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Preface

The disease concept of acute kidney injury (AKI) has been established in the last 10 
years. In the past, the pathology associated with sudden renal impairment was char-
acterized as acute renal failure (ARF). However, in the twenty-first century, the joint 
efforts of specialists in fields including nephrology, intensive care medicine, cardio-
vascular medicine, and pediatric nephrology have led to the development of a novel 
concept of AKI. Changes in the composition of the global population and in the 
incidence of disease, especially the rapid rise in chronic kidney disease (CKD) and 
diabetes mellitus, have increased the number of people at high risk for acute kidney 
injury. There is now widespread awareness of the surge in the frequency of AKI and 
of the fact that it markedly worsens patients’ long-term prognoses. Thus, AKI was 
proposed as a novel disease concept to emphasize early diagnosis and early inter-
vention for the improvement of prognoses.

Several types of diagnostic criteria of AKI have been introduced in the pursuit of 
a consistent international standard. Kidney Disease Improving Global Outcomes 
(KDIGO) guidelines (2012) are widely accepted as the criteria for the diagnosis of 
AKI. The Japanese Society of Nephrology, the Japanese Society of Intensive Care 
Medicine, the Japanese Society for Dialysis Therapy, the Japan Society for Blood 
Purification in Critical Care, and the Japanese Society for Pediatric Nephrology 
came together to develop “The AKI Clinical Practice Guideline 2016.” In this 
guideline, we opted to use the term “AKI,” which includes the existing concept of 
ARF. As the diagnosis of AKI is based on changes in the serum creatinine and the 
urine output only, it encompasses diverse pathologies. In clinical practice, AKI 
requires early diagnosis as well as constant differentiation of the causes (pre-renal, 
renal, and post-renal) and elimination of the reversible factors. Numerous clinical 
trials on early biomarkers for the diagnosis of AKI and treatments including renal 
replacement therapy (RRT) have also been published in the past few years. The 
chapters in this textbook on clinical fields were written by the authors of the recent 
AKI guideline (2016) and by internationally distinguished researchers.

Basic research on AKI has also made great progress in recent years. There have 
been many research results showing that the kidney and multi-organ linkages, espe-
cially the nervous system and immune system, are involved in the pathology of 
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AKI.  There are great hopes that these basic research results will be clinically 
applied. Epidemiological studies have revealed that AKI shifts to CKD at a high 
rate, and that when AKI occurs, cardiovascular accidents increase and life expec-
tancy decreases. Regenerative medicine research including that in iPS cells, which 
is given much attention today, has also made great progress in the field of kidney 
research.

In this textbook, the latest topics have been written by cutting-edge researchers 
on AKI and kidney regeneration. The epidemiology, early diagnosis, risk factors, 
and prevention and management of AKI are described in clinical chapters. In the 
basic research field, multiple organ linkages in AKI, AKI-to-CKD transition, and 
regenerative studies are from top international researchers. We hope this textbook 
will be useful not only to nephrologists but also to many physicians in other special-
ties and to basic researchers.

Finally, we wish to thank all the authors for their contributions to this volume.

Nankoku, Kochi, Japan  Yoshio Terada 
Tokyo, Japan   Kent Doi 
Kanazawa, Ishikawa, Japan   Takashi Wade 
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Chapter 1
Acute Kidney Injury: Definition 
and Epidemiology

Taro Horino

Abstract Acute kidney injury (AKI) complicates the course and worsens the out-
come in a significant number of hospitalized patients. Recent advances in clinical 
and basic research will aid in providing a more accurate definition of this syndrome 
and elucidate its pathogenesis, which would allow more accurate epidemiologic 
studies to be conducted in an effort to gain a better understanding of the impact of 
this syndrome. AKI rarely has a sole and distinct pathophysiology. Recent evidence, 
from both basic science and clinical research, is beginning to change our view of 
AKI as a single-organ failure syndrome to a syndrome in which the kidneys play an 
active role in the progression of multi-organ dysfunction. The accurate and prompt 
recognition of AKI and a better understanding of the pathophysiologic mechanisms 
underlying the various clinical phenotypes are of great importance to the search for 
effective therapeutic interventions. In this review, we provide the most recent 
updates in the definition, epidemiology, and pathophysiology of AKI.

Keywords Acute kidney injury · Epidemiology · Pediatric · Sepsis · Surgical 
outcomes · Serum creatinine

1.1  Introduction

Recently, “acute kidney injury” (AKI) replaced the term “acute renal failure” (ARF) 
[1]. Traditionally, the pathology associated with sudden renal impairment has been 
characterized as ARF, with emphasis given to the most severe acute reduction in 
kidney function, as manifested by severe azotemia and frequently by oliguria or 
anuria. However, recent evidence suggests that even a relatively mild injury or 
impairment of kidney function, as manifested by small changes in serum creatinine 
(sCr) and/or urine output (UO), is a predictor of serious clinical consequences [2, 3].
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ARF was first described in 1802 as “ischuria renalis” [4] and then described in 
1909 as a consequence of toxic agents, pregnancy, burns, trauma, or surgery involv-
ing the kidneys, known as “acute Bright’s disease.” During the First World War, the 
syndrome was reported as “war nephritis” [5] and was then forgotten until the 
Second World War, at which time Bywaters and Beall published their classical 
paper on “crush syndrome” [6]. “Acute tubular necrosis” (ATN) was used to describe 
this clinical entity because of the histological evidence for patchy necrosis of the 
renal tubules at autopsy. Homer W. Smith introduced the term “ARF” in a chapter 
on ARF related to traumatic injuries in his 1951 textbook The Kidney - Structure 
and Function in Health and Disease. The terms “ATN” and “ARF” were then used 
interchangeably in clinical practice for many years. Furthermore, until recently, a 
precise biochemical definition for ARF was lacking. As a consequence, there was 
no consensus on the diagnostic criteria, resulting in multiple definitions. In fact, a 
2002 survey revealed at least 35 definitions in the scientific literature [7].

The current diagnostic approach in AKI is based on an acute decrease in the glo-
merular filtration rate (GFR), as reflected by an acute rise in sCr and/or a decline in 
UO over a given time interval [1, 8, 9]. Although several biomarkers have been recently 
proposed for diagnosing AKI, these remain in various stages of development and vali-
dation [10, 11]. Moreover, it remains unclear whether a single or multiple biomarker 
approach is necessary to diagnose the complicated and multifactorial aspects of AKI 
[12, 13]. Furthermore, in addition to the analytical difficulties associated with each 
specific biomarker, there are concerns regarding the appropriate reference points and, 
more specifically, the use of sCr as the standard for the clinical evaluation of these 
biomarkers. sCr is known to be insensitive to acute changes in renal function, and 
levels can vary widely according to age, sex, muscle mass, diet, medications, and 
hydration status. Moreover, sCr is not a direct marker of tubular damage but is rather 
a marker of the GFR. Additionally, substantial increases in sCr can be observed in 
renal hypoperfusion, even when the kidneys are structurally intact, resulting in pre-
renal azotemia. For these reasons, sCr is considered as an “imperfect gold standard” 
in the diagnosis of AKI [14]. Another issue with sCr is that its true baseline value is 
unknown for most clinical situations, which makes the evaluation of patients very dif-
ficult [15]. Moreover, given the phenotypic variability in AKI (i.e., there are different 
clinical phenotypes with distinct underlying pathophysiology), it is unclear whether 
different approaches are necessary for the diagnosis, treatment, and monitoring of the 
clinical course. Herein, we discuss the epidemiology and definitions of AKI.

1.2  Definitions of AKI

1.2.1  RIFLE Criteria

Although the term “AKI” was initially used in 1918 by William MacNider in regard 
to a case of acute mercury poisoning, it did not become the preferred term until 
2004, after the redefining of ARF in the widely accepted consensus criteria known 
as RIFLE (an acronym of Risk-Injury-Failure-Loss-End Stage kidney disease) [8]. 

T. Horino
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The RIFLE criteria (Table  1.1) [8] resulted from the 2002 efforts of the Acute 
Dialysis Quality Initiative (ADQI) group to develop a system for the diagnosis and 
classification of acute impairments in kidney function via a broad consensus of 
experts. This system comprises three severity grades (Risk, Injury, and Failure) and 
two outcome classes (Loss and End-Stage Renal Disease [ESRD]). In the RIFLE 
system, the principal tools for detecting AKI comprise consecutive measurements 
of sCr, serum urea (sUr), and UO and urinalysis. The severity criteria of AKI are 
defined in terms of changes in sCr or UO, using the worst of each criterion. Urine 
indices, such as the fractional excretion of sodium (FeNa) and urea (FeUr), are also 
used to differentiate transient from persistent AKI. The outcome criteria are defined 
by the duration of kidney function impairment [8].

The RIFLE criteria are important in that that they moved the field beyond the 
concept of ARF. The replacement term of “acute kidney injury/impairment” was 
proposed in an effort to encompass the entire spectrum of the syndrome, from minor 
changes in markers of renal function to the requirement of renal replacement ther-
apy (RRT). Therefore, the concept of AKI, as defined by the RIFLE criteria, created 
a new paradigm. AKI encompasses ATN and ARF, as well as other, less severe 
conditions. Moreover, it includes patients without actual kidney damage, but with 
functional impairment relative to physiologic demands. Including such patients in 
the classification of AKI is conceptually attractive because these are precisely the 
patients that may benefit from early intervention. The RIFLE criteria have also been 
successfully modified for use in pediatric settings [16]. Nevertheless, the RIFLE 
definition is not free of ambiguity. For example, Pickering et al. showed that there is 
a mismatch between an increase in sCr and decrease in the GFR (estimated using 
Modification of Diet in Renal Disease Study or Cockroft-Gault formulae) in the 
descriptions of the Risk and Failure severity grades [17].

1.2.2  AKIN Criteria

In 2007, the Acute Kidney Injury Network (AKIN) group proposed a modified version 
of the RIFLE criteria, in an effort to improve the sensitivity of the AKI diagnostic cri-
teria (Table 1.2) [9]. The changes can be summarized as follows: an absolute increase 
in sCr of at least 0.3 mg/dL (26.5 μmol/L) was added to the stage 1 classification; the 

Table 1.1 RIFLE criteria

GFR criteria Urine output criteria

Risk Increase in sCr ≥ 1.5 × baseline or decrease in GFR ≥ 25% UO < 0.5 mL/kg/h × 6 h
Injury Increase in sCr ≥ 2.0 × baseline or decrease in GFR ≥ 50% UO < 0.5 mL/kg/h × 12 h
Failure Increase in sCr ≥ 3.0 × baseline or an absolute 

sCr ≥ 4.0 mg/dL with an acute rise of at least 0.5 mg/dL or 
decrease in GFR ≥ 75%

UO < 0.3 mL/kg/h × 24 h 
or anuria × 12 h

Loss Complete loss of kidney function >4 weeks
ESKD End-stage renal disease (dialysis dependent >3 months)

GFR glomerular filtration rate, sCr serum creatinine, ESKD end-stage kidney disease, UO urine output

1 Acute Kidney Injury: Definition and Epidemiology
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GFR criterion was removed; patients starting RRT were classified as stage 3, irrespec-
tive of sCr values; and the outcome classes were removed. Only one criterion (sCr or 
UO) must be fulfilled to qualify for a particular stage. Furthermore, time becomes 
more important in diagnosing AKI using the AKIN system: changes between two sCr 
values within a 48-h period are required, while the ADQI group proposed a period of 
1 week in the original RIFLE criteria. Additionally, AKI severity in the AKIN system 
is staged over the course of 7 days by the fold change in sCr from baseline.

1.2.3  KDIGO Criteria

The most recent classification system of AKI, proposed by the Acute Kidney 
Injury Working Group of KDIGO (Kidney Disease: Improving Global Outcomes), 
is based on the previous two classifications, with the aim of unifying the defini-
tions of AKI (Table 1.3) [1]. In the KDIGO system, AKI is diagnosed by an abso-
lute increase in sCr of at least 0.3 mg/dL within 48 h, a 50% increase in sCr from 
baseline within 7 days, or a urine volume of less than 0.5 mL/kg/h for at least 6 h.

A patient’s progress can be staged over the entire timeframe encompassed by an 
episode of AKI. An increase in sCr of up to threefold that at baseline, a sCr of more 

Table 1.2 AKIN criteria

Definition 1. Increase in SCr of ≥0.3 mg/dL (48 h)
2. sCr changes ≥1.5 × baseline (48 h)
3. UO < 0.5 mL/kg/h × 6 h
sCr criteria UO criteria

Stage 1 Increase in sCr of ≥0.3 mg/dL or increase to 
1.5–2.0 × baseline

UO < 0.5 mL/kg/h × 6 h

Stage 2 Increase in sCr to 2.0–3.0 × baseline UO < 0.5 mL/kg/h × 12 h
Stage 3 Increase in sCr > 3.0 × baseline or sCr ≥ 4.0 mg/dL with 

an acute rise of at least 0.5 mg/dL or initiation of RRT
UO < 0.3 mL/kg/h × 24 h 
or anuria × 12 h

sCr serum creatinine, UO urine output, RRT renal replacement therapy

Table 1.3 KDIGO criteria

Definition 1. Increase in SCr of ≥0.3 mg/dL (48 h)
2. sCr changes ≥1.5 × baseline (7 days)
3. UO < 0.5 mL/kg/h × 6 h
sCr criteria UO criteria

Stage 1 Increase in sCr of ≥0.3 mg/dL or increase to 
1.5–1.9 × baseline

UO < 0.5 mL/kg/h × 6 h

Stage 2 Increase in sCr to 2.0–2.9 × baseline
UO <0.5 mL/kg/h × 12 h

Stage 3 Increase in sCr > 3.0 × baseline or sCr ≥ 4.0 mg/dL or 
initiation of RRT

UO < 0.3 mL/kg/h × 24 h 
or anuria × 12 h

sCr serum creatinine, UO urine output, RRT renal replacement therapy

T. Horino
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than 4.0 mg/dL, and the initiation of RRT are all classified as stage 3. The KDIGO 
system removes the criterion of a 0.5 mg/dL increase in sCr for sCr levels >4 mg/dL 
to diagnose stage 3. Furthermore, the KDIGO criteria explicitly state that a rolling 
baseline can be used over 48-h and 7-day periods for the diagnosis of AKI; in con-
trast, it was unclear how this was to be handled in the RIFLE and AKIN systems. 
Changes were also made to the definition of stage 3 severity to enable the incorpora-
tion of the pediatric population into both the definition and staging of AKI.

1.3  Etiology of AKI

AKI is defined as an abrupt (within hours) decrease in kidney function, which 
encompasses both injury (structural damage) and impairment (loss of function). 
AKI rarely has a sole and distinct pathophysiology. Most patients with AKI have a 
mixed etiology, with sepsis, ischemia, and nephrotoxicity often co-existing and 
complicating the recognition and treatment of AKI. Furthermore, AKI is quite com-
mon among patients without a critical illness, and it is essential that healthcare 
professionals, particularly those without a specialization in renal disorders, are able 
to detect it easily.

There are numerous potential causes of AKI, mainly related to a focal mismatch 
between oxygen and nutrient delivery to the nephrons (because of microcirculation 
impairment) and increased energy demands (due to cellular stress) [18]. For many 
years, the diagnosis and management of AKI was based on its classification to three 
main categories: pre-renal, intrinsic, and post-renal [19, 20]. Of these, only “intrin-
sic” AKI represents true kidney disease; pre-renal and post-renal AKI are the con-
sequence of extra-renal diseases that lead to a decreased GFR. If these pre- and/or 
post-renal conditions persist, they will eventually result in renal cellular damage 
and, hence, intrinsic renal disease. The timely reversion of pre-renal or post-renal 
causes usually results in the prompt recovery of function, but a late correction can 
lead to kidney damage.

Pre-renal AKI reflects renal hypoperfusion, leading to a decreased GFR (without 
damage to the renal parenchyma), that occurs as an adaptive response to various 
extra-renal insults [21]. Maintaining a normal GFR is known to depend on adequate 
renal perfusion. The kidneys receive up to 25% of the cardiac output; thus, any 
reduction in the systemic circulating blood volume or an isolated failure in the intra- 
renal circulation can have a profound impact on renal perfusion.

Post-renal AKI occurs after an acute obstruction of the urinary flow, which 
increases the intra-tubular pressure and, thus, decreases the GFR [22]. In addition, an 
acute urinary tract obstruction can lead to renal blood flow impairment and the induc-
tion of inflammatory processes, which also contribute to a diminished GFR [23]. 
Post-renal AKI can develop from obstructions located at any level within the urinary 
collection system (from the renal tubule to the urethra). An obstruction involving 
both kidneys produces significant renal failure [24], but a patient with pre-existing 
renal insufficiency may develop AKI with the obstruction of only one kidney. The 

1 Acute Kidney Injury: Definition and Epidemiology
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urinary obstruction may present as anuria or intermittent urine flow (such as polyuria 
alternating with oliguria) but may also present as nocturia or nonoliguric AKI.

Intrinsic renal etiologies of AKI can be challenging to evaluate because of the 
wide variety of kidney injuries that can occur. Generally, four structures of the kid-
ney can be affected: the tubules, glomeruli, interstitium, and intra-renal blood ves-
sels. ATN refers to AKI resulting from damage to the tubules and is the most 
common type of intrinsic kidney injury. AKI resulting from glomerular damage 
occurs in severe cases of acute glomerulonephritis. AKI can result from vascular 
damage because injury to intra-renal vessels decreases renal perfusion and dimin-
ishes the GFR. Finally, acute interstitial nephritis can occur as a result of an allergic 
reaction to a variety of medications or an infection.

1.4  Epidemiology

The widespread adoption of standardized criteria to define the presence and severity 
of AKI has facilitated comparisons in the epidemiology and outcomes of AKI across 
hospital settings [25]. However, this standardization should not imply that AKI 
comprises a single entity. Rather, AKI is a syndrome that encompasses a multitude 
of clinical scenarios, underlying etiologies, comorbidities, drug exposures, and 
severities of renal dysfunction. AKI also involves several different pathophysiologi-
cal processes. The long-standing lack of a standard definition of the syndrome has 
greatly affected the reported incidence and clinical significance of AKI; thus, its 
true impact is not well understood.

The reported incidence of AKI varies, depending on the definition used, patient 
population, and geographical area studied [26]. A recent review described the simi-
larities and differences in the incidence, cause, pathophysiology, and public health 
implications of AKI in developed and developing regions of the world [27], with large 
differences observed in the incidence and causes of AKI. In the urban areas of devel-
oping countries, AKI is mainly hospital acquired (due to renal ischemia, sepsis, and 
nephrotoxic drug use), while in rural areas, AKI is more commonly a consequence of 
community-acquired diseases (e.g., diarrhea, dehydration, infectious diseases, and 
animal venoms). The under-reporting of AKI, especially in developing countries, is a 
major problem, obscuring the true impact of AKI in many parts of the world [28]. 
Below, we summarize the data regarding the epidemiology of AKI in various settings.

1.4.1  Hospitalized Patients

Hospitalized patients often have risk factors for AKI (e.g., older age; male sex; and 
comorbidities, such as diabetes, heart failure, and hypoalbuminemia) [29–31]. AKI 
is estimated to occur in up to 15% of hospitalized patients and is more common in 
critically ill patients, among whom its prevalence is estimated to be as high as 60% 
[27, 32–36]. In contrast, community-acquired AKI is usually uncommon; a recent 

T. Horino



9

study estimated its incidence as 4.3% among all hospital admissions [37]. However, 
this is likely an underestimation of the true impact of community-acquired AKI due 
to the non-referral of patients to hospitals.

Several factors are important to consider when evaluating studies describing the 
epidemiology of AKI in hospitalized patients: most such studies use sCr criteria alone 
to define AKI and generally do not report the etiology of AKI or the characteristics of 
the hospitals studied [38]. Additionally, between-study differences in AKI epidemiol-
ogy might result from variation in the way that relevant terms, such as baseline sCr, 
are defined [39], as well as in the use of RIFLE, AKIN, or KDIGO criteria [40]. 
Differing applications of the AKI diagnostic criteria could influence study sensitivity 
(e.g., in one study, inclusion was based on a mix of biochemical and coded diagnoses, 
whereas in another, inclusion was based on a biochemical screening with nephrolo-
gist adjudication of the diagnosis). Differences in case mix could also influence the 
findings (e.g., one study only included patients in main regional hospitals, whereas 
another included patients in both academic centers and smaller rural hospitals).

In studies that used the current criteria to define AKI, the proportion of hospital-
ized adult patients who develop AKI ranges from 3.0 to 18.3% [38]. Even when 
considering the low end of this range, it is abundantly clear that AKI affects a very 
large number of hospitalized patients worldwide. Furthermore, in most healthcare 
systems, the majority of these patients receive care outside specialized clinics.

Only a minority (<5%) of patients with AKI require RRT [41]. However, AKI is 
associated with poor outcomes. Even among non-ICU hospitalized patients with 
AKI, the mortality rate is typically 10–20% [3, 41, 42]. Further research on the 
epidemiology of AKI in discrete clinical cohorts would be valuable, as mortality 
from AKI has been shown to differ according to settings, including the exacerbation 
of bronchiectasis due to infection (33%) [43], heart failure (11–13%) [44], urologi-
cal conditions (7.8%) [45], liver disease (36%) [46], and pneumonia (36.2%) [47].

Furthermore, a strong and graded relationship between AKI severity and 
increased mortality is clearly evident [3]. The inclusion of numerically small 
increases in the sCr level in the current diagnostic criteria results from the strong 
association of such changes with adverse outcomes, which persists even after adjust-
ment for important confounders, such as age and comorbidities [2, 42]. Both the 
presence and severity of AKI are associated with a longer hospital stay, increased 
rates of unplanned critical care admissions and RRT (although <10% of patients in 
this setting receive RRT), and an increased risk of subsequent chronic kidney dis-
ease (CKD). In 9–23% of hospitalized patients, AKI progresses, resulting in an 
increased chance of adverse outcomes [48].

1.4.2  Pediatric Patients

Although several studies have focused on special populations, such as the elderly 
and children, large epidemiologic studies of children are lacking, and the incidence 
of pediatric AKI is inadequately described. In a recent large-scale epidemiologic 
study, the incidence of AKI in hospitalized children in the United States was 3.9 per 
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1000 admissions [49]. The majority of pediatric AKI cases are secondary to volume- 
responsive mechanisms (e.g., diarrhea and postoperative renal hypoperfusion) and 
sepsis [50]. Other conditions, such as uremic-hemolytic syndrome and glomerulo-
nephritis, have increased frequency in specific parts of the world, with varied out-
comes, usually due to the late referral of children to hospitals.

Among children admitted to the ICU, the in-hospital mortality rate was higher in 
those with AKI than in those without AKI (32.9% versus 9.4%) [49]. Stages 2 and 
3 AKI in critically ill children are, therefore, unquestionably associated with 
increased in-hospital morbidity and mortality, as well as an increased risk of CKD.

1.4.3  Elderly Patients

Multiple studies have shown that AKI in the elderly (usually defined as age greater 
than 65 years) is increasingly common and that there is a relationship between AKI 
and older age [51]. This has been attributed in part to anatomic and physiologic 
changes in the aging kidney and, in part, to various comorbidities (e.g., hyperten-
sion, cardiovascular disease, and CKD) that may require procedures and/or medica-
tions that stress the kidneys and alter renal hemodynamics or are nephrotoxic [52].

Additionally, several studies have shown that AKI is associated with short- and 
long-term adverse outcomes in the elderly population. Using the RIFLE system, a 
previous study found that the mortality rate was 18.9% in the “Risk” class, 36.1% in 
the “Injury” class, and 46.5% in the “Failure” class. In contrast, the mortality rate 
was 6.9% in non-AKI patients [53]. Among patients with AKI, the relative risk for 
death (with respect to that in non-AKI patients) was 2.40 for the “Risk” class, 4.15 
for the “Injury” class, and 6.15 for the “Failure class” [53]. Observational studies of 
ICU populations have reported that 4–5% of all critically ill patients develop severe 
AKI requiring RRT, with the mortality rate often exceeding 60% [33, 54, 55]. 
Although mortality and the development of CKD are clearly reported as increased 
with AKI in these studies, their incidence is quite variable. The factors associated 
with the long-term prognosis (especially CKD progression) are poorly understood. 
The pre-AKI baseline renal function must be known, and post-AKI recovery must be 
clearly defined in order to determine such outcomes. However, in many studies, the 
former is often missing or estimated, and the latter lacks a standard definition [56].

1.4.4  Critically Ill Patients

In the majority of critically ill patients, AKI is a complication of severe illness. In 
only a small minority of patients, AKI is caused by a specific kidney disease, such 
as vasculitis, glomerulonephritis, or interstitial nephritis. AKI, as defined by the 
sensitive RIFLE, AKIN, or KDIGO criteria [1, 8, 9], occurs in one-third to two- 
thirds of patients in the ICU [57, 58]. The variation in the incidence of AKI in 
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critically ill patients (as well as their counterparts in general wards) can be explained 
by differences in the baseline characteristics of the cohort studied and the length of 
the observation period and in the way that the definitions of AKI were applied, such 
as the use of sCr criteria only [57]. RRT was used in 23.5% of critically ill patients 
with AKI in the large, multicenter Acute Kidney Injury-Epidemiologic Prospective 
Investigation (AKI-EPI) study [58].

Both the incidence of AKI and the use of RRT in ICU patients appear to be 
increasing over time. Analyses of administrative databases using the International 
Statistical Classification of Diseases and Related Health Problems codes have 
shown a marked increase in the incidence of AKI over time [59–61]. In the United 
Kingdom, the use of RRT in patients with AKI increased from 15.9 per million 
patients in 1998–1999 to 208.7 per million patients in 2012–2013 [62]. Similarly, 
RRT use increased fourfold between 1996 and 2010 in Canada [63]. The increases 
in the incidence of AKI and RRT use may be explained by changes in the spectrum 
of patients treated in ICUs. Today’s ICU patients are older and have more comor-
bidities (such as diabetes, hypertension, and CKD) than did the ICU patients of the 
past [64]. Changes in attitudes regarding the initiation of RRT and improved medi-
cal record-keeping in administrative databases may have also contributed to this 
observation.

Multiple large studies using multivariate analyses to evaluate the contribution of 
AKI to patient outcomes in different settings have found that, after correction for 
potential confounders, AKI is independently associated with increased morbidity 
and mortality. Specifically, in the AKI-EPI study, moderate and severe AKI (stages 
2 and 3) was associated with increased in-hospital mortality (AKI stage 2 adjusted 
odds ratio [OR], 2.9; AKI stage 3 adjusted OR, 6.9) [58]. AKI has the least adverse 
effect on outcomes in the most severely ill patients [65]. Patients with AKI who 
receive RRT are among the most severely ill individuals in the ICU.  Despite 
advances in treatment, the mortality rate in this group has remained more or less 
constant over time (at approximately 50%) [66]. This observation can be explained 
by the increasing severity of the underlying diseases and comorbidities over time. 
Although patients with severe AKI and anuria will inevitably die without RRT, the 
exact effects of several aspects of RRT—specifically, the choice of modality and 
timing of treatment—on outcomes remain unclear [67]. Several large studies sug-
gest that continuous RRT is associated with improved renal recovery; however, 
these findings are based on observational data and might be subject to bias [68]. 
Other studies suggest that the early initiation of RRT is associated with improved 
outcomes [69].

1.4.5  Sepsis

Sepsis was redefined in 2016 as “a life-threatening organ dysfunction caused by a 
dysregulated host response to infection” [70]. Although sepsis is a major public 
health issue and a leading cause of morbidity and mortality worldwide, few studies 
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to date have utilized this new definition. Thus, sepsis and AKI both remain ham-
pered by imperfect consensus definitions [1, 70]. The concurrent manifestation of 
sepsis and AKI is termed “septic AKI” [1, 70]. Sepsis is consistently identified as 
the most common contributor to AKI in critically ill patients; ~50% of all patients 
with AKI in ICU settings have sepsis [32, 58]. Patients with sepsis are also exposed 
to numerous additional potential renal insults, including hypotension, contrast 
media use, major surgery, and nephrotoxins, which can confound the prognosis as 
well as our understanding of the AKI etiology.

The risk of AKI rises incrementally with worsening sepsis severity [71]. In a 
single-center cohort study of 315 critically ill patients, the incidence of AKI 
increased, from 4.2% in patients with sepsis, to 22.7% in patients with severe sep-
sis, and to 52.8% in patients with septic shock [71]. Patients with septic shock and 
those with AKI were both likely to experience delays before receiving effective 
antimicrobial therapy, with each successive l-hour delay associated with a 14% 
increase in the likelihood of developing AKI [72]. Furthermore, AKI increases the 
short-term and long-term risk of incident sepsis [73, 74]. In a secondary analysis of 
data from 618 critically ill patients with AKI, 40% of patients developed sepsis, 
occurring at a median of 5 days after AKI onset [74]. The adjusted relative risk of 
developing severe sepsis requiring readmission to the hospital was approximately 
twofold higher in patients with severe AKI than in those without AKI [73]. In a 
secondary analysis of data from the BEST Kidney study [75], the in-hospital mor-
tality rate was significantly higher in patients with septic AKI than in patients with 
non-septic AKI (70.2% versus 51.8%). Similar increments in the risk of death in 
patients with septic AKI, as compared to that in patients with non-septic AKI, have 
been found in other studies [76]. Additionally, mortality is increased in patients 
with septic AKI compared to that in patients with sepsis who do not have AKI [77]. 
Moreover, 20% of patients with septic AKI have at least two further episodes of 
recurrent AKI following their initial recovery, while still in the ICU [78]. Septic 
AKI is also associated with prolonged ICU and hospital stay durations compared to 
those in non-septic AKI [75]. Among patients with AKI who survived to hospital 
discharge, septic AKI was associated with trends toward improved kidney function 
recovery and a reduced rate of RRT dependence compared to those in non-septic 
AKI [75]. Survivors of septic shock who recovered from AKI before hospital dis-
charge had l-year survival comparable to that of patients without AKI, whereas 
non-recovery from AKI at discharge was associated with a threefold increase in the 
risk of death at l year [79].

1.4.6  Cardiac Surgery

AKI is a common complication of cardiac surgery and has been identified as one of 
the strongest risk factors of death in patients undergoing such procedures [80]. In 
two 2016 meta-analyses, the pooled incidence of AKI in patients undergoing car-
diac surgery was 22.3% (95% confidence interval, 19.8–25.1) [81, 82].
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Although most studies used the standard definitions for AKI based on the RIFLE, 
AKIN, or KDIGO criteria, modified definitions, without the use of UO criteria, are 
frequently employed [81, 82]. Studies consistently report that greater AKI severity 
stage is associated with increased morbidity and mortality [81, 82]. However, the 
incidence of AKI differs when sCr criteria, rather than UO criteria, are used. For 
example, in one study, the AKI incidence was 9.7% when sCr criteria were applied 
and 40.2% when UO criteria were applied [83], nicely illustrating the low sensitiv-
ity of sCr-based criteria and the low specificity of UO-based criteria.

