors that form
obligate heterodimers with retinoid-X receptors to modulate transcription of target
genes (Liu et al. 2014). Several preclinical studies and clinical trials have implicated
all three PPARs as potential targets for antifibrotic therapy.

PPARγ agonists, known as thiazolidinedione (TZD) drugs, are targeted primarily
as a treatment for diabetes, disorders of lipid metabolism, inflammation, and fibrosis
(Wang et al. 2007). Many preclinical experiments have indicated that PPARγ ago-
nists prevent and inhibit tissue fibrosis in liver, kidneys, heart, and lungs (McVicker
and Bennett 2017). However, it is important to note the side effects of the TZDs
can be significant and include weight gain, edema and bone density loss, increased
risk of cardiovascular disease and bladder cancer (Tahrani et al. 2016). Clinical
studies of non-TZD PPARγ agonists on fibrotic diseases are lacking. Fenofibrate, a
non-TZD PPARα agonist, prevented pulmonary, hepatic, and renal fibrosis in pre-
clinical studies (McVicker and Bennett 2017). In addition, fenofibrate, gemfibrozil,
and BAY PP1 prevented interstitial renal fibrosis in a number of preclinical rodent
models (McVicker and Bennett 2017). Few clinical studies of PPARα agonists in
renal fibrotic diseases have been conducted. To date, there are only preclinical ani-
mal studies on the treatment of fibrotic diseases with PPARβ/δ agonists (McVicker
and Bennett 2017). The PPARβ/δ agonist HPP593 may effectively abrogate renal
fibrosis induced by chronic ischemia through a reduction in oxidative stress and
preservation of mitochondrial function (Fedorova et al. 2013). Meanwhile, recent
studies indicated that dual-, pan-, or mixed PPAR agonists show potential for the
treatment of fibrotic disease (McVicker and Bennett 2017).

31.2.12 Pentoxifylline

Pentoxifylline is a methylxanthine derivative that has been recently approved for the
treatment of vascular diseases with three main properties: improving the rheological
properties of blood, anti-inflammatory, and antioxidative (Wen et al. 2017). Preclin-
ical research has shown an inhibitory effect of pentoxifylline on fibrotic diseases,
including radiation-induced fibrosis, schistosomiasis-induced hepatic granulomas,
chronic pulmonary paracoccidioidomycosis, miscellaneous fibrotic conditions, peri-
toneal fibrosis, and tubulointerstitial fibrosis (Wen et al. 2017). The mechanism of
action is through downregulation of TGF-β1 expression and reduction of proinflam-
matory and inflammatory factors (Wen et al. 2017).

Small clinical studies have demonstrated that pentoxifylline may be a potential
therapeutic agent in CKD due to its anti-inflammatory and antiproteinuric effects.
It has documented that pentoxifylline slows CKD progression in patients versus
placebo as showed by an eGFR decline of −1.2 mL/min/1.73 m2 during one-year
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period compared with −7.2 mL/min/1.73 m2 in the placebo group (Perkins et al.
2009). In a prospective RCT in which 91 patients with eGFR <60 mL/min/1.73 m2

were randomized to receive pentoxifylline or placebo, Goicoechea et al. found that
serum CRP, fibrinogen, and TNF-α decreased significantly in the pentoxifylline
groups (Goicoechea et al. 2012). A single-center retrospective analysis conducted by
Chen examined the combination of pentoxifylline with ACE-Is or ARBs in patients
with advanced CKD found no change in overall mortality or risk of incident car-
diovascular events (Chen et al. 2014). However, the patients with the addition of
pentoxifylline had better renal outcomes, demonstrating a 40% lower risk of devel-
oping ESRD than treatment with an ACE-I or ARB alone, especially in patients with
large amounts of proteinuria (Chen et al. 2014).

31.2.13 Bardoxolone Methyl

Bardoxolone methyl is a promising antioxidant and anti-inflammatory transcription
factor with antifibrotic effects in the kidney (Campbell and Weir 2015). A phase
2 and double-blinded RCT conducted by Pergola et al. showed that bardoxolone
methyl was associated with improvement in eGFR in patients with advanced CKD
and type 2 diabetes at 24 weeks of follow-up (Pergola et al. 2011). However, in a
larger RCT including more than 2000 patients with stage 4 CKD and diabetes treated
by bardoxolone methyl or placebo, bardoxolone methyl failed to reduce progression
to ESRD or death, along with a higher rate of cardiovascular events (de Zeeuw et al.
2013). A 2018 post hoc analysis of bardoxolone methyl in patients with stage 4
CKD and type 2 diabetes study (BEACON) examined data from a multinational,
randomized, double-blind, and placebo-controlled phase 3 trial from seven studies
enrolling approximately 2600 patients (Chin et al. 2018). The use of bardoxolone
methyl might sustain mean increasement in eGFR through study week 48, even
though remain increasement in eGFR from baseline for 4 weeks after cessation of
treatment (Chin et al. 2018). These patientswere significantly less likely to experience
the composite renal end point. Therefore, bardoxolone methyl may preserve kidney
function and delay the onset of ESRD in patients with T2D and stage 4 CKD.

31.2.14 Lysophosphatidic Acid (LPA) Receptor Antagonists

Production of lysophosphatidic acid (LPA) and activation of its receptors (mainly
LPA receptor 1 [LPAR1]) are associated with tissue fibrosis in a number of organs
(Tager et al. 2008). The contribution of the LPAR1 subtype to the development
of kidney, lung, vascular and dermal fibrosis has been demonstrated using genetic
(knockout mice) and pharmacological approaches (Castelino et al. 2011). To date,
LPAR1 antagonists have passed phase I and phase II clinical trials for IPF and sys-
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temic sclerosis (Llona-Minguez et al. 2015). The clinical trials of LPAR1 antagonists
have not been performed in kidney disease.

31.2.15 Lysyl Oxidase (LOX) Inhibition

As an extracellular copper-dependent amine oxidase, lysyl oxidase (LOX) can cat-
alyze the first step in the formation of cross-links in collagens and elastin. (Van
Bergen et al. 2013). A new humanized monoclonal antibody binding to and inhibit-
ing lysyl oxidase homologue 2 (LOXL2), simtuzumab, is currently developed in
the clinical trials for lung and liver fibrosis (Van Bergen et al. 2013). Based on its
mechanism of action, simtuzumab may also have beneficial effects for attenuation
of renal fibrosis (Van Bergen et al. 2013). A clinical trial with the purpose to treat
this disease is worthy of initiation.

31.2.16 Sodium-Glucose Co-transporter 2 Inhibition

The sodium-glucose co-transporter 2 (SGLT2) is responsible for the major renal
glucose reuptake in the apical membrane of the renal proximal tubule (Ly et al.
2011). SGLT2 inhibitors have entered clinical practice as glucose control agents
for patients with diabetes through their ability to inhibit renal glucose absorption
and reduce hyperglycemia (Yale et al. 2014). The results from the studies in type
1 and type 2 diabetic mice showed that SGLT2 inhibition has beneficial effects on
diabetic kidney disease in addition to reducing hyperglycemia effect, as indicated by
reducing glomerular hyperfiltration, renal hypertrophy, albuminuria, and decreasing
systolic blood pressure (Gembardt et al. 2014; Vallon et al. 2014). SGLT2 inhibition
is thought to increase sodium delivery to the macula densa, activating constrictor
signals to the afferent arteriole and thereby reducing glomerular filtration pressure
(Cherney et al. 2014). While SGLT2 inhibition may target the afferent arteriole more
selectively, the mechanisms of SGLT2 inhibitors with reducing glomerular filtration
pressure overlap with ACE-I and ARB. Moreover, in a phase II trial of patients
with type 2 diabetics and CKD, the SGLT2 inhibitor canagliflozin revealed an acute
reduction in eGFR followed by eGFR stabilization, along with a significant and
dose-dependent reduction in albuminuria, which is similar to ACE-I/ARB treatment
(Yale et al. 2014). A phase III study to determine whether the observed decrease in
albuminuria of canagliflozin improves the outcomes in patients with DN have been
conducted by Janssen et al. 3700 patients at 531 sites globally were enrolled in the
CREDENCE trial (Breyer and Susztak 2016). The primary composite end point of
the study includes ESRD, doubling of serum creatinine, and renal or cardiovascular
death. The results from this trial are expected to be issued in early 2020.
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31.2.17 NOX1 and NOX4 Inhibitors

It has been documented that the overproduction of reactive oxygen species (ROS)
is related to various pathologies, including hypertension, atherosclerosis, diabetes,
and CKD (Wilcox 2002). Many molecules belong to the ROS family with diver-
gent functions including regulation of cell growth and differentiation, modulation
of ECM production, and stimulation of proinflammatory genes (Wilcox 2002). The
NOX family includes seven members of NADP(H) oxidases, which is responsible
for the generation of ROS. The subtypes of NOX family have tissue specific; e.g.,
NOX1 is found in colon and vascular cells, NOX2 is the catalytic subunit in res-
piratory phagocytes, NOX3 is expressed in fetal tissue, and NOX4 is expressed in
the renal endothelial cells (Griendling 2006). The results from several models of
experimental hypertension have demonstrated that ROS participates in the develop-
ment and maintenance of hypertension (Griendling 2006). The expression of NOX1,
NOX2, and NOX4 increased in rats and mice made hypertensive by angiotensin II
infusion (Virdis et al. 2004). In humans, oxidative stress is thought to be increased
in different types of hypertension (Higashi et al. 2002). The inhibition of the NOX
enzymes could be a potential therapeutic strategy to improve endothelial function and
lower blood pressure in human disease. Recently, a placebo-controlled, double-blind,
randomized phase II clinical trial enrolling 120 patients with type 2 diabetes mellitus
has been designed to determine the safety and efficacy of GKT137831 (Table 31.1).

31.3 New Fibrotic Targets and Antifibrotic Inhibitors
in Preclinical Studies

31.3.1 RTKs and NRTK Inhibitors

Receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (nRTKs), the
two subtypes of tyrosine kinases, regulate many physiological processes at the cel-
lular level, including metabolism, growth, differentiation, and apoptosis (Liu and
Zhuang 2016). RTKs include a number of superfamilies, such as platelet-derived
growth factor receptors (PDGFR), vascular endothelial growth factor receptors
(VEGFR), fibroblast growth factor receptors (FGFR), epidermal growth factor recep-
tors (EGFR), insulin-like growth factor receptors (IGFR), nRTKs which lack extra-
cellular and transmembrane domains, include Src, c-Abl, and c-kit (Liu and Zhuang
2016). Increasing evidence indicates that RTKs and Src superfamily kinases are
involved in the initiation and progression of tissue fibrosis (Liu and Zhuang 2016).

Tyrosine kinase inhibitors (TKIs) are FDA-approved first-line drugs for various
malignancies. A number of preclinical studies have also confirmed the potential
antifibrotic effects of TKIs in organ fibrosis, such as skin, lung, liver, and kidney. For
example, imatinib, as aPDGFR inhibitor, canblockfibroblast activation, reduceECM
synthesis, abrogate fibrogenesis, and improve existing fibrosis (Floege et al. 2008). In
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the kidney, imatinib has also been shown to attenuate pathological changes in differ-
ent experimental models of CKD, including glomerulonephritis (Gilbert et al. 2012),
DN (Lassila et al. 2005), LN (Zoja et al. 2006), and chronic allograft nephropathy
(Savikko et al. 2003). In addition, AG1296, a specific TKI for FGFR, also shows an
inhibitory effect on FGF-2-induced renal fibroblast proliferation (Strutz et al. 2001).
In addition, Erlotinib, a TKI for EGFR, can significantly decrease TGF-β-mediated
fibrogenesis (Chen et al. 2012). In a ratmodel of hyperuricemic nephropathy, a highly
selective EGFR inhibitor, gefitinib inhibits activation of renal interstitial fibroblasts,
limits ECM overproduction and deposition, improves renal function, and reduces
urine microalbumin (Liu et al. 2015). Src is activated in the kidney after chronic
injury, and its inactivation with a chemical inhibitor (PP1) attenuates renal fibroblast
activation and proliferation as well as renal fibrogenesis (Yan et al. 2015). The antifi-
brotic effects of Src inhibition involve suppressing activation of TGF-β1 and EGFR
signaling pathways as well as blocking epithelial cell G2/M arrest and epithelial-to-
mesenchymal cell transformation (Yan et al. 2015).