Even patients with “mild” AKI after cardiac surgery have higher in-hospital mortal-
ity and a longer hospital stay than do their counterparts without AKI [84]. Long- term 
mortality remains increased in patients with postoperative AKI, with survival rates as 
high as 44% and 63% for patients with and without AKI, respectively, at 10 years of 
follow-up [85–87]. This difference in survival is evident even in patients with postop-
erative AKI who have completely recovered from AKI by the time of hospital dis-
charge [85].

The duration of cardiac surgery-associated AKI is another important prognostic 
indicator. Persistent AKI is associated with increased in-hospital mortality (15.3% 
for AKI lasting ≥7 days versus 4.1% for AKI lasting l–2 days) and reduced 5-year 
survival (hazard ratio, 3.40 for AKI lasting ≥7 days or longer versus 1.66 for AKI 
lasting l–2  days) [88]. Conversely, early recovery from AKI is associated with 
improved long-term survival [89].

Patients with AKI also have higher rates of postoperative complications, includ-
ing cerebrovascular and cardiovascular events and infections, and a longer duration 
of mechanical ventilation than do their AKI-free counterparts [90]. Furthermore, the 
5-year risk of a composite cardiovascular endpoint (stroke, myocardial infarction, 
or heart failure) was reported as 24.9% in patients with postoperative AKI, com-
pared to 12.1% in patients without AKI after cardiac surgery [90]. Additionally, the 
risk of developing CKD is increased after episodes of postoperative AKI [91].

1.4.7  Contrast Administration

AKI is associated with the intravascular administration of iodinated contrast media, 
either intravenously for contrast-enhanced computed tomography (CT) or by intra- 
arterial injection for coronary or non-coronary angiography. The incidence of 
contrast- associated AKI in epidemiological studies and clinical trials is highly vari-
able, depending on the specific diagnostic criteria used and the characteristics of the 
population studied. Most individuals have a low risk of developing AKI after con-
trast exposure; however, patients with pre-existing kidney disease, heart failure, 
advanced liver disease, volume depletion, or concomitant exposure to other nephro-
toxins are at a substantially increased risk.

In a previous retrospective study, the overall incidence of hospital-acquired AKI 
was 7.2%, and the third most common etiology of AKI was contrast administration, 
which accounted for 11.3% of AKI episodes [92]. In the same study, AKI occurred 
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after 2.8% of coronary catheterization procedures and after 1.7% of contrast- enhanced 
CT scans [92]. In an observational analysis of patients undergoing percutaneous coro-
nary intervention (PCI), the overall incidence of contrast-associated AKI was 2.0% [93].

Contrast-associated AKI is associated with both renal and non-renal adverse out-
comes, including the development and progression of CKD, the development of 
dialysis-dependent ESRD, cardiovascular complications, and death [93, 94]. 
Patients who develop contrast-associated AKI after PCI have an increased risk of 
stent re-occlusion, myocardial infarction, and hospitalization for heart failure [93, 
94]. However, the extent to which these risks are attributable to the development of 
AKI per se, versus being associated with the same risk factors that predispose one 
to the development of AKI [94], remains unknown.

1.4.8  AKI in Developing Countries

Despite the high burden of AKI in developing countries [27, 38, 82, 95], reliable 
information on the incidence of AKI in such countries is lacking due to limitations 
in the quantity and availability of local and regional data, the use of outdated AKI 
classification systems, and barriers to the publication of such data in well-regarded 
scientific journals. A 2015 meta-analysis reported that the use of KDIGO or 
KDIGO-equivalent definitions of AKI is increasing in developing countries, render-
ing their data comparable to those from other regions of the world [95]. In contrast 
to the findings of early reports, the pooled incidence of AKI in developing countries 
is increasingly approaching that in developed countries. AKI affects 21% of hospi-
tal admissions in developing countries, a figure that is broadly in agreement with the 
worldwide incidence of AKI. However, the overall proportion of patients with AKI 
requiring RRT in developing countries is lower than that in developed countries. 
Additionally, data from the International Society of Nephrology 0 by 25 Global 
Snapshot, a multinational cross-sectional study [95], showed that mortality at 7 days 
was higher in developing countries than in the developed countries combined [95].

The etiology of AKI in developing countries often differs from that in developed 
countries and differs between urban and rural environments. In developed countries, 
rural community-acquired AKI is associated with severe gastroenteritis, acute glo-
merulonephritis, envenomation, intoxication from traditional remedies, and compli-
cations from endemic infections (including malaria, HIV/AIDS, leptospirosis, and 
dengue). Conversely, the etiologies of AKI in large urban centers resemble those in 
developed countries [38, 95, 96].

1.5  Long-Term Outcomes

The notion that AKI survivors have an increased risk of developing CKD or ESRD 
is now widely accepted but is not well appreciated beyond nephrology specialists 
[97]. Given the adverse prognosis of many patients after an AKI episode and the 
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public health ramifications of progression to late-stage CKD, efforts to identify 
clinical risk factors of progression in patients with and without pre-existing CKD 
who have survived an episode of AKI are urgently needed.

The observed increased cardiovascular risk after AKI relates to the occurrence of 
major adverse cardiovascular events, including stroke [98, 99]. Increased risks for 
an assortment of other diseases have been linked to AKI, including gastrointestinal 
bleeding, organ fibrosis, and liver injury [100, 101]. The development of AKI her-
alds a strong likelihood of increased morbidity, with adverse outcomes not limited 
to kidney-centric effects. Given the current absence of therapeutics for AKI, efforts 
to prevent and rapidly diagnose AKI, and thereby to attenuate its severity and dura-
tion, are key clinical priorities.

1.6  Conclusions

AKI is an important clinical syndrome associated with poor clinical outcomes in 
hospitalized patients. Considerable advances have been made in refining the defini-
tion of this syndrome and in the elucidation of the pathophysiologic mechanisms 
underlying its different clinical phenotypes. The challenges in the diagnosing of 
AKI and the lack of a “gold standard” for its identification mean that AKI incidence 
estimates are likely to be flawed. In some series, the AKI incidence might be over-
estimated due to the labelling of unrecognized CKD as AKI.  However, in most 
studies, AKI rates are probably underestimated due to the inclusion of patients with 
subclinical disease or the failure to recognize patients with detectable but subtle, 
clinical features. It is obvious that the many clinical phenotypes of AKI cannot fit 
into a single pathophysiologic pathway. AKI facilitates organ cross-talk and distant 
organ injury. However, recent innovations will aid in the design of epidemiologic 
studies and randomized trials of preventive and therapeutic interventions.
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Chapter 2
Causes of AKI (Prerenal, Intrarenal, 
Postrenal)

Hiroki Ikai and Yoshiro Fujita

Abstract There are various causes of acute kidney injury (AKI). Previously pub-
lished textbooks by other authors classify these causes into three categories, partly 
for the purpose of differentiation (Sesso, Am J Kidney Dis 44:410–419, 2004). This 
chapter provides a general explanation of the causes of AKI. For AKI diagnostic 
criteria, refer to Chap. 1.

Keywords Causes of AKI · Prerenal AKI · Intrarenal AKI · Postrenal AKI

AKI is frequently classified into the following three categories based on the origin:

 1. Prerenal AKI
 2. Intrarenal AKI
 3. Postrenal AKI

However, in actual clinical practice, some cases of AKI cannot be distinctly clas-
sified into these categories. Treatment must be performed with the consideration 
that the causes/backgrounds of AKI overlap.

2.1  Prerenal AKI

Prerenal AKI is the most frequent cause of AKI.
Prerenal AKI constitutes approximately 40% of all causes of AKI [1].
Prerenal AKI occurs as a result of a decrease in effective circulating plasma vol-

ume in the kidneys. It is not normally accompanied by structural disorders of the 
kidneys.
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Prerenal AKI is caused by diseases in which effective circulating plasma volume 
frequently decreases [2–4]. Causes of prerenal AKI include the following:

 1. Bleeding (traumatic or gastrointestinal bleeding or bleeding due to surgery)
 2. Shock (cardiogenic, septic, hemorrhagic, etc.)
 3. Loss from the gastrointestinal tract (vomiting, diarrhea, drainage from an NG 

tube placed for an extended period of time)
 4. Loss from the kidneys (osmotic diuresis accompanied by polyuria, diabetes 

insipidus, or hyperglycemia)
 5. Loss from the skin (burn injury, excessive sweating)
 6. Loss to a third space (pancreatitis, crash syndrome, hypoproteinemia)

The above causative diseases decrease blood flow to the kidneys, causing prer-
enal AKI.

Normally, kidney function is reversible with early treatment. However, persistent 
prerenal AKI, i.e., persistent low reflux to the kidneys, leads to ischemia of the tis-
sues. This is believed to progress to acute tubular necrosis (ATN).

2.1.1  Cardiorenal Syndrome

Cardiorenal syndrome (CRS), cardiogenic AKI, is described below. CRS is defined 
as a “pathological state in which dysfunction of the heart or one of the kidneys 
causes dysfunction in the other kidney.” It is classified into five categories [5]:

 – Acute CRS (CRS Type 1): Renal dysfunction due to acute dysfunction of the heart
 – Chronic CRS (CRS Type 2): Renal dysfunction due to chronic dysfunction of 

the heart
 – Acute Renocardiac Syndrome (CRS Type 3): Acute decreased cardiac function 

due to AKI
 – Chronic Renocardiac Syndrome (CRS Type 4): Decreased cardiac function 

due to CKD
 – Secondary CRS (CRS Type 5): Decreased cardiac/renal function accompanied 

by systemic disease (sepsis, connective tissue disease, etc.)

CRS Type 1, caused by the heart, is described below.
The mechanism is believed to be a decrease in effective circulating plasma vol-

ume accompanied by a decrease in cardiac output or venous stasis.
When effective circulating plasma volume in the kidneys decreases as a result of 

decreased cardiac output, the sympathetic nervous system and the renin-angiotensin 
system activity increases, causing renal blood flow to decrease.

Venous stasis in heart failure causes a decrease in differential pressure of the 
renal veins and arteries accompanied by an increase in central venous pressure, 
causing the glomerular filtration rate to decrease. Also, in venous stasis, the glo-
merular filtration rate is reported to decrease in response to increased venous pres-
sure in the veins surrounding the convoluted tubules as well as in the renal 

H. Ikai and Y. Fujita



23

parenchyma. Treatment involves the use of loop diuretics to eliminate the blood 
congestion, and nowadays, vasopressin V2 receptor antagonists are also used. 
However, these do not increase RAS activity, suggesting that renal function might 
be maintained [6].

2.2  Intrarenal AKI

Normal renal kidney failure is diagnosed by exclusion.
When a clinician encounters AKI, he or she must use abdominal ultrasound and 

CT scans to evaluate the presence of hydronephrosis. Those results are used to rule 
out postrenal kidney failure. Then a detailed interview or confirmation of medical 
history is performed, and if the renal failure is not believed to be prerenal, it is diag-
nosed as intrarenal AKI.

When performing tests, various indicators are used to differentiate prerenal from 
renal. Commonly used indicators include urine Na and FeNa test. Refer to the fol-
lowing chapter “Diagnosis of AKI” for details.

There are many causes of intrarenal AKI. When the location of the disorder in 
the renal parenchyma is considered, it is easy to understand the causes of AKI in 
terms of a system. Each of the causes of AKI should be considered and organized 
according to the site of disorder in the renal parenchyma, i.e., the blood vessels 
(relatively large blood vessels, small blood vessels, and glomeruli), the convoluted 
tubules, and the interstitium.

 1. Large renal vessels
 2. Renal microvasculature and glomeruli
 3. AIN (ischemic AIN, nephrotoxic AIN)
 4. TIN (tubulointerstitial nephritis).

The causative diseases/backgrounds that cause disorder at each site are 
described below.

2.2.1  Large Vessels

Kidney injury rarely occurs due to a problem in the large vessels. When it does, it 
occurs as a result of bilateral stenosis of the renal arteries or unilateral stenosis of 
the renal artery in one of the functional kidneys. It also occurs as a result of trauma, 
thrombotic occlusion, thrombosis, or aortic dissection.

2.2.1.1  Renal Artery Stenosis

As renal artery stenosis presents with chronic progression, it is not usually expressed 
as acute glomerular filtration rate (GFR) reduction.

2 Causes of AKI (Prerenal, Intrarenal, Postrenal)
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2.2.1.2  Atheroembolism

Renal function worsening due to atheroembolism is considered in patients who 
exhibit AKI after angiography or aortic surgery. Pathologically, it causes a choles-
terol embolus, described as cholesterol embolization syndrome (CES). For a mul-
titude of reasons, an atherosclerosis plaque formed in the aorta ruptures, and 
cholesterol crystals flow out into the peripheral small- to mid-sized arteries, caus-
ing peripheral organ disorder due to mechanical occlusion and inflammatory 
response.

It is considered to be caused by cardiac catheterization, heart surgery, or aortic 
stent therapy, but there are also cases in which it occurs naturally [7]. As this results 
in not only cases of AKI but also renal function disorder with chronic progression, 
there is a type that is considered to occur as the result of acute worsening of chronic 
kidney failure, which can be overlooked if it is not considered during differentia-
tion. The organs that are damaged by CES are the skin, kidneys, and digestive tract. 
In the kidneys, occlusion due to cholesterolemia occurs in the blood vessels from 
the arcuate artery to the interlobular artery level, which is sensed by toll-like recep-
tors that transmit signals resulting in local inflammation. As a result, AKI develops 
from inflammatory cell infiltration into the peripheral interstitium.

2.2.1.3  Renal Artery Thrombosis

Renal artery thrombosis occurs after trauma or as a postoperative complication of 
transplantation. Although rare, it occurs in transplantation at a rate of approximately 
1% or less. It can occur during surgery and for several weeks after the opera-
tion [8, 9].

Renal artery thrombosis also occurs as a result of other increased coagulation 
states, such as antiphospholipid antibody syndrome [10, 11].

Clinical signs are severe new-onset hypertension and exacerbation of existing 
hypertension. Flank pain and hematuria may also occur.

2.2.1.4  Renal Vein Thrombosis

It is often the case that renal vein thrombosis is asymptomatic.
Abdominal pain and hematuria are uncommon.
It can occur during states of increased coagulation and in kidney disease (par-

ticularly membranous nephropathy) [12].
Other causes are considered to include connective tissue disease, diabetic 

nephropathy, trauma, and embolism due to tumor. Renal vein thrombosis is diag-
nosed by Doppler ultrasound, CT, and MRI. Though rare, there are cases of acute 
renal vein thrombosis after the ingestion of cannabinoids or alcohol, with pathologi-
cal thrombus formation in the veins of the ren arcuatus and peripheral inflammatory 
cell infiltration [13, 14].
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2.2.2  Renal Microvasculature and Glomeruli

All diseases that affect the renal microvasculature can cause renal (intrinsic) 
AKI. Vascular lesions due to inflammation (glomerular nephritis, vasculitis) and 
non-inflammatory vascular lesions (malignant hypertension), thrombotic microan-
giopathy (TMA) (including thrombotic thrombocytopenic purpura [TTP], 
hemolytic- uremic syndrome [HUS], aHUS, DIC, APS, and malignant hyperten-
sion), hyperviscosity syndrome, cholesterol embolization, etc. cause intrinsic AKI.

2.2.2.1  TMA (Table 2.1)

A general description of TMA is provided below.
TMA is primarily characterized by microangiopathic hemolytic anemia, throm-

bocytopenia, and microvascular thrombi.
TTP includes: TTP due to decreased ADAMTS13 (a disintegrin-like and metal-

loproteinase with thrombospondin Type 1 motif 12), HUS caused by vascular endo-
thelial damage due to pathogenic E. coli, narrowly defined atypical HUS that occurs 

Table 2.1 Cause of TMA

Primary TMA
  aHUS with complement gene mutation (hereditary acquired)
  TTP with ADAMTS13 mutation (hereditary acquired)
  DGKE TMA
  Cobalamin C deficiency-mediated TMA
Infection-related TMA
  STEC HUS
  Pneumococcal HUS
  HIV-associated TMA
Secondary TMA
  Pregnancy-associated TMA: HELLP syndrome, eclampsia
  Drug-induced TMA
  Calcineurin inhibitors (tacrolimus, cyclosporine)
  Anti-VEGF drug, chemotherapy (gemcitabine, mitomycin C), quinine, cocaine, ticlopidine
  Transplant-associated TMA
   De novo TMA (after solid organ transplant (lung, coronary, spleen, liver)), TMA after 

bone marrow transplant
  TMA with severe hypertension
  Malignancy-associated TMA
  TMA with glomerular diseases
   ANCA-associated vasculitis, IgA nephropathy, C3 nephropathy, membranoproliferative 

glomerulonephritis, membranous nephropathy, FSGS
  TMA with autoimmune conditions
   Catastrophic antiphospholipid syndrome, SLE (systemic lupus erythematosus), 

scleroderma renal crisis

2 Causes of AKI (Prerenal, Intrarenal, Postrenal)
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from damage to the vascular endothelium caused by abnormal activation of the 
complement system (complement regulatory protein genetic abnormalities, autoan-
tibodies, etc.), and secondary TMA in response to drugs, transplantation, connective 
tissue disease, etc. TMA is caused by multiple diseases (see Table 2.1). Classic HUS 
arises after enteritis due to Shiga toxin-producing E. coli, and it causes bloody diar-
rhea [15].

Many of the disease causes are still unknown, but there are also reports that TMA 
is a result of multiple pathologies.

For example, there are reports that complement activation occurs in SLE and 
antiphospholipid antibody syndrome, and there are reports that complement loss 
occurs in MPGN and C3 glomerulopathy.

AKI due to TMA is frequently accompanied by hematuria and proteinuria. 
Although not described in detail here, there are specific therapies for certain pathol-
ogies, such as immunosuppressive therapy for SLE and vasculitis, which cause sec-
ondary TMA, and plasma exchange for TTP. Therefore, renal function might be 
able to be recovered by administering specific therapies, depending on the cause. 
When TMA is suspected, renal function improvement may be attempted by differ-
entiating diseases based on their backgrounds.

2.2.3  Tubulointerstitial Nephritis

Tubulointerstitial nephritis has multiple causes. A typical example is an allergic 
response to antibiotics or NSAIDs. However, AKI can occur from interstitial nephri-
tis in response to other causes, including leukemia, lymphoma, sarcoidosis, bacte-
rial infection, and viral infection.

A systemic allergic response does not occur very often in acute interstitial nephri-
tis due to NSAIDs [16]. Meanwhile, a systemic allergic response (fever, rash, eosin-
ophilia, etc.) sometimes occurs in acute interstitial nephritis as a result of antibiotics. 
However, the frequency is between 5 and 10%, so it is not frequent.

Ischemic renal damage and nephrotic syndrome are also known to occur with 
NSAIDs, which are frequently used without much consideration, so caution is 
required when using NSAID medication.

Nowadays, tubulointerstitial nephritis is known to be caused by PPI. PPI-related 
tubulointerstitial nephritis does not frequently occur as a result of allergic hypersen-
sitivity syndrome, such as that which occurs with the use of antibiotics; renal disor-
ders can progress asymptomatically [17, 18].

In urinalysis, sterile pyuria can occur which might suggest interstitial nephritis. 
Urine protein is not common.

Interstitial nephritis is diagnosed by renal biopsy [19]. If a renal biopsy shows 
inflammatory cell infiltration into the interstitium accompanied by tubulitis, it is 
pathologically diagnosed as “tubulointerstitial nephritis.”

Differentiation can be considered pathologically according to the significant 
types of infiltrative cells. For interstitial nephritis with plasma cell infiltration, TIN 
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due to Sjogren’s syndrome or IgG4-related disease is differentiated. When 50% or 
more of the infiltrative cells are plasma cells, plasma cells are deemed dominant. 
For Sjogren’s syndrome, the presence of extranodal margin zone B-cell lymphoma 
must be evaluated. For IgG4-related interstitial nephritis, the presence of other 
organ disorders (pseudotumor, pulmonary lesions, cholangitis, pancreatitis, salivary 
gland, prostate, etc.) must be evaluated. If the interstitial nephritis has an infiltrative 
cell pathology characterized by eosinophils, interstitial nephritis involving an aller-
gic reaction must be investigated, i.e., TINU syndrome, allergic granulomatous 
angiitis, and IgG4-related renal disease. TINU syndrome is a disease that causes 
interstitial nephritis accompanied by uveitis in young people [20].

2.2.4  Acute Tubular Injury (ATI)

Acute tubular injury is a concept that was once called acute tubular necrosis (ATN). 
Normally, ATN is a term that indicates ischemic renal AKI. In reports that studied 
the actual renal histopathology of the condition, necrosis of the renal tubules was 
rarely found. Therefore, it is presently called acute tubular injury (ATI) [21].

ATI is the most common cause of intrarenal AKI. Although prerenal kidney fail-
ure is the most common cause of AKI onset in the community, ATI is known to be 
the most common cause of AKI inside medical facilities. Therefore, it is very impor-
tant for clinicians to know the cause of ATI.

ATI has two mechanisms, ischemic and toxic. Ischemic ATI occurs when prere-
nal AKI is severe or prolonged. Prerenal and renal ATI are conceptually distin-
guished from one another, but actually, decreased renal perfusion causes ischemic 
acute tubular injury. Therefore, they can be difficult to differentiate and sometimes 
cannot be strictly distinguished from one another. A summary of the causes of ATI 
is shown below. Causes are classified as extrinsic and intrinsic.

2.2.4.1  Extrinsic Causes

Extrinsic causes include antibiotics, chemotherapy, calcineurin inhibitors, organic 
solvents, toxins, contrast agents, NSAIDs, IVIG, and oral phosphate bowel prepara-
tions. Refer to the table for drugs that cause ATI (Table 2.2).

Table 2.2 Main agents that may cause ATI

Antibiotics Aminoglycosides, amphotericin B, antiviral (acyclovir, foscarnet, 
tenofovir), pentamidine, vancomycin

Chemotherapy Cisplatin, 5-fluorouracil, methotrexate, cytarabine, etc.
Calcineurin 
inhibitors

Tacrolimus, cyclosporine

Others Toluene, ethylene glycol, NSAIDs, iodinated radiocontrast

2 Causes of AKI (Prerenal, Intrarenal, Postrenal)
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NSAIDs

The general kidney injury caused by NSAIDs is ischemic kidney injury due to 
suppression of prostaglandin production resulting from the inhibition of 
cyclooxygenase.

NSAIDs are also known to cause nephrotic syndrome (minimal change) and 
acute interstitial nephritis.

Contrast-Induced Nephropathy (CIN)

In the Japanese “Guidelines for Using Iodine Contrast Agents in Patients with Renal 
Impairment,” “CIN is defined as when the serum creatinine value increases by at 
least 0.5 mg/dL or at least 25% of the previous value within 72 h after administra-
tion of iodine contrast agent” [22].

Contrast-induced nephropathy is the third most common cause of AKI onset in 
medical facilities. Decreased urinary output and increased serum creatinine values 
are observed after administering an iodine contrast agent. Mostly, contrast-induced 
nephropathy is reversible, so when it is suspected, other causes must be ruled out.

The pathology of CIN is believed to be due to the contrast agent directly causing 
tubule toxicity and decreasing medullary blood flow. Risk factors of contrast- 
induced nephropathy include pre-existing kidney disorders, diabetes mellitus with 
renal impairment, congestive heart failure, old age, and concomitant use of nephro-
toxic drugs. In patients who are at risk for contrast-induced nephropathy, adminis-
tration of an IV drip of physiological saline solution prior to performing the contrast 
CT is recommended for purposes of prevention. If onset occurs, conservative/sup-
portive maintenance is performed, combined with dialysis if necessary [23].

2.2.4.2  Intrinsic Causes

The typical examples of compounds with intrinsic renal toxicity are myoglobin and 
hemoglobin. Other compounds known to cause intrinsic ATI are uric acid and the 
light chain of immunoglobulin. A general summary is provided below.

Myoglobin

Myoglobin is produced in response to muscle disorders such as rhabdomyolysis. 
Myoglobin is also released for reasons other than muscle disorders (electrolyte 
abnormalities, infections, drugs, autoimmune disorders, etc.). Refer to the table 
below for the causes of rhabdomyolysis (Table 2.3). Drugs also frequently induce 
myoglobin production. Examples of such drugs include statins, fibrates, and 
antipsychotics.

In rhabdomyolysis, it is believed that a large quantity of myoglobin and heme 
from inside muscle cells flow into the circulating plasma, producing excessive 
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ferrous iron and reactive oxygen species (ROS) and ultimately causing necrosis of 
the renal tubules. Okubo et al. are researching the mechanisms of renal impairment. 
Heme-activated platelets released from necrotic muscle cells during rhabdomyoly-
sis enhanced the production of macrophage extracellular traps (METs). These 
mechanisms are believed to be part of the cause of renal impairment [24].

Hemoglobin

Free hemoglobin is produced as a result of intravascular hemolysis. A small quan-
tity of free hemoglobin binds to haptoglobin and is eliminated by monocytes and 
macrophages.

If there is a large quantity of hemoglobin due to intravascular hemolysis, the 
hemoglobin forms dimers and tetramers. The hemoglobin dimers are filtered by the 
glomeruli and reabsorbed in the proximal convoluted tubules causing nephropathy 
to develop due to heme.

Autoimmune hemolytic anemia, paroxysmal nocturnal hemoglobinuria, glu-
cose-6-phosphate dehydrogenase deficiency, RBC fragmentation syndrome, incom-
patible blood transfusion, etc. are believed to be the causes of kidney injury due to 
hemoglobin.

Monoclonal Gammopathy of Renal Significance (MGRS)

Immunoglobulin is produced by multiple myeloma (MM), filtered by the glomeruli, 
and catabolized in the proximal convoluted tubules. If the light chain cannot be 
reabsorbed by the proximal convoluted tubules, it reaches the distal convoluted 
tubules and binds with Tamm-Horsfall protein, causing cast nephropathy. Also, the 
light chain itself is believed to be a mechanism of tubule injury. These can cause ATI.

Table 2.3 Causes of rhabdomyolysis

Muscle injury Trauma, electric shock, burn
Increased exertion Seizures, excessive exercise, heart stroke
Muscle hypoxia Artery occlusion, limb compression during prolonged immobilization
Toxin Alcohol, toluene, mushroom poisoning, heroin, stimulant drug, snake 

toxin, etc.
Medication Statins, fibrates, azathioprine, lithium, theophylline, diuretic
Metabolic and 
electrolyte disorders

Hypophosphatemia, hypokalemia, hypocalcemia, nonketotic 
hyperosmotic conditions, diabetic ketoacidosis

Infections Viral (influenza A and B virus, HIV, enterovirus, EBV)
Bacterial (Legionella species, Streptococcus pyogenes, Staphylococcus 
aureus, Clostridium, Clostridium tetani, Salmonella), etc.

Body temperature 
changes

Heart stroke, malignant hyperthermia, hypothermia

Genetic defects Familial McArdle disease, carnitine palmitoyltransferase deficiency, 
malignant hyperthermia

Others Hypothyroidism, dermatomyositis/polymyositis, vasculitis

2 Causes of AKI (Prerenal, Intrarenal, Postrenal)
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With respect to MGRS as a whole, sometimes treating MGRS can improve renal 
failure, so keep in mind that treatment should be pro-actively pursued after a thor-
ough consultation with a hematology specialist. Examples of the pathology of 
MGRS exhibiting lesions in the tubulointerstitium are described below, including 
cast nephropathy, which was mentioned earlier [25].

 1. Fanconi syndrome (considered to be caused by κI of the κ chain)
 2. Proximal tubulopathy (Progression of kidney injury ranges from gradual to rela-

tively rapid. Also, crystals can form as a result of the κ chain or the λ chain.)
 3. Cast nephropathy (The CDR3 [complementarity-determining region 3] portion 

of the hypervariable region of the light chain is the determining region for cast 
formation.)

 4. Tubulointerstitial nephritis (rare, but the pathological picture cannot be distin-
guished from that of drug-induced nephritis.)

 5. Light-chain deposition disease, etc. (LCDD, HCDD, LHCDD, etc.)

Tumor Lysis Syndrome (TLS)

AKI associated with tumor lysis syndrome normally occurs in response to chemo-
therapy for lymphoma or leukemia. TLS occurs as the result of intracellular contents 
being released. Patients with TLS usually show hyperkalemia, hyperphosphatemia, or 
hyperuricemia. In the case of rapidly progressing and expanding tumors, TLS may 
develop naturally, before chemotherapy administration, and cause AKI.

Nucleic acids are released from inside the cell and are metabolized by hypoxan-
thine, followed by xanthine. Xanthine is converted to uric acid by xanthine oxidase. 
Classically, in AKI associated with tumor lysis syndrome, crystals are believed to 
enter the tubules and cause AKI [26].

In addition to causing tubule occlusion, hyperuricemia can affect the hemody-
namics of the kidneys and cause kidney injury [27]. The hydrostatic pressure of the 
tubule capillaries is reported to increase by a factor of 2, and vascular resistance is 
reported to increase by a factor of 3, although these reports were based on animal 
models [28].

AKI associated with TLS is not as common as it is used to be. This is because 
drugs such as rasburicase and allopurinol are now used in high-risk patients before 
chemotherapy in order to prevent TLS onset.

2.3  Postrenal AKI

Postrenal AKI occurs as a result of urinary tract occlusion (from the renal pelvis to 
the ureteral opening). In other words, postrenal AKI occurs as a result of occlusion 
of the ureters or occlusion from outside the ureters. Postrenal AKI constitutes less 
than 5–10% of all cases of AKI.

H. Ikai and Y. Fujita
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Urinary calculi, kidney/urinary tract tumors, and occlusive urinary tract disorder 
constituted 0.1%, 0.5%, and 0.2%, respectively, of the underlying diseases in 
patients newly started on dialysis in Japan in 2016. This totaled 0.8% of all patients 
started on dialysis [29].

The causes of most cases of postrenal AKI are reversible, so rapid diagnosis and 
intervention is required. Therefore, when we actually encounter cases of acute azo-
temia in clinical practice, abdominal ultrasound tests and abdominal CT scans must 
be used to evaluate the presence of urinary tract occlusion (the presence of hydrone-
phrosis or hydroureter) [30]. If evaluation can be performed at the bedside, diagno-
sis can be made very easily. If evaluation is performed properly, diagnosis is never 
difficult. Specific symptoms do not exist, and while hypouresis and back pain are 
considered to be clinical symptoms of postrenal AKI, they do not have high sensi-
tivity or specificity.