Nintedanib (also known as BIBF 1120) is a potent, indolinone-derived small
molecule, and multiple-receptor TKI that simultaneously blocks the intracellular
ATP-binding pocket of RTKs. As a result, it inhibits phosphorylation of several spe-
cific tyrosine kinases, including PDFGR-α and PDFGR-β, FGFR-1, 2, 3, VEGFR-1,
2, VEGFR-3, and Src family kinases (Src, Lyn, and Lck) (Liu and Zhuang 2016).
In clinical trials, nintedanib was shown to be effective in improving the lung func-
tion, reducing the frequency of acute exacerbations, and improving the quality of
life in patients with IPF (Woodcock et al. 2013; Richeldi et al. 2014). On this basis,
nintedanib was designated a breakthrough therapy and approved by the FDA in
October 2014 (McCormack 2015) and the European Commission Granted Market-
ing Authorization in January 2015 for the treatment of patients with IPF. Several
in vitro and in vivo studies have also tested the efficacy of nintedanib in liver fibrosis,
renal fibrosis, and dermal fibrosis and revealed its antifibrotic effect in those disor-
ders. Notably, nintedanib attenuated liver fibroblasts and HSC activation, collagen
deposition, HSC differentiation, contractility and migration, as well as suppressed
intrahepatic inflammation and angiogenesis. Our study indicated that nintedanib also
protects against renal fibrosis through the mechanisms associated with blockade of
multiple RTKs, Src family kinases, TGF-β activation, and their downstream signal-
ing pathways contributing to renal fibrogenesis (Liu et al. 2017). From the experience
of clinical application of nintedanib on IPF and basic research on non-pulmonary
fibrotic disease, it is suggested that nintedanib may have strong potential on the treat-
ment of tissue fibrosis with higher effectiveness. A clinical trial is needed to evaluate
the efficacy of nintedanib in human renal fibrotic diseases.
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31.3.2 Epigenetic Targets DNA Methylation and Histone
Modifications

The effect of acute metabolic changes may not be detected until later stages of
disease as they can result in long-term epigenetic modifications. Several studies
have reported differences in cytosine methylation levels between control and human
kidney disease samples (Tampe and Zeisberg 2014a). Increased methylation of the
RASAL1 gene, which encodes an inhibitor of the RAS oncoprotein, has been asso-
ciated with fibroblast activation and fibrogenesis in the kidney (Tampe and Zeisberg
2014a). RASAL1 hypermethylation is mediated by the methyltransferase DNMT1.
In mouse models of kidney fibrosis, genetic deletion of Dnmt1, or pharmacological
inhibition of the enzyme protected animals from developing renal fibrosis (Tampe
and Zeisberg 2014a). Studies from our laboratory have also shown that enhancer of
zeste homolog 2 (EZH2), a histone methyltransferase that induces histone H3 lysine
27 trimethylation (H3K27me3), is highly expressed in the kidney of human diseases
such as IgA nephropathy, FSGS, and in a murine model of UUO (Zhou et al. 2016).
Pharmacologic inhibition of EZH2 with 3-deazaneplanocin A (3-DZNeP) abrogated
deposition of ECM proteins and expression of α-SMA in the obstructed kidney
(Zhou et al. 2016). In addition, the results from experiments by our group and oth-
ers demonstrated that the administration of histone deacetylases (HDACs) inhibitors
ameliorates fibrosis development in different models of renal fibrosis (Pang et al.
2009; Liu et al. 2013). Thus, histone modifications represent another important epi-
genetic regulator of renal fibrogenesis.Most of the currently available drugs targeting
histonemodifications, however, broadly interfere with transcription. Extended safety
studies are needed to understand their side effect profiles.

31.3.3 The Cannabinoid Receptors 1 and 2 (CB1-2)

The cannabinoid system and its cannabinoid receptors (CB) 1 and -2 have recently
emerged as potential targets in renal disease (Francois and Lecru 2018), with CB1
promoting fibrosis and CB2 inhibiting it. CB1 and CB2 are also involved in the
regulation of appetite and metabolism and thus are promising targets in diabetes
and obesity-induced metabolic syndrome (Nam et al. 2012). CB1 antagonists were
recently shown to retain most of their efficacy in metabolic syndrome and diabetes
(Tam 2016), including the reduction of albuminuria in early stages of diabetic renal
disease (Francois and Lecru 2018). However, it has been demonstrated that CB1
promotes fibrosis independently from its function on metabolism. CB1 is mainly
expressed in the endothelium where it regulates renal hemodynamics in the normal
kidney tissue; however, the expression of CB1 is induced in most cells in animal
models with kidney diseases, and in human diabetic, and IgA nephropathy (Lecru
et al. 2015). CB1 inhibition (genetic or pharmacological) profoundly reduces renal
fibrosis (Lecru et al. 2015). Interestingly, increased CB1 expression in podocytes
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was demonstrated to be directly involved in albuminuria and the development of DN,
independent of its role in metabolism as well (Jourdan et al. 2014). CB1 inhibition
may bemore effective thanCB2 stimulation in experimentalmodels of nephropathies
(Barutta et al. 2010, 2011, 2014; Lecru et al. 2015), although an additive effect of CB1
peripheral antagonismwith aCB2 agonist inDNhas also been reported (Barutta et al.
2017). The reason of these discrepanciesmaybe due to variations in the potency of the
CB1 pharmacological blockers used. Even though CB1 has demonstrated to play an
important role in renal fibrosis, so far, there is still no definite evidence showing that
CB1 inhibition can protect against kidney dysfunction and prevent CKDprogression,
especially in non-metabolic kidney diseases. A recent report shows that the specific
deletion of CB1 in proximal tubules might inhibit renal fibrosis and preserve renal
function in obesity-induced nephropathy in mice (Udi et al. 2017).

31.3.4 Discoidin Domain Receptor 1 (DDR1)

DDR1, a transmembrane tyrosine kinase receptor involved in collagen synthesis, is
predominantly expressed in epithelial cells and is involved in cell migration, prolif-
eration, and ECM protein synthesis, and degradation (Liu and Zhuang 2016). DDR2
expresses in apical membranes of select nephron segments, from the loop of Henle to
the macula densa. DDR1 and DDR2 mRNA and protein expression are upregulated
within the glomeruli in the remnant kidney (Liu and Zhuang 2016). Upon collagen
binding, DDR1 has been shown to activate various downstream signaling pathways
including the mitogen-activated protein kinase (MAPK) signaling pathway through
ERK1/2 or JNK, NF-κB, PI3 Kinase (Liu and Zhuang 2016). There is now strong
evidence of DDR1 involvement in renal fibrosis and CKD progression (Prakoura and
Chatziantoniou 2017). DDR1 inhibition was found to prevent the development of
proteinuria, glomerular and perivascular fibrosis, and renal inflammation in a hyper-
tensive model of renal injury (Flamant et al. 2006). DDR1 was found to reduce
fibrosis by impairing migration of inflammatory cells in the UUO model and in
the anti-glomerular basement membrane (anti-GBM) model of glomerular nephritis,
where inflammation is more prominent (Guerrot et al. 2011; Kerroch et al. 2012).
DDR1 inhibition was also effective in reducing renal fibrosis and inflammation while
protecting kidney function in an experimental model of Alport’s syndrome (Gross
et al. 2010) and in the remnant kidney model (Borza et al. 2017). Of note, DDR1
inhibition with antisense oligonucleotides after the establishment of the disease was
protective in models of glomerulonephritis and ureteral obstruction (Kerroch et al.
2016), indicating that DDR1 inhibition may reverse fibrosis as well as prevent it.
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31.3.5 Periostin

Periostin, a secreted ECM protein originally discovered in periosteum and periodon-
tal ligaments (Horiuchi et al. 1999), is highly expressed during development, and in
injury and repair tissues in adults, especially within the kidney. Periostin can bind to
several ECM proteins, such as collagen, fibronectin, and several integrins, and plays
an important role in many physiological processes, such as cell adhesion, migration,
proliferation, and differentiation. Several importantmediators of renal fibrosis and/or
inflammation, such as TGF-β1, Ang II, PDGF-B, the interleukins IL-4 and IL-13,
can induce periostin expression (Francois and Chatziantoniou 2018). Periostin, by
its direct binding and interactions with collagens and fibronectin, affects ECM pro-
tein remodeling (Li et al. 2010; Francois and Chatziantoniou 2018) and is involved
in renal fibrosis, inflammation, and development of CKD (Mael-Ainin et al. 2014;
Prakoura and Chatziantoniou 2017). For instance, periostin was one of the most
upregulated genes in three experimental models of renal fibrosis (Sen et al. 2011;
Guerrot et al. 2012; Vethe et al. 2015). Moreover, periostin levels increase during
diabetes, lupus nephritis, IgA nephropathy, and FSGS (Satirapoj et al. 2012; Hwang
et al. 2016). Genetic disruption of periostin reduced renal inflammation and fibrosis
in the UUO model and in a model of anti-GBM glomerulonephritis (Mael-Ainin
et al. 2014; Prakoura and Chatziantoniou 2017). Periostin inhibition by antisense
oligonucleotides also protected the kidney from fibrosis, even when given after the
beginning of the disease (Prakoura and Chatziantoniou 2017). Similarly, in a mouse
model of polycystic kidney diseases (PKD), genetic disruption of periostin reduces
cysts number, reduces renal interstitial fibrosis, and improves renal function (Wallace
et al. 2014).

31.3.6 MicroRNA (MiRNA)

As small noncoding mRNA molecules, micro (mi)RNAs can regulate gene expres-
sion at the posttranscriptional level and are involved in a wide range of pathophysio-
logical processes (Francois and Chatziantoniou 2018). Some specific miRNAs have
been shown to be involved in renal fibrosis, acting downstream in the TGF-β pathway
(Gomez et al. 2016). miRNA 21 is the most abundantly expressed miRNA within
the kidney and has been found to be upregulated in both acute and chronic kidney
injury in animals (Zarjou et al. 2011) and in humans (Glowacki et al. 2013). It has
pleiotropic functions associated with phosphatase and tensin homologue (PTEN),
TGF-β, and tumor suppression. miRNA-29 and -200 have been shown to blunt the
development of renal fibrosis, whereas miRNA-21, -214, -199, and -155 are directly
involved in the fibrotic process (Gomez et al. 2016). Recently, these miRNAs have
emerged as therapeutic targets in renal fibrosis (Gomez et al. 2016). An anti-miRNA-
21 was able to prevent the development of renal fibrosis in an experimental model
of Alport’s syndrome (Zarjou et al. 2011; Gomez et al. 2015) and in the UUOmodel
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(Zarjou et al. 2011; Denby et al. 2014). In addition, antagonism of miRNAs was also
beneficial in streptozotocin-induced DN (with a miRNA-124 antisense) (Li et al.
2013) and in murine kidney of chronic allograft dysfunction (with a miRNA-21a-5p
silencing probe) (Schauerte et al. 2017). Similarly, agomir or miRNA mimics (i.e.,
miRNA23b agomir) have been shown to exhibit beneficial effects in renal fibrosis
induced by DN. However, there remains a major challenge to deliver the specific
miRNA to the kidney without any side effects (Table 31.2).

31.4 Challenges and Prospects

Although great progress has been made in many preclinical studies on the mecha-
nisms and therapeutic targets of renal fibrosis, there are still no agents beyondACE-Is
and ARBs approved to treat renal fibrosis in clinical practice. This is due to many
challenges in translating basic research into clinical application in this field. For
example, most animal models are conducted by a single hit in young and healthy
male animals, whereas in human, fibrogenesis is a continuous process or comes in
flares, striking kidney patients of both genders who are largely middle-aged or older
and often have comorbid conditions. Moreover, despite advances in the effective-
ness, safety and tolerability of novel antifibrotic agents are encouraging; clinical
trials in renal disease are limited by variability in patient cohorts and specific patient
selection, trial design and financially feasible longitudinal studies with appropriate
end points. In addition, specific end point measures, novel imaging techniques, and
biomarkers of renal fibrosis are also needed for clinical trials.
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Chapter 32
Renal Injury Repair: How About
the Role of Stem Cells

Jian-Si Li and Bing Li

Abstract Renal failure is one of the most important causes of mortality and mor-
bidity all over the world. Acute kidney injury (AKI) is a major clinical problem that
affects up to 5% of all hospitalized patients. Although the kidney has a remarkable
capacity for regeneration after acute injury, the mortality among patients with severe
AKI remains dismally high, and in clinical practice, most patients cannot be cured
completely and suffer from chronic kidney disease (CKD). Recently, the incidence
and prevalence of CKD have increased, largely as a result of the enhanced prevalence
of diabetes and obesity. The progressive nature of CKD and the ensuing end-stage
renal disease (ESRD) place a substantial burden on global healthcare resources. Cur-
rently, dialysis and transplantation remain the only treatment options. Finding new
therapeutic methods to fight AKI and CKD remains an ongoing quest. Although
the human renal histological structure is complex, stem cell therapies have been
applied to repair injured kidneys. The curative effects of mesenchymal stem cells
(MSCs), hematopoietic stem cells (HSCs), induced pluripotent stem cells (iPSCs),
and nephron progenitor cells (NPCs) on renal repair have also been reported by
researchers. This review focuses on stem cell therapy and mechanisms for renal
injury repair.

Keywords Stem cell · Renal repair · Acute kidney injury · Chronic kidney disease

32.1 Introduction

Tissue repair and regeneration is limited in themammalian kidney, and it is necessary
for kidney to reacquire functionality after ischemic, toxic, or inflammatory insults.
Mesenchymal stem cells (MSCs) are multi-potent cells with self-renewal, prolifera-
tive, regenerative, and the potential of multi-lineage differentiation (Charbord 2010).
MSCs which characterized by the expression of MSC markers can differentiate into
adipocytes, osteocytes, and chondrocytes (Dominici et al. 2006). New evidence sup-
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ports that the kidney-resident MSCs are originated from renal pericytes and form
an extensive network around the microvasculature (Bruno et al. 2014). Kidney-
resident MSCs play key roles in regulating renal blood flow, endothelial survival,
capillary permeability, and immunologic surveillance (Kramann and Humphreys
2014). Hematopoietic stem cells (HSCs) are undifferentiated cells with the capabil-
ity of self-renewal and stepwise differentiation into erythrocytes, thrombocytes, and
other specialized blood cells.

The Nobel Prize in physiology or medicine in 2012 was awarded jointly to Sir
John B. Gurdon and Shinya Yamanaka for the discovery that mature cells can be
reprogrammed to become pluripotent. Their groundbreaking discoveries have com-
pletely changed our view of the development and specialization of cells, and their
findings have shown that a mature cell can be returned to an immature, pluripotent
state, becoming a pluripotent stem cell under certain conditions. In 2006, Yamanaka
and his coworkers developed a reprogramming method for inducing mouse skin
cells to become pluripotent stem cells and called them induced pluripotent stem cells
(iPSCs). Comparing the ability of differentiation into kidney cells between iPSCs
and embryonic stem cells (ESCs), the results showed that both of them can differ-
entiate into mature kidney cells. However, compared with ESCs, iPSCs tended to
remain undifferentiated and less sensitive for kidney differentiation (Morizane et al.
2009). Recent advances in stem cell have observed key signals that are necessary
to maintain stemness of human nephron progenitor cells (NPCs) in vitro and have
established the protocols to generate NPCs and nephron epithelial cells from human
fetal kidneys and human pluripotent stem cells (hPSCs). hPSCs, on account of their
unlimited self-renewal and capability to generate all kind of cells (Takahashi et al.
2007a, b; Thomson et al. 1998), are suited for the derivation of NPCs to generate
functional human kidney cells and tissues. This article will focus on stem cells above
in renal injury repair.

32.2 Mesenchymal Stem Cells on Renal Injury Repair

MSCs are fibroblast-like cells that are capable of self-renewal and multi-lineage
differentiation (Uccelli et al. 2008). Preclinical studies have demonstrated that
administration of MSCs can reduce renal ischemia-reperfusion injury (IRI) and
improve renal function, owing to their anti-inflammatory and immunoregula-
tory properties (Humphreys and Bonventre 2008; Morigi et al. 2004; Semedo
et al. 2007). MSCs have the ability to accelerate tissue repair by direct migra-
tion to the injured sites and paracrine factors (Togel et al. 2007; Zhao et al.
2014). Recently, MSC-based therapy in renal IRI has attracted a lot of attention
(Jang et al. 2014; Shih et al. 2013; Wise et al. 2014).

According to clinical trials,MSC therapy has been used forAKI andCKD, includ-
ing focal segmental glomerulosclerosis, diabetic nephropathy, systemic lupus ery-
thematous, and kidney transplantation (Hickson et al. 2016; Peired et al. 2016;West-
enfelder and Togel 2011). Patients at high risk of postoperative AKI after cardiac



32 Renal Injury Repair: How About the Role of Stem Cells 663

surgerywere safely treatedwith allogeneicMSCs (Kaushal andShah 2014; Togel and
Westenfelder 2012). Many studies found that BMSCs have the potential to differen-
tiate into glomerular mesangial cells (Imasawa et al. 2001; Ito et al. 2001;Wong et al.
2014). Other experiments showed that after adding colony-stimulating factor (CSF),
the conversion rate of BMSCs to renal stem cells was increased (Jia et al. 2012).
Other than paracrine factors, microvesicles, which are an important mechanism of
cell–cell association (Collino et al. 2010), derived from stem cells play an important
role in renal repair (Bruno et al. 2012; Gatti et al. 2011; He et al. 2012). BMSCs have
strong effects on restraining inflammation and fibrosis and consequently improve
kidney function (Qi and Wu 2013; Reinders et al. 2014; Yuen et al. 2013).

The repair effect of BMSCs in kidney tissuewas confirmed, and the homingmech-
anism of BMSCs requires further study. After BMSCs are transplanted into blood,
they anchor to the kidney through a combination of their own adhesion molecules
and chemokine receptors and those expressed on the damaged kidney. The SDF-
1/CXCR4 signaling pathway plays an important role in BMSC homing and tissue
repair (Liu et al. 2012, 2013a, b; Marquez-Curtis and Janowska-Wieczorek 2013;
Ponte et al. 2007; Si et al. 2014; Togel and Westenfelder 2011). Liu et al. added
BMSCs and vitamin E separately to the culture medium of gentamycin and renal
tubular epithelial cells. The results showed that the proliferative capacity of renal
tubular epithelial cells increased, significantly when BMSCs and vitamin E were
added at the same time. In in vivo experiments, similar results also proved that
a better effect occurred when BMSCs and vitamin E were added together than
when they were separately added (Liu et al. 2013c). Recently, some researchers
found that CXCR7 was a new receptor of SDF-1. Currently, CXCR7 is known to
improve tumor growth in mice. Mazzinghi et al. observed that CXCR7 might play
a role in the process of progenitor cell migration to the kidney, and penetration to
the kidney endothelium may be induced by SDF-1 (Mazzinghi et al. 2008). Some
experiments showed that after hypoxic preconditioning, the expression of CXCR7
increased on the surface of BMSCs. Further study showed that CXCR4 mainly con-
tributed to cell migration and that CXCR7 played an important role in cell survival
(Dai et al. 2011; Liu et al. 2012).

32.3 Hematopoietic Stem Cells on Renal Injury Repair

Enhancements in the mobilization, propagation, and delivery of BMSCs to the kid-
ney present the potential for BMSCs to serve as an entirely new approach for the
treatment of AKI. Stem cell factor and granulocyte CSF (G-CSF) can induce HSC
homing to the injured kidney, leading to a significant improvement of the kidney
functional recovery (Iwasaki et al. 2005; Stokman et al. 2005). By comparison, some
reports showed data against the use of granulocytosis-inducing HSC mobilization
protocols for the treatment of ischemic injury. Unlike the research above, boosting
the peripheral stem cell count was associated with increased severity of renal failure
andmortality. Large quantities of activated granulocytes appear to obscure the poten-
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tial renoprotective effects of HSCs (Togel et al. 2004). Data against the potential of
BMSCs to trans-differentiate into tubular cells after injury are reported (Dekel et al.
2006). Based on the study from transgenic mice which express green fluorescent
protein (GFP) in BMSCs (Duffield et al. 2005), in mature renal tubular epithelial
cells (Lin et al. 2005) or in all mesenchyme-derived renal epithelial cells, it was
observed that when BMSC recruitment occurs, kidney repair is significantly trig-
gered via proliferation of endogenous renal cells. BMSCs might produce protective
and regenerative factors, rather than replace damaged cells directly by differentiation
to improve the regenerative process (Humphreys et al. 2008).

Due to limited methods of tracking BMSCs, especially in injured tissues, the
results of localization of BMSCs and the contribution degree of BMSCs to kidney
regeneration may be inconsistent. The protocols used in these studies are different.
The differences included the species, transplantation methods, types of cells used
for transplantation, the detection methods for bone marrow cell origin and the speci-
ficity and sensitivity of those methods. In addition, cell fusion may also account
for this contradiction (Fang et al. 2005; Held et al. 2006). Data of bone marrow
cell recruitment to damaged kidneys have not establish the lineage of the recruited
BMSCs. Moreover, the beneficial effects of the recruitment of BMSCs on chronic
renal damage remain to be determined.

32.4 Induced Pluripotent Stem Cells on Renal Injury
Repair

iPSCs (Takahashi and Yamanaka 2006) have the potential for multi-lineage differ-
entiation and provide stem-cell-based treatment. They are transformed from somatic
cells via expression of selected transcription factors. Recently, unique methods have
been developed for stimulating the differentiation of human iPSCs into cells with
kidney lineages (Araoka et al. 2014; Lam et al. 2014; Mae et al. 2013), and three-
dimensional structures of the kidney (Taguchi et al. 2014) have been developed.
iPSCs have been established from normal human mesangial cells (Song et al. 2011),
renal tubular cells present in urine (Zhou et al. 2011, 2012), and fibroblasts of patients
with autosomal dominant polycystic kidney disease (Freedman et al. 2013). With the
further study of reprogrammed kidney iPSCs, the research progress of genetic kidney
diseases may improve and the development of novel therapies may occur soon. The
therapeutic effect of iPSCs on renal ischemia was also reported. The expression of
oxidative substances, proinflammatory cytokines, and apoptotic factors was reduced
by transplantation of iPSCs. Eventually, iPSCs contributed to improve the survival
rate of rats with ischemic AKI (Lee et al. 2012).

Recent study provided a new disease-modeling platform for functional genomics
in the directed differentiation of human iPSCs (hiPSCs) toward renal lineages
(Takasato et al. 2015). Now, the generation of iPSCs from human skin or blood sam-
ples is convenient (Takahashi et al. 2007a). In addition, the study of CRISPR/Cas9
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corrected a candidate variant of unknown significance (VUS). It enables the genera-
tion of isogenic control iPSC lines. Meanwhile, within an experiment, the isolation
of the effect of the VUS was corrected and created by a non-isogenic control the
removal of the confounding influences of genomic variation was amended. Academ-
ically, with the isolation of the phenotypic effect of the proband’s specific allele, the
comparison of organoids generated from the proband and matched gene-corrected
iPSC lines should be considered. A disease phenotype within a proband-derived
organoid has not been proved previously. However, kidney organoids represent a
model of the developing nephron currently. Previously, iPSC-based kidney disease
model relied on the generation of mutations by CRISPR/Cas9-induced nonhomolo-
gous end joining in wild-type human cell lines has been reported (Cruz et al. 2017;
Freedman et al. 2015). The proband iPSC-derived renal organoids model reveals the
proband-specific alleles for any candidate variant. At the same time, the genomic
background of that individual is presented. The finding allowed for contributions
to phenotype from gene modifiers or allowed the dissection of multigene disorders.
Importantly, if a modeled candidate VUS ultimately proves nondisease association,
data based on the study of the proband-derived organoids will keep on expressing
the VUS, potentially permitting a retrospective diagnosis.

32.5 Nephron Progenitor Cells on Renal Injury Repair

The discovery of endogenous stem/progenitor cell systems in other organs has forced
the identification of innovative therapeutic strategies for regenerative medicine and
tissue engineering (Radtke and Clevers 2005; Solanas and Benitah 2013). Recently,
the identification of endogenous stem/progenitor systems in kidney was still a chal-
lenge. Patients with renal disease can readily generate hiPSCs which enable the
development of immunocompatible tissues as well as patient-specific models of
renal disease (Takahashi et al. 2007b). New findings of directed differentiation pro-
tocols toward kidney lineage cells have been reported, which lead to the generation
of NPCs and kidney organoids from human ESCs (husks) and hiPSCs (Lam et al.
2014; Morizane et al. 2015; Taguchi et al. 2014; Takasato et al. 2014, 2015).

In humans, CD133+CD24+ renal epithelial cells represent a hierarchical pop-
ulation of NPCs, including parietal epithelial cells and a scattered population of
tubular epithelial cells, represent approximately 2–4% of the total number of renal
cells (Romagnani et al. 2013; Sagrinati et al. 2006). These cells possess the poten-
tial for self-renewal, the ability to resist senescence, the capacity to grow in culture
as spheres, and the capability to differentiate into different types of renal epithelial
cells in vitro, such as podocytes and tubular epithelial cells. They can also differenti-
ate into adipocytes, endothelial cells, osteoblasts, and neuronal cells (Ronconi et al.
2009; Sagrinati et al. 2006). Recent advances in angiomyolipomas in tuberous scle-
rosis are derived from a multi-potent cancer stem cell that originates from the renal
epithelium. The hypothesis that the renal epithelial cells have the potential of differ-
entiation ability more than the epithelial phenotype has been confirmed. Formerly
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based on lineage-tracing experiments performed in mouse models of AKI, it was
considered to be its only possible lineage (Cho et al. 2017; Goncalves et al. 2017). A
few independent studies have certificated that adult renal progenitors had treatment
effects in immunodeficient mice with rhabdomyolysis-induced AKI (Bongso et al.
1994; Bussolati et al. 2005; Grange et al. 2014; Mazzinghi et al. 2008; Sagrinati
et al. 2006). The administration of CD133+CD24+ cells isolated from Bowman’s
capsule elevated the renal outcomes in a podocyte injury model of focal segmental
glomerulosclerosis (FSGS) (Ronconi et al. 2009). In Adriamycin nephropathy mice
model, these cells isolated from urine also differentiated into podocytes and reduced
proteinuria (Lazzeri et al. 2015).

Molecules which have been demonstrated can regulate NPC-mediated kidney
regeneration included the blockers of chemokine SDF-1 (Darisipudi et al. 2011),
Notch signaling inhibitors (Peired et al. 2013), retinoic acid (Peired et al. 2013),
and several drugs such as interferon (Migliorini et al. 2013), steroids (Zhang et al.
2013), renin–angiotensin–aldosterone system inhibitors (Rizzo et al. 2013), and lep-
tin (Pichaiwong et al. 2013). The pharmacological agents above can improve renal
progenitor differentiation into podocytes, support glomerular regeneration and block
NPC hyperactivation.

32.6 Conclusion

Although the results are controversial, and many questions remain unanswered,
stem-cell-based therapy is a potential strategy for acute and chronic kidney dis-
eases (Asanuma et al. 2010). There are difficulties in the process of studying stem
cells, but these studies may provide many new views on diagnosis and therapy.
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Chapter 33
Antifibrotic Roles of RAAS Blockers:
Update

Ying-Ying Zhang, Ying Yu and Chen Yu

Abstract The rennin–angiotensin–aldosterone system (RAAS) has been well docu-
mented in regulating blood pressure, fluid volume, and sodium balance. Overactivity
of RAAS promotes both systemic and regional glomerular capillary hypertension,
which could induce hemodynamic injury to the glomerulus, leading to kidney dam-
age and renal fibrosis via profibrotic and proinflammatory pathway. Therefore, the
use of RAAS inhibitors (i.e., ACEIs, ARBs, and MRAs) as the optional therapy has
been demonstrated to prevent proteinuria, and kidney fibrosis and slow the decline
of renal function effectively in the process of kidney disease during the last few
decades. Recently, several new components of the RAAS have been discovered,
including ACE2 and the corresponding ACE2/Ang (1-7)/Mas axis, which are also
present in the kidney. Besides the classic RAAS inhibitors target the angiotensin-
AT1-aldosterone axis, with the expanding knowledge about RAAS, a number of
potential therapeutic targets in this system is emerging. Newer agents that are more
specific are being developed. The present chapter outlines the insights of the RAAS
agents (classic RAAS antagonists/the new RAAS drugs), and discusses its clinical
application in the combat of renal fibrosis.