One point to be aware of during diagnosis is that the presence of hydronephrosis 
and hydroureter may not be obvious if the occlusion is in its initial stages or if the 
ureters cannot expand. If postrenal azotemia is not clear, sometimes postrenal AKI 
can be diagnosed by increasing visibility near the occlusion. This is accomplished 
by performing fluid replacement to increase urine production and the GFR to the 
ureters, allowing the ureters to expand near the occlusion.

Treatment consists of removing the occlusion. If the occlusion has not been present 
for an extended period of time, removing the occlusion normally improves renal func-
tion (therefore, early diagnosis is required, as has been mentioned a few times already). 
The extent of the recovery depends on the duration and severity of the occlusion.
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Chapter 3
Pathophysiology of AKI

Hideo Yasuda

Abstract The causes of acute kidney injury (AKI) are diverse, and the develop-
mental pathological conditions associated with the disease are heterogeneous and 
complex. The clinical majority of pathological conditions associated with hemody-
namics is normotensive ischemic acute kidney injury (AKI) caused by decreased 
autoregulation of glomerular pressure. It is usually referred to the occurrence of 
AKI in a patient that already has chronic kidney disease (CKD), what is called 
acute-on-chronic AKI. In sepsis, changes in renal hemodynamics, particularly in the 
appearance of shunts in the kidney, are thought to occur during a hyperdynamic 
state with resultant reduction of renal function. Renal tubule cells are main targets 
of the pathology of renal parenchymal AKI. Inflammatory cell infiltration into the 
kidney also exacerbates renal tubule injury. Mechanisms by which the glomerular 
filtration rate (GFR) decreases due to renal tubule injury include intrarenal vasocon-
striction, backleak of primary urine, and renal tubular obstruction. Renal congestion 
has recently been focused on as a contributing factor in the decrease of renal func-
tion. Moreover, innate immunity is associated with the development of AKI in sep-
sis, and the mitochondrial DNA-TLR9 pathway plays an important role.

Keywords Acute-on-chronic AKI · Vasoconstriction · Renal tubule damage 
Backleak · Renal tubular obstruction · Neutrophil · Macrophage · Mitochondrial 
DNA · Sepsis

3.1  Introduction

The pathophysiology of acute kidney injury (AKI) is multifactorial and complex. It 
has historically been classified as prerenal AKI caused by renal hypoperfusion and 
renal parenchymal AKI characterized by acute tubular necrosis (ATN) due to 
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ischemia and nephrotoxicity. Recently, this classification has been questioned as 
there are some reasons; (1) some cases show their renal function continues to deterio-
rate after resuscitation despite findings indicating prerenal AKI. These cases suggest 
that AKI should be regarded as a series of pathological conditions that transition 
from prerenal to renal parenchymal. (2) ATN, which has been considered to be syn-
onymous with renal parenchymal AKI, is actually not a common histological find-
ing. (3) Some cases show their renal function decreases as a result of renal congestion. 
The pathology of deterioration of renal function in intrinsic AKI is associated with 
renal tubule cell damage and vasoconstriction due to hypoxia, toxicity, inflammation, 
and congestion although further studies are required in order to fully understand AKI.

In this section, the pathological conditions are divided into (1) hemodynamics, 
(2) renal tubular damage, (3) renal congestion, and (4) inflammation and will be 
outlined (Fig. 3.1). And the latest findings on innate immunity in septic AKI are 
explained.

3.2  Hemodynamics

Glomerular pressure in the cortex is autoregulated and maintained at a constant 
level by changes in the tone of the afferent arterioles and efferent arterioles, even 
when there is a fluctuation in systemic blood pressure. Afferent arterioles are 

1)impaired autoregulation of glomerular pressure

2)tubular injury 

backleak

Tubular obstruction

vasoconstriction

3)Renal congestion

Decreased RBF

Interstitial edema

raised tubular pressure

4)Infiltration of Inflammatory cells

Neutophils
Macrophages
Lymphocytes

Fig. 3.1 Various mechanisms of the decrease in GFR: (1) Impaired autoregulation of glomerular 
pressure contributes to a decrease in GFR by a fall in glomerular pressure within the normal range 
of blood pressure. (2) Tubular injury contributes in a decrease in GFR by vasoconstriction, back-
leak of tubule fluid into interstitium, and tubular obstruction. (3) Renal congestion contributes to a 
decrease in GFR by reduction of renal blood flow and increased tubular luminal pressure with 
interstitial edema. (4) Infiltration of inflammatory cells including neutrophils, macrophages, and 
lymphocytes contributes to a decrease in GFR in renal ischemia-reperfusion injury
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primarily dilated by prostaglandin, while efferent arterioles are primarily contracted 
by angiotensin II. The autoregulation function of the glomerular pressure decreases 
when on nonsteroidal anti-inflammatory drugs (NSAIDs), which inhibit prostaglan-
din, and angiotensin II receptor blockers (ARB) and angiotensin-converting enzyme 
(ACE) inhibitors, which suppress the action of angiotensin II. When patients take 
NSAIDs or ARB/ACE inhibitors, the glomerular filtration rate (GFR) easily drops 
as a result of decreased blood pressure, which would usually not cause low glo-
merular pressure. Additionally, autoregulation of glomerular pressure is also 
impaired in chronic kidney disease (CKD), and glomerular pressure drops when 
blood pressure decreases, even within the normal range of blood pressure. Hence, 
the GFR decreases with a fall in the glomerular pressure within an apparently nor-
mal range of blood pressure, without the patient suffering shock (Fig. 3.2). Elderly 
patients with CKD and patients on ARB/ACE inhibitors are prone to develop acute- 
on- chronic AKI due to causes such as dehydration during summer. This pathologi-
cal condition is known as “normotensive ischemic AKI” since the patient develops 
AKI without suffering shock [1].

In case of ATN, renal blood flow is reduced by 30–50%, and additionally renal 
perfusion decreases due to renal vasoconstriction [2]. Renal ischemia-reperfusion 
injury (IRI) and cisplatin-induced AKI affect renal hemodynamics via the action of 
vasoactive substances and increased nitric oxide (NO) production. The concentra-
tion of endothelin, a potent vasoconstrictor, increases in the kidney in AKI, and 
endothelin receptor antagonists and endothelin antibodies attenuate renal IRI [3, 4]. 
Renal production of PGI2 and PGE2, which have a vasodilating effect, and vaso-
constrictive TXA2 increases during AKI, and the balance of these proteins affects 
hemodynamics [5, 6]. NO is also an important factor in the regulation of renal 
hemodynamics. NO synthases (NOSs) include iNOS, which is induced in associa-
tion with inflammation, in addition to eNOS and nNOS, which are constantly 
expressed. Large amounts of NO produced by iNOS exacerbate renal damage via 
peroxynitrite, while NO produced by eNOS provides renal protection via its vaso-
dilation effect. Renal eNOS increased after moderate ischemic preconditioning, and 
renal ischemic reperfusion damage is subsequently attenuated. This effect disap-
pears when eNOS is knocked out [7].

Sepsis is a pathological condition in which systemic blood pressure and micro-
circulation in the kidney do not correspond. In septic shock, the patient progresses 
to a hypodynamic state from a hyperdynamic state causing death. Renal blood flow 
(RBF) in sepsis varies by study, and a study on sepsis and RBF that analyzed 159 
animal experiments reported that RBF decreased in about 2/3 experiments, while it 
did not change or increased in 1/3 experiments, with cardiac output being the only 
significant factor defining RBF. In cecal ligation and puncture (CLP), which is an 
animal model for sepsis, the severity of survival differs depending on the study. 
While a common timeline across different studies cannot be identified, the serum 
creatinine level often begins to rise after 6–12 h and peaks after 18–24 h in models 
where AKI is induced, while with regard to the survival curve, animals begin to die 
after 18–24 h, and the survival rate is around 50% after 48 h [8, 9]. In the CLP 
model described above, a hyperdynamic state is maintained for up to 2 h, and after 
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that, the blood pressure continues to fall for up to 6–8 h in tandem with a drop in 
heart rate [10, 11]. RBF is maintained for 2 h but decreases after 6 h, while the blood 
flow of the cortical juxtaglomerular capillaries as observed under intravital micros-
copy also follows a similar course as RBF [11].

In septic AKI, the GFR will have already declined by the time the patient is in a 
hyperdynamic state. Although the state of RBF in septic AKI is currently unclear, it 
was reported in the 1970s that RBF increased to 171% when GFR had decreased to 
85% in a septic patient [12]. A cause for this phenomenon, in which the GFR 
decreases and RBF is maintained while the peripheral vessels are dilated, has been 
proposed in recent years as being due to the formation of shunts between the afferent 
arterioles and efferent arterioles as a result of decreased glomerular pressure and 
vasodilation in the efferent arterioles [13]. In fact, the GFR recovered when angio-
tensin II, which contracts efferent arterioles, was administered in a continuous bac-
terial administration model [14]. Although this hypothesis has not been fully verified, 
it proposes a very interesting mechanism. In addition, renal vascular permeability 
increases 2 h after CLP and continues to do so for 24 h [11]. This renal vascular 
permeability may be related to kidney edema and inflammation [9] (Fig. 3.3).

3.3  Renal Tubule Damage

RBF is heterogeneous; the pressure is 50–100 mmHg in the cortex and as low as 
10–20 mmHg in the deeper layer of the inner stripe of the medulla. Despite the low 
partial pressure of oxygen in the medulla, the proximal tubules, especially the S3 
segment and the medullary thick ascending limb (mTAL), are susceptible to 

2 6 24 (hours)

hyperdynamic
state

Serum creatinine

Renal blood flow

Blood pressure

Microcirculation of
peritubular capillaries

Mitochondrial disorders

Oxidative stress

Vascular permeability

hypodynamic state

polymicrobial peritonitis

Tubular hypoxia
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Fig. 3.3 Course of the septic AKI model by polymicrobial infections. The renal intrinsic disorders 
start under hyperdynamic state of septic shock
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ischemic injury because there is high metabolic activity including reabsorption of 
solutes. In addition, proximal tubules tend to be exposed to nephrotoxic substances 
at high concentrations. ATN has been considered to play a primary role in renal tis-
sue damage in AKI induced by ischemia and nephrotoxic substances. However, 
necrosis of the proximal tubules is uncommon, and various factors including apop-
tosis and oxidative stress are involved in proximal tubule cell injury.

How does renal tubule damage lead to a rapid decrease in the GFR? Mechanisms 
proposed to answer this question include the renal tubule damage inducing renal 
vasoconstriction and thereby reducing RBF, backleak of primary urine into the 
stroma from the renal tubular lumen, and a decrease in the glomerular filtration 
coefficient as a result of increased pressure from the renal tubule lumen to the glom-
eruli due to renal tubular obstruction.

3.3.1  Cell Death

ATN has been believed to play a central role in renal tissue damage in AKI induced 
by ischemia and nephrotoxic substances. In the renal ischemia-reperfusion model, 
depletion of ATP, which provides intracellular energy in renal tubule cells, disap-
pearance of brush borders, and loss of polarity associated with the disruption of the 
actin cytoskeleton are observed in the early stages. Subsequently, renal tubule cell 
death due to renal tubule cell necrosis and apoptosis is observed, and renal tubular 
epithelial cells desquamate into the renal tubule lumen. In the renal ischemia- 
reperfusion model, this histological finding of acute renal tubule necrosis is widely 
observed in the S3 segment, but in human AKI, ATN is minimal and uncommon. 
Nevertheless, therapeutic intervention that targets cell death including apoptosis 
and necroptosis (regulated necrosis) has the effect of attenuating AKI.

3.3.2  Autophagy

Autophagy is a major intracellular degradation system together with the ubiquitin- 
proteasome system, and it maintains intracellular homeostasis. When cells are under 
stress, autophagy is upregulated in order to actively eliminate damaging substances. 
Autophagy also plays an important role in maintaining homeostasis in the proximal 
tubules. Renal IRI is exacerbated in mice lacking autophagy only in the proximal 
tubules [15], and proximal tubule autophagy acts protectively against AKI.

3.3.3  Backleak

When renal tubule cells undergo cell death or enter a sublethal state, they detach 
from the renal tubular basement membrane and desquamate into the renal tubular 
lumen. Even if the cells do not desquamate, if polarity disappears and the junction 
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between the renal tubular cells becomes weak, primary urine filtered by the glom-
eruli flows back into the stroma from the renal tubular lumen, and renal function 
decreases as a result. In a unilateral renal IRI model, much of the inulin injected into 
the proximal tubule area of the injured kidney was recovered from the contralateral 
ureter, while only a small portion of the inulin injected into the distal tubules of the 
injured kidney was recovered from the contralateral ureter. This suggests backleak 
of tubule fluid into the stroma in necrotic areas [16]. However, this alone cannot 
explain decreased GFR caused by ATN.

3.3.4  Renal Tubular Obstruction

The urine of patients with suspected ATN due to renal parenchymal AKI is turbid 
with multiple granular casts, and muddy brown casts are observed in urine sedi-
ments. It is assumed that tubule fluid stagnates in the renal tubules when casts 
obstruct the renal tubules, and glomerular filtration is reduced due to increased renal 
tubular pressure. In fact, a study that used the micropuncture technique confirmed 
that renal tubular pressure increased due to renal IRI [17].

It is believed that if desquamated renal tubular cells are promptly phagocytized, 
the number of casts will decrease, and the rise in renal tubular pressure will be sup-
pressed. Recently, new discoveries were made with regard to phagocytosis of des-
quamated cells. Apoptosis inhibitor of macrophage (AIM) is expressed when 
proximal tubule cells undergo apoptosis after renal IRI and desquamate into the 
renal tubular lumen. On the other hand, KIM-1 is expressed in proximal tubule cells 
that have not desquamated. AIM acts as a ligand for KIM-1, and the remaining renal 
tubule cells are able to be phagocytized as a result of the AIM-KIM-1 interaction, 
which prevents renal tubular obstruction. Furthermore, this interaction suppresses 
NF-κB in the remaining renal tubule cells and helps to suppress inflammation in the 
kidney [18].

3.3.5  Renal Tubular Injury in Sepsis

Acute renal tubular necrosis is not observed in sepsis. During the late stages of sep-
sis, vacuolar degeneration of the renal tubules is observed as tissue damage under 
light microscopy [9, 19], and it has been suggested that reactive oxygen/nitrite spe-
cies (ROS/RNS) are stored in the vacuoles [11]. Furthermore, accumulation of 
ROS/RNS is observed in the neighboring tubules, where microcirculation of the 
juxtaglobular capillaries is decreased, and it has been suggested that renal microcir-
culation impairment leads to the production of peroxynitrite in the renal tubular 
epithelial cells [11] (Fig. 3.3). Reduction in renal tubular oxidative stress with the 
use of antioxidants improved microcirculation of the cortical juxtaglomerular capil-
laries [20]. Mitochondrial dysfunction in renal tubular epithelial cells can be 
regarded as early-stage renal tubular injury. In fact, reduced and swollen 
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mitochondria can be observed in proximal renal tubules under electron microscopy 
2 h after CLP. Furthermore, renal tubules are exposed to ischemia as a result of 
decreased systemic blood pressure and RBF, and uptake of pimonidazole, which is 
a marker of tissue ischemia, is detected 4–6 h after CLP [11] (Fig. 3.3). Apoptosis 
of renal tubules is not observed in evaluation using TUNEL staining and detection 
of cleaved caspase 3[21], but renal biopsies performed immediately after death 
caused by septic shock showed apoptotic bodies in 2.9% of renal tubular epithelial 
cells [22].

3.4  Renal Congestion

High central venous pressure (CVP) and low diastolic blood pressure are considered 
to be risks for AKI in sepsis in the intensive care unit (ICU) [23]. A rise of 5 mmHg 
in CVP increases the risk of developing or continuously suffering from AKI 2.7- 
fold. The risk of developing or continuously suffering from AKI is 80% when CVP 
is 15 mmHg or higher. Additionally, cardiac renal syndrome (CRS) type 1 is classi-
fied as AKI caused by acute heart failure, but renal congestion is involved in its 
pathology. While the pathology surrounding the development of AKI includes 
reduced RBF and concomitant vasoconstriction due to activation of the sympathetic 
nervous system, increased renal venous pressure and renal congestion associated 
with right-sided heart failure is drawing attention as playing a central role in its 
pathology. In fact, in a study reporting that 58 (40%) out of 145 acute heart failure 
patients, who received pulmonary artery catheters, developed AKI; CVP rather than 
decreased cardiac index was a primary hemodynamic factor that led to renal dys-
function [24]. As we have seen so far, increased renal venous pressure and renal 
congestion are involved in the pathology of AKI.

Increased renal venous pressure decreases renal perfusion pressure and reduces 
RBF. The kidney is covered in a membrane, and there is no way of releasing pres-
sure inside the kidney. Renal congestion is accompanied by interstitial edema, and 
renal function deteriorates due to increased tubular luminal pressure as a result of 
interstitial edema and a decrease in the net pressure gradient across the glomeruli. 
In an animal experiment, the GFR decreased when renal venous pressure was 
increased to 18.75 mmHg, and GFR was restored after renal venous pressure was 
decreased [25].

3.5  Inflammatory Cells

Robust inflammation is involved in the development and progression of renal 
IRI.  This includes the expression of downstream molecules in the hypoxia- 
inducible factor (HIF) pathway induced by ischemia (erythropoietin, vascular 
endothelial growth factor, endothelin 1, NOS, etc.), release of damage-associated 
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molecular patterns (DAMPs) due to cell dysfunction in the renal parenchyma, and 
enhanced expression of adhesion factors that recruit inflammatory cells into the 
kidney. The resulting increased renal inflammation is involved in histological dam-
age and dysfunction of the kidney, along with enhanced permeability in the renal 
vessels, activation of the toll-like receptor (TLR) pathway, cytokines, and 
chemokines.

3.5.1  Neutrophils

After renal IRI, inflammatory cytokines such as TNFα, IL-6, and IL-1β and chemo-
kines such as MCP-1 and RANTES are produced in the kidney, by renal tubular 
cells in particular, and promote neutrophil infiltration into the kidney [26]. 
Furthermore, IL-17 produced by neutrophils that have infiltrated within a few hours 
of IRI further regulates neutrophil migration via IFNγ [27]. Infiltrating neutrophils 
release proteases and promote renal damage. Deficiency of ICAM-1, which is an 
adhesion factor expressed on vascular endothelial cells that promotes local neutro-
phil infiltration, suppresses neutrophil infiltration and leads to resistance to renal 
damage in renal IRI [28].

Among the activated neutrophils, some undergo morphological changes and 
become what are called neutrophil extracellular traps (NETs), which extracellularly 
release nuclear chromatin and remain concentrated locally to capture bacteria [29]. 
In the process of NET formation, histone-DNA binding is attenuated as   PAD4 in the 
neutrophils converts histone arginine into citrulline. As a result, chromatin becomes 
filamentous. NETs are found in the outer medulla after renal IRI and continue to 
increase for at least 6–24 h [30]. Renal IRI is attenuated in PAD4-deficient mice that 
cannot form NETs [31], and the involvement of PAD4 in the pathology of AKI has 
been confirmed.

3.5.2  Macrophages

Monocytes infiltrate the vasa recta 2 h after renal IRI primarily as a result of the 
release of MCP-1 from renal tubules, and differentiated macrophages become 
widely observed in the outer medulla after 24 h [32]. In this early phase, the macro-
phages are primarily classified as MI (classically activated pro-inflammatory mac-
rophages) and are involved in renal damage by releasing pro-inflammatory 
cytokines, including IL-1, IL-6, IL-12, and TNFα, and are also associated with 
apoptosis and debris removal. CCR2, an MCP-1 receptor, is expressed in macro-
phages, and histological renal damage was attenuated in CCR2-deficient mice [33]. 
IL-18 is an important mediator for infiltration of macrophages into the kidney in 
renal IRI, and it is one of the candidates for next-generation urinary biomark-
ers of AKI.
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Furthermore, macrophages in the kidneys increase over the following 7 days, and 
the percentage of M2 (alternatively activated) macrophages increases. M2 macro-
phages facilitate wound healing and are involved in renal recovery.

3.5.3  Lymphocytes

T cells accumulate in the kidney early in renal IRI, and CD4+ T cells appear to be 
involved in renal damage. Renal IRI was attenuated in the presence of CD4 defi-
ciency [34]. CD4+ T cells functionally differentiate into Th1, which produces IFNγ, 
and Th2, which produces IL-4, while IFNγ-producing Th1 cells were involved in 
renal IRI [35]. Although it is reported that B-cell deficiency also attenuates renal IRI 
[36], it is not attenuated in mice deficient in both T and B cells [37]. Thus, the roles 
of T cells and B cells are controversial as the results regarding them are incongruent.

Regulatory T cells (Tregs) are a subset of CD4+ T cells expressing IL-2 receptors 
(CD25) and forkhead box P3 (Foxp3). They are found in approximately 2% of 
mononuclear cells in normal kidney tissue [38]. Removal of Tregs by administering 
CD25 antibodies potentiated renal IRI [39].

3.6  Innate Immunity in Septic AKI

In sepsis, inflammatory cytokines are induced by molecules called pathogen- 
associated molecular patterns (PAMPs) that detect bacterial invasion, and the patient 
develops systemic inflammatory response syndrome (SIRS). The PAMPs activate 
uncontrollable inflammatory mediators and cause multiple organ failure including 
AKI.  Innate immunity is activated, and inflammatory cells in the spleen undergo 
apoptosis simultaneously with the excessive induction of inflammatory cytokines. 
Apoptosis of immune cells is associated with immunosuppression, and prevention of 
this immunosuppression is important in the life expectancy of sepsis patients [40]. It 
is possible to attenuate AKI by regulating innate immunity in this way. TLRs are also 
known as PAMPs, and among the identified TLR1 through TLR11, mice deficient in 
TLR4 and TLR9 show reduced mortality and attenuated AKI in a lipopolysaccharide 
(LPS) administration model and CLP model, respectively [41–43]. Furthermore, it 
is reported that administration of TLR9 siRNA attenuates AKI caused by CLP [44].

Endogenous molecules are also involved in TLR-induced sepsis. Known endog-
enous ligands of TLR4 include heat-shock proteins and HMGB-1, also known as 
DAMPs. TLR9 ligands are DNA sequences derived from bacteria with a CpG motif, 
while endogenous mitochondrial DNA acts as a ligand for TLR9 and is a major 
mediator that causes SIRS by trauma [45]. Blood mitochondrial DNA is detected in 
severe sepsis patients and is related to mortality in the ICU [46, 47]. Blood mito-
chondrial DNA in the CLP model was systemically circulated in large amounts in 
early CLP after 2 h and was maintained for at least 6 h. When mitochondrial debris 
containing mitochondrial DNA was injected into mice, blood IL-12 increased after 
2 h, and mitochondrial dysfunction was induced in the renal tubules. These systemic 
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immune responses and renal damage were attenuated in TLR9-deficient mice. 
Mitochondrial DNA, which circulates systemically as a result of septic shock, is 
involved in the development of AKI in this way [48] (Fig. 3.4).
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Chapter 4
Diagnosis of AKI: Clinical Assessment, 
Novel Biomarkers, History, 
and Perspectives

Kiyoshi Mori and Noriko Mori

Abstract Around year 2005, vague definition of acute renal failure was replaced by 
diagnosis of AKI, which aimed to establish an internationally unified criteria detect-
ing kidney damage earlier. During the following decade, novel urinary biomarkers 
such as neutrophil gelatinase-associated lipocalin (NGAL or lipocalin 2), liver-type 
fatty acid-binding protein (L-FABP or FABP1), kidney injury molecule-1 (KIM-1), 
and NephroCheck (product of urinary TIMP-2 and IGFBP7) emerged and were 
intensively investigated, which made it possible to detect kidney damage even ear-
lier than development of AKI. These markers led to concepts of forest fire theory, 
functional/damage biomarkers, and subclinical AKI. By considering the time course 
and mechanism, we propose here that those urinary biomarkers may be divided into 
two categories: tubular dysfunction biomarkers (markers at least partially and 
potentially reflecting super-acute phase proximal tubule reabsorption impairment, 
which are urinary NGAL, L-FABP, and NephroCheck) and tubular regeneration 
biomarkers (early AKI markers but relatively delayed, reflecting proximal tubule 
regeneration, which contain urinary KIM-1). Future perspectives of novel AKI bio-
markers include evaluation of biomarker-based early intervention and biomarker- 
guided AKI therapy using biomarkers to judge effectiveness of on-going treatments.
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4.1  Historical Changes in the Concept of AKI

Correlation of blood creatinine levels with glomerular filtration rate (GFR) or cre-
atinine clearance was first proposed in 1926 and was verified by succeeding works 
[1–4]. Since then till now, serum creatinine has been long the gold standard to define 
renal function or GFR in other words. Acute elevation in serum creatinine or blood 
urea nitrogen levels has been called acute renal failure. It was a vague concept, mak-
ing it impossible to compare the findings of different clinical studies both horizon-
tally and historically. As described above in this book, national consortiums began 
to propose internationally united criteria to define acute renal failure, especially in 
the early phase, and gave a term of acute kidney injury (AKI). Based upon changes 
in serum creatinine levels and urine outputs, RIFLE criteria by the Acute Dialysis 
Quality Initiative (ADQI) were published in 2004 [5] and AKI Network criteria in 
2007 [6], and they were combined as 2012 AKI criteria by the Kidney Disease: 
Improving Global Outcomes (KDIGO) [7]. In KDIGO AKI criteria, the mildest 
stage of AKI (stage 1) was defined as either of the followings: (1) elevation of serum 
creatinine levels by ≥0.3 mg/dL within 48 h, (2) elevation of serum creatinine levels 
by ≥1.5-fold within 7 days, or (3) decrease of urine output to ≤0.5 mL/kg/h for 
more than 6 h [7]. We believe that, for healthy progress of nephrology, international 
definition of AKI should not be changed for at least 10  years. During years 
1998–2013, novel urinary biomarkers representatively listed in Table 4.1 emerged, 
which are increased both in rodent and human AKI.

4.2  Which Were Earlier, Human Studies or Rodent Studies 
of Urinary AKI Biomarkers?

Sequences of urinary biomarker reports, in the settings of rodent and human AKI 
and human CKD, are clearly distinct among biomarkers (Table 4.1). In 2002, NGAL 
appeared in the nephrology literature for the first time, as one of kidney 

Table 4.1 Representative urinary biomarkers for AKI and their first reports in rodent AKI, human 
AKI, and human CKD

Urinary biomarker NGAL L-FABP KIM-1 NephroCheck

First in rodent AKI Mishra et al. 
(2003) [11]

aKamijo et al. 
(2004b) [19]

Ichimura et al. 
(2004) [16]

Peng et al. (2016) 
[22]

First in human AKI Mori et al. 
(2005) [12]
Mishra et al. 
(2005) [13]

Portilla et al. 
(2008) [20]

Han et al. (2002) 
[15]

Kashani et al. 
(2013) [21]

First in human 
CKD

Mori et al. 
(2005) [12]

Kamijo et al. 
(2004a) [18]

Timmeren et al. 
(2007) [17]

Not reported

aIndicates that the report dealt with unique transgenic mice harboring human L-FABP genetic 
locus, whose findings cannot be tested in standard laboratory animals
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differentiation/epithelialization inducers [8, 9]. In 2003, upregulation of renal 
NGAL mRNA expression was reported at 3–24 h after murine renal ischemia-reper-
fusion injury [10]. Increase of NGAL protein in the urine was reported in murine 
renal ischemia- reperfusion injury and cisplatin-induced nephrotoxicity in 2003 
[11]. Elevation of urinary NGAL levels in human AKI [12, 13] and human CKD 
[12] was reported in 2005.

In 1998, induction of renal KIM-1 mRNA expression was reported at 48 h after rat 
renal ischemia-reperfusion injury [14]. Increased excretion of urinary KIM-1 was 
reported in human AKI in 2002 [15], rat AKI in 2004 [16], and human CKD in 2007 [17].

On the other hand, elevation of urinary L-FABP was first reported in human 
CKD in 2004 [18], followed by AKI in genetically modified mice in 2004 [19] and 
human AKI in 2008 [20].

Increase of NephroCheck [product of urinary concentrations of tissue inhibitor of 
metalloproteinases-2 (TIMP-2) and insulin-like growth factor-binding protein 7 
(IGFBP7)] was reported in human AKI in 2013 [21] and in rat AKI in 2016 [22]. 
NephroCheck in human CKD has not been reported. The sources of urinary TIMP-2 
and IGFBP7 in AKI are poorly understood [23]. While IGFBP7 and TIMP-2 are spec-
ulated to be synthesized by injured renal tubules [21], there is no supporting evidence.

NGAL and KIM-1 have been the top two most popular biomarkers reported in 
the annual scientific meetings of the American Society of Nephrology (Fig. 4.1). 
The ratio of total abstract numbers may not necessarily reflect the numbers of large- 
scale clinical studies but might indicate reproducibility of the findings across vari-
ous AKI etiologies in different countries.
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Fig. 4.1 Abstract numbers of five urinary AKI biomarkers in Kidney Week. Online abstracts of the 
American Society of Nephrology Kidney Week in the recent 6 years were searched using each 
biomarker name. To enhance screening, other key words such as lipocalin 2 and LCN2 for NGAL 
and TIMP-2 and IGFBP7 for NephroCheck were also used. The abstract numbers included studies 
in basic science not related to urinary biomarker levels but dealt with, for instance, biological func-
tion of the proteins or phenotypic analysis of knockout and transgenic mice. Of note, publication- 
only abstracts which were not selected for presentation in the meeting were also included
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4.3  Prediction of AKI by Novel Biomarkers

Soon after discovery of those AKI biomarkers, it was recognized that those bio-
markers commonly allow early prediction of AKI development (i.e., significant 
elevation of serum creatinine levels several days later) on the day of kidney insult 
(Fig. 4.2) [13, 20, 24, 25]. With the introduction of these biomarkers other than GFR 
indicators (serum creatinine, serum cystatin C, or creatinine clearance) or urine out-
put, the field of AKI entered a new era.

Forest fire theory in 2007 (Fig. 4.3) proposed that blood, urine, and kidney 
NGAL concentrations are the real-time indicators of active kidney damage 
(resembling red fire in forest fire), distinctly from markers of functional nephron 
numbers such as serum creatinine or GFR (ratio between viable and burnt 
trees) [26].