Keywords Renin–angiotensin–aldosterone system (RAAS) · Fibrosis ·
Antagonists

33.1 Introduction

Renal fibrosis is a common step in the progression of a variety of chronic kidney
diseases to end-stage renal disease. It is characterized by excessive accumulation
of extracellular matrix, representing the final target to treat chronic kidney disease
(CKD). It is widely accepted that the degree of renal fibrosis correlates well with
kidney function and CKD stage (Schainuck et al. 1970).
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The rennin–angiotensin–aldosterone system (RAAS)plays a key role in regulating
blood pressure, fluid volume, and sodium balance. Overactivity of the RAAS is
involved in the pathology progression of a variety of diseases, such as hypertension,
atherosclerosis, left ventricular hypertrophy, myocardial infarction, and heart failure.
Researchers have demonstrated that the overactivity of RAAS contributed to the
progression of renal fibrosis and that RAAS antagonists prevented renal fibrosis and
slowed the decline in renal function in patients with kidney disease.

In 1971, Oparil, S et al. described the main cascade of the RAAS system (Oparil
and Haber 1971). Plasma angiotensinogen is cleaved by renal renin, generating
angiotensin I (AngI), which is then converted to angiotensin II (AngII) by endothe-
lial angiotensin-converting enzyme (ACE). AngII is considered the most important
RAASpeptide and is associatedwith vasoconstriction and high blood pressure.AngII
binds to the type–1 AngII receptor (AT1) in a variety of tissues. Then, aldosterone is
stimulated via the AT1 receptor in the adrenal gland, facilitating sodium retention by
the kidney when aldosterone binds to the mineralocorticoid receptor. More recently,
several new components of the RAAS have been discovered, including ACE2 and
the corresponding ACE2/Ang (1-7)/Mas axis, which are also present in the kidney.

The classic RAAS inhibitors target the angiotensin-AT1-aldosterone axis. How-
ever,with the expanding knowledge aboutRAAS, the number of potential therapeutic
targets in this system is increasing. In this secession, we discuss novel agonists and
antagonists of the RAAS that might combat renal fibrosis (Fig. 33.1).

Fig. 33.1 Antifibrotic role of RAAS blockers in renal fibrosis
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Multiple drugs have been well established to interfere with RAAS at different
levels, such as renin inhibitors, ACE inhibitors, ARBs, and mineralocorticoid recep-
tor antagonists, which directly inhibits renin, ACE, AT1R, and the mineralocorticoid
receptor, respectively. Novel blockers are developed to target Aminopeptidase A, the
enzyme that catalyzes the conversion of Ang II to Ang III, and Ang III to Ang IV. On
the other hand, replenishment of RhACE2 are used to activate ACE2, the enzyme that
catalyzes the conversion of Ang I and Ang II to Ang (1-7). Moreover, novel agonists
have been designed to target AT2, AT4 andMAS1 receptors. In addition to inhibitors
and agonists, alternative strategies such as vaccines specifically target rennin, AngI,
AngII, and AT1 receptor have also been developed. ACE: angiotensin-converting
enzyme; Ang: angiotensin; ARB: angiotensin receptor blocker; AT1: type-1 Ang II
receptor; AT2: type-2 Ang II receptor; AT4: type-1 Ang II receptor; MAS1: proto-
oncogene Mas; rh: recombinant human.

33.2 Classic RAAS Antagonists

33.2.1 Angiotensin-Converting Enzyme Inhibitors (ACEIs)

Stopping the activation of AT1 is an attractive antifibrosis target in RAAS. ACE
inhibitors (ACEIs) block the synthesis of AngII, which is catalyzed by ACE, pre-
venting the conversion of AngI to AngII, limiting the effect of AngII and further
decreasing the secretion of aldosterone and vasopressin.

The effectiveness of ACEIs in preventing or attenuating kidney disease in the
clinic may be partly due to hemodynamics and non-hemodynamic factors. ACEIs
can reduce the intraglomerular pressure by reducing the afferent arterial pressure
and slow the breakdown of bradykinin, decreasing the size and charge selectivity of
the glomerular cell wall. In addition, ACEIs can reduce cytokine production, such as
by transforming growth factor-beta (TGF-β), which induces glomerulosclerosis and
renal fibrosis (Zhang et al. 2017).

Enalapril, an ACEI, significantly attenuated BSA-induced rat renal tubule-
interstitial inflammation and fibrosis by suppressing NLRP3 inflammasome expres-
sion (Ding et al. 2014). Furthermore, in a UUO mouse model, the amelioration of
Enalapril on renal fibrosiswasmast cell-dependent, as therewas no effect of Enalapril
on mast cell-deficient mice developing renal fibrosis (Sun et al. 2016).

In 1993, the CAPTOPRIL trial studied the effect of ACEI captopril on people
with type 1 diabetes with proteinuria and showed that, compared with the placebo,
treatment with captopril led to a 30% reduction in proteinuria, a 43% reduction in the
risk of the primary end point of doubling of serum creatinine and a 50% reduction
in the combined end point of death and the need for dialysis or renal transplantation,
depending on BP levels (Lewis et al. 1993). In the Bergamo Nephrology Diabetic
Complications trial, 1204 type 2 diabetic patients with hypertension and normal urine
albumin excretion were studied and followed for a median of 3.6 years. The results
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showed that trandolapril decreased the incidence of persistent micro-albuminuria
compared to placebo and verapamil, indicating that ACEIs not only could delay
the progression of diabetic nephropathy but also were able to prevent the onset of
nephropathy (Ruggenenti et al. 2004).

Although ACEIs result in lower levels of AngII in the blood, AngII produced by
alternative conversion pathways can still be combined with AT1. When AngII levels
decline, AngII accumulates by non-ACE pathways, which is called “ACE escape.”
The phenomenon may be due to the increase in renin release reactively because
of AngII loss. ACEIs could also upregulate Ang1-7 and bradykinin, which may be
related to target organ protection by ACEIs (Sureshkumar 2008).

33.2.2 Angiotensin Receptor Blockers (ARBs)

Angiotensin receptor blockers (ARBs), which are highly selective for the AT1 recep-
tor, increase AngII levels in circulation and retard AngII binding to the AT1R. ARBs
have similar effects to those of ACEIs, including regulating blood pressure andmain-
taining endothelial function; however, they do not increase bradykinin production. In
addition, there are no such ACE escape problems In addition, because the blockade
of AT1R AngII binds with AT2R alternatively or is diverted to Ang1-7, ARBs exert
beneficial effects.

Obata et al. concluded that in hypertensive glomerulosclerosis animal models,
RAAS activation and sensitivity to AngII increase in glomeruli (Obata et al. 1997). In
rats treatedwith candesartan for 12weeks, UAE decreased, as did TGF-β, fibronectin
(FN), and RAAS components.

Wang et al. (2013) investigated the therapeutic role of ARB in an IgA nephropathy
rat model and found that administration of losartan decreased urinary protein levels
and reduced serum BUN, Scr, TGF-β1, FN, α-SMA, and FGF-1, finally delaying
the progression of advanced IgA nephropathy with impaired renal function. In the
IDTN and RENAAL trials, ARB treatment reduced the relative risk of reaching the
primary composite end point—death, doubling of serum creatinine, or end-stage
renal disease—in people with type 2 diabetes with kidney involvement by 20 and
16%, respectively (Lewis et al. 2001; Brenner et al. 2001).

33.2.3 Mineralocorticoid Receptor Antagonists (MRAs)

Aldosterone is a mineralocorticoid hormone that promotes sodium retention and
renal fibrosis by inducing renal vasoconstriction, oxidative stress, and inflammation
(Bertocchio et al. 2011). MRAs are still mainly used as diuretics in the treatment
of hypertension but also heart failure, with a significant reduction in mortality (Pitt
et al. 1999). In CKD patients treated with an ACEI or ARBs, increased aldosterone
levels were observed, called the “aldosterone escape phenomenon,” and activated
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the mineralocorticoid receptor (MR) (Lijnen et al. 1982). This supported the use
of mineralocorticoid receptor antagonists (MRAs) in addition to ACEI or ARBs on
renal fibrosis.

MRAs are classified as conventional steroidal and nonsteroidal compounds.
Steroidal compounds (spironolactone and eplerenone) inhibit the effects of aldos-
terone by competing for its ligand-binding domain on MR and prevent MR from
adopting the active conformation.

Researchers demonstrated that administration of spironolactone to the STZ-
induced diabetic rat reduced proteinuria and decreased the expression of collagen
I/IV, TGF-β, and attenuated glomerular and tubulo-interstitial fibrosis, despite the
absence of BP or blood glucose reduction (Kolkhof et al. 2015). In addition, spirono-
lactone significantly alleviated cisplatin-induced nephrotoxicity and renal fibrosis
both in vivo and in vitro (Elseweidy et al. 2018).

It was reported that inhibition of local aldosterone by eplerenone prevented
the upregulation of transforming growth factor-β1, connective tissue growth fac-
tor, plasminogen activator inhibitor type 1, and collagen I in adrenalectomized rats
(Sun et al. 2015).

33.2.4 Direct Renin Inhibitors (DRIs)

Many patients have elevated AngII levels due to AngII reactivation under ACE inhi-
bition and ALDO escape during long-term treatment with an ACEI or an ARB. A
similar phenomenon has been discovered for MRAs, called “aldosterone escape.”
The patients who take MRAs may have higher aldosterone compared to pretreat-
ment. Direct renin inhibitors block the RAAS at an earlier stage in the cascade than
do ACEIs and ARBs and prevent the formation of both AngI and AngII by both ACE
and non-ACE pathways (Nadeem and Batisky 2014).

The development of renin inhibitors has provided an opportunity to evaluate
the effects of direct renin inhibition (DRIs) as another means of RAAS blockade.
Aliskiren is the first in a new class of orally effective DRIs approved for the treatment
of hypertension (Jensen et al. 2008).

The safety and efficacy of aliskiren have been well defined through preclinical
pharmacological safety studies. These were also assessed in adult patients with vary-
ing degrees of renal or hepatic impairment (Kelly et al. 2007). The results indicate
that there is no need to adjust the dose of aliskiren in patients with renal or hep-
atic impairment; however, according to the package insert, it is recommended to
exercise caution when prescribing aliskiren to patients who have moderate to severe
renal dysfunction, a history of dialysis therapy, nephrotic syndrome, or renovascular
hypertension due to the scarcity of data in these patients and the potential for other
agents affecting the RAAS to increase serum creatinine and blood urea nitrogen
levels (Miyata et al. 2014).

Several clinical studies have demonstrated that aliskiren is effective on CKD (Li
et al. 2012; Miyata et al. 2014). Persson et al. reported that aliskiren (300 mg daily)
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treatment reduced UACR, with a 17% reduction by days 2–4, a 31% reduction by
days 8–10, and a maximum reduction of 44% at the end of the treatment (day 28)
(Persson et al. 2008). Wu et al. found that aliskiren at a dosage of 150 mg/day for six
months in 103ChineseCKDpatients (bothwith andwithout diabetes) had a favorable
effect on reducing residual proteinuria and inadequately controlled blood pressure
(Wu et al. 2014). Mechanically, aliskiren prevents renal disease progression by sup-
pressing both angiotensin I and II in RAAS-activated pathology; moreover, Renke
revealed that aliskiren also attenuated oxidative stress and improved the functional
status of tubules in nondiabetic nephropathy (Renke et al. 2014). Collectedly, these
results strongly suggest that aliskiren has beneficial effects for renoprotection with or
without BP-lowering effects in CKD patients. In addition, aliskiren can reduce sym-
pathetic hyperactivity, which is often exhibited and contributes to the pathogenesis
of hypertension and CVD in patients with CKD (Miyata et al. 2014).

DRIs, in theory, seem to have the same adverse effects as do other RAAS block-
ers. A pooled analysis showed that the most common adverse events thought to be
related to aliskiren treatment were headache, diarrhea, nasopharyngitis, back pain,
and dizziness. Hyperkalemia, which is a frequent concern in CKD patients, is the
primary danger of RAAS-blocking medications. The blockade of the RAAS leads to
a decrease in aldosterone levels. Because of the urinary potassium excretion caused
by aldosterone, RAAS blockers can cause potassium retention. Several clinical trials
targeting aliskiren in CKD patients with tracked potassium levels showed that there
was no significant trend for increased hyperkalemia by aliskiren in patients with
CKD in these trials (Vaidyanathan et al. 2007).

Currently, many controversies regarding the use of aliskiren in diabetic kidney
disease are under discussion. Numerous animal models of DKD have shown signif-
icantly improved BP control and proteinuria with the use of aliskiren. At the level
of the glomerulus, the use of aliskiren is associated with decreased podocytopathy
and glomerular pressure. Tubulo-interstitial fibrosis and levels of profibrotic and
oxidative markers were found to be reduced with aliskiren. The AVOID trial showed
that aliskiren might have additional renoprotective effects that are independent of its
blood pressure-lowering effects in patients with hypertension, type 2 diabetes and
nephropathy when added to ARB. Unfortunately, another clinical trial, the ALTI-
TUDE trial, due to a lack of apparent benefit and a higher risk of side effects,
was prematurely stopped for futility in patients with type 2 diabetes and micro-
albuminuria, macro-albuminuria, or cardiovascular disease. Therefore, the FDA has
given a formal recommendation about aliskiren: it should not be used in associa-
tion with ARBs or ACEIs as dual therapy in patients with diabetes mellitus or renal
disease (Parving et al., 2012).

A new drug, DRI-ACT-077825, was proved to be safe in the human body when
administered once daily in 2013. ACT-077825 inhibited plasma renin activity, while
the immunoreactive renin level increased. However, the decrease in plasma renin
activity is short lived and is not affected by the dose within 7 days. The effect of DRI
onbloodpressure is controversial.More research is needed to identify inconsistencies
(Nicolas et al. 2013).
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Thus, aliskiren has beneficial effects for renoprotection, the control of BP, and the
prevention of CVD in patients with CKD. However, the possible adverse effects and
potential interactions with other drugs being used together have to be carefully con-
sidered. In DKD patients, it clearly has an antihypertensive effect and a proteinuria-
reducing effect that are greater than placebo. These benefits are not superior to those
offered by currently used ACEIs or ARBs. Thus, DRI is a reasonable alternative to
the use of ACEI or ARB in DKD, especially in settings where ACEI or ARB may
not be used. Another limitation is that there is still a lack of high-quality studies to
confirm the effects of aliskiren in patients with CKD.

33.3 New RAAS Drugs of the AngII-AT1/2R Axis

33.3.1 The Angiotensin II Subtype-2 Receptor (AT2R)
Agonist

AngII primarily activates two receptor subtypes, AT1R and AT2R. It is well estab-
lished that activation of AT1R by AngII mediates pathophysiological effects such
as vasoconstriction, proliferation, fibrosis, oxidative stress, and inflammation, which
occur inmultiple organs. On the other hand, activation of AT2R is thought to counter-
regulate the pathophysiological effects induced byAT1R and exert vasodilator, antifi-
brotic, antiproliferative, and anti-inflammatory effects, as well as natriuretic and
antihypertensive effects, in renal disease (Wang et al. 2017; Hallberg et al. 2018).

In contrast to AT1R, AT2R is very sparsely expressed and is abundant only in
certain tissues, such as the vascular endothelium, kidney, and brain. In the kidney,
AT2R is mainly localized to renal vessels, glomeruli, and tubules. AT2R activation
also opposes the vasoconstrictor actions of AT1R by promoting dilation of the affer-
ent and efferent arterioles. A previous study revealed that the appropriate balance
between AT1R and AT2R activation might therefore play a key role in regulating the
physiological functions of the renal systems (Ozono et al. 1997).Mechanistically, the
following phenomena might contribute to the renoprotection of AT2R. First, AT2R
stimulates mitogen-activated protein kinase phosphatase-1 (MKP-1) and inhibits
ERK activity, resulting in the reduction in mitogen-activated protein kinase (MAPK)
activity and growth inhibition. Second, AT2R regulates the production of renal nitric
oxide (NO), guanosine cyclic 3′,5′-monophosphate (cGMP), and bradykinin (Siragy
and Carey 1997; Abadir et al. 2003; Matavelli and Siragy 2015), indicating that it
could be involved in the induction of vasodilation. In addition, Rompe et al. (2010)
showed that targeting AT2R exerted a direct anti-inflammatory effect by inhibiting
NF-κB activation, leading to reduced TNF-α-mediated IL-6 release from fibroblasts.
Together, these data demonstrate that AT2R plays a substantial role in organ inflam-
mation and tissue fibrosis and that its cellular signaling pathways go in opposite
directions to those of AT1R.
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In 2004, a novel AT2R agonist named Compound 21 (C21) was developed. C21 is
a nonpeptidic compound that is orally and systemically active with an oral bioavail-
ability of 20–30%. C21 is a highly selective AT2R agonist that is in the final stage of a
preclinical trial (Steckelings et al. 2012). Many basic experiments have revealed that
C21 can inhibit inflammatory responses and renal fibrosis via activation of AT2R. It
lacks AT1R affinity and was demonstrated in human embryonic kidney cells to have
4000-fold selectivity to AT2R (Bosnyak et al. 2011). If clinical studies confirm its
efficacy, this compound could be useful for the management of diverse cardiovas-
cular and kidney diseases, including diabetic kidney disease and glomerulonephritis
(Pandey and Gaikwad 2017).

More recently, additional AT2R ligands have been investigated in the clinic.
Namely, MP-157 is an AT2R agonist in phase I clinical trials in Europe, aimed at the
cardiovascular system, according to information from Mitsubishi Tanabe Pharma
“State of New Product Development (as of August 2, 2016).” Unfortunately, its
structural formula is still not disclosed. Another AT2R antagonist, EMA401, from
Spinifex Pharmaceuticals Pty Ltd, Australia, and now acquired by Novartis, has been
successfully tested in a phase II trial in patients with neuropathic pain (Rice et al.
2014). Thus, it is conceivable that AT2R agonists will play an important role in the
future.

33.3.2 Vaccines Against the RAAS

The concept of immunization as a treatment for hypertension is not new, and several
studies have yielded insights into an angiotensin vaccine as a strategy for inhibit-
ing RAAS. As a specific target antigen, the antihypertension vaccine is complicated
by the multifactorial etiology of hypertension compared to the vaccines generated
against bacteria and viruses (Do et al. 2010). RAAS is potentially the most important
regulator of systemic blood pressure and is believed to be a major factor in hyper-
tension onset. Antibodies against renin, angiotensinogen, AngI, AngII, ACE, and
AT1/2 have been studied in experiments in an attempt to create a vaccine that would
chronically suppress RAAS activity.

The renin vaccine is the earliest vaccine that effectively reduces blood pressure
in animal models; its binding to renin inhibits the interaction between renin and
angiotensinogen and suppresses renin’s enzymatic activity. Because the structure of
renin is highly species specific, vaccination against heterologous renins led to the
production of antibodies that produced only incomplete suppression of renin’s enzy-
matic activity. Subsequent advances in human renin purification made it possible to
actively immunizemarmosets against human renin.Unfortunately, these experiments
also revealed that the renin vaccine led to the onset of various autoimmune diseases
that emerged as a major concern for any immunotherapy directed at endogenous
RAAS components (Gradman and Pinto 2008).

Unlike renin, AngI and AngII are very small peptide molecules composed
of ten and eight amino acids, respectively. It is well documented that smaller
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molecules will be less likely to stimulate autoimmune diseases. In animal mod-
els, AngI vaccines between two carriers, tetanus toxoid (TT) (PMD-2850) and key-
hole limpet hemocyanin (KLH) (PMD3117), induced equivalent immune responses
and inhibition of the pressor effects of exogenous AngI. In a phase IIa clini-
cal trial, three or four injections of the angiotensin I vaccine PMD3117 resulted
in antibody production with titers peaking 64 days after protocol initiation and
no evidence of autoimmune disease. The results revealed that PMD3117 could
block the RAAS system. Therefore, a new formulation of PMD3117 has been
developed. Confirmation of safety is the priority, and renoprotection should
be addressed by further clinical assessment in phase IIb and phase III trials
(Gardiner et al. 2000; Downham et al. 2003; Do et al. 2010).

The AngII vaccine is a logical target for immunotherapy. In 2007, Cytos Biotech-
nology developed an AngII-specific vaccine (CYT006-AngQb) composed of an
AngII peptide with an N-terminal Cys-Gly-Gly extension that is covalently cou-
pled to virus-like particles (VLP) derived from the coat protein of the bacteriophage
Qb. Ambühl PM showed that VLP (AngQb) reduces blood pressure in SHR to levels
obtained with an ACE inhibitor and is well tolerated in humans. Therefore, vac-
cination against angiotensin II has the potential to become a useful antihyperten-
sive treatment that provides long-lasting effects and improves patient compliance
(Ambuhl et al. 2007). Some studies reported that SHR exhibited an SBP decrease of
17 mmHg after immunization with a peptide-based vaccine made of a seven-amino
acid sequence (AFHYESR) from the second extracellular loop of rat AT-1A recep-
tor (ATR12181), which alleviated cardiac hypertrophy and attenuation of kidney
injuries. There were no signs of autoimmune diseases in the biopsied sections of
kidney. Because Freund’s adjuvant is not safe for use in humans, the next phase of
the study will focus on the use of ATR12181 in combination with VLP in human
subjects (Zhu et al. 2006).

In conclusion, vaccination to achieve chronic RAAS suppression represents
a novel approach to treating hypertension. However, the effect of vaccines on
renal fibrosis after controlling hypertension and blocking the RAAS system is still
unknown.

33.4 New Drugs of the Ang1-7-Mas Axis

33.4.1 Human Recombinant ACE2 (hrACE2)

In the kidneys, ACE2 is expressed in the proximal tubules and less strongly in
the glomeruli. The synthesis of inactive Ang 1-9 from AngI and the catabolism
of AngII to produce Ang 1-7 are the main functions of ACE2 (Nishiyama et al.
2002; Tikellis et al. 2004). There may be two mechanisms to explain the benefi-
cial effect of ACE2 in vascular diseases. First, ACE2 reduced the AngII interaction
with AT1R by inducing AngII degradation; second, ACE2 reduced vasoconstric-
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tion, water retention, and reactive oxygen stress by increasing Ang1-7 synthesis
(Clarke and Turner 2012). Zhong et al. found that daily treatment with recombinant
humanACE2 (hrACE2) reduced theAngII-induced pressor response and normalized
renal AngII levels and oxidative stress, which indicated that human ACE2 prevented
AngII-mediated renal oxidative stress, inflammation, and tubulo-interstitial fibrosis
in animal models (Zhong et al. 2011). Oudit GY found that treatment with hrACE2
attenuated diabetic kidney injury in the Akita mouse in association with a reduction
in blood pressure and a decrease in NADPH oxidase activity (Oudit et al. 2010). Fur-
thermore, accumulating evidence indicates that the ACE/ACE2 ratio regulates the
production and accumulation of AngII and that ACE2 deficiency leads to increased
AngII concentrations (Ye et al. 2004; Wakahara et al. 2007).

There is emerging evidence of the upregulation of ACE2 in urine from
diabetic patients; this upregulation may reflect the pathological shedding of
renal ACE2. Studies in experimental models have investigated the feasibil-
ity of pharmacological induction of ACE2 for improvement of renal function,
inflammation, and fibrosis (Williams and Scholey 2018). The small-molecule
ACE2 activator 1-[[2-(dimethylamino)ethyl] amino]-4-(hydroxymethyl)-7-[[(4-
methylphenyl)sulfonyl]oxy]-9H-xantona-9 (XNT) prevented renal and myocardial
hydroxyproline accumulation (Paulis et al. 2015). Other ACE2 activators, such as
diminazene aceturate (DIZE) and recombinant human ACE2, have been tested in
preclinical trials (Treml et al. 2010; Ferreira et al. 2011).

33.4.2 MAS1 Agonists

Similar to ACE2 administration, Ang1-7 binding to the MAS1 receptor has shown
beneficial effects in animal models. Further, Ang1-7 ameliorates cardiac remodeling
by decreasing hypertrophy and fibrosis, while genetic depletion of Mas results in
dyslipidemia, insulin resistance and marked fibrotic and hypertrophic changes in rat
myocardia (Wiemer et al. 2002; Grobe et al. 2007).

The major limitation of exogenous administration of Ang1-7 is that it is a peptide
with a very short biological half-life, low oral bioavailability, and very low stability
(Yamada et al. 1998). Because of these limitations, Ang1-7 is generally administered
subcutaneously by osmoticmini pumps,which are quite expensive and are not readily
available.

More than 10 years ago, the effects of nonpeptide compound AVE 0991 were
similar to those of Ang1-7 in endothelial cells (Wiemer et al. 2002). Subse-
quent data demonstrated that AVE 0991 and Ang1-7 competitively bound the
same MAS1 receptor in the kidneys, and AVE 0991 reduced blood pressure,
alone or in combination with renin inhibitors (Singh et al. 2013). In 2014, AVE
0991 was shown to ameliorate kidney inflammation and improve cell infiltra-
tion, cytokine release, and histology in two rodent models of arthritis. In dia-
betic animal models, AVE-0991 produced cardio-renal protection, possibly by
improving glucose and lipid metabolism in diabetic rats, independent of its



33 Antifibrotic Roles of RAAS Blockers: Update 681

blood pressure-lowering action (Singh et al. 2012). The first phase of clinical
trials is being conducted to test the safety of combination therapy in humans
(R. A. Santos, personal communication). Further clinical trials should be performed
to test this promising therapeutic approach in humans (Barroso et al. 2012).

33.5 New Drugs of the AngIV-AT4R Axis

33.5.1 Aminopeptidase A

AngII is increased in the plasma and tissues either by increased ACE expression
and activity or by decreased expression and activity of key enzymes that metabolize
AngII.Abalance between the formation anddegradation of the effector peptideAngII
is critical. The roles of AngII degradation in blood pressure and renal regulation have
not been well studied. AngII is metabolized to form des aspartyl1-AngII, also called
AngIII, primarily by aminopeptidase A (APA), which is involved in the degradation
of AngII.

APA is expressed in glomerular podocytes and tubular epithelia and metabolizes
AngII, a peptide known to promote glomerulosclerosis. APA activity is involved
in the deterioration of salt-induced hypertension and renal injury (Nomura et al.
2005). Since APA is the key enzyme for the degradation of AngII, its implications
for renal diseases have been studied in APA-knockout mice. AngII-treated APA-null
mice developed a significant rise in albuminuria along with increased segmental and
global sclerosis and/or collapse of juxtamedullary glomeruli, micro-cystic tubular
dilation, and tubulo-interstitial fibrosis, which are blocked in AngII-treated APA-
wild-type mice. The augmented AngII-mediated kidney injury observed in asso-
ciation with increased intrarenal AngII accumulation in the absence of APA sug-
gests a protective, metabolizing role of APA in AngII-mediated glomerular diseases
(Velez et al. 2014, 2017).