Red Fire
Activity of Nephron Damage
(NGAL in blood, urine or kidney)

Ratio of Functional Nephrons
(sCr or GFR)

Ratio of Viable Trees

Kidneys Forest

Fig. 4.3 Forest fire theory for worsening renal function. Reproduced from Mori and Nakao (2007) 
[26]. sCr serum creatinine, GFR glomerular filtration rate
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Devarajan (2010) [51]
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In 2013–2014, ADQI 10th Workgroup reported a two-dimensional, biomarker- 
based framework for AKI evaluation (Fig. 4.4) [27, 28]. In that framework, serum 
creatinine, serum cystatin C, and urine output are renal function biomarkers, whereas 
urinary KIM-1, NGAL, L-FABP, and IL-18 are examples of kidney damage bio-
markers. The lower left quadrant represents loss of function without damage which 
is often reversible. This scenario has been called dehydration, prerenal AKI, or tran-
sient AKI. The upper right quadrant indicates damage without loss of function, which 
was alternatively named subclinical AKI [29]. In subclinical AKI, loss of function 
may not develop at all or be seen at some time interval after detection of damage 
biomarkers. These patients are at higher risk for renal replacement therapy (RRT) 
requirement and mortality compared to patients without an increase in damage bio-
marker levels [29].

4.4  Clinical Use of Novel AKI Biomarkers

Some of the urinary biomarkers are locally available for clinical use [30, 31]: 
NGAL in Japan (since February 2017) and in Europe, L-FABP in Japan (since 
August 2011), and NephroCheck in the USA (since September 2014). 
Additionally, KIM-1 is approved by the Food and Drug Administration (FDA) 
and European Medicines Evaluation Agency (EMEA) for preclinical drug devel-
opment and clinical trials [32].
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Fig. 4.4 Biomarker-based framework for AKI evaluation. Reproduced from Murray et al. (2014) [28]
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4.5  Novel Classification of AKI Biomarkers: Tubular 
Dysfunction Biomarkers and Tubular 
Regeneration Biomarkers

Cardiac surgery with cardiopulmonary bypass (CPB) is a unique situation with 
high AKI risk, in which the initiation of the renal insult (i.e., renal ischemia) can be 
clearly defined. It is well established that urinary levels of NGAL and L-FABP in 
patients who are going to develop AKI start to increase within a few hours after the 
start of CPB, and they begin to decrease within 6–12 h (Fig. 4.2) [13, 20, 33, 34]. 
Many literatures insist that de novo synthesis of NGAL occurs in response to AKI, 
based upon the findings in renal ischemia-reperfusion injury (RIR) of animal stud-
ies [12, 35]. However, those experimental settings are quite severe, and it seems 
unlikely that urinary NGAL levels start to decrease within 12 h in those animals. In 
rodent RIR, loss of polarity and dislocation of Na-K-ATPase in tubules is the first 
event, followed by cell death and dedifferentiation/regeneration of tubular cells 
[36]. Activity of Na-K-ATPase provides an essential force for endocytic reabsorp-
tion of proteins in the proximal tubule lumen [37]. Megalin expressed along the 
apical surface of proximal tubules is responsible of capturing and endocytosis of 
luminal proteins including NGAL and L-FABP [38, 39]. Transient and reversible 
dysfunction of proximal tubules as to endocytic capacity is a more reasonable 
explanation for rapid changes in urinary biomarkers after cardiac surgery, other 
than de novo mRNA transcription, protein synthesis, secretion from tubular cells, 
and replacement of dead tubular cells. Since molecular weights of TIMP-2 and 
IGFBP7 are similar to those of NGAL and L-FABP [23] and elevation of 
NephroCheck is as early as NGAL in human AKI [21], TIMP-2 and IGFBP7 may 
undergo similar renal metabolism as NGAL. On the other hand, elevation of uri-
nary KIM-1 levels starts 12 h after CPB initiation [24], likely reflecting the dedif-
ferentiation/regeneration phase [14]. Therefore, we propose here that urinary 
albumin, NGAL, L-FABP, and NephroCheck, at least partly and potentially, have 
features of tubular dysfunction biomarkers, while urinary KIM-1 is a tubular regen-
eration biomarker. Consistently, when a systematic review was carried out for AKI 
biomarkers in 2008, urine KIM-1 performed best for the differential diagnosis of 
established AKI, whereas urine NGAL and IL-18 performed best for early diagno-
sis of AKI [40].

4.6  Future Perspective

A recently published meta-analysis showed a clear and statistically significant mor-
tality benefit to early nephrology consultation [41]. Indeed, in a cardiac surgery 
study, early detection of post-surgery kidney injury by increase in NephroCheck 
allowed early intervention by nephrologists and reduced incidence of AKI [42].

K. Mori and N. Mori



53

There are continued efforts to evaluate whether monitoring of AKI biomarkers, 
such as urinary NGAL, is useful to judge trend in the kidney injury severity and 
treatment efficacy in the setting of AKI or subacute CKD [43, 44]. In a dog model 
of gentamicin-induced AKI, increase and decrease of urinary NGAL levels were 
earlier than the change of serum creatinine by approximately 4 days [45] (Fig. 4.5a). 
In our case undergoing intermittent hemodialysis after severe post-infectious glo-
merulonephritis, serum creatinine levels were not good indicator of renal function 
due to removal by hemodialysis. Decrease in urinary NGAL levels was steeper than 
that of urinary L-FABP levels, which occurred 2 weeks earlier than dialysis with-
drawal in this case (Fig. 4.5b).

Importantly, theoretical exercises have shown that even a perfect biomarker 
will perform poorly when compared to an imperfect gold standard [46–48]. In 
dehydrated conditions, serum creatinine levels increase and may fulfil criteria of 
AKI, but urinary NGAL is not sensitive to dehydration [49, 50]. In some forms of 
acute tubular necrosis, serum creatinine or GFR may not be altered significantly 
in the early phase, despite increase in urinary AKI biomarkers. Therefore, a race 
to develop and compare biomarkers which have the strongest power (the largest 
area under the curve in receiver operating characteristic curve analysis) for the 
prediction of creatinine and urine output-based AKI may not be very fruitful as 
expected.
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Chapter 5
Risk Factors for AKI Development 
in Surgery (Non-cardiac Surgery)

Shu Wakino

5.1  Introduction

Although postoperative acute kidney injury (AKI) accounts for 18–47% of nosoco-
mial onset AKI [1], its influence on postoperative prognosis has largely been 
neglected except in the field of cardiac surgery. Recently, however, interest in the 
onset of AKI and the types of chronic kidney disease (CKD) that follow has 
increased. Various risk factors have been identified, and preventative treatment strat-
egies have been proposed. This chapter describes AKI onset and its effects after 
non-cardiac surgery.

5.2  Incidence Rate

Incidence rates change drastically with the development of new surgical techniques 
and changes in perioperative management practices. Additionally, as has been 
described above, the concept of AKI was proposed in 2004, and since then, diagnos-
tic guidelines like RIFLE, AKIN, and KDIGO have changed with it. New numbers 
bring new meaning. As can be seen in Table 5.1, if we limit ourselves to the scope 
of only a few years and focus primarily on non-cardiac surgery, incidence rates vary 
between 1.0 and 31.0% [2]. If we limit ourselves to abdominal, the incidence rate is 
between 10 and 20%.
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5.3  Onset Risk Factors

5.3.1  Onset Risk Factors for AKI in Non-cardiac Surgery

Clarifying the risk factors that give rise to postoperative AKI following non-cardiac 
surgeries and placing high-risk cases under strict management are both incredibly 
important goals in the prevention of AKI. To date, most research into these risk fac-
tors has been in the form of retrospective, observational studies [3]. Nevertheless, 
many risk factors have been identified (Table 5.2). Some of these studies propose 
using risk indices to evaluate and classify cases. For example, Kheterpal et al. evalu-
ated 75,952 surgical cases (including cardiac surgery) and found age ≥56, male sex, 
emergency surgery, abdominal surgery, diabetes, active heart failure, ascites, high 
blood pressure, and preoperative renal failure to be the main risk factors and have 
used indices of these risk factors to stratify patient risk [4]. Additionally, Slankamenac 
et al. have developed a score for predicting the likelihood of AKI onset after liver 
surgery. They propose stratifying and evaluating risk using factors such as preopera-
tive ALT, cardiovascular disease, CKD, diabetes, red blood cell transfusion, cho-
ledochojejunostomy, and risk of intraoperative oliguria [5]. If, however, emergency 
surgery is not removed as a risk factor in a certain cohort, for example, this leads to 

Table 5.1 Incidence of postoperative AKI (non-cardiac surgery)

Year Case Design Operation Classification Incidence (%)

2014 1200 Prospective, 
single-center

Major, non-cardiac, 
non-vascular

RIFLE 6.7

2016 390 Retrospective, 
single-center

Major, non-cardiac, 
non-vascular

KDIGO 18.5

2016 3902 Retrospective, 
single-center

Major, abdomen KDIGO 6.8

2016 258 Prospective, 
single-center

Major, abdomen AKIN 12.0

2017 898 Retrospective, 
single-center

Esophagus AKIN 11.9

2016 845
1334

Retrospective, 
multicenter

AAA, endovascular
AAA, open

Initiation of HD 6.9
13.5

2016 14,475 Retrospective, 
multicenter

AAA, endovascular KDIGO and 
initiation of HD

3.3

2016 95
42

Prospective, 
single-center

AAA, endovascular
AAA, open

AKIN 9.4
31.0

2017 898 Retrospective, 
single-center

Knee and hip joint RIFLE 6.8

2017 5609 Retrospective, 
single-center

Knee and hip joint RIFLE 1.0

AAA abdominal aortic aneurysm; RIFLE Risk, Injury, Failure, Loss, End-Stage; kidney disease 
classification KDIGO Kidney Disease: Improving Global Outcomes classification; AKIN Acute 
Kidney Injury Network classification; HD hemodialysis
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variance among reports. This is due to differences in the definition of AKI, differ-
ences in operation style at the institution, and the modification of the result by treat-
ment for being retrospective.

5.3.2  Liver Transplant

Generally speaking, the onset of AKI in liver disease puts one at risk for progression 
of liver dysfunction and death [6]. In liver transplantation, a common liver surgery, 
AKI is a critical factor that correlates with patient death, and the identification of a 
risk factor that could predict its onset is important. The incidence rate of AKI in liver 
transplants has, in recent years, been examined using the AKIN classification sys-
tem. While this is a retrospective initiative, reports from 2013 to 2015 put the inci-
dence rate between 10 and 30% [7, 8]. In recent reports, Leithead et al. report AKI 
incidence among 1152 patients that underwent liver transplantation [7]. In this study, 
AKI was defined as progression beyond KDIGO stage II within 1 week of the opera-
tion or a twofold (or higher) increase in serum creatinine. They found an incidence 

Table 5.2 Risk factor of postoperative AKI in non-cardiac surgery

Abdominal operation Vascular surgery (open surgery) Thoracic surgery

Age Ischemia time Hypertension
Male Bilateral renal artery ischemia Peripheral artery disease
Emergent operation Hypotension during operation ARB
Intra-abdominal Age HES solution
Diabetes Symptomatic AAA Age
Heart failure Suprarenal AAA Smoking
Hypertension Serum creatinine >1.5 mg/dL Alcohol dependence
Ascites Hypertension ACE inhibitor
Dyslipidemia Respiratory disease Coronary artery disease
CKD Vascular surgery (endovascular surgery) Diabetes
Liver dysfunction Renal artery ischemia Dyslipidemia
BMI Renal artery embolism Low hematocrit
High-risk case Dissecting aneurysm Maximum oxygen demand
Use of vasoconstrictor Microembolism FEV1
Use of diuretics Inflammation Lung resection volume
Use of anti-hypertensives Use of vasoconstrictor
ACE inhibitor
ARB
General anesthesia
RBC transfusion

CKD chronic kidney disease, BMI body mass index, ACE inhibitor angiotensin II-converting 
enzyme inhibitor, ARB angiotensin II receptor antagonist, RBC transfusion red blood cell transfu-
sion, AAA abdominal aortic aneurysm, HES solution hydroxyethyl starch solution, FEV1 forced 
expiratory volume 1.0
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rate of 33.8% and identified preoperative MELD score, preoperative hyponatremia, 
a preoperative BMI of 30 kg/m2, intraoperative red blood cell transfusion, and long 
warm ischemia time as risk factors for AKI onset. The MELD score is a metric 
unique to liver transplant surgeries and is used to determine condition severity in 
patients older than 12 that are enrolled in the American Organ Transplant Network. 
It is calculated using bilirubin, prothrombin time, creatinine, and presence or absence 
of dialysis treatment. Specifically, MELD score =  (0.957 ×  ln (serum Cr/dialysis 
treatment, Cr  =  4.0 for calculation)  +  0.378  ×  ln (serum bilirubin)  +  1.120  ×  ln 
(INR) + 0.643) × 10 [9]. Additionally, in transplant surgeries, the time between stop-
ping blood flow to a particular organ, transplanting it, and restarting blood flow is 
referred to as ischemia time. When ischemia occurs at body temperature, it is highly 
likely that cells will die. This time is referred to as “warm ischemia time.” For the 
heart and liver, the ideal warm ischemia time is 0 min. For kidneys and lungs, it is 
30  min. In any case, cooling the organ as quickly as possible and stopping cell 
metabolism is essential. There are 12 reports that discuss post-liver transplant AKI 
in this way. Of these, six mention intraoperative blood transfusion, and three men-
tion preoperative MELD score, intraoperative low blood pressure, and use of vaso-
pressors as independent risk factors [10].

5.3.3  Lung Surgery

AKI onset in the context of lung surgery has also garnered interest. George et al. 
report a multicenter study involving 12,108 individuals [11]. After evaluating these 
individuals in the presence or absence of postoperative renal replacement therapy, 
the incidence rate of AKI was 5.4%. The following were identified as risk factors for 
the condition: age, male sex, African-American, preoperative kidney function, pre-
operative bilirubin, presence or absence of preoperative comorbid lung disease, 
bilateral lung surgery, intra- or postoperative use of extracorporeal membrane oxy-
genation (ECMO), and ischemia time. Licker et  al. examined AKI onset within 
1 week in cases whose RIFLE classification was R and higher. They report an inci-
dence rate of 6.8% and identify FEV1/FVC ratio, ASA score, and time under anes-
thetic as risk factors. ASA score is a score developed by the American Society of 
Anesthesiologists that evaluates whole-body status [12].

5.3.4  Bariatric Surgery

In recent years, bariatric surgery has become widely practiced to treat obesity, espe-
cially in the West. Because obesity itself causes a decline in renal function, postop-
erative AKI has garnered much attention. The Mayo Clinic reports that between 
2004 and 2011, 1227 bariatric surgeries were performed. If AKI is defined as serum 
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creatinine exceeding 0.3 mg/dL within 72 h of the surgery, its incidence rate for 
these operations was 5.8%, and risk factors were preoperative BMI and presence or 
absence of diabetes [13, 14].

5.4  Measures for Preventing AKI Onset

The first step in preventing AKI is, most importantly, to evaluate patients for the 
aforementioned preoperative risk factors. However, there are also factors that must 
be kept in mind during intra- and postoperative management [2] (Table 5.2).

5.4.1  Intraoperative Hemodynamics 
and Transfusion Management

Ensuring that blood flow is sufficient and that tissues are receiving enough nutri-
ents is a very important part of postoperative management. Tissue hypoperfusion 
and lack of oxygen supply are some of the largest causes not only of AKI but of 
many postoperative complications. With regard to colon surgery, 27.7% of patients 
become dehydrated as part of the preparations for the procedure, and dehydration 
is a risk factor for postoperative AKI [15]. Dehydration is also the primary risk 
factor for AKI following plastic surgery [16]. On the other hand, excessive trans-
fusion, particularly during abdominal surgeries, increases intraorgan pressure 
leading to edema of the kidney capsule, which then causes an increase in intrare-
nal pressure and causes intra-abdominal hypertension, which causes AKI. While 
blood flow after circulation to tissues and tissue oxygen consumption are more 
important than cardiac output in terms of causing intra- and postoperative organ 
damage, actual tissue blood flow is difficult to estimate due to intra- and postop-
erative hemorrhage and fluid shift into the interstitial space. Goal-directed therapy 
(GDT), which has been proposed in recent years, attempts to use indices of circu-
lation to set goals for patient management and thereby improve patient prognosis. 
In goal-directed fluid management, transfusion volume is not determined by urine 
volume and blood pressure. Instead, transfusion volume is determined in real time 
by monitoring stroke volume variation (SVV) and stroke volume variable (SVI) 
from transesophageal catheters, fingertip pulse waves, etc. The OPTIMISE trial, 
conducted on patients that had undergone major abdominal surgery, demonstrated 
that GDT is effective at preventing the occurrence of AKI. Fingertip pulse waves 
were used to monitor cardiac output, transfusions containing colloids were used 
as the primary transfusion fluids, and postoperative management was extended to 
6 h after surgery. Doing these things reduced the number of postoperative compli-
cations, including renal failure [17] (Fig. 5.1). This sort of detailed postoperative 
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Goal-directed fluid therapy group

Conventional therapy group

1. Monitor cardiac out put fingertip pulse waves.
2. Infuse 250ml colloid solution within 5 minutes and
 measure maximal cardiac output. In this case,
 maximal cardiac output is defined as that when the
 increase in output was stabilized and the increase
 more than 10% sustained at least 20 minutes.
3. Continue infusion to maintain the maximal output.
4. Try to continue the infusion so long as the fluid loss
 is apparent irrespective the variation by anesthesia
 condition or by sympathetic nerve activity.
5. Transfuse RBC or plasma in case.
6. Use low dose dopamine treatment in case.

Monitor the central venous pressure and infuse the
solution or RBC transfusion in response to the blood
pressure fall or intraoperative fluid loss.
Do not monitor the cardiac output.

Common
protocol

1. Maintenance fluid
 5%Dextrose at the
 speed of  1ml/min/kg
2. Transfusion to keep Hb
 levels above 8g/dL
3. Oxygen supply to keep
 SpO2 above 94%
4. Keep HR below 100/min
5. Keep central body
 temperature at around
 37ºC

Fig. 5.1 Goal-directed fluid therapy protocol of OPTIMISE study. The protocol for OPTIMISE 
study. The efficacy of the goal-directed fluid therapy was tested by this study. The details of goal- 
directed fluid therapy, conventional therapy, and common protocol were listed in orange, blue, and 
green boxes, respectively

management and invasivity-reducing and recovery-accelerating protocol is known 
as ERP (enhanced recovery protocol). ERP has been pursued in recent years as a 
way of preventing AKI and other complications [18] (Fig. 5.2).

5.4.2  Decision to Transfuse

Intra- and postoperative transfusions are correlated with AKI onset. In order to bet-
ter protect the kidneys, crystalloids are currently recommended over physiological 
saline [17]. Among the crystalloids, Ringer’s acetate solution and Plasma-Lyte are 
most similar to the composition of human plasma and are therefore called balanced 
crystalloids. Because they cause fewer side effects such as renal damage or coagu-
lopathy than physiological saline, balanced crystalloids have garnered a great deal 
of attention in recent years [19]. On the other hand, the postoperative use of one 
particular sort of crystalloid, hydroxyethyl starch (HES), is limited. HES is an arti-
ficially formulated colloid solution prepared from potato and corn starches. It is 
classified by its molecular weight, and HES heavier than 200 KDa has been reported 
to significantly increase AKI risk [20].
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5.4.3  Red Blood Cell Transfusion

Several studies report that red blood cell transfusions are a risk factor for AKI onset 
in the context of liver surgery. Similar results have been reported in the fields of 
colon and gastric surgery [2]. The reason for this is believed to be that transfused red 
blood cells have a short life span and are prone to hemolysis, causing free iron ions 
to be released into the bloodstream. Free iron ions cause oxidative stress in organs 
and lead to organ damage. Therefore, unnecessary blood transfusion should be 
avoided, and it is thought that maintaining a red blood cell concentration of at least 
8 g/dL is sufficient.

5.4.4  Others

In addition to that mentioned above, avoiding the use of nephrotoxic drugs and 
contrast agents, avoiding the use of oral sodium phosphate (OSP) as a pretreat-
ment for the intestinal tract, and using polyethylene glycol (PEG) have all been 
shown, with evidence, to be important in the prevention of AKI in non-cardiac 
surgery.

Freely take water by 3 
hours before the 
operation.  
Take 240 ml of isotonic 
solution by 3-hours 
before the operation.  
Do not prepare for the 
intestinal contents.  

Prohibit drinking from 
the last dinner.  
Start fluid infusion as 
usual. 
Prepare for the 
intestinal content.  

Lumber anesthesia is 
optimal.  
Goal-directed Fluid 
Therapy using mainly 
Lactate Ringer solution. 
Aim minimal invasion.  

Anesthesia depending 
on the case. 
Fluid infusion 
depending on the case.  
Loading or vasopressor 
is selected as judged 
by he 
anesthesiologists 

Freely take water from 
one hour after the 
operation.  
Stop infusion by six 
hour after the 
operation.  
Permit asymptomatic 
oliguria.  

Start to have meal 
depending on the case. 
Stop the fluid infusion 
depending on the case. 
Change the pace of the 
infusion to maintain 
the urine output.  

ERP 

Conventional 

Pre-
operation  

Post-
operation  

Intra-
operation  

Fig. 5.2 Examples of ERP (enhanced recovery protocol). The details of ERP were described in 
orange boxes in contrast with those of conventional therapy in purple box
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5.5  Clinical Effects of AKI

Postoperative AKI is known to be associated with mortality and the prevalence of 
other diseases in the short and long term. With regard to death rates within 30 days 
of the operation, data from the American College of Surgeons-National Surgical 
Quality Improvement Program (ACS-NSQIP) shows that AKI onset following 
abdominal surgery increases postoperative death rates by 3.5 times [21]. From a 
medical economics point of view, it has been shown that the onset of AKI leads to 
an increase in costs. The same applies to long-term prognosis. As for the incidence 
of cardiovascular complications, the 10-year survival rates of patients who did not 
develop AKI after major abdominal surgery in the RIFLE classification and patients 
who developed stage I, stage II, and stage III AKI were 65%, 50%, 44%, and 39%, 
respectively [22].

5.6  Conclusion

We reviewed the development of postoperative AKI in non-cardiac surgery. As the 
definition of AKI changes, so too do its incidence rate and risk factors. Nevertheless, 
it is clear that intra- and postoperative AKI influence the patient’s surgical progno-
sis. GDT has been widely used in recent years, especially during surgery and post-
operative fluid management, and it is possible that it may have a major impact on 
the development of AKI. In the future, it will be important that renal internists fully 
grasp the ideas of critical care medicine and surgery.
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Chapter 6
Risk Factors for AKI Development 
in Acute Decompensated Heart Failure

Nobuhiko Joki, Yasushi Ohashi, Yuri Tanaka, Toshihide Hayashi, Ken Sakai, 
and Hiroki Hase

Abstract Despite the advances in management, acute decompensated heart failure 
(ADHF) continues to be associated with poor clinical outcomes. Renal dysfunction, 
especially acute kidney injury (AKI), is one of the strongest predictors of adverse 
outcomes in ADHF. The association between the heart and the kidney in patients 
with ADHF is complex, and a complete understanding of this bidirectional interac-
tion has not been elucidated. There are two big issues in this field. First is that many 
different definitions for renal dysfunction have been used conventionally. This 
would create different interpretations of renal failure in ADHF. Another problem is 
that the timing of WRF/AKI onset during hospitalization varies. To reconsider the 
future direction of AKI, this review focused on the current perspectives on AKI in 
ADHF patients.

Keywords Cardiorenal syndrome · Worsening renal function · Renal venous 
congestion · HFrEF · HFpEF

6.1  Introduction

The prevalence of heart failure was 5.7 million people in 2012 in the United States 
[1] and had been predicted to increase by 1.3 million in 2030 from 1.0 million in 
2005 in Japan [2]. Despite the advances in management, heart failure continues to 
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be associated with poor clinical outcomes. In particular, acute decompensated heart 
failure (ADHF) had been reported to have 30-day readmission rates of over 20% and 
in-hospital mortality rates of 5–6%, both of which have not significantly improved 
over the past 20  years [3, 4]. Renal dysfunction, especially acute kidney injury 
(AKI), is one of the strongest predictors of adverse outcomes in ADHF. The associa-
tion between the heart and the kidney in patients with ADHF is complex, and a 
complete understanding of this bidirectional interaction has not been elucidated [5].

AKI, which is defined as increase in serum creatinine and/or reduction in urine 
volume within 72 h [6], had been increasing in incidence worldwide. It is reported 
that one in five adults and one in three children experience AKI during a hospitaliza-
tion [7]. The association of heart dysfunction and its management with the progres-
sion of renal impairment is well-known and is named as cardiorenal syndrome 
(CRS) [8]. As mentioned, in the United States, the number of hospitalizations for 
ADHF was confirmed to increase from 1998 to 2015 [9]. Therefore, understanding 
the pathophysiology and risk factors for CRS is important for the prevention of AKI.

6.2  Cardiorenal Syndrome

CRS had been defined as the simultaneous dysfunction of the heart and the kidney, 
regardless of which organ suffered the initial damage and their previous functional 
status [5]. CRS is divided into five subcategories, according to the direction of the 
effect and whether the initiating insult is acute or chronic (Fig. 6.1). This five-item 
classification is based on (1) whether the primary organ of dysfunction is the heart, 
the kidney, or a third independent process affecting both organs and (2) the acute or 
chronic nature of the disease. To reconsider the future direction of AKI, this review 
focused on the current perspectives on CRS type 1 (CRS-1).

6.3  Acute Kidney Injury in Acute Decompensated 
Heart Failure

6.3.1  Prevalence of Acute Kidney Injury in Acute 
Decompensated Heart Failure

In the clinical setting, renal failure is often seen in patients with systolic dysfunc-
tion. In a retrospective study that included patients with asymptomatic left ventricu-
lar systolic dysfunction, with ejection fraction of <35%, 25% of the participants had 
a creatinine clearance of less than 60 mL/min, despite the fact that patients with 
serum creatinine over 2.0 mg/dL were excluded from this trial [10]. Interestingly in 
that study, even moderate renal insufficiency was independently associated with an 
increased risk for all-cause mortality. These findings implied that adequate manage-
ment of renal function would be essential to improve the prognosis of heart failure 
patients. Recent studies on hospitalized acute heart failure (AHF) patients 
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demonstrated the development of renal insufficiency in 20–30% of patients, with 
associated increase in mortality and in-hospital length of stay [11, 12]. Therefore, 
understanding the pathophysiology and determining the optimum preventive strat-
egy for AKI are essential to improve the prognosis of heart failure patients.

6.3.2  Definition of Renal Failure in the Past

Traditionally, AKI in AHF patients was defined as worsening renal function (WRF) 
during hospitalization, with a broad range of serum creatinine changes 0.3–0.5 mg/
dL from baseline. To our knowledge, Krumholz et al. were the first to report that 
WRF during hospitalization of patients with congestive heart failure played an 
adverse influence on the clinical prognosis [13]. In that retrospective study on 1681 
HF patients aged over 65 years, 28% developed WRF, which was conventionally 
defined as a >0.3 mg/dL increase in serum creatinine during hospitalization, com-
pared with the level on admission. Moreover, the HF patients who developed WRF 
had poor prognosis, prolonged hospitalization period, and high hospitalization cost. 
Similar findings were confirmed by a subsequent retrospective study [14]. A recent 
prospective study reported that 33% of 299 ADHF patients developed WRF and 
subsequent poor prognosis [15].

Type 1:
acute cardio-
renal syndrome

Type 2:
chronic cardio-
renal syndrome

Type 4:
chronic reno-
cardiac syndrome

Type 3:
chronic reno-
cardiac syndrome

Type 5:
secondary cardio-
renal syndrome

Acute HF
leading to AKI

Chronic HF leading
to progressive and
permanent CKD

AKI causing
acute HF

CKD leading to
chronic HF and
CKD progression

Systemic insult
(e.g. in severe
sepsis and/or
septic shock)

Altered cardiac
and/or renal
haemodynamics
might be of
particular
importance

Accelerated renal
cell apoptosis
and replacement
fibrosis might
be of particular
importance

Salt and water
imbalance, uraemia-
induced effects and
neuro-hormonal
dysregulation might
be key in this setting

CKD-induced
myopathy might
be of particular
importance in
this setting

Microcirculatory
dysfunction, altered
innate and adaptive
immune responses and
cytokine release, and
other effects result in
simultaneous organ injury

Fig. 6.1 Five types of cardiorenal syndromes. The five subtypes are defined according to the direc-
tion of the effect, such as from the heart to the kidney (types 1 and 2), from the kidney to the heart 
(types 3 and 4), or systemic (type 5), and whether the initiating insult is acute or chronic. The poten-
tial key pathophysiology that leads to organ failure differs among these subtypes. In type 5 cardiore-
nal syndrome, a severe systemic insult, such as severe sepsis or septic shock, can result in acute and 
simultaneous organ injury. AKI acute kidney injury, CKD chronic kidney disease, HF heart failure
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6.3.3  Worsening Renal Function and Acute Kidney Injury

Evidence shows that one third of ADHF patients would develop renal failure during 
hospitalization, despite the advances in HF management. However, in the past, at 
least 35 different definitions for renal dysfunction have been used conventionally in 
this field [16, 17]. This created different interpretations of renal failure in ADHF. For 
instance, baseline and discharge renal insufficiency, but not WRF, were reported to 
be associated with an increased risks of death and rehospitalization [18]. Therefore, 
the clinical stance for renal failure in AHF began to shift from conventional WRF to 
standardized AKI, based on three major guidelines: (1) Risk, Injury, Failure, Loss of 
kidney function, and End-stage kidney disease (RIFLE) criteria [19], (2) Acute 
Kidney Injury Network (AKIN) [20], and (3) Kidney Disease: Improving Global 
Outcomes (KDIGO) [6] guidelines (Table 6.1) [21]. Improved understanding of the 
epidemiology and the underlying pathophysiology of heart failure and kidney dys-
function will require the use of uniform terminology. Recently, an intriguing study 
that compared the clinical impact between two definitions of renal failure, WRF and 

Table 6.1 The difference of definition for AKI and WRF

Criteria Minimum time to onset for AKI

WRF Increase in sCr from baseline 0.3 mg/dL 
(26.5 mmol/L)

The sCr change can occur at any 
time during admission

RIFLE Risk: increase in sCr 1.5 times baseline or 
decrease in eGFR 25%
Injury: increase in sCr 2.0 times baseline or 
decrease in eGFR 50%
Failure: increase in sCr 3.0 times baseline or 
decrease in eGFR 75% or an absolute sCr 4 mg/dL 
(354 mmol/L) with an acute rise of at least 0.5 mg/
dL (44 mmol/L)

The sCr changes over 1–7 days, 
sustained for more than 24 h

AKIN Stage 1: increase in sCr of 0.3 mg/dL 
(26.2 mmol/L) or increase to a value 150–199% 
(1.5–1.9-fold)
Stage 2: increase in sCr to 200–299% (2–2.9-fold) 
from baseline
Stage 3: increase in sCr to 300% (threefold) from 
baseline or sCr 4 mg/dL (354 mmol/L) with an 
acute rise 0.5 mg/dL (44 mmol/L) or initiation of 
RRT

Acute sCr changes occur within a 
48-h period during hospitalization

KDIGO Stage 1: 1.5 times baseline or 0.3 mg/dL increase
Stage 2: 2 times baseline
Stage 3: 3 times baseline or increase in sCr to 
4.0 mg/dL

Definition of AKI requires sCr 
changes 1.5 times baseline to 
have occurred within 7 days, or a 
0.3 mg/dL increase in sCr must 
occur within a 48-h time period

AKI acute kidney injury; AKIN Acute Kidney Injury Network; eGFR estimated glomerular filtra-
tion rate; KDIGO Kidney Disease: Improving Global Outcomes; RIFLE Risk, Injury, Failure, Loss 
of Kidney Function, and End-Stage Kidney Disease; RRT renal replacement therapy; sCr serum 
creatinine; WRF worsening renal function
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AKI, in ADHF patients was published [22]. In that study, WRF was defined as a 
change in serum Cr of 0.3 mg/mL during the first 5 days, and AKI upon admission 
was defined based on RIFLE criteria; among the 1083 HF patients, the prevalence 
was 33.2% for WRF and 30.7% for AKI. Only 11.2% of the HF patients met the 
definition of both WRF and AKI. Interestingly, the presence of AKI on admission 
was associated with a poor prognosis, despite the lack of a WRF, as shown in 
Fig. 6.2. Based on this, the prognostic ability of standardized AKI on admission 
may be superior to that of WRF.

6.4  Potential Mechanism of Acute Kidney Injury in Acute 
Decompensated Heart Failure

6.4.1  Low Cardiac Output and Low Renal Perfusion

Several compelling findings from experimental animal models implied that hemo-
dynamic mechanisms seem to play a major role in CRS-1  in the setting of 
ADHF.  Immediately after creation of an acute low cardiac output condition in a 
gout model, renal arterial flow, creatinine clearance, and renal oxygen consumption 
dramatically decreased to 49%, 48%, and 63%, respectively, of the baseline values, 
accompanied by a significant increase in renal vascular resistance [23]. A clinical 
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Fig. 6.2 The different prognosis between two different definition WRF and AKI. The all-cause 
death rate was significantly worse in the WRF/AKI group than in the no-WRF/AKI, WRF/no-AKI, 
and no-WRF/no-AKI groups and in the no-WRF/AKI group than in the WRF/no-AKI and no- 
WRF/no-AKI groups. WRF worsening renal function, AKI acute kidney injury
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study reported that ejection fraction, which is a surrogate marker of left ventricular 
systolic function, was an independent predictor for developing AKI in hospitalized 
AHF patients [24]. On the other hand, another study found no association between 
the severity of ejection fraction and the onset of WRF in 1004 HF patients [14]. 
This discrepancy may be explained by the different hemodynamic profiles of the 
study participants. In the setting of ADHF, different hemodynamic profiles have 
been proposed, based on the clinical phenotype of individual patients, and were 
categorized into four by systemic hemodynamics, including adequacy of perfusion 
(cold or warm) and extent of congestion (dry or wet) [25]. Interestingly, the differ-
ences among these profiles had a great impact on the prognosis of heart failure 
patients; the AHF patients with wet and cold clinical profile had a worse outcomes, 
compared with those of other profiles [26]. The different occurrence rates of AKI 
among the four profiles of AHF patients could play a role in making a difference in 
prognoses.

6.4.2  Volume Overload and Renal Venous Congestion

An experimental study demonstrated that high central venous pressure (CVP) 
decreased renal blood flow and glomerular filtration rate (GFR) [27]. Subsequently, 
increments in renal venous pressure result in increased interstitial intrarenal pres-
sure, which can cause collapse of tubules and direct opposition of filtration, result-
ing in decreased GFR [28]. Several studies have translated these experimental data 
into current clinical practice as the significant association of high venous pressures 
with WRF in heart failure patients [29, 30]. Moreover, these evidences implied that 
the presence of venous congestion, rather than reduced cardiac output, may be the 
primary hemodynamic factor that drives CRS-1  in ADHF patents. On the other 
hand, recent clinical studies reported that CVP was an independent predictor of 
WRF, especially when cardiac output was low [31]. This different view was proba-
bly due to the fact that CVP remains an unreliable surrogate of systemic congestion 
in the clinical setting. Further strategy is required to precisely detect systemic con-
gestion, and further studies are definitely needed to characterize the role of conges-
tion in CRS-1 pathophysiology. At the present time, a comprehensive evaluation of 
hydration status must be followed when patients are admitted for ADHF.

6.4.3  Sympathetic and Neurohormonal Activities

The pathogenesis of CRS-1 had been described to involve other mechanisms, 
including activation of the sympathetic nervous system and the renin-angiotensin- 
aldosterone system (RAAS) [32, 33]. Progression of left ventricular systolic dys-
function heightens sympathetic activity, which is a recognized precipitant factor in 
heart failure decompensation. Diminished renal blood flow and perfusion pressure 
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due to low cardiac output lead to baroreceptor-mediated renal vasoconstriction, acti-
vation of the renal sympathetic nerves, and release of catecholaminergic hormones. 
Some data implied that renal sympathetic activation somehow affected the renal 
vascular system. A recent pilot study found significant improvements in GFR in 
24% of patients who underwent catheter-based renal sympathetic denervation for 
resistant hypertension [27]. Although this intervention has not been tested specifi-
cally on an ADHF population, sympathetic activity may affect renal function. 
Further investigation is needed to determine the clinical relevance of this mechanism.

In ADHF, decreases in cardiac output and effective circulating volume of the 
renal arterial tree result in RAAS activation, as a compensatory mechanism to main-
tain GFR in acute hypoperfusion states. However, persistent RAAS stimulation 
plays a key role in kidney damage through cell hypertrophy, fibrosis stimulation, 
oxidative stress, and activation of inflammatory mechanisms [34]. Angiotensin II is 
also known to be a potent systemic vasoconstrictor that promotes arteriolar constric-
tion, decrease in renal blood flow, and stimulation of the sympathetic nervous sys-
tem [21]. The sympathetic nervous system increases the systemic vascular tone and 
has direct untoward effects on the heart and kidney by promoting apoptosis and 
fibrosis [21]. Stimulation of the adrenergic receptors on the proximal tubular cells 
enhances sodium reabsorption, whereas stimulation of the adrenergic receptors on 
the juxtaglomerular apparatus further stimulates the RAAS. Aldosterone secretion 
leads to salt and water retention, thereby contributing to edema and congestion [35].

6.4.4  Inflammatory Response

There had been increasing evidence on the role of activation of the inflammatory 
response on the pathogenesis of different types of heart disease, including heart 
failure. In fact, elevations of cytokines and other markers of inflammation, such as 
C-reactive protein, tumor necrosis factor-alpha, and interleukin-6, had been docu-
mented in ADHF patients [36]. Inflammatory cytokines have been proposed to play 
a role in sodium retention, myocardial dysfunction, AKI, vascular dysfunction, and 
extracellular fluid overload [35]. In addition, inflammation seems to be largely asso-
ciated with inadequate renal perfusion pressures, peritubular edema, pathologic 
reduction of glomerular filtration, and tubular damage [21].

6.4.5  Iatrogenic Factors

6.4.5.1  Loop Diuretics

Loop diuretic is the pharmacologic therapy of choice for fluid overload in ADHF 
patients. However, its use is largely empirical and is commonly associated with 
WRF [37]. The DOSE trial was a randomized controlled trial that evaluated the 
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diuretic strategies in 308 ADHF patients who were divided randomly to receive 
intravenous furosemide as a bolus or continuous infusion by either a low-dose or a 
high-dose strategy. No significant differences in the primary endpoints of global 
assessment of symptoms were observed among these strategies. However, we may 
need to pay attention to their findings on renal function. The changes in serum Cr 
over 72 h were higher in the continuous or high-dose group than in the bolus or low- 
dose group, but these did not reach statistical significance. These results suggested 
that the use of loop diuretics in ADHF patients should be as minimum as necessary. 
Several observational studies have shown the associations between high-dose loop 
diuretics and adverse outcomes in heart failure patients [38, 39]. The potential 
mechanisms for worse outcomes with loop diuretics include RAAS activation and 
WRF. Administration of loop diuretics to patients with severe chronic heart failure 
was reported to result in acute decrease in stroke volume index; increase in left 
ventricular filling pressure and systemic vascular resistance; and neurohormonal 
activation, such as elevated plasma renin activity, plasma norepinephrine levels, and 
plasma arginine vasopressin levels [40]. These hemodynamic effects were attrib-
uted to RAAS-mediated vasoconstriction. Therefore, loop diuretics represent a 
double-edged sword, as they may resolve congestion but worsen renal perfusion by 
arterial underfilling and heightened activation of the sympathetic and RAAS, lead-
ing to AKI [41].

Tolvaptan, which is a novel aquaretic, inhibits vasopressin V2 receptors on the 
renal collecting ducts, and its mechanism of action differs from that of existing 
diuretics. Addition of tolvaptan to standard therapy, including diuretics, was 
demonstrated to improve the signs and symptoms of congestion in ADHF, with-
out serious adverse events. In a randomized controlled open-label trial from 
Japan, 50 patients with heart failure with preserved ejection fraction (HFpEF) 
were assigned to receive either tolvaptan plus loop diuretics or loop diuretics 
alone. The incidence of WRF was significantly lower in the tolvaptan group than 
in the loop diuretics-alone group [42]. These results suggested that tolvaptan can 
ameliorate congestion with a significantly lower risk for WRF, possibly through 
the maintenance of renal perfusion and avoidance of intravascular volume deple-
tion [17, 43].

6.4.5.2  Ultrafiltration

Several studies showed the effects of ultrafiltration on the clinical outcomes of 
AHF patients. The UNLOAD was a prospective, randomized trial [44] that com-
pared the effects between early ultrafiltration alone and intravenous diuretics alone 
on weight loss, symptoms, and short-term hospitalizations among 200 patients 
with AHF and volume overload and a mean serum Cr of 1.5 mg/dL. The change in 
serum Cr at 72 h was about 3 times higher in the ultrafiltration group than in the 
diuretics group, but this difference was not statistically significant. Recently, 
another study assessed the efficacy and safety of ultrafiltration in 188 patients with 
ADHF complicated by persistent congestion and WRF [45]. At 96  h following 
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enrollment, the effects on weight loss were similar between ultrafiltration and esca-
lating diuretic pharmacologic therapy, but the increase in serum Cr level was sig-
nificantly higher in the ultrafiltration group than in the group treated 
pharmacologically. Moreover, the ultrafiltration group had an increased incidence 
of serious adverse events. Similarly, a recent clinical study found that fluid removal 
by ultrafiltration, compared with diuretic treatment, was associated with a decrease 
in serum sodium levels in parallel with an increase in serum Cr level in AHF 
patients [46]. Based on these, the use of ultrafiltration in ADHF patients should be 
avoided as much as possible.

6.4.5.3  Renin-Angiotensin-Aldosterone System Inhibitor

The association between the use of RAAS blockade, angiotensin-converting 
enzyme inhibitors, or angiotensin receptor blockers and the onset of AKI can be 
found in several clinical situations, such as during cardiac surgery [47, 48]. The use 
of RAAS blockade had a high level of recommendation for the improvement of the 
prognosis of HF patients with reduced ejection fraction [49]. However, the role of 
RAAS blockade on the onset of CRS-1 is unclear. Reduction or temporary discon-
tinuation of angiotensin-converting enzyme inhibitors or angiotensin receptor 
blockers until renal function improves is a common practice when AHF patients 
develop hypotension and/or WRF during the initial therapy [21, 50]. The 
PIONEER-HF was a multicenter, randomized, double-blind, active controlled trial 
that assessed the efficacy and safety between angiotensin-neprilysin inhibition and 
enalapril therapy in hospitalized ADHF patients [51]. That study concluded that 
compared with enalapril therapy, angiotensin-neprilysin inhibition therapy led to a 
greater reduction in the N-terminal pro-brain natriuretic peptide (NT-proBNP) con-
centration but had similar rates of worsening renal function, hyperkalemia, and 
symptomatic hypotension.

6.5  Risk Factors

6.5.1  Unmodifiable Factors

The significant association of gender difference with the onset of WRF had been 
reported; the impact of WRF onset was 1.4 times greater in women than in men 
[13]. The risk for AKI increases with advancing age. During an 18-month follow-up 
period from admission, every 10-year increase in age had a 16% higher impact on 
WRF in ADHF patients [52]. However, this does not indicate the precise risk of 
aging for AKI. Another article showed that hospitalized AHF patients who experi-
enced WRF, compared with those without WRF, were more likely to be older than 
75 years. In a multivariate model, there was a 2.3 times higher risk for WRF in 
patients older than 75 years than in those less than 75 years [53].

6 Risk Factors for AKI Development in Acute Decompensated Heart Failure



78

6.5.2  Diabetes

Several studies showed that diabetic patients were susceptible to AKI during hospi-
talized care for AHF.  On multivariate analysis, a history of pharmacologically 
treated diabetes mellitus was the factor strongly associated with WRF, with a hazard 
ratio 1.4 [14]. In 382 hospitalized patients with HF, the impact of WRF was 1.7 
times greater in diabetic patients than in non-diabetic patients, independent of con-
founding variables [54].

6.5.3  Chronic Kidney Disease

Generally, one of the strongest factors for the of AKI is preexisting chronic kidney 
disease (CKD) [6]. In ADHF patients, preexisting renal failure and/or CKD was 
reported to have a strong association with WRF; the odds ratio for WRF was about 
3.7 times higher in the presence of CKD on admission, compared with the absence 
of CKD [24]. Increased serum Cr level on admission for heart failure was reported 
to be a good predictor for WRF during a hospitalized period. Heart failure patients 
with a median value of Cr of over 1.42 mg/dL had 2.1 times higher risk for develop-
ing WRF, compared with the risk in patients with Cr of less than 1.42 mg/dL [15]. 
A study from Japan confirmed this association; a serum Cr >1.1 mg/dL had a great 
impact (odds ratio 2.96) on AKI in AHF patients [55]. Another study revealed com-
pared with AKI, acute-on-chronic kidney disease was associated with higher risks 
of in-hospital mortality, diuretic resistance, prolonged hospital stay, and failure of 
renal recovery [56].

6.5.4  Albumin

Hypoalbuminemia on admission is a risk factor for AKI and mortality in patients 
with ADHF. Baseline serum albumin of 3 g/dL or less was the only significant pre-
dictor of WRF (hazard ratio 2.87); this remained significant even after adjusting for 
other covariates [57]. A meta-analysis of 17 clinical observational studies provided 
evidence that hypoalbuminemia was a significant independent predictor of AKI 
[58]. Moreover, interestingly, decreased serum albumin level during ADHF therapy 
after admission was found to be associated with AKI [55]. Some potential mecha-
nisms were proposed to explain this. Serum albumin plays a major physiological 
role on plasma oncotic pressure to maintain renal perfusion and glomerular filtra-
tion. A decrease in serum albumin, which induces a fluid shift from the intravascular 
to the interstitial space, may decrease renal perfusion and contribute to diuretic 
resistance, leading to AKI [59, 60].
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6.5.5  Heart Failure with Preserved Ejection Fraction or Heart 
Failure with Reduced Ejection Fraction

About 50% of HF patients are well-known to have normal or near-normal left ven-
tricular ejection fraction (LVEF); this is known as HFpEF [61]. The prognosis of 
HFpEF is similar to that of HF with reduced ejection fraction (HFrEF) [62]. 
However, it remains unclear whether the incidence of WRF during hospitalization 
is different between HFREF and HFPEF patients. A study using Korean registry 
data reported that, compared with patients with HFpEF, those with HFrEF had sig-
nificantly higher rates of WRF (56.9% vs. 50.3%) and persistent WRF (38.7% vs. 
34.3%) [63]. Indeed, lower baseline EF is a good predictor of developing WRF in 
AHF patients [24].

6.6  Summary

AKI in patients with ADHF is a common complication with a complex and still 
unclear pathophysiology. There are two big issues in this field. First is that many 
different definitions for renal dysfunction have been used conventionally. This 
would create different interpretations of renal failure in ADHF. Another problem is 
that the timing of WRF/AKI onset during hospitalization varies. Therefore, the 
WRF and/or AKI in several previous articles likely included three mixed pathogenic 
forms of renal failure, including an apparent hemoconcentration rather than true 
GFR impairment, true GFR impairment on admission, and transient GFR impair-
ment as a result of aggressive decongestive therapy [17]. Further studies are needed 
to obtain additional insights into the pathophysiology of AKI in patients with ADHF 
and to search for ways to improve the diagnostic and prognostic accuracies in a uni-
fied way. It is hoped that effective preventive and treatment methods are explored in 
the near future.
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Chapter 7
Contrast-Induced Acute Kidney Injury

Yoshihide Fujigaki

Abstract Contrast-induced acute kidney injury (CI-AKI) is a form of kidney dam-
age by recent exposure of iodinated contrast media (CM) without another clear 
cause for AKI. Now serum creatinine-based definition is generally used; however, 
there are some problems on the definition and differentiation of CI-AKI. CM is 
known to induce a variety of alterations in the kidney. The new mechanism of direct 
tubular injury, specifically the role of inflammatory pathway, has recently been 
characterized to explain CI-AKI in clinical setting. This might lead to new therapeu-
tic strategy. Both patient-related and procedure-related risk factors for CI-AKI have 
been identified, and volume depletion and chronic kidney disease (CKD) are known 
to be high risks for CI-AKI.

It is increasingly recognized that old data from cardiac angiography studies may 
overestimate the risk of CI-AKI for patients undergoing intravenous contrast- 
enhanced studies. Recent well-designed studies addressed the incidence of CI-AKI 
after intravenous administration of CM for computed tomography was quite low. At 
present the only available preventive action to reduce the risk for CI-AKI is to pro-
vide intravenous volume expansion before, during, and after CM administration. 
Reevaluation of definition, the risk factors, the true impact, and preventative mea-
sures for CI-AKI are required in order to better understand CI-AKI.

Keywords Chronic kidney disease · Contrast-induced acute kidney injury 
Contrast media · Dehydration · Hydration · Inflammation · Intravenous 
administration

Y. Fujigaki (*) 
Division of Nephrology, Department of Internal Medicine, Teikyo University School  
of Medicine, Tokyo, Japan
e-mail: fujigaki@med.teikyo-u.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1108-0_7&domain=pdf
https://en.wikipedia.org/wiki/Acute_kidney_injury
https://en.wikipedia.org/wiki/Acute_kidney_injury
https://en.wikipedia.org/wiki/Radiocontrast
mailto:fujigaki@med.teikyo-u.ac.jp


86

7.1  Introduction

There is significant evidence for renal injury resulting from contrast media (CM) 
administration in both animal models and humans. Contrast-induced acute kidney 
injury (CI-AKI) or contrast-associated nephropathy, also commonly referred to as 
contrast-induced nephropathy, is caused by recent CM administration for diagnostic 
or therapeutic imaging.

Most people with normal kidney function who receive CM usually do not experi-
ence any renal complications. However, patients with volume depletion or chronic 
kidney disease (CKD) are recognized to be at increased risk for CI-AKI [1–3]. 
CI-AKI occurs within 24–72 h following CM administration and could be associ-
ated with poor outcomes including AKI requiring dialysis, worsening of CKD, car-
diovascular events, and increased medical expenses [2]. Numerous clinical and 
epidemiological studies have characterized the risk factors and incidence rates for 
CI-AKI. Pre-existing renal dysfunction (estimated glomerular filtration rate (eGFR) 
<60 mL/min/1.73 m2) and diabetes mellitus are the most important risk factors for 
further deterioration in renal function induced by CM [2, 4]. However, the type of 
CM administration procedure seems to be an important determinant of 
CI-AKI. Recent well-designed studies have shown that CI-AKI is much less com-
mon than previously believed even in patients with CKD undergoing intravenous 
(IV) contrast-enhanced computed tomography (CT) [5, 6].

CM is known to induce various alterations in the kidney. Among them, the 
mechanism of direct tubular injury due to inflammatory pathway has recently been 
attracted attention for. IV hydration, optimization of hemodynamic status, and 
minimization of CM volume have been considered for preventive strategies of 
CI-AKI at present. Any drugs with vasodilative or anti-oxidative effects have not 
been established to reduce the risk for CI-AKI. The incomplete understanding of 
CI-AKI has hampered the development of new strategies to prevent or miti-
gate CI-AKI.

In this review, we aimed to mainly discuss the current understanding and contro-
versy of CI-AKI.

7.2  Manifestations of CI-AKI

In general, CI-AKI is considered to occur when a patient receives CM either 
intravenously or intra-arterially for diagnostic or therapeutic imaging and subse-
quently demonstrates a rise in the serum creatinine concentration. In most 
CI-AKI, accumulation of serum creatinine typically requires 48–72  h. Serum 
creatinine peaks at 4–5 days and returns to baseline in 7–14 days. A low urine 
sodium concentration (urine Na < 10 mEq/L) or a low fractional excretion of 
sodium (<1%) may be found owing to the vasoconstrictive properties of 
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CM. Acute tubular necrosis occurs as a form of AKI; thus tubular epithelial cells 
and granular “muddy brown” casts can be seen on urinary microscopy. However, 
CI-AKI shows broad clinical manifestations, ranging from a mild to moderate 
increase in serum creatinine to oliguric or non- oliguric AKI requiring temporary 
or permanent dialysis in small cases.

7.3  Definition of CI-AKI

There is no specific definition of CI-AKI that is generally agreed worldwide. 
However, it is widely used that CI-AKI is defined by “a condition in which an 
impairment in renal function (an increase in serum creatinine by more than 25% or 
0.5 mg/dL (44 mmol/L)) from baseline occurs within 48–72 h following the intra- 
vascular administration of CM in the absence of an alternative etiology” [7]. On the 
other hand, CI-AKI is evaluated with the Kidney Disease: Improving Global 
Outcomes (KDIGO) AKI criteria as any of the following: increase in serum creati-
nine by ≥0.3 mg/dL (≥26.5 μmol/L) within 48 h or increase in serum creatinine to 
≥1.5 times baseline that is known or presumed to have occurred within the prior 
7 days or urine volume <0.5 mL/kg/h for 6 h [8].

7.4  Differential Diagnosis

An alternative diagnosis of AKI should be suspected when renal injury develops 
more than 7–10 days following CM administration. In such instances, careful evalu-
ation for alternative causes of AKI, including cholesterol crystal embolization, 
should be considered especially in patients after cardiac catheterization. However, 
of note, the American College of Radiology (ACR) Manual on Contrast Media from 
May 2017 makes a differentiation between CI-AKI and post-contrast acute kidney 
injury (PC-AKI) [9]. The reason for this differentiation is that we do not recognize 
at present whether the AKI is actually due to CM administration or if there are con-
comitant disease processes creating this effect. PC-AKI may occur regardless of 
whether the CM is the cause of the deterioration of renal function; therefore, CI-AKI 
is a subgroup of PC-AKI.

In order to evaluate the data across the literature on CI-AKI, it is necessary to 
establish standardized definition of CI-AKI. Like AKI in general, urinary liver fatty 
acid binding protein (L-FABP) and serum cystatin C were also reported as an early 
biomarker for CI-AKI [10, 11]. Recent report indicated serum neutrophil gelatinase- 
associated lipocalin (NGAL) and serum fibroblast growth factor (FGF)23 might 
have certain values in early diagnosis of CI-AKI [12]. Onset can be predictable, and 
the mechanism should be similar among CI-AKI; mechanistic biomarkers that can 
be applied for CI-AKI diagnosis and prognosis are expected.

7 Contrast-Induced Acute Kidney Injury
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7.5  Incidence

CI-AKI is an important complication that accounts for a significant number of 
patients of hospital-acquired renal failure. Although all of AKI after CM adminis-
tration are not caused directly by CM, there are several reports on incidence of 
CI-AKI in various clinical settings. Incidence of CI-AKI is <1% in patients under-
going non-emergent contrast-enhanced CT [13] and is 4% in CKD patients under-
going non-emergent contrast-enhanced CT [14], whereas incidence of CI-AKI is 
>10% in patients after IV CM administration in an emergency setting [15]. As for 
intra-arterial CM administration, incidence of CI-AKI is <3% in patients undergo-
ing percutaneous transluminal catheter angioplasty (PTCA) with normal baseline 
renal function [16]. On the other hand, the incidence of CI-AKI was reported to be 
around 40% in CKD patients undergoing PTCA, and the reduction of eGFR among 
these patients was associated with the increase in incidence of CI-AKI [17, 18].

7.6  Prognosis

Some studies have demonstrated that both short-term and long-term mortality rates 
have been found to be significantly higher in patients with CI-AKI compared with 
patients without CI-AKI [7]. Furthermore, a prognosis of CI-AKI may be associ-
ated with development of CKD and progression to end-stage renal disease in long 
term [19, 20] like other causes of AKI. However, very recent study reported that the 
administration of both IV and intra-arterial CM was associated with a risk of AKI 
and multifactorial AKI was associated with worse outcomes, while CI-AKI was 
associated with better outcomes [21]. The true impact of CI-AKI seems not to 
be clear.

7.7  Mechanisms

Many complex pathways possibly involved in the development of CI-AKI have been 
proposed [4, 22]. Under normal conditions, the renal medulla is poorly oxygenated 
and works in a less oxygenated condition. After CM administration, renal blood flow 
decreases due to renal vasoconstriction over a prolonged period, leading to ischemic 
injury to the renal medulla. Vasoactive substances such as prostaglandins, nitric 
oxide, endothelin, and adenosine may play a major role in this process. Direct cyto-
toxicity of CM due to free radical formation and osmotic effects of CM on renal 
tubular cells also play a role. Among these factors, sterile inflammatory damages 
attracted attention [23]. Very recently Lau et al., using a mouse CI-AKI model with 
volume depletion, reported that immune activation occurs in distinct compartments 
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and depends on uptake of CM both by resident and infiltrating phagocytes and by 
tubular epithelial cells, leading to a massive influx of leukocytes and an excessive 
inflammatory response that ultimately induces AKI (Fig.  7.1) [24]. They also 
reported levels of the inflammasome-related urinary biomarkers IL-18 and caspase-
 1 were increased immediately following CM administration in patients undergoing 
coronary angiography (CAG), consistent with the acute renal effects observed in 
mice [24]. The discovery of this pathway might provide opportunities to develop 
specific and effective therapies for CI-AKI. Moreover, Atkinson SJ commented that 
the report by Lau et al. has an important implication of the clear mechanistic expla-
nation for the contribution of volume depletion to the activation of a sterile inflam-
matory state and the likelihood of CI-AKI in patients receiving CM [25].
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Fig. 7.1 Schematic of CI-AKI. (1) Intravenous or intra-arterial contrast agents enter the renal 
circulation and peritubular capillaries and are taken up by resident renal phagocytes. (2) Contrast 
is filtered at the glomerulus and enters the urine and renal tubule. In the hydrated state, contrast is 
rapidly excreted. (3) Contrast uptake by the resident renal phagocytes activates the Nlrp3 inflam-
masome to generate IL-1β. (4) IL-1β mediates leukocyte recruitment from the circulation into the 
kidney. (5) Contrast in the urine is taken up by the tubular cell by the brush border enzyme DPEP-1. 
The tubular uptake of contrast is enhanced in the volume-depleted state. (6) Recruited leukocytes 
ingest contrast transported from the urine through a direct interaction with tubular cells that further 
activates the inflammasome. (7) The activation of resident renal phagocytes, tubular uptake of 
contrast, and leukocyte recruitment are all necessary, but none alone is sufficient to induce AKI. (From 
Lau A et al. J Clin Invest. Renal immune surveillance and dipeptidase-1 contribute to contrast- 
induced acute kidney injury. J Clin Invest. 2018;128:2894–913)
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7.8  Risk Factors

Patients at risk for CI-AKI should be identified before administration of CM. Previously 
reported factors influencing the incidence of CI-AKI are listed in Table 7.1.

7.8.1  Patient-Related Risk Factors

In addition to states of reduced renal perfusion, pre-existing CKD (eGFR < 60) and 
diabetes mellitus are the most important patient-related risk factors for further dete-
rioration in renal function induced by CM [26, 27]. Both of them may have additive 
effect on CI-AKI [28]; however, it is not clear whether the risk of CI-AKI is signifi-
cantly increased in patients with diabetes mellitus without renal dysfunction. Older 
age is also a risk for CI-AKI because it is postulated to predispose patients to renal 
sodium and water wasting due to reduction in renal mass and function.

Comedication with loop diuretics had no difference of a risk for CI-AKI when 
compared with discontinuation of loop diuretics [29]. In contrast prophylactic use 
of loop diuretics increased the incidence of CI-AKI despite adjusting dehydration 
[30]. The meta-analysis showed the risk of comedication with non-steroidal 

Table 7.1 Risk factors 
for CI-AKI

Patient-related risk factors

Older age
Pre-existing renal dysfunction or CKD
Diabetes mellitus and diabetic nephropathy
Hypertension requiring medical therapy
Metabolic syndrome
Hypercalcemia
Hyperuricemia
Multiple myeloma
States of reduced renal perfusion
  Dehydration
  Congestive heart failure
  Liver cirrhosis
  Nephrotic syndrome
Hemodynamic instability
Comedication
  Diuretics for prophylactic use
  Non-steroidal anti-inflammatory drugs
CM- or procedure-related risk factors

High-osmolar CM
High volume of CM
Intra-arterial CM administration
Multiple exposure to CM in short term
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anti- inflammatory drugs (NSAIDs) for CI-AKI [27] probably due to reduction of 
intra- renal blood flow. Thus, discontinuation of NSAIDs 24 h before CM adminis-
tration should be done [31]. Lately, renin-angiotensin system (RAS) inhibitors have 
been used often for CKD patients. At present, there is no evidence that RAS inhibi-
tors increase the incidence of CI-AKI. Although metformin is not a nephrotoxic 
agent, it causes life-threatening lactic acidosis in a patient who develops 
CI-AKI.  Most guidelines recommended transient discontinuation of metformin 
especially in CKD patients who are planned to have CM administration.

7.8.2  CM- or Procedure-Related Risk Factors

It is well known that high-osmolar CM (HOCM) more frequently causes CI-AKI 
compared with low-osmolar CM (LOCM) (780–800 mOsm/kg) [32]. Nowadays only 
iso-osmolar CM (IOCM) and LOCM are used in clinical practice instead of 
HOCM. In most of studies, there is no difference on the incidence of CI-AKI between 
IOCM and LOCM. The KDIGO guidelines for AKI stated no recommendation was 
made about the preference of IOCM or LOCM due to lack of reliable evidence [8].