However, the clinical benefits of APA as a therapeutic target are most likely be
limited, since it acts to decrease circulating and tissue AngII levels primarily by
degrading AngII rather than by inhibiting AngII formation. ACE inhibitors have
been widely used to block the RAAS to treat hypertensive and kidney diseases
with proven clinically beneficial outcomes. If ACE inhibitors are inadequate to treat
hypertension or kidney diseases associated with the formation of AngII, a potential
pharmacological strategy to upregulate APA expression or enhance its activity may
be alternative therapy (Gao et al. 2014).

QGC001 (originally named RB150) is the first drug candidate of a new class
of antihypertensive agents targeting the brain RAAS, particularly brain APA, the
enzyme generating brainAngIII. The phase I study ofQGC001 showed that QGC001
offered a potential alternative therapeutic strategy for improving the BP control
of hypertensive patients. However, the renoprotection of QGC001 warrants further
investigation (Balavoine et al. 2014).
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33.5.2 AT4 Receptor Inhibitors

TheAT4 receptor (AT4R)was originally defined as the specific, high-affinity binding
site for the hexapeptide angiotensin IV (AngIV). AT4R has a broad distribution and is
found in a range of tissues, including the adrenal gland, kidney, lung, and heart. AT4R
was generally found to bemore abundant thanAT1R inmammalian kidneys, whereas
the Ang1-7 receptor was not detected in mammalian kidneys. Rats subjected to vari-
ous chronic treatments were found to preferentially present decreased kidney AT4R
density (furosemide, puromycin aminonucleoside, andnitro-L-argininemethylester),
decreased kidney AT1R density (bilateral ureteral obstruction), or increased kidney
AT1R distribution in the inner medulla (water diuresis). These results suggest that
AT4R can be expressed in several renal cells within the normal kidney. Furthermore,
many animal models of renal dysfunction and injury have been identified that selec-
tively alter kidney AT4R density and may potentially aid in elucidating the role of
this novel angiotensin receptor system in renal function (Handa et al. 2001).

IRAP, an AT4R that is inhibited by AngIV, was identified in 2001. A previous
study demonstrated that IRAP is an AT4R and proposed that AT4R ligands may exert
their effects by inhibiting the catalytic activity of IRAP, thereby extending the half-
life of its neuropeptide substrates. HFI-419 is an IRAP-selective pyridinyl compound
that enhances memory in rats. Studies have demonstrated that HFI-419 prevented
cardiac and endothelial damage induced by AngII, independent of blood pressure.
HFI-419 also exceeded the anti-inflammatory effect. Regarding the renoprotection
of HFI-419, more studies are necessary (Albiston et al. 2008).

33.6 New Drugs Targeting Aldosterone

33.6.1 Nonsteroidal MRAs

Finerenone (BAY94-8662) is a potent and highly selective nonsteroidalMRA (>500-
fold more selective than for other steroid receptors) (Taira et al. 2008). Lattenist et al.
(2017) evaluated the efficacy of finerenone to prevent the acute and chronic conse-
quences of ischemic acute kidney injury. After 4 months of ischemia-reperfusion,
finerenone fully prevented the transition from acute kidney injury to chronic kidney
disease (kidney dysfunction, increased proteinuria and tubular dilation, extensive
tubule-interstitial fibrosis, and an increase in kidney TGF-β and collagen I mRNA).
Moreover, Barrera-Chimal J’s lab (Barrera-Chimal et al. 2018) also reported that
finerenone efficiently prevented IR-induced increases in plasma creatinine, urea,
and proteinuria levels, as well as the expression of TGF-β as an indicator of kid-
ney fibrosis, which means that finerenone protected against the transition from acute
kidney injury to chronic kidney disease. Furthermore, they found that MR defi-
ciency in myeloid cells protected against chronic dysfunction and fibrosis induced
by ischemia-reperfusion. Finally, they found that the protection afforded by MR
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antagonism (finerenone) or myeloid MR deficiency was due to the promotion of
macrophage polarization to a wound-healing phenotype after kidney IR, preventing
the development of chronic kidney fibrosis and dysfunction.

Arai K and his colleagues (Arai et al. 2016) observed, in a hypertensive rat model,
that esaxerenone (CS-3150), a novel nonsteroidal mineralocorticoid receptor antag-
onist, not only prevented but also ameliorated ongoing DOCA/salt loading-induced
mRNA expression of fibrosis, inflammation, and oxidative stress markers. More-
over, they found that compared with spironolactone and eplerenone, CS-3150 had
an equivalent antihypertensive effect but a superior ability to ameliorate glomeru-
losclerosis, tubular injury, and tubulo-interstitial fibrosis (Arai et al. 2015).

33.6.2 Aldosterone Synthase Inhibitor

Aldosterone is synthesized from cholesterol in the outermost layer of the adrenal
cortex via a series of steroid hydroxylase and deoxygenase enzymes. Aldosterone
synthase (also named CYP11B2) catalyzes the last and rate-limiting steps in aldos-
terone synthesis. The major glucocorticoid, cortisol, is synthesized in the zona fas-
ciculata of the adrenal cortex, with CYP11B1 (11β-hydroxylase (cytochrome P450
type I)) as the rate-limiting enzyme. It is well known that aldosterone and cortisol
biosynthesis share many common steps (Azizi et al. 2013; Tamargo et al. 2014).

Aldosterone stimulates the production of ROS, inflammation and fibrosis of
the heart, vasculature, and kidney through both mineralocorticoid receptor (MR)-
dependent and MR-independent mechanisms. Among them, the MR-independent
effects occur via the angiotensin II receptor and via the G-protein-coupled recep-
tor. Studies in rodents genetically deficient in aldosterone synthase or treated with a
pharmacological aldosterone synthase inhibitor have provided insight into the rela-
tive contribution of aldosterone compared with the contribution of mineralocorticoid
receptor activation in inflammation, fibrosis, and injury (Brown 2013).

LCI699 is an orally active and nonselective aldosterone synthase inhibitor that
has been evaluated in humans (Andersen et al. 2012). With aldosterone synthase
inhibition by LCI699, cortisol levels remain normal, and 11-deoxycorticosterone
increases, which means that the adrenocorticotropic hormone–cortisol axis is acti-
vated by CYP11B1 gene inhibition. However, the effects of aldosterone synthase
inhibition on renal injury have not been reported in humans to date (Brown 2013).

33.7 Combination Strategy

Despite the broad range of new possible therapeutic targets for hypertension
described above, it is seemingly difficult to devise a new molecule that can be
advanced to later phases of clinical investigation and that could successfully com-
pete with the existing therapeutics. Thus, there is much room to take advantage of
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the already broad choice of molecules and to optimize their usage. The combina-
tion of current drugs is an alternative strategy. The use of combination therapy for
the treatment of renal fibrosis is already established in practice and in the current
guidelines. This positive effect has been amply confirmed for ACEI or ARB used
as monotherapy, and two or more separate RAAS drugs have been combined in the
hope that they would have an antifibrotic effect and offset each other’s negative side
effects.

33.7.1 ACEI + ARB Combination

In theory, the combination of RAAS inhibitors may have a greater inhibitory effect
of renal fibrosis and a better clinical outcome. However, the combination use of
ACEI and ARB may have synergistic or addictive effects. A meta-analysis found
that a combination of ACEI and ARB resulted in a clinically significant reduction in
proteinuria in patients with chronic kidney disease and diabetic nephropathy regard-
less of BP changes (Doulton and Macgregor 2005). Another systematic review and
meta-analysis of randomized trials evaluating the combination of an ACEI and an
ARB in patients with chronic proteinuric renal disease. This finding indicated that
the combination of ACEI and ARB therapy in patients with chronic proteinuric renal
disease was safe, without clinically meaningful changes in serum potassium levels
or glomerular filtration rates. Combination therapy was also associated with a sig-
nificant decrease in proteinuria, at least in the short term (MacKinnon et al. 2006).
However, Schmerbach et al. (2012) observed the effect of ACEI/ARB combination
therapy in spontaneously hypertensive stroke-prone rats on a salt-rich diet. Renal
glomerulosclerosis and interstitial fibrosis were decreased by monotherapy (telmis-
artan or ramipril), whereas combination treatment (telmisartan and ramipril) failed
to have a significant effect. In the ONTARGET trial, the combination therapy of
ramipril plus telmisartan was compared to monotherapy in patients with DM and
high cardiovascular risk. There was no difference in the composite primary out-
come of death or hospitalization for cardiovascular disease, but combination therapy
was associated with significantly more hypotension, syncopes, and a faster rate of
decline in renal function compared to monotherapy. The ONTARGET trial also
showed that dual RAAS blockade led to worsening of kidney function (Mann et al.
2008). As with ONTARGET, the VA NEPHRON D Trial, targeting patients with
T2DM, compared combination therapy of losartan and lisinopril to monotherapy
with losartan. Due to excess adverse events in the combination arm of ACEI and
ARB,mostly acute kidney injury andhyperkalemia, the trialwas prematurely stopped
(Fried et al. 2013).
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33.7.2 ACEI/ARB +MRA Combination

MRAs are used in combination with ACEI or ARB, particularly in patients with
low renin or resistant hypertension, which is effective in reducing BP because of
the inability of these drugs to reliably decrease aldosterone after chronic use as a
consequence of the aldosterone breakthrough that follows the escape of the effects
of ACEI or ARB. Eplerenone is also effective in resistant hypertension in associ-
ation with ACEI or ARB. The demonstrated better tolerability of eplerenone over
spironolactone could make the use of eplerenone more desirable, but the indication
for hypertension is not recognized except in the presence of intolerance to spirono-
lactone (Marquez et al. 2015).

Mehdi et al. (2009) published a double-blind, placebo-controlled trial that
included 81 patientswith diabetes, hypertension, and albuminuria (UAE>300mg/g).
Patients who were treated with lisinopril 80 mg were randomized to placebo, losar-
tan 100 mg or spironolactone 25 mg daily for 48 weeks. The results revealed that
compared with placebo, the urinary albumin-to-creatinine ratio decreased by 34.0%
in the spironolactone group and by 16.8% in the losartan group. However, the serum
potassium level was significantly higher with the addition of either spironolactone
or losartan, which indicated that the addition of spironolactone, but not losartan, to
a regimen including a maximal dose of an ACEI generated better renoprotection
in patients with diabetic nephropathy. Epstein et al. published similar RCT results
in 2006 (Epstein et al. 2006). Additional large-scale trials with hard end points are
needed in this field to prove that the addition of an aldosterone receptor blocker to
standard therapy with an ACEI or ARB could improve renal outcomes, and the effect
of the new MRA on renoprotection should be analyzed.

33.7.3 Dual Blockade of ARB-Neprilysin Inhibitor

Natriuretic peptides (NP) (especially ANP and BNP), playing an important role
in sodium and water homeostasis, have antioxidant, anti-inflammatory, and antifi-
brotic properties, which may significantly contribute to their renoprotective proper-
ties. Neprilysin is a vasopeptidase that metabolizes NP and other peptides, such as
bradykinins. Inhibition of neprilysin is accompanied by the increase in NP levels but
has mild effects on BP (MacKinnon et al. 2006). The combination of a neprilysin
inhibitor with a RAAS blocker represents a powerful tool. LCZ696 is a dual-acting
ARB and neprilysin inhibitor (ARNI) that decreases BP in animals and healthy
humans with low rates of side effects. Therefore, it is not surprising that in CKD ani-
mals treated with LCZ, there was a significant improvement in indices of oxidative
stress, inflammation, fibrosis, and the Nrf2 system beyond that observed with ARB
therapy alone. In a clinical study, a meta-analysis of LCZ696 revealed that it was
better than ARB alone at reducing most blood pressure parameters without resulting
in more adverse events in treating hypertension (Jing et al. 2017). To determine the
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renoprotective effect of LCZ696, additional clinical trials should address its ability
to prevent renal fibrosis and the safety of its long-term use.

33.7.4 ACEI/ARB + DRI Combination

With respect to preclinical studies, the result of the ALTITUDE study has been
unexpected; in particular, a renoprotective effect was expected from the aliskiren +
ACEI/ARB combination. This combination therapy might reduce proteinuria to a
great extent. However, further subgroup analysis revealed that dual blockade of the
renin–angiotensin–aldosterone system with aliskiren and ARB did not improve the
hard renal endpoints, so it should not be recommended in CKD patients (Parving
et al. 2012; Rasche et al. 2018).

33.8 Conclusions

For years, a large number of experimental and clinical trials have shown that the
traditional RAAS blocker (ACEI/ARB/MAR) could delay the development of renal
fibrosis and chronic kidney disease, but the effect was limited. Improvements in
RAAS blockade beyond the effects of ACEIs and ARBs will be challenging, but
studies in this area are abundant. Some new nonpeptide drugs that modify RAAS
activity to combat renal fibrosis have been developed, including several novel ago-
nists (such as AT2R agonists and MAS1 agonists) and antagonists (such as AT4R
inhibitors) of the RAAS, some of which have entered clinical applications and some
of which are still in the stage of clinical trials. Furthermore, with the development
of new technology, new blockers of the RAAS have been developed, such as human
recombinant ACE2 and vaccines against renin, AngI or AngII, which may be more
specific. However, large multicenter randomized controlled studies are needed to
evaluate the beneficial effects and to explore the efficacy and safety of these new
blockers of the RAAS.
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Chapter 34
Extracellular Vesicles: Opportunities
and Challenges for the Treatment
of Renal Fibrosis

Tao-Tao Tang and Bi-Cheng Liu

Abstract Extracellular vesicles (EVs) are small lipid-based membrane-bound vesi-
cles secreted by most cells under both physiological and pathological conditions. A
key function of EVs is to mediate cell–cell communication via transferring mRNAs,
miRNAs and proteins from parent cells to recipient cells. These unique features of
EVs have spurred a renewed interest in their utility for therapeutics. Given the grow-
ing evidence for EV-mediated renal diseases, strategies that could block the release
or uptake of pathogenic EVs will be discussed in this review. Then, the therapeutic
potential of EVs predominantly from stem cells in renal diseases will be outlined.
Finally, we will focus on the specific application of EVs as a novel drug delivery
system and highlight the challenges of EVs-based therapies for renal diseases.