Lower doses of CM were found to be less nephrotoxic in patients undergoing 
CAG [33, 34]. Cigarroa advocated maximum allowable CM dose was defined as 
<5 mL/kg per serum creatinine [33]. A CM dose on the basis of estimated renal 
function with a planned CM volume restricted to less than preferably twice the cal-
culated creatinine clearance might be valuable in reducing the risk for CI-AKI 
requiring dialysis in patients undergoing percutaneous coronary intervention (PCI) 
[35]. However, it is not clear whether low dose of CM is significantly less nephro-
toxic in patients undergoing contrast-enhanced CT. It is reported that use of >100 mL 
of CM was associated with increased risk of CI-AKI among outpatients with mild 
baseline kidney disease [13]. Though there is not enough evidence, use of lower 
dose of CM is recommended in patients undergoing contrast-enhanced CT, espe-
cially patients with CKD.  There are conflicting reports as to whether repeated 
contrast- enhanced CT scan within 24–72-h interval increases the risk for CI-AKI.

Recently, newer CT modalities have been developed using low tube voltage and 
low CM dose to reduce radiation exposure and the risk for CI-AKI without sacrific-
ing image quality [36, 37]. However it should be kept in mind that even very low 
doses of CM may lead to CI-AKI in patients with high-risk factors. The volume of 
CM should be minimized as much as possible at any time.

7.9  Route of CM Administration

It is increasingly recognized that CI-AKI has been overestimated in clinical prac-
tice. LOCM is proved to be less risk for CI-AKI than HOCM [32]. Older studies on 
CIN frequently include the patients using HOCM, which has since been replaced by 
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LOCM. In addition, the risk for CI-AKI has been known to be different between 
routes of CM administration. However, comparing the risks for CI-AKI after IV 
CM administration and after cardiac catheterization (intra-arterial CM) is difficult 
because there are so many different conditions, including underlying illness, pre-/
comedications, dose of CM, site and number of CM injection, and prophylactic 
measures. Specifically, CAG differs from IV CM administration as follows: (1) the 
injection is intra-arterial and supra-renal, (2) CM dose is usually more concentrated, 
and (3) use of a catheter can induce atheroembolization. Thus, similar patient 
cohorts for studies on CI-AKI cannot be enrolled adequately. Furthermore, it had 
been recognized that a high incidence of transient serum creatinine fluctuations 
exists in hospitalized patients who had not received CM [38] and that the fluctua-
tions are larger in patients with kidney failure than in those with normal kidney 
function [39]. Although there is no conclusive evidence, some studies have provided 
circumstantial evidence that the risk for CI-AKI may be higher after intra-arterial 
than after IV injection [40, 41].

7.9.1  Intra-arterial CM Administration

With a retrospective analysis of the Mayo Clinic PCI Registry, of 7586 patients, 254 
(3.3%) experienced AKI. Diabetic patients were at higher risk than non-diabetic 
patients, whereas all patients with a serum creatinine >2.0 mg/dL are at high risk for 
AKI. AKI was highly correlated with death [16]. The incidence of CI-AKI after 
cardiac catheterization was 4.0% in 1157 patients in Japan [42]. Multivariate logis-
tic models revealed that pre-existing renal insufficiency, serum creatinine 1.2 mg/dL 
or higher, and the use of high-volume (more than 200 mL) CM were independently 
associated with CI-AKI [42]. A multicenter prospective observational study that 
enrolled 906 patients with cardiac catheterization showed the incidence of CI-AKI 
in patients with eGFR <30 mL/min/1.73 m2 was significantly higher than that in 
patients with eGFR ≥60 mL/min/1.73 m2. CI-AKI was found in patient with normal 
renal function, but incidence of CI-AKI was increased with the reduction of 
eGFR.  Proteinuria and reduced eGFR were independent risk factors for CI-AKI 
after cardiac catheterization [43]. These data and others indicated intra-arterial, 
suprarenal CM administration is a risk for CI-AKI especially among patients 
with CKD.

7.9.2  Intravenous CM Administration

Imaging examinations requiring the use of IV CM administration are sometimes 
avoided for fear of CI-AKI in clinical practice. Previous studies had problems on 
the risk determination for CI-AKI affected by lacking controls to cases and many 
confounders among people undergoing IV contrast-enhanced CT scan. Recent well- 
designed studies overcame those problems.
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McDonald et al. reported the results of a large retrospective analysis with propen-
sity score matching controls to cases to compare risk for CI-AKI after IV contrast- 
enhanced CT and non-contrast-enhanced CT scanning, and no increased risk for 
CI-AKI could be found from the contrast-enhanced CT scan, even among high-risk 
groups [44]. In other studies using propensity score matching, most cases of AKI 
after contrast-enhanced CT were found not to be attributable to CM. The risk for 
AKI was independent of CM exposure, even in patients with eGFR of less than 
30 mL/min/1.73 m2 [5], whereas IV LOCM does not appear to be a nephrotoxic risk 
factor in patients with a pre-CT eGFR of 45 mL/min/1.73 m2 or greater but a risk 
factor for CI-AKI in patients with a stable eGFR less than 30 mL/min/1.73 m2 [45].

To create multiple estimates of the risk for CI-AKI, 5.9 million Nationwide 
Inpatient Sample in the United States in 2009 was stratified according to the presence 
or absence of 12 common conditions associated with AKI, and the rate of AKI 
between strata was evaluated. Then, a logistic regression model was created, control-
ling for comorbidity and acuity of illness, to estimate the risk of AKI associated with 
CM administration within each stratum [46]. The authors found that the risk for AKI 
in patients receiving than not receiving CM was nearly identical, 5.5% vs. 5.6%, 
respectively [46]. IV CM administration was not associated with an excess risk for 
dialysis or death, even among patients with CKD [6]. Very recent meta- analysis 
reported that contrast-enhanced CT scan vs. non-contrast CT did not show significant 
differences in rates of AKI, need for renal replacement therapy, or mortality [47].

These and other recent well-conducted studies have shown that the risk for 
CI-AKI, especially after IV CM administration, is much lower than has been com-
monly thought and might barely exist at all; on the other hand, CI-AKI is unpredict-
able and largely depending on confounders with sometimes bidirectional roles.

7.10  Prevention and Treatment

In order to prevent CI-AKI, concomitant use of other known nephrotoxic drugs 
should be withdrawn, or they should not be used if clinically possible. Based on the 
possible mechanisms of CI-AKI, drugs, which have vasodilative or anti-oxidative 
effects, they have been considered for preventive strategies of CI-AKI. However, 
most of them including N-acetylcysteine, human atrial natriuretic peptide, theophyl-
line, endothelin-1, fenoldopam, ascorbic acid, and stain were not reported to signifi-
cantly decrease the risk for CI-AKI.

IV hydration is recognized as the only effective preventive strategy for CI-AKI 
at present. Saline before, during, and after exposure to CM can increase tubular fluid 
volume depending on infusion rate and reduce the concentration of CM in the tubu-
lar fluid, which might lead to reduced formation of reactive oxygen species. IV 
saline hydration was reported to decrease both the incidence and severity of CI-AKI 
in patients undergoing cardiac catheterization from 12 h before the procedure for 
24 h (at a rate of 1 mL/kg per hour) when compared with unrestricted oral fluid 
intake [48]. There is little evidence about oral fluid loading being inferior to IV 
saline loading especially in patients with mild to moderate renal dysfunction. 
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Isotonic hydration (0.9% saline) was found to be superior to half-isotonic hydration 
(0.45% sodium chloride plus 5% glucose) for the prevention of CI-AKI in patients 
undergoing CAG [49]. However, a recent prospective, randomized controlled study 
in patients with CKD stage G3 showed that no prophylaxis group was found to be 
non-inferior to prophylaxis group (0.9% saline) [50].

Sodium bicarbonate infusion can produce the same effects of systemic volume 
expansion as saline, with the additional benefit of an increase in the bicarbonate 
anion buffer within the renal tubules. This might lead to alkalization of tubular fluid, 
which may protect the tubular cells against free radical injury. However, the effec-
tiveness of IV sodium bicarbonate to prevent CI-AKI is controversial. Most of 
recent meta-analysis indicated a preventive effect of the use of sodium bicarbonate 
on the risk for CI-AKI when compared with saline was borderline statistical signifi-
cance [51, 52]. It is noteworthy that the use of sodium bicarbonate had no beneficial 
effect on requiring renal replacement therapy or mortality. Among the large ran-
domized trials, there was no evidence of benefit for hydration with sodium bicar-
bonate compared with sodium chloride for the prevention of CI-AKI [53].

At present in clinical practice, hydration is recommended to prevent CI-AKI 
especially for patients with high risk for CI-AKI. Further examinations are neces-
sary as to which patients with risk factors for CI-AKI get benefit by hydration before 
and after CM administration because achievement of enough hydration is not easy 
for outpatients.

There was an exacerbation of renal dysfunction when furosemide was used in 
addition to IV saline solution. However, there is the RenalGuard System (PLC 
Medical Systems, Milford, Massachusetts) for very high-risk patients to prevent 
CI-AKI, which delivers IV fluids matched to urine output with a combination of 
hydration with normal saline at an initial dose bolus plus a low dose of furosemide 
and continuous monitoring for a urine output flow of >300 mL/h sustained for 6 h. 
The meta-analysis reported that furosemide with matched hydration by the 
RenalGuard System may reduce the incidence of CI-AKI in high-risk patients 
undergoing PCI or transcatheter aortic valve replacement [54].

Although there is no established therapy using single drug to prevent CI-AKI, 
combination of drugs and hydration may be effective on CI-AKI prevention. 
Interestingly, randomized, controlled trials of N-acetylcysteine, statins, ascorbic 
acid, sodium bicarbonate, or saline that used IV or intra-arterial CM and defined 
CI-AKI indicated that the greatest reduction in risk for CI-AKI has been achieved 
with low-dose N-acetylcysteine plus IV saline or with statins plus N-acetylcysteine 
plus IV saline in patients receiving LOCM [55]. Moreover, a comprehensive analy-
sis of currently utilized CI-AKI prevention interventions by the systematic review 
and network meta-analysis suggested that some options (particularly allopurinol, 
prostaglandin E1, and oxygen) deserve further evaluation in larger well-designed 
retrospective control trials [56].

In the meta-analysis including prophylactic hemodialysis and hemofiltration, 
these therapies were not found to be protective against CI-AKI [57]. Of note, at least 
hemodialysis was found to increase the risk for CI-AKI. Thus prophylactic renal 
replacement therapy should not be done.
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7.11  Perspective

CI-AKI is one of the preventable forms of AKI because the timing of renal insult 
is known in patients with CI-AKI. In order to specify the modifiable risk factors, 
we still need to revise several factors, which influence on evaluating the CI-AKI 
incidence, including definition of CI-AKI, underlying risks associated with vari-
ous conditions, and type of CM administration. Further study is needed to clarify 
the true impact of CI-AKI, especially after IV CM administration, in light of a 
growing CKD population and radiological imaging using CM being increased. On 
the other hand, basic experiments have been revealing the new mechanisms of 
CI-AKI; thus specific preventive measures and treatments are expected to develop 
in the future.
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Chapter 8
Antibiotics- and Immunosuppressants- 
Related AKI

Kengo Furuichi, Keisuke Sako, and Takashi Wada

Abstract This section explores the epidemiology, risk factors for, and pathogene-
sis of drug-induced acute kidney injury. This section includes comments on the 
major drugs responsible for the renal damage, including descriptions of the underly-
ing mechanisms if known. Finally, preventive measures and treatment of drug- 
induced acute kidney injury are addressed.

Keywords Acute interstitial nephritis · Obstruction of the urinary tract · Allergic 
mechanism · Antibacterial agents · Immunosuppressive drugs

8.1  Introduction

Drug-induced kidney injury (DKI) is defined in the 2016 clinical practice guidelines 
in Japan as “a new onset of kidney injury or the worsening of an existing kidney 
injury due to drug administration” [1]. The frequency of DKI may be increasing due 
to the diversity of medications currently employed, aging of the population, and an 
increase in the number of patients with chronic kidney disease. While DKI may be 
chronic, some cases are drug-induced acute kidney injury (DI-AKI). The pathogen-
esis of DI-AKI includes renal vasculopathy, tubulointerstitial damage, or glomeru-
lar damage with associated thrombotic microangiopathy (TMA).

In this section, we review DKI caused by antibiotics as well as drugs for cancer, 
organ transplantation, or rheumatic diseases.
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8.2  Epidemiology of DI-AKI

A retrospective study based on the Medical Expenditure Panel Survey indicates that 
nephrotoxic medication exposure occurred in 72% of adult patients. Of those, 
47.2% were prescribed at least one and 52.8% at least two nephrotoxic medications 
(Fig. 8.1) [1, 2]. It is reported that each exposure to a nephrotoxic agent increases a 
patient’s odds of developing DI-AKI by 53% [3–5]. The data of the J-RBR from 
2007 to 2015 indicates that the frequency of DKI increases with age. Overall, the 
frequency of DKI was three times higher in the seventh than in the second decade 
of life (1.86% vs. 0.62%) [6].

Drug-induced acute interstitial nephritis (DI-AIN) is a common cause of DI-AKI, 
affecting about 20% of patients with unexplained DI-AKI [4, 7]. Only half of all 
patients with biopsy-proven DI-AIN are diagnosed with DI-AKI. The other half do 
not meet AKI diagnostic criteria, in spite of the fact that they have slowly progres-
sive kidney dysfunction [8].

Based on clinical and pathologic diagnoses, 328 cases (176 males and 152 
females) of renal biopsy-proven DKI were registered in the J-RBR from 2007 to 
2015 (1.24% of all cases in the registry). The pathology findings in these cases 
included glomerular lesions in 105 (32.0%), acute tubulointerstitial lesions in 87 
(26.5%), chronic tubulointerstitial lesions in 72 (22.0%), and sclerotic glomerular 
lesions or nephrosclerosis in 18 (5.5%).

8.3  Risk Factors for DI-AKI

There is no one mechanism by which antibiotics cause DKI.  Due to allergic or 
immunologic mechanisms, or renal tubular obstruction, drugs may induce direct 
cytotoxicity to the kidney cells.
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To avoid DKI, knowledge of the pharmacokinetics and potential nephrotoxicity 
of drugs is crucial. In patients who already have impaired kidney function, adjust-
ment of dosage and dosing intervals is often required. Details on how to adjust dos-
ing for any drug based on a patient’s renal function can be accessed in appropriate 
databases and guidelines.

8.3.1  Drug Metabolism and Excretion

Drug excretion from the kidney consists of three steps: glomerular filtration, excre-
tion to the luminal side by the renal tubular epithelial cells, and reabsorption from 
the luminal side by the renal tubular epithelial cells. DI-AKI may occur at each step. 
In general, a drug’s concentration in the renal tubular lumen is 100 times higher than 
the concentration of the glomerular filtrate. DI-AKI tends to occur in a concentration- 
dependent manner.

The proximal tubule of the kidney plays a crucial role in the handling of drugs 
(e.g., diuretics), uremic toxins (e.g., indoxyl sulfate), environmental toxins (e.g., 
mercury, aristolochic acid), and metabolites (e.g., uric acid). Renal handling of 
these agents is dependent on many multispecific transporters of the solute carrier 
superfamily, including the organic anion transporter and organic cation transporter 
subfamilies and the ATP-binding cassette superfamily [9]. Drugs that compete with 
other substances in the renal tubular transporter mechanism cause prolonged expo-
sure of the renal tubule cells to the drug and may cause DI-AKI.

8.3.2  Patient Factors Associated with DI-AKI

DI-AKI is increasingly common in elderly individuals. Hypovolemia, sepsis, and 
iatrogenic complications related to drug toxicity, contrast-induced nephropathy, and 
perioperative complications often occur in older hospitalized patients [10, 11], all of 
which are risk factors for DI-AKI. It is important to detect such factors in any par-
ticular patient to minimize the risk of DI-AKI.

8.4  Pathophysiology of Drug-Induced AKI

DKI can be classified based on the pathogenetic mechanism as well as on the seg-
ment of the kidney that is damaged. The former includes (1) toxic kidney injury 
(direct toxicity); (2) acute interstitial nephritis (AIN) due to an allergic mecha-
nism (hypersensitivity and direct toxicity); (3) indirect toxicity, such as may 
occur with electrolyte abnormalities and decreased renal blood flow; and (4) 
obstruction of the urinary tract. The latter classification system includes (1) 
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glomerular injury, (2) tubular injury, (3) interstitial injury, and (4) vascular injury 
(Table 8.1).

When using nephrotoxic drugs such as aminoglycosides and glycopeptide anti-
biotics, therapeutic drug monitoring should be performed.

8.4.1  AIN Due to a Toxic Mechanism

Toxic injury affects the kidney in a dose-dependent manner. In patients who already 
have kidney dysfunction, the concentration of a renally excreted drug in the blood 
is increased due to delayed excretion, which simultaneously increases the 
risk of DKI.

The TMAs are a heterogeneous group of disorders characterized by microangio-
pathic hemolytic anemia with red cell fragmentation, thrombocytopenia, and signs 
of organ dysfunction due to disrupted microcirculation [12]. Hypertension and pro-
teinuria are common clinical manifestations of drug-induced TMA. Hemolytic ane-
mia and thrombocytopenia are usually minor clinical manifestation in cases of 
drug-induced TMA. Calcineurin inhibitors (CNIs) are among the main drugs caus-
ing TMA. In CNI-induced TMA, platelet aggregation may be induced by arteriolar 
contraction and endothelial cell damage. ADAMTS13 activity is usually conserved 
in CNI-induced TMA [13]. TMA was detected in 14% of biopsy specimens from 
transplanted kidneys in patients treated with cyclosporin A [14]. Similarly, 1–4.7% 
of patients treated with tacrolimus after transplant developed TMA [15].

Anti-cancer drugs, such as cisplatin, also have direct toxic effects on tubular 
epithelial cells [16]. Acute tubular injury is histologically characterized by necrotic 
cell death and inflammation. Recognition of drug-induced AKI and rapid discon-
tinuation or dose reduction of the candidate agents are critical to maximizing kidney 
function recovery. It is important to reduce drug-related risk factors, such as low 
baseline kidney function before initiation of therapy and avoiding use of nephro-
toxic drug combinations, and adjusting the drug dosage would be required to avoid 
AKI by anti-cancer drugs.

Table 8.1 Drugs causing kidney injury

Pathophysiology Drugs

Toxic Direct nephrotoxicity Aminoglycoside
Vancomycin

TMA Calcineurin inhibitors
Allergic Acute interstitial nephritis Antibacterial agents
Indirect toxicity Vasoconstriction Calcineurin inhibitors
Obstruction of the urinary 
tract

Vacuolation of the proximal 
tubule

Calcineurin inhibitors

Crystal formation Methotrexate, mizoribine, antiviral 
drug
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8.4.2  AIN Due to an Allergic Mechanism

AIN secondary to an allergic mechanism develops regardless of the drug dose or the 
length of administration. Various reports indicate that 44–70% of cases of AIN are 
drug induced [7, 17]. Typical manifestations include rash, fever, and eosinophilia 
[18]. However, in some cases, no such clinical manifestations occur, kidney dys-
function being the only abnormality detected.

DI-AIN due to this mechanism is a drug hypersensitivity reaction that manifests 
7–10 days after exposure to the culprit drug. The process begins with antigen pro-
cessing and presentation to local dendritic cells. The dendritic cells activate T cells, 
and the subsequent effector phase of the immune response is mediated by various 
cytokines [19].

8.4.3  Indirect Toxicity

Indirect toxicity is kidney damage caused by a decrease in renal blood flow and 
subsequent electrolyte abnormalities. Dose-dependent arteriolar contraction is one 
of the mechanisms of CNI-induced AKI. This reduces kidney plasma flow and the 
glomerular filtration rate. In addition to promoting vasoconstriction by activating 
the renin-angiotensin system and enhanced endothelin production, CNIs may 
attenuate vasodilatation by reducing prostaglandin E2 production and nitric oxide 
levels [20].

This vasoconstriction is maximal at 2–4 h after the maximum CNI blood concen-
tration is reached. It improves along with decreases in CNI concentration. AKI with 
vasoconstriction caused by CNI can be reversed by decreasing or stopping the 
drug [21].

8.4.4  Obstruction of the Urinary Tract

Obstruction in DI-AKI is induced by vacuolar degeneration of tubular epithelial 
cells by CNI or tubular obstruction by crystal-forming drugs. The vacuoles are neu-
tral fat droplets or may appear as single membrane-bound structures due to dilata-
tion of the endoplasmic reticulum.

Isometric vacuolation by CNI produces a uniform foamy appearance of the prox-
imal tubule. Although details of the mechanism are unknown, it is speculated that 
expansion of the endoplasmic reticulum or an increase in lysosomes due to isch-
emia induced by vasoconstriction or a direct effect of CNI is responsible [22, 23]. 
Isometric tubular vacuolization detected early after transplantation is reportedly not 
progressive but is merely associated with higher tacrolimus trough levels [24].
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Tubular inclusion bodies are also detected in damaged tubular epithelial cells, 
which are enlarged autolysosomes filled with distorted mitochondrial fragments 
[23]. Renal tubular changes characterized by microcalcification have also been 
detected in cases of CNI-induced injury; however, these changes are not specific to 
cyclosporine toxicity. They are commonly found in both humans and rats at high 
doses of cyclosporine.

Antiviral drugs such as acyclovir and indinavir as well as methotrexate may crys-
tallize in the tubular lumen, resulting in obstruction.

8.5  Drugs Causing Kidney Injury

8.5.1  Antibacterial Agents

Antibacterial agents have antibacterial effects that depend on the blood concentra-
tion of the drug. Nephrotoxicity of these antibiotics can also be divided into two 
types: blood concentration-dependent or time-dependent. In addition, metabolites 
of some antibiotics are also nephrotoxic. β-Lactam antibiotics cause mainly time- 
dependent nephrotoxicity, whereas new quinolone and aminoglycoside antibiotics 
mainly cause concentration-dependent toxicity.

Antibiotics and antiviral agents may induce DI-AKI by the following mechanisms:

 1. Renal tubular necrosis in a dose-dependent manner, as with vancomycin and 
aminoglycosides

 2. Allergic tubulointerstitial nephritis, as with cephem or quinolone antibiotics or 
rifampicin

 3. Obstruction by tubular crystallization, as with acyclovir and ganciclovir or 
quinolones

8.5.2  Vancomycin Hydrochloride

Vancomycin-induced renal toxicity is reported in 10–40% of patients treated with 
the drug [25]. The risk is considered high, with a reported relative risk of 2.45 [26]. 
The higher the dose, the greater the risk [27]. Combining vancomycin with amino-
glycosides increases the risk of DI-AKI [28], as does its combination with piperacil-
lin/tazobactam [29–32].

Thus, vancomycin-induced renal tubular necrosis occurs in a dose-dependent 
manner. The most likely mechanism of nephrotoxicity is at least in part attributable 
to increased production of reactive oxygen species and oxidative stress [25]. Risk 
factors for vancomycin-induced nephrotoxicity are high trough levels (>20 mg/L) 
or high doses (>4 g/day), concomitant treatment with nephrotoxic agents, prolonged 
treatment with the drug (more than 7 days), or admission to an intensive care unit 
(especially with a prolonged stay) [25].

K. Furuichi et al.
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One of the best ways to avoid vancomycin-induced nephrotoxicity is to keep 
trough levels in the range of 15–20 μg/mL [33, 34]. A systematic review showed 
that patients who had therapeutic drug monitoring had significantly higher rates of 
clinical efficacy (OR = 2.62, 95% CI 1.34–5.11, P = 0.005) and decreased rates of 
nephrotoxicity (OR = 0.25, 95% CI 0.13–0.48, P < 0.0001) compared with those 
without monitoring [35].

Although there is no clinical evidence of agents capable of preventing 
vancomycin- induced nephrotoxicity, animal studies have shown beneficial effects 
of various antioxidants, such as erdosteine, vitamin E, vitamin C, N-acetylcysteine, 
caffeic acid phenethyl ester, and erythropoietin [36].

8.5.3  Aminoglycosides

Aminoglycosides are freely filtered across the glomerulus. After the drug binds to 
the anionic phospholipid of the proximal tubule cells, it is transferred rapidly to 
megalin, a receptor facilitating protein uptake, and is endocytosed. Megalin has a 
high affinity for positively charged aminoglycosides. Aminoglycosides induce phos-
pholipidosis in the proximal tubule cells and, finally, nephrotoxicity. Vancomycin 
coadministration, high aminoglycoside trough levels, and heart failure are indepen-
dent risk factors for AKI in patients receiving aminoglycoside therapy [37].

8.5.4  Trimethoprim/Sulfamethoxazole

Trimethoprim-/sulfamethoxazole-induced renal toxicity has been reported in around 
10% of patients being treated with the drug [38]. Trimethoprim-/sulfamethoxazole- 
induced AKI resolves promptly after discontinuation of therapy.

8.5.5  Amphotericin B

Amphotericin B is a nephrotoxic antifungal drug. However, nephrotoxicity is 
reduced if the drug is delivered as a locally prepared lipid emulsion or in lipo-
somes [39].

8.5.6  Antiviral Drugs

Since antiviral drugs such as zovirax, valacyclovir, and ganciclovir have low solu-
bility, crystals may precipitate in the distal tubule and collecting duct, resulting in 
AKI secondary to renal tubular obstruction.
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8.5.7  Antituberculosis Drugs

Around 7% of patients being treated for tuberculosis reportedly develop 
DI-AKI. Renal dysfunction is common in an elderly population treated with these 
drugs. Fever and rash may occur along with DI-AKI [40].

8.5.8  Kidney Injury Due to Immunosuppressive Drugs

Immunosuppressive drugs are widely used in the treatment of autoimmune diseases, 
organ transplantation, and glomerulonephritis or nephrotic syndrome. DI-AKI 
caused by antimetabolites (mizoribine, mycophenolate mofetil, methotrexate 
[MTX]) are observed during medical treatment of these diseases.

8.5.9  Methotrexate

MTX is a folate antimetabolite. It inhibits the activation of folic acid necessary for 
nucleic acid synthesis by inhibiting dihydrofolate reductase and thus suppressing cell 
proliferation. MTX is excreted by the kidney. Precipitation of MTX in the distal 
tubule and collecting duct lumens may occur, particularly when administered at high 
doses. This can lead to AKI due to renal tubular obstruction, which is usually 
reversible.

Prevention of AKI in patients treated with MTX includes hydration and alkalini-
zation of the urine, as the solubility of MTX decreases in acidic urine (pH < 5.5). 
Therefore, administration of sodium bicarbonate or acetazolamide is recommended 
when high-dose MTX is prescribed.

8.6  Diagnosis of DI-AKI

DI-AKI is defined as (1) the new onset of kidney dysfunction after administration of 
a drug and (2) resolution of the kidney dysfunction with discontinuation of the sus-
pected drug. The interval from drug administration to the onset of DI-AKI may 
suggest particular drugs as the cause. However, in routine clinical practice, it is not 
easy to correctly identify the culprit drug.

The drug-induced lymphocyte stimulation test is sometimes use to investigate 
drugs suspected of causing DI-AKI. A negative result does not prove a particular 
drug is not responsible, as the sensitivity and specificity of the test are low. 
Eosinophils in the urine are also sometimes used to detect DI-AKI. This test has a 
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sensitivity of 40%, specificity of 72%, and a positive predictive value of only 38% 
[41]; therefore, it is not very accurate for the diagnosis of DI-AKI. Uptake of 67Ga 
by the kidneys has been used to diagnose DI-AKI.

8.6.1  Kidney Biopsy

Definitive diagnosis of DI-AIN or DI-AKI may require a kidney biopsy. The typical 
findings are normal glomeruli and a patchy but usually heavy interstitial infiltrate of 
lymphocytes, plasma cells, and eosinophils. Diagnosis of AIN is important because 
withdrawal of the suspected drugs usually results in rapid improvement in kidney 
function. Steroid therapy may reduce residual chronic kidney damage [42]. Kidney 
biopsy should be performed as soon as possible in cases of suspected DI-AIN or 
DI-AKI (Fig. 8.2) [43].

Possible DI-AIN?

Identify and withdraw
the offending agent(s)

Supportive care and monitoring
kidney function over next 3-5 days

Kidney function
improving

Kidney function not
improving or worsening

Continue
monitoring

Kidney function
worsens

AIN with
> 75% IF

AIN with
≤ 75% IF

Kidney
biopsy*

Other
diagnosis

Treat underlying
disease process

Conservative
management

Contraindication to steroid use?

No Yes

Corticosteroids Other agents

• AKI. AKD, or rapidly progressive CKD
 of unclear etiology
• Sterile pyuria or urinary WBC casts
• Eosinophilia and/or rash
• Patient received drug associated
 with AIN

Fig. 8.2 Algorithm for management of drug-induced acute kidney injury [42]
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8.7  Prevention and Treatment of DI-AKI

There is no uniform method for preventing DI-AKI.  The best ways to prevent 
DI-AKI are to reduce or avoid the use of nephrotoxic drugs and hydration to prevent 
high urinary concentrations of drugs. Therapeutic drug monitoring is also useful. 
Attention should be paid in particular to groups at high risk of DI-AKI, such as 
elderly people and patients with CKD.

8.7.1  Treatment

First, it is essential to stop or reduce the suspected drugs. In DI-AKI, kidney func-
tion declines rapidly; however, it often improves after several days to several weeks 
once the drugs are discontinued. However, dialysis may be necessary if renal impair-
ment is prolonged and marked hyperkalemia, pulmonary edema, or uremic symp-
toms are present.

With prolonged renal dysfunction, steroid therapy is required. Prednisone, 1 mg/
kg per day, should be continued for approximately 1–1.5 months, as most patients 
recover their kidney function within this time frame [44, 45].
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Chapter 9
AKI in Setting of Cancer

Yuichiro Kitai, Takeshi Matsubara, and Motoko Yanagita

Abstract Though the link between cancer and renal disease has long been known, 
at present their relationship is emphasized more strongly than ever. Several trends in 
oncology, including longer survival times, better supportive care, and cancer diag-
nosis at older ages due to increased life expectancy, are driving an increase in the 
number of cancer patients developing acute kidney injury. In addition, recent 
improvements in cancer therapy, including stem cell therapies and newer molecular 
targeted drugs, have led to the emergence of new etiologies of kidney disease. Renal 
diseases in cancer patients are different from those in other patients, and they are 
becoming increasingly complex to manage. It is necessary for both nephrologists 
and oncologists to stay up to date on the diagnosis and management of cancer- 
concurrent kidney complications to provide optimal treatment. This chapter 
addresses the pathophysiology and treatment of various kidney complications in the 
context of cancer.