Keywords Extracellular vesicles · Treatment · Renal fibrosis · Drug delivery

34.1 Introduction

Extracellular vesicles (EVs) are nanoscale vesicles released by cells in physiological
and pathological conditions. Depending on their size and biogenesis, EVs are classi-
fied into three major categories: exosomes, microvesicles and apoptotic bodies (van
der Pol et al. 2012; Raposo and Stoorvogel 2013). Here, we focus on the first two
classes of EVs. Exosomes, ranging from 30 to 150 nm in diameter, are formed by the
fusion of intracellular multivesicular bodies with the plasma membrane (Colombo
et al. 2014), whereas microvesicles, 50–1000 nm in size, are shed directly from the
plasma membrane (Morel et al. 2011) (Fig. 34.1).

EVs were initially regarded as cell dust with no biological significance (Wolf
1967), but there is increasingly evidence for their important role in cell signalling
and communication in normal and disease states (Karpman et al. 2017; Erdbrügger
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Fig. 34.1 Biogenesis and characteristics of major classes of EVs. EVs can be classed as exo-
somes, microvesicles and apoptotic bodies based on their biogenesis and size. Exosomes are formed
by the fusion of intracellular multivesicular bodies (MVBs) with the plasma membrane, whereas
microvesicles are shed directly from the plasma membrane. EVs are taken up by cells by endo-
cytosis, phagocytosis, pinocytosis or membrane fusion, and subsequently transfer cell membrane
receptors or deliver effectors including mRNA, miRNA, DNA, lipid or protein into recipient cells.
In addition, EVs could serve as a therapeutic target by inhibition of their production, release or
cellular uptake
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and Le 2016; Morrison et al. 2016; Zhang et al. 2016b; Camussi et al. 2010). In kid-
neys, EVs have been tightly linked to inflammation, fibrosis, thrombosis, adhesion,
immune suppression, or growth and regeneration (Karpman et al. 2017; Erdbrüg-
ger and Le 2016; Morrison et al. 2016; Zhang et al. 2016b; Camussi et al. 2010).
Therefore, EVs and their components could serve as the therapeutic targets, which
can be inhibited to alleviate disease progression. Moreover, as EVs are suggested
to participate in the tissue repair and immune modulation, they could be utilized
directly as therapeutic agents in regenerative medicine and the treatment of autoim-
mune diseases. For example, EVs from mesenchymal stem cells protected against
acute tubular injury and attenuated kidney inflammation (Bruno et al. 2009; Eirin
et al. 2017; Rani et al. 2015).

Finally, given the natural role in transporting bioactive entities of EVs, they also
have potential as drug carrier like a “Trojan horse” (van Dommelen et al. 2012;
Fuhrmann et al. 2015). Recent studies indicate that EVs can function as efficient
carriers of chemotherapeutic drugs (Tang et al. 2012; Yang et al. 2015), RNA drugs
(Kamerkar et al. 2017; Alvarez-Erviti et al. 2011) and anti-inflammatory drugs (Sun
et al. 2010; Zhuang et al. 2011). In this review, we will focus on recent developments
in EV-based therapy as potential targets and as novel therapeutic agents, especially
in the use of EVs as smart drug carriers.

34.2 Extracellular Vesicles as Potential Therapeutic Targets

Within the kidney, EVs can originate from blood cells, endothelial cells, podocytes
or tubular epithelial cells (TECs), which have been strongly implicated in the patho-
genesis of both acute kidney injury (AKI) and chronic kidney disease (CKD). Our
group demonstrated that in the setting of proteinuric kidney disease, albumin trig-
gered TECs to release exosomes packaged with CCL2 mRNA, which was delivered
to macrophages and leads to interstitial inflammation (Lv et al. 2018a). Borges et al.
identified that injured TECs released exosomes containing TGF-βmRNA to activate
fibroblasts, contributing to the development of renal fibrosis in post-AKI kidneys
(Borges et al. 2013). Moreover, microvesicle-mediated delivery of miR-21 among
TECs could also drive the progressive renal fibrosis (Zhou et al. 2013a). Recent data
found that transglutaminase-2, amatrix crosslinking enzyme for fibrotic remodelling,
was secreted from TECs via exosomes (Furini et al. 2018). Thus, specifically inhibit-
ing the biogenesis or uptake of these pathogenic EVs could be a potential therapeutic
approach to alleviate disease progression (Fig. 34.1).

Various cellular components are known to be crucial for the biogenesis and release
of EVs, and a number of possible therapeutic targets have been identified. For exo-
somes, ceramide is an important component in endosomal sorting and exosome
biogenesis and its inhibition by GW4869 (neutral sphingomyelinase inhibitor) or
amiloride (an antihypertensive agent) decreases exosome production (Trajkovic et al.
2008; Chalmin et al. 2010). GTPases Rab27b can regulate exosome release in some
tumour cells, and this was demonstrated to be a therapeutic target (using RNAi) for



696 T.-T. Tang and B.-C. Liu

reducing tumour progression (Peinado et al. 2012; Ostrowski et al. 2010; Bobrie et al.
2012). For microvesicles, the calpain inhibitor calpeptin or calpastatin can reduce
the shedding of microvesicles (Zafrani et al. 2012; Yano et al. 1993), as well as
blocking P2X receptors (Arvidsson et al. 2015). Furthermore, C1 inhibitor lessens
the release of endothelial microvesicles, alleviating inflammatory diseases such as
vasculitis (Mossberg et al. 2017). However, there are many limitations to target EV
biogenesis and release because the precise mechanism remains elusive and is likely
to vary among different cells.

In addition to reducing the level of EVs, inhibition of EV uptake into cells is
also possible by certain substances and antibodies (Mulcahy et al. 2014). Blocking
surface phosphatidylserine (which is important for cell adhesion) using Diannexin
decreases the uptake of EVs derived from tumour cells (Lima et al. 2009; Al-Nedawi
et al. 2009). Besides, an antibody to DEL1, annexin V, abciximab, chlorpromazine,
cytochalasin D or cytochalasin B also have been demonstrated to block the uptake
of EVs (Mulcahy et al. 2014; Dasgupta et al. 2012; Faille et al. 2012; Barrès et al.
2010), but it is difficult to translate these into therapeutic intervention due to the lack
of specific mechanism regarding the key steps in EV trafficking and target definition.

34.3 Extracellular Vesicles as Therapeutic Agents

An increasing number of studies have demonstrated EVs, especially those derived
from stem cells, and have innate therapeutic potential by virtue of their intrinsic
cargoes, such as growth factors, soluble proteins and nucleic acids (Andaloussi et al.
2013). In kidney, mesenchymal stem cell-derived EVs of different origin also exhibit
encouraging renoprotective efficacy, as shown in models of AKI, diabetic nephropa-
thy, CKD and fibrosis. The application of these EVs in kidney diseases has been
summarized in Table 34.1. For instance, Wang et al. showed that exosomes derived
from bone marrow MSCs were able to transfer miR-let7c to damaged kidney cells
and attenuate renal fibrosis in UUO mice (Wang et al. 2016). Kholia et al. reported
that EVs derived from liver stem cells exhibited a regenerative, anti-inflammatory
and anti-fibrotic role in aristolochic acid-induced kidney fibrosis (Kholia et al. 2018).
In addition, EVs obtained from umbilical cord MSCs (Zhou et al. 2013b; Ju et al.
2015), Wharton’s jelly MSCs (Zou et al. 2014; Gu et al. 2016; Zhang et al. 2016a),
adipose-derived MSCs (Eirin et al. 2017; Lin et al. 2016), kidney MSCs (Choi et al.
2014; Ranghino et al. 2017; Choi et al. 2015), as well as urine-derived MSCs (Jiang
et al. 2016) also showed potential therapeutic benefits on kidney diseases.

Mechanistically, the protective effect of MSC-EVs on kidney diseases depends
on their transfer of genetic material including mRNA and miRNA (Rani et al. 2015;
Grange et al. 2017; Nargesi et al. 2017). This was confirmed in many studies when
degradation of the RNAs in MSC-EVs using RNase could abolish aforementioned
therapeutic benefits (Bruno et al. 2009; Choi et al. 2015; Zou et al. 2016), suggesting
RNA-dependent biological effect. EVs derived from the Drosha-knockdown MSCs
also showedglobal downregulation ofmiRNAs, resulting in ineffective renal repair of
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Table 34.1 Therapeutic application of extracellular vesicles in kidney disease

EV origin Kidney injury
model

EVs doses Injection method Effective
molecules

BM-MSCs Glycerol-
induced AKI

15 μg Intravenous
injection

mRNA

2.2 × 108 EVs Intravenous
injection

miRNA

IRI-induced
AKI

200 μg Renal capsule
injection

CCR2 protein

30 μg Intravenous
injection

mRNA

Cisplatin-
induced
AKI

100 μg Intravenous
injection

Not studied

Diabetic
nephropathy

5.3 × 107 EVs Renal
subcapsular

Not studied

Unilateral
ureteral
obstruction

1 × 106 EVs Intravenous
injection

miR-let7c

30 μg Intravenous
injection

miRNA

30 mg Intravenous
injection

miRNA

UC-MSCs Cisplatin-
induced
AKI

200 μg Renal capsule
injection

Not studied

IRI-induced
AKI

30 μg Intravenous
injection

HGF mRNA

WJ-MSCs IRI-induced
AKI

100 μg Intravenous
injection

Not studied

100 μg Intravenous
injection

miR-30

100 μg Intravenous
injection

Not studied

A-MSCs IRI-induced
AKI

100 μg Intravenous
injection

Not studied

Metabolic
syndrome +
renal artery
stenosis

1 × 1010 EVs Stenotic renal
artery injection

IL-10 protein

L-MSCs Glycerol-
induced
AKI

1.88 ± 0.6 ×
109

5.53 ± 2.15 ×
109

Intravenous
injection

Not studied

(continued)
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Table 34.1 (continued)

EV origin Kidney injury
model

EVs doses Injection method Effective
molecules

Aristolochic
acid-induced
kidney fibrosis

1 × 1010 EVs Intravenous
injection

Not studied

K-MSCs IRI-induced
AKI

2 × 107 EVs Intravenous
injection

VEGF, IGF,
FGF mRNA

IRI-induced
AKI

4 × 108 EVs Intravenous
injection

miRNA

Unilateral
ureteral
obstruction

2 × 107 EVs Intravenous
injection

mRNA

U-MSCs Type I diabetes 100 μg Intravenous
injection

VEGF, TGF-β1,
angiogenin and
BMP7 protein

ECFCs IRI-induced
AKI

15 μg Intravenous
injection

Not studied

IRI-induced
AKI

20 μg Intravenous
injection

miR-486-5p

EPCs IRI-induced
AKI

30 μg Intravenous
injection

miR-126
miR-296

Anti-Thy1.1
glomeru-
lonephritis

30 μg Intravenous
injection

Factor H, CD55,
CD59 mRNA

Hypoxic TECs IRI-induced
AKI

100 μg Intravenous
injection

mRNA

Scattered TECs Renal artery
stenosis

30 μg Intravenous
injection

Mitochondria

BM bone marrow; UC umbilical cord; WJ Wharton’s jelly; A adipose tissue; L liver; K kidney; U
urine; ECFC endothelial colony-forming cells; EPC endothelial progenitor cell

glycerol-induced AKI (Collino et al. 2015). Gene ontology analysis further showed
that those genes shuttled byMSC-EVs were involved in healing pathways associated
with renal regeneration (Collino et al. 2015).Moreover, EVs can also deliver proteins
from MSCs to injured kidney cells. Proteins related to cell proliferation, adhesion,
migration and morphogenesis have been identified in the vesicles by extensive pro-
teomic analysis (Eirin et al. 2017; Shen et al. 2016; Jiang et al. 2016; Kim et al. 2012).
In this regard, an elegant study showed that adipose-derived MSC-EVs attenuated
renal inflammation in a porcine model of coexisting metabolic syndrome and renal
artery stenosis by their cargo of IL-10 (Eirin et al. 2017).

In addition to MSC-EVs, other sources of cell-derived EVs, such as endothe-
lial colony-forming cells (ECFCs), endothelial progenitor cells (EPCs) and hypoxic
TECs, have shown significant beneficial effects as well (Table 34.1). In models of
ischemic AKI, both ECFC-derived exosomes and EPC-derived EVs ameliorated
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renal injury via transfer of miRNAs (Viñas et al. 2016; Cantaluppi et al. 2012).
In anti-Thy1.1-induced model of glomerulonephritis, EPC-derived EVs alleviated
mesangial cell activation, leukocyte infiltration and apoptosis, which was related to
its content ofmRNAs coding for anti-apoptotic factors and the complement inhibitors
(Cantaluppi et al. 2014). Interestingly, Dominguez et al. found that EVs derived from
hypoxic TECs significantly improved renal tubular damage, fibrosis andmicrovascu-
lar pruning in established renal IRI (Dominguez et al. 2017). However, paradoxically,
EVs from injured TECs also contribute to the progression of interstitial inflamma-
tion and fibrosis (Lv et al. 2018a; Borges et al. 2013; Zhou et al. 2013a; Furini et al.
2018), and the dual role of TEC-derived EVs needs to be further clarified.