Keywords Onco-nephrology · Acute kidney injury · Cancer · Chemotherapy 
Molecular targeted drugs · Paraneoplastic glomerulopathy

9.1  Introduction

Acute kidney injury (AKI) is probably the most common form of kidney disease for 
which a nephrologist would be consulted in a hospitalized cancer patient. Cancer 
patients can present with AKI as a consequence of the cancer itself or of its treat-
ment, or as an associated severe complication. The largest cohort study of Danish 
cancer patients revealed that these patients have an increased risk of AKI, defined as 
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a >50% increase in creatinine level, with 1- and 5-year risks of 17.5% and 27.0%, 
respectively [1]. Another study reported that AKI conferred a 6-month mortality as 
high as 73% in critically ill cancer patients [2]. Recently it was also shown that the 
probability of survival is reduced as the severity of AKI increases [3]. The increased 
incidence of AKI in cancer patients is not surprising given the effects of cancer and 
anti-cancer therapy on several factors that can cause AKI. Although the causes of 
AKI in cancer patients are often multifactorial, it is clinically useful to categorize 
the causes of AKI as pre-renal, intrinsic, and post-renal etiologies (Table 9.1). Pre- 
renal AKI can be due to intravascular volume depletion, as occurs in dehydration, 
vomiting, or diarrhea. Clinicians should remember that medications such as diuret-
ics, angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, or 
non-steroidal anti-inflammatory drugs (NSAID) used for cancer patients could 
increase the risk of pre-renal AKI. Since renal parenchyma comprises three main 
histological compartments, namely, glomerular, tubulointerstitial, and vascular 
compartments, intrinsic AKI includes glomerular, tubulointerstitial, and vascular 
diseases. Intrinsic causes of AKI can result from cancer itself or from chemothera-
peutic treatment, or can be secondary to paraneoplastic conditions. Post-renal AKI 
results from extra-renal obstruction. In the following, we describe the various eti-
ologies of AKI in detail, with particular attention to those that are specific to cancer 
patients.

Table 9.1 Etiologies of acute kidney injury in cancer patients

Etiologies of AKI (common, but 
non-specific to cancer patients)

Etiologies of AKI usually specific to cancer 
patients

Pre- renal •  Intravascular volume depletion 
(dehydration, vomiting, diarrhea)

•  Contrast-induced nephropathy (via 
vasoconstriction)

•  Drug induced (NSAID, calcineurin 
inhibitor)

• Hypercalcemia
• Hepatic sinusoidal obstruction syndrome
• Capillary leak syndrome (IL-2)

Intrinsic •  Contrast-induced nephropathy (via 
damage to tubular cells)

•  Thrombotic microangiopathy (cancer-
associated, hematopoietic cell 
transplantation-associated, 
chemotherapy-associated)

• Paraneoplastic glomerulopathies
•  Intra-renal tubular obstruction (cast 

nephropathy, uric acid nephropathy in 
tumor lysis syndrome, lymphomatous 
infiltration of the kidney, crystal 
nephropathy)

• Acute tubular necrosis (cisplatin)
•  Acute interstitial nephritis (checkpoint 

inhibitors)
• Interferon-associated nephrotic syndrome

Post- renal •  Extra-renal obstruction due to 
malignancies and retroperitoneal fibrosis
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9.2  Pre-renal Causes of AKI

9.2.1  Hypercalcemia

Hypercalcemia, seen in approximately 20–30% of cancer patients at some time dur-
ing the course of their disease, can lead to failure of the renal concentration process 
and result in pre-renal AKI due to volume depletion. There are three known mecha-
nisms of cancer-associated hypercalcemia. The most common cause of hypercalce-
mia is humoral hypercalcemia of malignancy (HHM), due to the secretion by tumors 
of parathyroid hormone (PTH)-like substances, specifically parathyroid hormone- 
related protein (PTHrP); this etiology accounts for approximately 80% of patients 
with hypercalcemia of malignancy. Squamous-cell carcinomas of the lung, head, and 
neck as well as certain lymphomas, renal cell carcinoma, and adenocarcinomas of 
the breast, prostate, and ovary have been reported to cause hypercalcemia via PTHrP 
release [4]. The second cause of hypercalcemia is local osteolytic hypercalcemia of 
malignancy (LOH) due to the local osteolysis induced by bone metastasis. This is 
most commonly noted in patients with metastatic breast and lung carcinomas as well 
as extensive multiple myeloma (MM) [4]. The third cause, which is less common, is 
the activation of vitamin D by the tumor itself such that intestinal calcium absorption 
is increased. This mechanism is almost exclusively noted in patients with lympho-
mas. In these patients, 1α-hydroxylase, which converts 25- hydroxyvitamin D to acti-
vated vitamin D, 1,25-dihydroxyvitamin D, calcitriol, is highly expressed in 
neoplastic tissues. The mainstay of therapy for cancer- associated hypercalcemia is 
intravenous hydration with an aim to increase kidney clearance of calcium. The use 
of loop diuretics should be restricted to patients who develop fluid overload after 
vigorous hydration. To block the mobilization of calcium from bone, anti-resorptive 
therapy with intravenous bisphosphonates is generally mandatory. However, it should 
be noted that intravenous bisphosphonates can cause adverse effects such as flu-like 
symptoms, osteonecrosis of the jaw, and kidney complications (focal segmental glo-
merulosclerosis, minimal-change disease, and acute tubular necrosis). Denosumab, 
an alternative anti-resorptive agent, is a monoclonal antibody directed against 
RANKL. Denosumab is not cleared by the kidneys and hence does not require dos-
ing adjustments for renal insufficiency. For patients with hypercalcemia resulting 
from activation of vitamin D by the tumor, corticosteroid therapy is often beneficial.

9.2.2  Hepatic Sinusoidal Obstruction Syndrome

Hepatic sinusoidal obstruction syndrome (SOS) typically occurs in the context of 
hematopoietic cell transplantation (HCT). SOS is characterized by hepatomegaly, 
jaundice, and ascites. It is generally seen within 30 days after HCT, and its incidence 
varies widely among studies, ranging from 0 to 62.3% with a mean of 13.7% [5]. 
SOS is considered to begin with acute radiochemotherapy-induced damage to 
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sinusoidal endothelial cells and hepatocytes in zone 3 of the liver acinus (the area 
surrounding the central veins). SOS occurs less frequently in myeloablative autolo-
gous HCT compared to myeloablative allogenic transplantation, probably due to the 
absence of methotrexate and allogenic immunological elements. Risk factors that 
predispose patients to the development of hepatic SOS also include preexisting liver 
disease and high doses of total body irradiation. In non-myeloablative transplanta-
tion, SOS is almost non-existent, probably because of the much lower intensity of the 
radiochemotherapy [6]. A transvenous approach that allows both biopsy and hepatic 
venous pressure measurements is the most accurate diagnostic test. A hepatic venous 
pressure gradient >10 mmHg is highly specific for SOS. Most of the patients will do 
well with supportive care, including management of fluid balance, minimizing expo-
sure to hepatoxic agents, paracentesis for ascites to relieve abdominal discomfort and 
pain control. In contrast, patients with severe SOS have high mortality rates with 
supportive care alone. Unfortunately, at present, there are no established therapies for 
severe SOS, but the effectiveness of defibrotide, a single- stranded oligodeoxyribo-
nucleotide with antithrombotic and profibrolytic properties, was recently evaluated 
in a large international clinical trial. In that study, 102 patients with SOS and multi-
organ failure were treated with defibrotide, and their outcomes were compared with 
those of 32 historical controls. Findings revealed that use of defibrotide was associ-
ated with higher rates of 100-day survival and complete response [7]. The efficacy of 
heparin or ursodiol in the prophylaxis of SOS remains controversial.

9.2.3  Capillary Leak Syndrome

The cytokine interleukin-2 (IL-2) used for the treatment of malignancy has been 
shown to cause capillary leak syndrome. Manifestations include fluid retention, pul-
monary interstitial edema, dyspnea, fever, and chills [8]. This form of capillary leak 
syndrome is characterized by the onset of symptoms minutes to hours after its 
administration. In an animal model, IL-2 was demonstrated to increase vascular 
permeability [9]. AKI is a common manifestation of capillary leak syndrome. 
Intravascular volume depletion resulting from increased vascular permeability leads 
to pre-renal AKI. Corticosteroids have been shown to be effective in ameliorating 
the symptoms of drug-induced capillary leak syndrome [9].

9.3  Intrinsic Causes of AKI

9.3.1  Cast Nephropathy

Depending on the definition of renal insufficiency, approximately 15–40% of 
patients with multiple myeloma have renal insufficiency. Cast nephropathy is the 
most common pathogenesis of AKI and the most common histologic lesion in 
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multiple myeloma patients. In the normal state, free light chains (FLC) are filtered 
through the glomerulus, absorbed into the proximal tubular cells and then hydro-
lyzed. In multiple myeloma, the increased production of FLCs by neoplastic plasma 
cells overwhelms the reabsorption capacity of the proximal tubular cells, and exces-
sive FLCs bind to Tamm-Horsfall protein in the distal tubule, causing tubular 
obstruction. Factors that promote intratubular cast formation include volume deple-
tion, metabolic acidosis, non-steroidal anti-inflammatory drugs, loop diuretics, and 
radiocontrast media. There is a general correlation between the severity of renal 
insufficiency and patient survival. If treated early with anti-myeloma agents, cast 
nephropathy has the potential to be reversed. Treatment should be initiated promptly 
on diagnosis, since an early reduction in serum FLCs is associated with renal recov-
ery [10]. Although the availability of new anti-myeloma agents such as bortezomib 
has improved patient survival, the prognosis of cast nephropathy is worse in dialysis- 
dependent patients than in dialysis-independent patients [11]. Intravenous fluid 
therapy should be provided to decrease light chain concentration in the urine. Urine 
alkalization may increase the solubility of FLCs. Extracorporeal methods such as 
plasmapheresis and high-cut hemodialysis may benefit patients with cast nephropa-
thy, since these therapies can reduce serum FLC concentration. However, the effec-
tiveness of these therapies remains a matter of debate, due to the relatively small 
sample sizes of the trials conducted to date. Further studies are warranted to study 
the role of plasmapheresis in conjunction with the new generation of anti- 
myeloma agents.

9.3.2  Tumor Lysis Syndrome

Tumor lysis syndrome (TLS) remains a potentially life-threatening complication 
that occurs after the treatment of large or rapidly proliferating malignancies. The 
causes of TLS include not only hematological malignancies such as acute leukemia 
and aggressive lymphomas but also some solid malignancies such as germinoma, 
neuroblastoma, and small cell carcinoma of the lung. In recent years, with the 
advent of molecular target therapies, increasing numbers of TLS cases have been 
reported. TLS occurs when intracellular contents released into the extracellular 
space exceed the capacity of the body’s homeostatic mechanisms. Elevated produc-
tion of both uric acid from the catabolism of nucleic acids and phosphate makes it 
easy for uric acid crystals and calcium-phosphate crystals to precipitate in the 
tubules and leads to subsequent intraluminal renal tubular obstruction. In the current 
classification system of Cario and Bishop, TLS can be classified as laboratory or 
clinical TLS [12]. Laboratory TLS can be diagnosed when patients meet more than 
two of four criteria within 3 days before or 7 days after the initiation of chemo-
therapy: hyperuricemia (uric acid ≥8.0 mg/dL), hyperphosphatemia (phosphorus 
≥8.0  mg/dL), hyperkalemia (potassium ≥6.0  mEq/dL), and hypocalcemia (cor-
rected calcium ≤7.0  mg/dL). A 25% change from baseline is also acceptable. 
Clinical TLS is defined as the presence of laboratory TLS plus any one or more of 
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the following: increased serum creatinine concentration (≥1.5 times the upper limit 
of normal), cardiac arrhythmia/sudden death, or seizure. In the treatment of cancer, 
awareness of the risks for developing TLS is crucial. An expert panel has developed 
a TLS risk classification system in which malignancies are classified as associated 
with a low (<1% chance), intermediate (1–5% chance), or high risk (>5% chance) 
of developing TLS [13]. Risk severity is dependent on cancer type, extent of dis-
ease, induction therapy type, presence or absence of renal insufficiency, and serum 
levels of uric acid/potassium/phosphate. The strategies for TLS management con-
sist of prophylaxis and treatment of established TLS. The prophylactic strategies 
mainly involve monitoring through electrolyte checks, intravenous hydration, and 
administration of hypouricemic agents (allopurinol or rasburicase). Rasburicase is 
an Aspergillus-derived recombinant urate oxidase. Use of rasburicase for prophy-
laxis is recommended in patients with high risk of developing TLS [13]. Despite 
appropriate preventive measures, some patients will eventually develop TLS. Patients 
who present with TLS should receive intensive supportive care consisting of con-
tinuous monitoring, treatment of electrolyte abnormalities, administration of rasbu-
ricase, and appropriate use of renal replacement therapy.

9.3.3  Lymphomatous Infiltration of the Kidney

AKI due to lymphomatous infiltration of the kidney (LIK) is a relatively rare com-
plication of hematopoietic malignancies. Increased intra-renal pressure due to 
invading lymphomas leads to tubular and microvascular compression, which is con-
sidered to contribute to the impairment of renal function. Percutaneous kidney 
biopsy is important for diagnosis, yet prior to kidney biopsy the diagnosis of LIK is 
often unsuspected. In a published series of 55 kidney biopsies revealing the diagno-
sis of LIK, lymphoma was suspected prior to biopsy in only ten cases [14]. Most 
patients respond rapidly to chemotherapy, but they frequently relapse, and long- 
term patient survival is poor due to the fact that LIK is typically discovered at a 
late stage.

9.3.4  Cancer-Associated Thrombotic Microangiopathy

Malignancy is important in the differential diagnosis of thrombotic microangiopa-
thy (TMA). Cancer-associated TMA may appear at any stage of the disease, from 
early in the course to after wide dissemination of the cancer [15]. Most cases of 
cancer-associated TMA have been associated with disseminated carcinoma, usually 
mucin-producing adenocarcinomas such as gastric, breast, and colorectal cancers 
[16]. At present, the pathogenesis of cancer-associated TMA is unknown. Prompt 
chemotherapeutic treatment of an underlying cancer is important in the manage-
ment of TMA in these patients, but the prognosis of cancer-associated TMA is quite 
poor, since a majority of patients have widely disseminated cancer [16].
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9.3.5  HCT-Associated TMA

HCT-associated TMA is considered to affect approximately 10–25% of hematopoi-
etic stem cell transplantation recipients [17]. The kidney is the most commonly 
affected tissue, and the histologic features of HCT-associated TMA in the kidney 
include thickened capillary walls, fragmented erythrocytes, occluded vascular 
lumens, and endothelial separation with swelling, fibrin deposition, and necrosis 
[17]. The clinical presentation of HCT-associated TMA is often chronic kidney dis-
ease (CKD), but sometimes life-threatening AKI. The conditioning regimen, particu-
larly the use of total body irradiation, is thought to be the primary cause of renal 
endothelial damage [18]. The prognosis of HCT-associated TMA is poor, with a high 
mortality rate of 50–75% [19]. Calcineurin inhibitors should be withdrawn immedi-
ately when HCT-associated TMA is suspected. When immunosuppression must be 
continued, alternative agents such as corticosteroids, MMF, azathioprine, or others 
are substituted. Plasma exchange is often employed as part of the management of 
HCT-associated TMA, but its role is largely questioned [19]. Limited reports exist on 
the benefits of therapeutic agents such as rituximab (a monoclonal antibody against 
CD20), daclizumab (a humanized monoclonal antibody to the α-chain of the IL-2 
receptor), and defibrotide. Some recent studies have also reported therapeutic 
response to eculizumab, a monoclonal antibody that binds C5 and inhibits the forma-
tion of membrane attack complex/C5b-9 in patients with HCT- associated TMA [19]. 
Further studies are needed to establish treatment strategies for HCT-associated TMA.

9.3.6  Chemotherapy-Associated Kidney Injury

9.3.6.1  Acute Tubular Necrosis

Cisplatin, a platinum-based alkylating anti-neoplastic agent, induces dose- dependent 
acute tubular necrosis (ATN) in up to 20–30% of patients, which is generally seen 
after several days after treatment with cisplatin. During renal excretion, the drug is 
concentrated in the kidneys, and even non-toxic concentrations in the blood may 
lead to toxic levels in the kidneys. Cisplatin is absorbed into the renal tubular epi-
thelial cells through passive diffusion and active transport mediated by renal trans-
porters such as organic cation transporter 2 (OCT2), and more recently copper 
transport protein 1 (Ctr1), although the proportions of mediation contributed by 
these transporters remain unclear. No specific treatment for cisplatin-induced ATN 
exists, and the proposed treatment is primarily supportive, consisting of proper 
hydration and adjustment of electrolyte concentrations.

9.3.6.2  Crystal Nephropathy

Methotrexate (MTX) is an anti-folate agent used in the treatment of malignant and 
non-malignant disease. The etiology of MTX-induced renal dysfunction is medi-
ated by the precipitation of MTX and its metabolites in the renal distal tubules and 
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direct tubular injury by the formation of oxygen radicals, particularly with high- 
dose intravenous MTX. The risk of MTX-induced nephrotoxicity is increased by 
low urinary pH and volume depletion. Treatment consists of adequate hydration, 
urinary alkalization, leukovorin rescue, and administration of glucarbidase. 
Leukovorin rescue should be initiated promptly, within 24–36 h of methotrexate 
therapy, to reverse MTX action and reduce cellular injury in non-malignant cells. 
Glucarbidase, a recombinant form of the bacterial enzyme carboxypeptidase G2 
that hydrolyzes methotrexate and 7-OH-methotrexate to an inactive form, can rap-
idly lower serum MTX levels that remain unacceptably high despite adequate 
hydration and urinary alkalization. The 2017 consensus guideline provided recom-
mendations for the use of glucarbidase in patients with high-dose MTX-induced 
AKI and delayed MTX clearance [20]. According to these recommendations, for an 
MTX infusion ≤24 h, if the 36-h serum MTX concentration is above 30 μM, the 
42-h concentration is above 10 μM, or the 48-h concentration is above 5 μM, and 
the serum creatinine is significantly elevated relative to baseline measurement, glu-
carbidase may be indicated. After an MTX infusion of 36–42 h, glucarbidase may 
be indicated when the 48-h MTX concentration is above 5 μM. Administration of 
glucarpidase should optimally occur within 48–60 h from the start of the MTX infu-
sion because life-threatening toxicities may not be preventable beyond this 
time point.

9.3.6.3  Chemotherapy-Associated TMA

Chemotherapeutic agents such as bevacizumab, sunitinib/sorafenib, and gem-
citabine can cause TMA. Vascular endothelial growth factor (VEGF) acts as the 
central mediator of tumor angiogenesis, stimulating the growth of new blood ves-
sels from nearby capillaries and allowing tumors to access oxygen and nutrients. 
Bevacizumab (an anti-VEGF monoclonal antibody) and sunitinib/sorafenib (inhibi-
tors of VEGF receptor tyrosine kinases) retard the growth of tumor tissue by block-
ing VEGF signaling. VEGF is also a potent survival factor for endothelial cells 
during physiological angiogenesis. However, VEGF stimulates endothelial cells to 
generate nitric oxide and prostaglandin, which induce endothelial cell-dependent 
vasodilation in arterioles and venules. In addition, in the glomerulus, VEGF is also 
primarily produced by podocytes and binds to VEGF receptors in endothelial cells, 
maintaining the integrity of the filtration barrier. Therefore, blockage of VEGF can 
lead to hypertension from systemic vasoconstriction with capillary rarefaction as 
well as to proteinuria from damage to the glomerular filtration barrier. The develop-
ment of hypertension has been suggested to predict a better tumor response to treat-
ment with these anti-VEGF therapies [21–23]. Therefore, when hypertension 
develops, clinicians should continue anti-cancer therapy and control blood pressure 
with antihypertensive agents rather than withdrawing these agents, unless severe 
hypertension or nephrotic-range proteinuria develop. It should also be noted that the 
combinational use of bevacizumab and these kinase inhibitors could cause severe 
hypertension and life-threatening vascular/hematological complications [24, 25].
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Gemcitabine, a pyrimidine antagonist, has also been associated with 
TMA.  Gemcitabine-associated TMA is relatively rare, with a prevalence of 
0.015–0.31% [26, 27], but its mortality rate ranges from 40 to 90%. Because of this 
high mortality rate, immediate discontinuation of gemcitabine is essential for the 
treatment of gemcitabine-associated TMA. Total drug dose and previous therapy 
with mitomycin-C are considered to be risk factors for gemcitabine-associated 
TMA [28].

9.3.6.4  Interferon-Associated Nephrotic Syndrome

Glomerular injury is a relatively uncommon presentation of drug-induced renal 
injury but may present as nephrotic syndrome with varying degrees of renal insuf-
ficiency. The most commonly used type of interferon (IFN) is IFN α, which is used 
to treat hepatitis C and B viruses and various malignancies. IFN β is used to treat 
hepatitis C and B viruses and multiple sclerosis, whereas IFN γ is used to treat 
chronic granulomatous disease. Treatment with IFN has been associated with 
nephrotic syndrome with histologic findings of minimal change disease (MCD), 
focal segmental glomerulosclerosis (FSGS) not otherwise specified (FSGS-NOS), 
or collapsing FSGS (C-FSGS). The IFN that is most frequently associated with 
nephrotic syndrome is IFN α. A case series and another report by Markowitz et al. 
included 24 patients treated with IFN α, 5 patients treated with IFN β, and 3 patients 
treated with IFN γ (8 patients with MCD, 10 patients with FSGS-NOS, and 14 
patients with C-FSGS). Although this is a relatively small number of cases, patients 
receiving IFN α were likely to develop nephrotic syndrome after a short duration of 
treatment (often months after the initiation of IFN therapy). In contrast, patients 
receiving IFN β and γ developed nephrotic syndrome after a prolonged course of 
interferon treatment (often 1–2  years after the initiation of interferon therapy). 
Nephrotic syndrome often went into partial or complete remission after discontinu-
ation of interferon, although no remission was achieved in some patients.

9.3.6.5  Acute Interstitial Nephritis

Acute interstitial nephritis (AIN) can develop in connection with certain monoclo-
nal antibodies. Programmed cell death 1 (PD-1), expressed on the surface of immune 
cells, activated T cells, B cells, natural killer T cells, monocytes, and dendritic cells, 
binds to programmed cell death ligand 1 (PD-L1), expressed in cancer cells. This 
binding leads to T-cell inactivation and protection of the tumor cells from destruc-
tion by the immune system. Nivolumab and pembrolizumab are PD-1-blocking 
monoclonal antibodies that directly block the interaction between PD-1 and PD-L1. 
Ipilimumab is a monoclonal antibody that exerts antitumor activity by targeting 
CTLA-4 and activating the immune system. A member of the Ig family, CTLA4 is 
expressed on CD4+ T-helper cell surfaces and transmits an inhibitory signal to T 
cells. Blocking CTLA-4 prevents this signal and improves antitumor response. 
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Cortazar et al. reported a case series of 12 patients with AIN with or without podo-
cytopathy induced by the administration of nivolumab, pembrolizumab, and ipilim-
umab [29]. These checkpoint inhibitors (CPI) are believed to rescue the suppression 
of T cells, which allows activated T cells to migrate into the kidney. However, most 
patients who develop AIN are taking other concomitant drugs that may be involved 
in this disease’s development, and it cannot be excluded that the synergistic effects 
between CPIs and concomitant drugs contribute to the development of kidney 
lesions. Whereas the onset of podocytopathy induced by administration of an anti- 
CTLA- 4 antibody has been reported, at present, there are no reported cases of podo-
cytopathy induced by administration of PD-1 antagonists. In the study reported by 
Cortazar et al. [29], after AKI was confirmed by kidney biopsy as AIN or podocyto-
pathy, the implicated checkpoint inhibitor was discontinued and glucocorticoids 
were administered in 10 of the 12 patients, resulting in complete and partial improve-
ment in renal function in 2 and 7 patients, respectively. Two patients with AIN who 
were not given corticosteroids showed no improvement in renal function. Only two 
patients were later re-challenged with their respective CPIs (pembrolizumab and 
ipilimumab) following improvement of AKI after steroid therapy; upon re- challenge, 
neither developed AKI. Re-challenge with CPIs may be reasonable if other poten-
tially offending agents are withdrawn and AIN has resolved, although optimal dos-
ing regimens and treatment durations remain unknown. Accumulation of more 
cases is needed to develop a proper management protocol for renal toxicities associ-
ated with CPIs.

9.3.7  Paraneoplastic Glomerulopathy

9.3.7.1  Solid Malignancy-Associated Membranous Nephropathy

Membranous nephropathy (MN) is the most commonly reported glomerular dis-
ease in patients with carcinoma. The overall prevalence of cancer in participants 
with MN has been reported to be 5–25%. The solid malignancies most frequently 
associated with MN are lung and gastrointestinal carcinomas. In 2009, Beck et al. 
identified the transmembrane glycoprotein M-type phospholipase A2 receptor 
(PLA2R) as the major target podocyte antigen involved in the majority of adult 
idiopathic MN cases [30]. They showed that IgG4 was the predominant subclass of 
anti-PLA2R antibodies co-localized with the PLA2R antigen with the subepithelial 
immune deposits in patients with idiopathic MN, whereas IgG1 and IgG2 are the 
prevailing subclasses in patients with solid malignancy-associated MN. Although 
it has been suggested that anti-PLA2R antibodies could be useful in distinguishing 
between idiopathic and malignancy-associated MN, it was recently reported that 
anti-PLA2R antibodies also exist in cancer-associated MN [31]. Thus the useful-
ness of anti- PLA2R antibodies remains controversial; at present, patients with MN 
without evident secondary cause should be screened for malignancy regardless of 
the presence of anti-PLA2R antibodies. More recently, thrombospondin type 1 
domain- containing 7A (THSD7A) was identified as an additional antigen in 
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patients with MN [32]. However, the usefulness of anti-THSD7A antibodies for 
discrimination of cancer-associated MN is undetermined. It has been reported that 
patients with THSD7A-antibody positive MN have a high rate of developing can-
cer (8 of 40 MN patients) [33], though other studies have found that the coexistence 
of cancer was not high in patients with THSD7A-antibody positive MN [34]. 
Removal of the underlying cancer can lead to the amelioration of the symptoms of 
MN [35].

9.3.7.2  Hematologic Malignancy-Associated MCD

MCD is the most common paraneoplastic manifestation of Hodgkin’s lymphoma, 
occurring in 0.4% of patients, and less commonly, in connection with other lympho-
proliferative disorders as well as solid malignancies. MCD may result from immune 
cell dysfunction in Hodgkin’s lymphoma that leads to the release of a glomerular 
permeability factor [36]. Lymphoma-associated MCD is frequently resistant to 
treatment with glucocorticoids and immunosuppressive agents [37]. Therefore, a 
poor response to the treatment of MCD with these agents should prompt an investi-
gation for an underlying malignancy. Effective treatment of lymphoma is associated 
with the disappearance of MCD [37].

9.4  Post-renal Causes of AKI

9.4.1  Extra-renal Obstruction Due to Malignancies 
and Retroperitoneal Fibrosis

Post-renal causes should be considered in cancer patients presenting with 
AKI. Ureteric obstruction could be caused by a wide range of malignancies, most 
commonly gastrointestinal, urologic, and gynecologic malignancies. Retroperitoneal 
fibrosis, which is induced by radiation therapy of the abdomen and pelvis, or malig-
nancies such as malignant lymphoma and a variety of solid tumors, can also cause 
post-renal AKI. Anuria raises suspicion for the diagnosis of obstruction; however, 
partial obstruction may lead to non-oliguric AKI. The diagnosis of obstruction can 
be confirmed with ultrasonography or computed tomography (CT) scan by the pres-
ence of hydronephrosis or hydroureter. It should be noted, however, that ureteric 
obstruction can present in the absence of hydronephrosis or hydroureter, in cases of 
retroperitoneal fibrosis or early obstruction by malignancies.

Treatment of post-renal AKI aims to relieve obstruction by percutaneous neph-
rostomy or ureteral stenting. Despite successful relief of the obstruction, however, 
patients often experience complications such as urinary tract infection and obstruc-
tion of nephrostomy tubes or stents. Recovery of renal function is dependent on the 
severity and duration of the obstruction. Overall patient survival is poor, which is 
reflected by the high frequency of malignancies at advanced stages.
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9.5  Summary

This chapter reviewed the etiologies of AKI related to cancer and the management 
strategies for each type. Remarkable progress in anti-cancer therapy has lengthened 
survival times for cancer patients, and this has made renal disease a growing con-
cern in this population. Cancer patients are at increased risk of developing AKI 
during cancer treatment. In the future, we must not only achieve a better understand-
ing of the etiologies of AKI in cancer patients but also establish better strategies for 
treating cancer patients with CKD.

The numbers of cancer patients with CKD have increased for several reasons. 
First, in recent years, the interconnectedness of AKI and CKD has been empha-
sized, and it has been suggested that patients presenting with AKI have an increased 
risk of developing CKD [38]. As shown in the general population, cancer patients 
who have presented with AKI are also considered to have an increased risk of devel-
oping CKD. Second, recent advances in pre-dialysis and dialysis care have led to an 
increasing number of patients who survive CKD and are later diagnosed with can-
cer. The coexistence of CKD with cancer reduces the likelihood that patients will 
receive optimal anti-cancer treatment. It has been shown that a remarkable number 
of CKD patients are treated with potentially nephrotoxic agents or agents for which 
dosage must be adjusted [39]. Many chemotherapeutic agents are cleared by the 
kidney, which can lead to alterations in pharmacokinetics, elevated blood levels of 
the drugs, and increased toxicity in CKD patients. It is hoped that a better under-
standing of kidney complications in cancer patients will lead to improved treatment 
in these patients.
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Chapter 10
Community- and Hospital-Acquired Acute 
Kidney Injury

Sadudee Peerapornratana and Nattachai Srisawat

Abstract Community-acquired acute kidney injury (CA-AKI) has been found to 
be more common than hospital-acquired acute kidney injury (HA-AKI), even 
though the incidence is underestimated. Data comparing these two phenotypes of 
AKI are limited using various definitions. CA-AKI appears to be more common in 
male and younger patients. Preexisting chronic kidney disease is the most important 
risk factor for both CA- and HA-AKI. Difficulty in recognition of AKI in the com-
munity may lead to higher severity of CA-AKI compared to HA-AKI.  Unlike 
HA-AKI, the causes of CA-AKI vary by geography, environment, socioeconomic 
status of patients, and level of hospital care. Interestingly, there are some unique 
spectrums of CA-AKI in the tropic areas. Despite the difference in epidemiologic 
profile between CA- and HA-AKI, the long-term outcomes are similar.
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10.1  Introduction

The concept of community- and hospital-acquired acute kidney injury (CA- and 
HA-AKI) has been mentioned in literature since 1980 [1–6]. However, there is no  
clear definition of the two terms as over time there have been improvements in 
defining AKI. Furthermore, most of the AKI data were derived from hospital-based 
studies and there are limited data on CA-AKI for which the prevalence is underes-
timated. The two terms differ not only in the place where AKI developed, but also 
in their epidemiology, etiologies, and outcomes. This chapter aims to compare com-
munity- and hospital-acquired AKI in every aspect.