34.4 Extracellular Vesicles as Smart Drug Carriers

Currently, the most preferred drug delivery systems are nanoparticle platforms based
on liposomes, albumin, polymeric micelles and nanosized polymer-drug conju-
gates, which effectively improve the pharmacokinetics and biodistribution of drugs
(Kamaly et al. 2016). However, their immunogenicity, stability and toxicity still
remain elusive. In this case, EV-based drug delivery—with many of advantages,
such as high permeability, less immunogenicity and non-cytotoxicity—appears to
be a superior choice, overcoming the limitations observed with nanoparticles (Ha
et al. 2016; Lv et al. 2018b). So far, EVs have been eloquently demonstrated to be as
therapeutic nanocarriers for delivering a variety of cargos, including siRNAs, miR-
NAs, proteins and drugs (van Dommelen et al. 2012; Fuhrmann et al. 2015). But the
application of EVs in kidney diseases has just begun its journey.

34.4.1 Cargo-Loading Techniques

In order to employ EV-based drug delivery, it is essential to consider the methods
of cargo loading and their suitability under different circumstances. In brief, cargo
encapsulation can be performed exogenously or endogenously (van Dommelen et al.
2012; Fuhrmann et al. 2015; Batrakova and Kim 2015) (Fig. 34.2). For exogenously
loading, the cargos were packaged into pre-assembled EVs ex vitro. A number of
methods, including electroporation, sonication, direct transfection and simple incu-
bation, are valid strategies for drug incorporation in this regard (Syn et al. 2017). For
example, simple incubation is a versatile and feasible approach employed in many
cases, through which several small lipophilic molecules, such as curcumin (antiox-
idant agents) (Sun et al. 2010; Zhuang et al. 2011), doxorubicin (Rani et al. 2015;
Tian et al. 2014) and paclitaxel (Yang et al. 2015) (anti-cancer agents), are passively
loaded into exosomes, but the loading capacity is low. Besides, potential limitations
of electroporation may include size-dependent loading efficiency, denaturation and
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Fig. 34.2 Flow of the production of EV-based drug formulations. EV-based drug delivery requires
the correct choice of source cell type for the specific application and should ideally be patient-derived
to avoid triggering immune response. The therapeutic cargo can include different types of siRNA,
miRNA, proteins or small-molecule compound such as curcumin or chemotherapeutics. Drug load-
ing can be carried out either endogenously or exogenously. Endogenous loading is achieved by
loading source cell with a therapeutic agent or transfecting source cell with drug-encoding gene
which is then released in EVs upon collection. Exogenous loading allows the isolation of EVs before
their loading with therapeutic cargo with the help of electroporation or by simple co-incubation.
Importantly, the generation process should meet the quality requirements

degradation of organic molecules and colloidal stability of the exosomal preparation
(Syn et al. 2017).

For endogenously loading, the drug-loaded EVs are isolated from the modified
parent cells through genetic engineering or medication with cytotoxic drugs. This
method is convenient and requires very few manipulation steps. It is reported that
paclitaxel is incorporated by MSCs and released in exosomes (Pascucci et al. 2014),
as well as other anti-cancer agents: etoposide, carboplatin, irinotecan, epirubicin
and mitoxantrone (Lv et al. 2012), which are loaded in exosomes with strong anti-
proliferative activity. Moreover, recent studies demonstrated that the therapeutic pro-
tein and its genetic material could be loaded into EVs when parental cells were trans-
fected with drug-encoding gene (Zeelenberg et al. 2008; Lee et al. 2015; Yim et al.
2016), but that might confer risks of genotoxicity and adverse host immune response.
Of note, each cargo-loading strategy has its advantages and limitations depending
on the type of therapeutic cargo and site of the disease, and thus further nuanced
understanding is needed to select the optimal approach for mass production.

34.4.2 EVs as Delivery Vehicles for Nucleic Acids

It is known that EVs naturally carry nucleic acids, making them stable in the circula-
tion and protecting from degradation. Given this, EVs may offer unique advantages
for genetic therapy, and key studies using EVs as carriers for genetic materials are
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highlighted below. The first report on EV-mediated transfer of exogenous nucleic
acids was published in 2010, when it was shown that THP-1 cells, which were trans-
fected with a miR-150 mimic, secreted miR-150-enriched EVs and that could be
functionally delivered to recipient cells (Zhang et al. 2010). Subsequent study con-
ducted by Akao et al. found that THP-1 monocytes transfected with miR-143 mimic
ex vivo secreted miR-143-containing EVs in nude mice after intravenous injection
(Akao et al. 2011). Furthermore, when injected intravenously into UUO mice, engi-
neered MSCs that overexpressed miR-let7c attenuated renal fibrosis via secreting
miR-let7c-loaded exosomes (Wang et al. 2016). All these studies have eloquently
corroborated such modes of miRNA transfer.

Small interference RNA (siRNA) is used to disrupt genes of interest and has
great potential for the treatment of a range of diseases. Several studies have been
conducted to test the usefulness of EVs as delivery vehicle for siRNA, and the
first study conducted by Alvarez-Erviti et al. found that by expressing a neuron-
targeting protein on the surface of exosomes, they could specifically deliver siRNA
to the brain and resulted in a specific gene knockdown (Alvarez-Erviti et al. 2011).
Importantly, the treatment displayed minimal toxicity and immune stimulation, even
following repeated administration, suggesting EVs are suitable to deliver vectors
in RNA interference therapy. This notion has been further confirmed by Wahlgren
et al. that the gene MAPK1 was selectively silenced in monocytes and lymphocytes
by using siRNA-loaded exosomes derived from human plasma (Wahlgren et al.
2012). More recently, an elegant research employed fibroblast-like mesenchymal
cell-derived exosomes to deliver siRNA or short hairpin RNA specific to oncogenic
KRAS, achieving enhanced therapeutic efficacy in suppressing tumour growth and
improving the overall survival (Kamerkar et al. 2017).Notably, the therapeutic effects
of engineered exosomes were greater than siRNA-loaded liposomes (Kamerkar et al.
2017). Beyond miRNA and siRNA delivery, EVs were also exploited to encapsulate
adeno-associated viruses (AAVs), which were substantially more efficient than free
AAVs for the delivery of genetic cargo into recipient cells (Maguire et al. 2012).
Collectively, these studies emphasize the potential of using EVs for the therapeutic
delivery of nucleic acids.

34.4.3 EVs as Delivery Vehicles for Proteins

In addition to delivering nucleic acids, EVs are also used to deliver large molecules
such as proteins. Haney and colleagues found that exosomes loaded with the antiox-
idant protein catalase were successfully delivered across the blood–brain barrier
(BBB) and provided significant neuroprotective effects in amodel of Parkinson’s dis-
ease (Haney et al. 2015). In this study, catalase was incorporated into pre-assembled
exosomes ex vivo using different methods, and identified sonication and extrusion
approaches achieved better loading efficiency, sustained release and protein preser-
vation (Haney et al. 2015). Similar results were reported by Yuan et al., showing that
macrophage-derived exosomes efficiently crossed the BBB and delivered a cargo
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protein to the brain, further indicating the potency of EVs as nanocarriers for brain
delivery of therapeutic proteins (Yuan et al. 2017). The cargo protein in the study
was also loaded in an exogenous way by mixing with exosomes; in addition, the
therapeutic protein can be packaged into EVs by transfecting parental cells as well.
For example, HEK-293T cells transfected with suicide gene secreted EVs enriched
in suicide mRNA and protein, which were subsequently used to treat schwannoma
tumours in an orthotopic mouse model, leading to reduced tumour growth (Mizrak
et al. 2013). Overall, these studies suggest that EVs can serve as novel nanocarriers
to effectively deliver therapeutic proteins.

34.4.4 EVs as Delivery Vehicles for Drugs

EVshave been utilized as delivery vehicles for therapeutic drugs in extensive research
(Tang et al. 2012; Yang et al. 2015; Sun et al. 2010; Zhuang et al. 2011). Early stud-
ies from the Zhang group (Sun et al. 2010; Zhuang et al. 2011) demonstrated an
anti-inflammatory small-molecule compound curcumin could be incorporated into
exosomes by mixing curcumin with murine tumour cell line (EL-4) or microglia cell
(JSI124)-derived exosomes, and found that exosomal curcumin exhibited enhanced
anti-inflammatory activity in LPS-induced septic shock mouse model. Interestingly,
exosomal packaging leads to an increase in the solubility, stability and bioavailability
of curcumin (Sun et al. 2010), suggesting EVs are capable to modify the bioavail-
ability of the native drug. For another natural phytochemical compound celastrol,
exosome-mediated delivery also improved drug biodistribution and subsequently
enhanced its anti-tumour efficacy (Aqil et al. 2016). This study further highlighted
the benefits of EVs in enhancing the properties of drugs, such as solubility, stability
and bioavailability.

Besides, the deployment of EVs encapsulating chemotherapeutics such as pacli-
taxel and doxorubicin has yielded promising results, representing encouraging anti-
cancer efficacy with minimal cytotoxicity towards non-cancerous cells (Tang et al.
2012; Yang et al. 2015; Syn et al. 2017; Tian et al. 2014; Pascucci et al. 2014; Jang
et al. 2013; Saari et al. 2015; Toffoli et al. 2015; Srivastava et al. 2016; Martins-
Marques et al. 2016). For example, anti-cancer drug-loaded exosomes or exosome-
like vesicles were shown to traffic to tumour tissue and reduce tumour growth in
mice without overt adverse effects (Tian et al. 2014; Jang et al. 2013). Importantly,
exosomes had superior therapeutic effects when compared to liposomes (Jang et al.
2013). Moreover, the administration of doxorubicin loaded in exosomes resulted in
significantly less drug accumulation in non-target organs and prevented the onset of
off-target cardiotoxicity compared with mice treated with unmodified doxorubicin
(Saari et al. 2015; Toffoli et al. 2015; Srivastava et al. 2016; Martins-Marques et al.
2016). Thus, the advantages of exosomes packaging may improve the safety profile
of cytotoxic agents and present further opportunities to address cancer therapy.
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Table 34.2 Advantages and limitations of extracellular vesicle-based therapy

Advantages Limitations

☺ Nanoscale
☺ Natural lipid and surface protein
composition
☺ Stable in biological fluids
☺ Low immunogenicity
☺ Cell-to-cell communicators
☺ Unidirectional targeting or active targeting
by modification
☺ Suitable for multi-drug delivery
☺ Various drug encapsulation method
☺ Translocation through physical barriers

� Biochemical composition of EVs unclear
� Production or uptake mechanism yet
poorly described
� Good manufacturing practice standards
lacking
� High scale and efficient production
difficulty
� Difficult to package through renal barriers
� (Pre)clinical evaluation lacking

34.5 Benefits and Challenges of Extracellular Vesicle
Therapy

Unarguably, the field of EV-based therapeutics holds significant promise to enable
targeted drug delivery with superior efficiency (Table 34.2). Compared with existing
liposomes or polymeric nanoparticles, the outstanding advantage of EV-based ther-
apy is their natural lipid and surface protein composition, which enable them to evade
phagocytosis, extend blood half-life and reduce long-term safety issues. Moreover,
the small size of EVs facilitates their extravasation, translocation through physical
barriers and passage through extracellularmatrix (vanDommelen et al. 2012; van den
Boorn et al. 2011). Several studies have demonstrated that EVs successfully cross
the BBB and deliver cargos into the brain, but whether EVs are able to pass through
the glomerular filtration barrier remains unclear. In addition, EVs encapsulation also
makes the new drug candidates such as proteins and nucleic acids more stable and
targetable to treatment site (Zhu et al. 2012; Bruno et al. 2013).

However, before EV-based therapy can be translated to the clinic, several hurdles
need to be overcome (Table 34.2). First, many properties and mechanisms about EV
biology such as the biochemical composition of EV currently remain elusive, and the
production or uptake mechanism yet poorly described. Even though from the same
cell types, EVsmay have contradictory effects as a consequence of differences in cell
culture conditions and differences in the purification protocols used or due to a lack of
robust extracellular vesicle characterization (Andaloussi et al. 2013; Zhu et al. 2012;
Bruno et al. 2013). In addition, a major bottleneck in the translation of EV-based
therapy into clinic is the lack of good manufacturing practice (GMP) standards. To
develop clinical-grade EVs, sterile generation, high scale and efficient production of
sufficient amounts of EVs with therapeutic payloads for clinical testing are required.
Very recently, Mendt and colleagues have illustrated the process and feasibility of
generating GMP-grade exosomes (Mendt et al. 2018). Finally, regarding the particu-
larity of kidney, the glomerular filtration barrier is the primary obstacle that excludes
EVs from accessing podocytes or tubular cells. The level of EVs accumulation in the
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kidney is highly restricted based on the injury degree of the glomerulus; thus, effec-
tive engineering of the size, shape and surface charge will conduce to EVs passing
through renal barriers and their advancement to the clinic.

34.6 Conclusions

EVs are important conveyers of information between cells and have been strongly
implicated in numerous biological andpathological processes. TargetingEVsdirectly
to inhibit their pathogenic effects or exploiting their innate potential for renal regen-
erative medicine is promising therapeutic strategy. Moreover, although EV-based
therapy has just begun its journey, they provide an enormous promise and a fresh
therapeutic area for delivery of different drugs such as small-molecule compounds,
particularly therapeutic nucleic acid delivery.
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