10.2  Definitions

During the last few decades, the criteria for diagnosing and classifying AKI became 
more standardized as it evolved from RIFLE to KDIGO [7, 8]. These AKI defini-
tions mainly focus on an acute increase in serum creatinine level and/or a decrease 
in urine output within a certain period and were used in defining CA-AKI and 
HA-AKI. In the hospital setting, we have well-recorded temporal changes in serum 
creatinine and/or urine output making KDIGO criteria feasible for identifying 
patients who develop AKI. Conversely, in the community setting, KDIGO is less 
applicable.

Timing of CA-AKI detection is an important issue that needs to be considered to 
make a diagnosis of AKI. In contrast to patients who develop AKI in the hospital, in 
which serum creatinine and urine output have been serially monitored, those who 
develop AKI in the community might be recognized and diagnosed in various set-
tings (timing and places), either in their own community, at outpatient clinics, and 
at the emergency department or even a few days after hospitalization. Thus, variable 
definitions of CA-AKI have been used in the literature (Fig. 10.1). In most studies, 
patients are considered to have CA-AKI when the admission serum creatinine is 
elevated and meet the diagnostic criteria of AKI (either by RIFLE, AKIN, or 
KDIGO). Some studies considered patients as having CA-AKI by using data col-
lected in the first 48 hours after hospital admission [9, 10]. Some studies, for a more 
sophisticated adjudication of CA-AKI, used the temporal change in the magnitude 
of serum creatinine during hospitalization [11, 12]. For HA-AKI, the definition used 
also varies across studies. Table 10.1 summarizes the various definitions of CA-AKI 
and HA-AKI, which have been proposed in the literature.

10.3  Epidemiology of CA-AKI and HA-AKI

The worldwide-pooled incidence rate of AKI is 21% [13]. However, this esti-
mate is mainly derived from HA-AKI population in high-income countries set-
ting. It does not reflect the exact incidence of AKI, particularly in the community 
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setting and in low-income countries. Only 7 out of the 147 studies in this meta-
analysis focused on CA-AKI which showed the incidence rate of 8.3% for 
CA-AKI [13].

10.4  High-Income Countries

Over a 17-month period, Kaufman et al. prospectively screened patients admitted 
to a single veteran affairs hospital in Boston having acute elevations in serum 
creatinine (>2 mg/dL) and found that the incidence of CA-AKI was 1% of all 
hospital admissions [6]. Other retrospective studies in the United States, using 
different definitions, identified a larger number of patients with CA-AKI than 
HA-AKI [11, 14–16]. They found that the incidence of CA-AKI was 0.7–0.8% of 
all hospital admissions, about three times more prevalent than HA-AKI 
(Table  10.1). Liano et  al. performed a 9-month prospective population-based 
study in Madrid covering over four million people and reported that 60% of AKI 
patients were recognized on admission (CA-AKI) while the remaining 40% 
developed AKI during hospitalization (HA-AKI) [5]. Wonnacott et al. reported an 
incidence of 4.3% for CA-AKI compared to 2.1% for HA-AKI from two general 
hospitals in the UK [9].

Der Mesropian 2014, Hsu 2016

Schissler 2013, Xu 2015

Wannacott 2014, Evans 2017

Kaufman 1991,Obialo 2000,
Sesso 2004, Wang 2007,

Talabani 2014

ED/OPD/
Hospital

Admission
(0 h)

24 h 48 h

CA-AKI

HA-AKI

Community Setting
Home/Primary Care

Hospital Setting

Fig. 10.1 Variable timing of CA-AKI diagnosis used in the literature. CA-AKI has been diag-
nosed either before or up to 48 h after hospital admission
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10.5  Low- and Middle-Income Countries

Data on CA-AKI from low- and middle-income countries are scant and heteroge-
neous. The studies use different definitions of AKI and are primarily from single 
center from different regions or from large academic hospitals which tend to specifi-
cally focus on a high-risk population (e.g., critically ill patient, sepsis, undergoing 
cardiac surgery) [13, 17]. Due to this variability in study designs, the incidence of 
CA-AKI in these countries is underestimated. Data from a recent cross-sectional 
nationwide survey in China, the largest developing country which covered over 2.2 
million hospitalized adult patients, found a rate of AKI of 1% [18]. Of these AKI 
patients, 50.5 and 65.8% were CA-AKI diagnosed in academic hospitals and in local 
hospitals, respectively [18]. Another large study in China of 659,945 hospitalized 
adults reported the incidence of CA-AKI was 2.5% as compared to 9.1% for 
HA-AKI [19].

The epidemiology in low- and middle-income countries is different from the 
high-income ones. The largest prospective observational study from Southeast Asia 
by Srisawat et al. included 5006 patients from 17 ICUs across Thailand and reported 
that 74.3% of ICU AKI was community acquired (37.3% of ICU patients), while 
25.7% was acquired in the ICU (12.9% of ICU patients) (unpublished data). 
However, this report could not provide the true incidence of CA-AKI because the 
data collection started from ICU admission, not hospital admission.

The prevalence of AKI in low- and middle-income regions is underestimated. 
AKI data from rural areas in Asia, South America, and Africa are sparse. Some of 
these regions still lack or have insufficient monitoring of serum creatinine in hospi-
talized patients [17, 20]. Although the available data suggest a high prevalence of 
CA-AKI in these areas, the true magnitude is unknown. A recent prospective study 
from Malawi, a low-income and resource-poor area in Africa, reported an incidence 
of CA-AKI of 17.2% of all medical admissions, and about 60% of these AKI cases 
were HIV-infected and more likely to have severe AKI [10]. A systematic review 
from sub-Saharan African countries of 1,403 adult patients found that 80% of AKI 
cases were community acquired and about 70% required dialysis [21].

10.6  Demographic Differences Between CA-AKI 
and HA-AKI

In general, the mean age of AKI patients ranges between 50 and 75 years [22], and 
patients with CA-AKI are significantly older than those without AKI [23]. Some 
studies also showed that patients with CA-AKI are younger than those with HA-AKI 
[9, 24]. However, the age distribution of patients with CA-AKI is markedly different 
between high-income and low- and middle-income countries (Table 10.2). In high- 
income countries, the AKI population is predominantly older, while in the low- and 
middle-income countries AKI generally affects the young. A prospective study from 
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Malawi reported a median age of 41 years (range 30–52 years) [10], which is con-
sistent with a study from India where the average age was 40 years [25].

In the high-income countries, some data suggested there is no gender difference 
in the prevalence of CA-AKI or HA-AKI while other studies suggested AKI affects 
males more than females. In the low- and middle-income countries, there is a higher 
male-to-female ratio [10, 25].

In both high-income and low- and middle-income countries, patients with 
CA-AKI have more severe AKI than those with HA-AKI. Roughly one third of 
patients with CA-AKI have preexisting CKD [9, 26], but the underlying CKD is not 
associated with developing more severe AKI [15]. Patients with CA-AKI tend to 
have a lower rate of stage 1 and 2 (or Risk and Injury) AKI and a higher rate of stage 
3 (or Failure) AKI compared to those with HA-AKI [9, 10, 15, 16, 19, 22]. A study 
from Malawi found that 60% of CA-AKI patients were classified as stage 3 [10] 
while a study from UK found that two thirds of the CA-AKI patients were classified 

Table 10.2 Characteristics of CA-AKI and HA-AKI

CA-AKI HA-AKI

Epidemiologic data Limited Excellent
Age High-income countries: elder

Low-middle income: younger
Elder

Gender Male predominance in low- and middle- 
income countries

No predominance

Risk factors Preexisting CKD
Male gender
Diuretic used

Preexisting CKD
Other medical 
comorbidities are 
more common

Recognition High-income countries: good recognition in 
primary care and outpatient clinic
Low-middle income: non-recognition or 
under-recognition

Standard recognition 
in hospital

Etiologies High-income countries: similar with HA-AKI
Low-middle income or tropical areas: 
diarrhea, tropical infection, exogenous toxins 
(from animals and plants), obstetric 
complication are common

Sepsis, hypovolemia, 
drug-associated

Severity More severe at presentation Less severe at 
presentation

ICU and hospital LOS Shorter Longer
Short-term outcome Lower in-hospital mortality (high in-hospital 

mortality in low-income countries due to lack 
of resources and delayed access to optimal 
care)

Higher in-hospital 
mortality

Long-term outcome 
(ESRD and death up to 
3 years)

Similar Similar

Nephrology referral Higher Lower
Prevention More preventable Difficult to prevent
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as stage 1 AKI and only 10% as stage 3 AKI [23]. This difference can be attributed 
to the difficulty in recognizing AKI patients in the community setting especially, 
since AKI has no obvious signs or symptoms.

10.7  Difference in Recognition Patterns Between CA-AKI 
and HA-AKI

Most of the CA-AKI is detected in the hospital after patients seek medical attention 
due to other issues and often they get diagnosed with severe AKI.

Early recognition of AKI is challenging even in the high-income countries where 
facilities and resources are available for AKI diagnosis. Several studies reported 
different incidence rates of CA-AKI identified in the primary care setting [23, 27–
29]. In a recent UK study, about half (48.2%) of the CA-AKI was diagnosed in the 
community (35.6% in the primary care and 12.6% following a visit to the hospital 
outpatient clinic) and another half was identified in the hospital [23]. The median 
time from AKI identification to hospital admission was 33 days for stage 1, 12 days 
for stage 2, and 1 day for stage 3 (p < 0.05) with a median length of stay of 2, 4, and 
7  days, respectively (p  <  0.05) [27]. Moreover, Barton et  al. found that patients 
identified as having stage 1 AKI in the primary care setting were not having their 
serum creatinine levels measured within 14  days of assessment (49%) [27]. 
Inadequate monitoring of renal function in the primary care setting could lead to 
poor outcomes.

Delayed access to hospital care and differences in socioeconomic status of 
patients result in late diagnosis of AKI. A recent nationwide survey from China 
reported a non-recognition rate of AKI of about 74% [18]. Other low- and middle- 
income countries have been considered as having a high rate of non-recognition as 
well [17]. The prevalence of AKI in these regions has been underreported and 
should to be addressed by public health organizations and healthcare professionals 
in order to improve the diagnosis of AKI and consequently patient outcomes.

Despite access to better diagnostic tools, even in the hospital setting early recog-
nition of AKI could be improved. In a single center study from Switzerland, Stucker 
and colleague found that AKI was mentioned in 53.1% of the medical records 
within the emergency department and 46% of patients with stage 1 and 88% of 
patients with stage 3 were identified by the physician in charge. Adequate work-up 
for AKI was performed in 57% of patients [26].

10.8  Comparison of Risk Factors of CA-AKI and HA-AKI

In terms of underlying comorbidities, results from recently published studies are not 
consistent. Patients with AKI share common underlying medical conditions such as 
older age, diabetes mellitus, hypertension, preexisting CKD, and coronary heart 
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disease. However, medical comorbidities are more common among patients with 
HA-AKI. Patients with CA-AKI have less hypertension, diabetes mellitus, chronic 
heart failure, chronic kidney disease, and coronary heart disease [9, 15, 16]. 
However, a study from China found that preexisting CKD is a major risk factor for 
both CA-AKI and HA-AKI [19]. One study in patients with preexisting CKD 
reported that males and use of diuretics (not ACEIs or ARBs) were risk factors for 
CA-AKI [26]. Concurrent medical conditions such as community-acquired pneu-
monia might also be associated with an increased risk of CA-AKI [30].

10.9  Specific Etiologies of CA-AKI

The spectrum of AKI is variable across the world and depends on different factors 
in each region, such as geography, ecology, socioeconomic status, and the level of 
hospital care [31, 32]. In high-income countries, AKI patients are usually older and 
have more comorbidities [31], while in low- and middle-income countries, the 
causes of AKI vary depending on the region and level of care. The etiology of AKI 
in tertiary hospitals is similar across regions, but in rural areas AKI is usually com-
munity acquired and can be attributed to infectious diseases, diarrheal syndromes, 
toxins, herbal medicines, or obstetric complications [31, 32].

The common causes of HA-AKI were sepsis, renal hypoperfusion, and neph-
rotoxic drugs (antibiotics, contrast media), but each area has different etiologies 
[15, 17, 20]. On the other hand, patterns of CA-AKI are different between high-
income and low- and middle-income countries. In the United States, prerenal 
azotemia (e.g., gastrointestinal diseases or poor oral intake), drug-induced AKI 
(e.g., nonsteroidal anti-inflammatory drugs (NSAIDs), angiotensin converting 
enzyme inhibitors (ACEI), and diuretics), pigmented or crystal-induced 
nephropathy, and urinary tract obstruction are common causes of CA-AKI [14, 
15]. Also, nephrotoxicity from prescription drugs such as antibiotics and over-
the-counter painkillers become more common. A recent study by Rennie et al. 
found a 16% increase in the incidence of AKI between 2008 and 2012, and in 
the same period the use of sulfonamides, trimethoprim, and nitrofurantoin 
increased by 47% [33]. Many large epidemiologic studies and meta-analyses 
showed an association between the use of NSAIDS and the risk of developing 
CA-AKI [34–39].

In the low- and middle-income countries, CA-AKI has unique characteristics in 
each region. In China, intrinsic renal disease is the most common cause of CA-AKI 
(70%) according to a large cohort study [24]. However, a large Chinese national 
survey found that prerenal azotemia (49%) and nephrotoxic drugs are the most 
common causes of CA-AKI followed by intrinsic renal disease and urinary tract 
obstruction [12]. Antimicrobial agents, NSAIDs, and herbal medicine are the most 
common types of nephrotoxic drugs in China [18, 19]. Toxicity from traditional or 
herbal medicine is an important cause of CA-AKI across Asian countries due to the 
unique and distinct cultural behavior [17].
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Tropical countries have a unique and broader spectrum of AKI due to the differ-
ence in ecological and socioeconomic factors from other parts of the world [32]. 
Few studies reported on the epidemiology of AKI in the tropics and identified an 
array of factors associated with AKI. Vector-borne infections such as malaria, den-
gue, scrub typhus, leptospirosis, hanta hemorrhagic fever, and melioidosis are com-
mon causes for AKI (Table  10.3) [17, 32]. Exogenous toxins (plant-derived, 
animal-derived, and chemical toxins) such as traditional or herbal medicines, cer-
tain species of mushrooms (direct tubular toxicity and hypovolemia), djenkol beans 
(intratubular obstruction and acute tubular necrosis), star fruit juice, poisonous 
snake bites, and bee and wasp stings are also commonly found in the tropical regions 
[17, 32]. Extremely hot summer temperatures can cause heat strokes which often 
lead to AKI-related complications. Suffering from natural disasters such as 

Table 10.3 Etiologies of 
CA-AKI in the tropics [32]

Infections

Malaria
Dengue fever
Scrub typhus
Leptospirosis
Hanta hemorrhagic fever with renal syndrome
Melioidosis
Diarrheal diseases (E. coli, E. histolytica, Shigella, cholera, 
viral gastroenteritis)
Exogenous toxins

Herbal medicines
Impila food plants
Djenkol beans
Mushroom
Snake bites
Wasp, hornet, and bee stings
Jellyfish sting
Spider bite
Scorpion sting
Carp gallbladder or bile
Chemical nephrotoxins

Ethylene glycol
N,N’-dimethyl-4,4′-bipyridinium dichloride
Ethylene dibromide
Copper sulfate
Chromic acid
Environmental factors

Heat stroke
Natural disasters
Other causes

Obstetric complications
Intravascular hemolysis (G-6-PD deficiency)
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earthquakes, landslides, floods, typhoons, and tsunamis are often accompanied by 
AKI. Rhabdomyolysis is a common cause of AKI after victims are trapped in col-
lapsed buildings [40, 41]. Even though obstetric AKI has been eliminated in the 
high-income countries due to advances in the health care system and socioeconomic 
status [42], pregnancy-related AKI is still problematic in the tropics due to subopti-
mal antenatal care, out-of-hospital delivery, and unsafe abortion practices [17, 32].

Over time the etiology of CA-AKI has changed in the low- and middle-income 
countries. Prakash et al. retrospectively observed the change in the epidemiology of 
CA-AKI in India over 26 years and found that diarrhea-related AKI, obstructive 
uropathy, and obstetric-related AKI significantly decreased since 1996, while 
malaria-, sepsis-, and liver disease-related AKI increased [25]. In endemic areas, 
AKI can seriously complicate malarial infection with mortality rates reaching 45%. 
In India, up to 13% of CA-AKI cases are related to malaria (Plasmodium falci-
parum or Plasmodium vivax) [43]. This is a reminder that infections are still the 
leading cause of AKI in tropical areas. Leptospirosis is another common infectious 
disease that causes AKI in tropical and subtropical countries such as Thailand, 
Singapore, India, and Brazil [44, 45]. AKI occurred in 88% of patients with lepto-
spirosis of which 55% had stage 3 AKI [45]. In sub-Saharan Africa, the majority of 
CA-AKI cases are caused by sepsis and hypoperfusion followed by nephrotoxic 
tenofovir-based antiretroviral drugs and NSAIDs [10].

The epidemiology of drug-related AKI has also changed over time. Antibiotics 
used to be the most common cause for AKI and popular over-the-counter painkillers 
NSAIDs and ACEIs are still a common cause for CA-AKI, but recent chemothera-
peutic and antiviral drugs have emerged and became novel causes of CA-AKI [25].

10.10  Comparison of Outcomes Between CA-AKI 
and HA-AKI

10.10.1  Short-Term Outcomes

10.10.1.1  Renal Outcomes

Patients with CA-AKI have worse renal function at admission than those with 
HA-AKI [15]. Once hospitalized, patients with CA-AKI had a slightly higher or 
similar rate of dialysis requirement as those with HA-AKI [19, 22], which could be 
explained by the more severe stage of AKI found in this population. The rate of 
renal recovery at hospital discharge differs between studies. One study found that 
serum creatinine at discharge was not significantly different between CA-AKI and 
HA-AKI [15] while another study found that the mean serum creatinine at discharge 
was significantly higher in patients with CA-AKI [9]. AKI management affects the 
chance of renal recovery. Talabani et  al. found that only 58% of patients with 
CA-AKI had complete renal recovery at 3  months [23], and patients who were 
admitted to the hospital had a higher rate of complete renal recovery at 3 months 
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than those who were managed as outpatients [23]. Hospital admission was also 
associated with higher rate of renal recovery at 90 days [29].

Follow up with a nephrologist after an AKI episode is an important step in 
achieving better outcomes. A recent study from Canada reported that within 1 year 
after discharge, only 24% of patients hospitalized with AKI saw a nephrologist and 
this included 18% of patients who required dialysis during hospitalization with a 
trend toward lower rates of follow-up over more recent years of the study [46]. 
Another study reported that only 8% of patients hospitalized with AKI were referred 
to a nephrologist after discharge [9]. Patients with CA-AKI were more likely to be 
referred to a nephrologist than patients with HA-AKI (10.3% vs. 4.2%, respec-
tively) [9]. These findings suggest that an increase in awareness of the long-term 
risks associated with AKI and the proper steps in the follow-up care is crucial among 
non-nephrology physicians.

10.10.1.2  Morbidity and Mortality (Less Than 3 Months)

CA-AKI is associated with a lower rate of ICU stay and requirement of mechanical 
ventilation [15, 22] and a significantly shorter length of hospital stay than HA-AKI 
[9, 22]. Patients with HA-AKI are more likely to suffer from multiple morbidities, 
such as respiratory failure, pneumonia, and sepsis, and to require an ICU stay [15, 
19]. For CA-AKI, and increase in AKI stage was associated with an increased inci-
dence of myocardial infarction, urinary tract infection, sepsis, and ICU monitoring, 
whereas for HA-AKI, an increase in AKI stage was only associated with an increased 
incidence of pneumonia [15].

Most of the studies comparing CA-AKI and HA-AKI are retrospective and 
derived from high-income countries. A worldwide-pooled meta-analysis found an 
AKI-associated mortality rate of about 22% at less than 3 months and 32% between 
3 and 6 months [13]. The mortality rate of CA-AKI was reported at 32.8% [13]. A 
study in the United States found significantly higher in-hospital mortality for 
HA-AKI than CA-AKI (33.7% vs 11.5%) [15]. In a UK study, the 3-month mortal-
ity in patients with CA-AKI was 16.5% and was related to the severity of AKI 
[23]. The large cohort studies conducted in China and Taiwan also reported signifi-
cantly higher in-hospital mortality in HA-AKI compared to CA-AKI (10.6% vs. 
4.7% and 51.6% vs. 26.1%, respectively) [19, 47]. In a Thai cohort study, ICU and 
hospital mortality were also higher in HA-AKI compared to CA-AKI (40.3% vs. 
31.0% and 53.8% vs. 38.1%, respectively) (unpublished data). A recent meta-anal-
ysis confirmed that CA-AKI had significantly lower in-hospital mortality (OR 
2.79; 95% CI, 2.18–3.56) which was similar across high-income and low- and 
middle-income countries [22]. These findings are a reminder that despite CA-AKI 
being associated with more severe AKI than HA-AKI, in-hospital mortality is 
lower in this population. This emphasizes the difference in in-hospital manage-
ment between CA-AKI and HA-AKI including ICU transfers and the intensity of 
monitoring. Patients with CA-AKI tend to be monitored and treated more aggres-
sively which might ultimately lead to better outcomes. However, this 
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meta-analysis did not include data from low-income developing countries. In these 
countries, the in-hospital mortality of CA-AKI is still very high (about 50%) 
which reflects the AKI severity and lack of resources to manage the underlying 
conditions, particularly severe sepsis. Mortality could reach 80–90% in areas with 
poor access to dialysis [10, 21].

One study reported that the 3-month mortality rate in CA-AKI patients was 
16.5% and was related to the severity of AKI suffered during hospitalization. 
69% of patients who died at 3 months had stage 2 or 3 AKI compared to only 
39% of those who survived. Mortality at 3  months was not different between 
those with preexisting CKD and those without. A short-term mortality difference 
was not observed when comparing patients who were admitted to the hospital to 
those who were managed in the primary care (15% vs. 17%) [23]. But another 
study found that hospital admission for AKI treatment was associated with sig-
nificantly reduced 90-day mortality in stage 3 AKI compared to those treated in 
the primary care setting (27% in in-hospital treatment vs. 65% in outpatient 
management) [27]. Wonnacott et al. reported that the rate of hospital readmis-
sion within 6  months after discharge did not differ between CA-AKI and 
HA-AKI [9].

10.10.2  Long-Term Outcomes

10.10.2.1  Renal Outcomes

AKI is a strong risk factor for developing CKD particularly in patients with preex-
isting kidney disease. Few studies reported the long-term outcomes after an episode 
of CA-AKI. Serum creatinine at 1 year follow-up was not different between CA-AKI 
and HA-AKI [15]. Wonnacott et al. reported a similar rate of new CKD or CKD 
progression in those with preexisting CKD at 14 months after discharge in patients 
with CA-AKI compared to those with HA-AKI (39.1% vs. 33.6%, p = 0.24) [9]. 
The change in eGFR over 14 months did not differ between the two groups (−30 vs. 
−28.8 mL/min/1.73 m2, p = 0.72) [9]. Der Mesropian et al. followed patients with 
CA-AKI and HA-AKI for 3 years and found no different outcomes in terms of dou-
bling of serum creatinine and progression to ESRD [16]. AKI management also has 
an impact on long-term renal outcomes. Patients not admitted to the hospital within 
7 days of AKI development are associated with higher rate of progression to chronic 
dialysis at 5 years compared to those treated early in the hospital [29].

10.10.2.2  Long-Term Mortality (More Than 1 Year)

At 14-month follow-up, patients with CA-AKI still had significantly lower mortal-
ity rate compared to those with HA-AKI (45.0% vs. 63.1%) [9]. The mortality at 
3  years following CA-AKI was 45% compared to 15.7% in the age- and 
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sex- matched non-AKI patients [23]. The mortality at 3 years was also associated 
with the severity of AKI during hospitalization with 94% mortality in patients with 
CA-AKI stage 2 or 3 and 13% for those with stage 1 [23]. Another study showed no 
difference in 3-year mortality in patients with CA-AKI [16].

10.11  Conclusion

Based on limited and heterogeneous data, CA-AKI can be considered as a distinct 
phenotype of AKI carrying different epidemiology, etiologies, and outcomes com-
pared to HA-AKI. Definition of CA-AKI and HA-AKI is needed to be standardized 
for universal use. Prevention and early recognition of AKI in community setting is 
still challenging for clinicians particularly in rural area. Future research in this field 
should be focused in these issues as well.
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Chapter 11
Complication of Homeostasis (Electrolytes 
and Acid-Base)

Atsuko Uehara and Yugo Shibagaki

Abstract Patients who develop acute kidney injury (AKI) are at a great risk of both 
electrolyte abnormalities and acid-base disorders, which can be complicated and 
progressive because of the acute deterioration of kidney function and the impact of 
renal replacement therapy. Thus, we should recognize the significance of these dis-
orders and tackle them accordingly. Among various acid-base disorders and electro-
lyte abnormalities, we discuss metabolic acidosis, metabolic alkalosis, hyperkalemia, 
hypokalemia, hypocalcemia, hypercalcemia, and hyperphosphatemia, all of which 
are frequently encountered in the setting of AKI and can significantly influence 
morbidity and mortality.

Keywords Metabolic acidosis · Metabolic alkalosis · Hyperkalemia  
Hypokalemia · Hypocalcemia · Hypercalcemia · Hyperphosphatemia

11.1  Introduction

Acute kidney injury (AKI) can significantly influence mortality. The in-hospital 
mortality rate of patients with AKI requiring dialysis was more than 50% in patients 
admitted to the intensive care unit (ICU) [1].

Before renal replacement therapy (RRT) was routinely used, patients died of 
electrolyte abnormalities such as hyperkalemia, complications from uremia such as 
pericarditis or upper gastrointestinal bleeding, or respiratory failure from volume 
overload [2]. Presently, these “traditional” complications of AKI can be managed by 
initiating RRT; thus, death from one of these complications has become an unusual 
phenomenon [3].
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However, this does not imply that these complications should be neglected 
because electrolyte abnormalities and acid-base disorders can become fatal when 
treatment is delayed and even RRT itself can aggravate or cause these problems. 
Thus, we should recognize the importance of these disorders and manage them in a 
timely manner.

The characteristic of electrolyte abnormalities and acid-base disorders compli-
cated with AKI (and chronic kidney disease) is that patients can easily present with 
both extremes of the disorders, namely metabolic alkalosis as well as metabolic 
acidosis, or hypokalemia and hypercalcemia as well as hyperkalemia and 
hypocalcemia.

Both hypokalemia and hyperkalemia can lead to fatal arrhythmia or paralysis 
including the respiratory muscles. Severe acidemia (generally, pH < 7.20) can cause 
a reduction in cardiac contractility, unresponsiveness to vasopressors, and fatal 
arrhythmia. Severe alkalemia can cause seizures, vasoconstriction leading to isch-
emia, and respiratory depression. Abnormalities in serum calcium and phosphorus 
levels, which are not routinely checked, are also observed in patients with 
AKI. Hypocalcemia is extremely frequent in hospitalized patients (up to 88%) and 
correlates with the severity of illness, which can be assessed by Acute Physiology 
and Chronic Health Evaluation II scores. The presence of AKI is also associated 
with decreased calcium levels [4]. Profound hypocalcemia can lead to hemody-
namic instability and fatal arrhythmia. Hypercalcemia and hyperphosphatemia are 
also common in patients with AKI because urinary clearance decreases along with 
reduced glomerular filtration rate (GFR). Hypercalcemia causes reduced conscious-
ness and AKI. Hyperphosphatemia can cause hypocalcemia and acute phosphate 
nephropathy [5].

11.2  Metabolic Acidosis

11.2.1  Pathophysiology

In the setting of AKI, the ability of the kidney to produce ammonium at the proxi-
mal tubules and to excrete protons at the distal tubules is deteriorated, contributing 
to a normal anion gap (AG) or non-gap metabolic acidosis. As kidney dysfunction 
worsens, the retention of anions including phosphate, sulfate, and some poorly char-
acterized organic anions takes places, leading to an elevated AG or simply AG meta-
bolic acidosis. In addition to AKI itself, patients with sepsis, hypoxemia, and 
hemodynamic instability caused by organ ischemia are at a high risk of developing 
lactic acidosis. This type of lactic acidosis caused by local or systemic decreases in 
oxygen delivery can lead to the rapid production and accumulation of lactate; this is 
also known as type A lactic acidosis.

When AKI is complicated by shock, large amounts of intravenous solution and 
vasopressors are needed rapidly. There is abundant evidence to indicate that a 
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massive isotonic saline solution decreases the serum bicarbonate concentration, 
leading to hyperchloremic or non-gap acidosis [6–8].

Although rare, use of drugs and other types of intoxications can cause AKI and 
metabolic acidosis. For example, metformin used in the treatment of diabetes mel-
litus has been associated with lactic acidosis. The risk factors for this adverse event 
are a low GFR and overdose. Lactic acidosis and subsequent hypotension can lead 
to hemodynamic instability and to AKI, which is fatal in up to 50% of cases [9]. 
Intoxication with ethylene glycol, a major component of antifreeze, causes severe 
AG metabolic acidosis by producing toxic metabolites such as oxalate. Calcium 
oxalate crystals are deposited in the lumen and tubular cells, resulting in tubular 
necrosis and anuric AKI [10].

Irrespective of how severely the kidney is damaged and how severely its ability 
to excrete protons is deteriorated, respiratory compensation quickly occurs as long 
as lung ventilation is normal. When respiratory compensation functions normally, 
serum pH does not decrease below 7.2 when the serum bicarbonate level is above 
5–10 mEq/L; therefore, in the presence of severe acidemia (pH < 7.2) with a bicar-
bonate level above 5–10 mEq/L, we should also consider the presence of ventilatory 
failure (lung problems or reduced consciousness).

11.2.2  Clinical Consequences

Severe acidemia (pH  <  7.15–7.2) can depress cardiac contractility, blunt the 
response to catecholamines, and decrease peripheral vascular resistance, leading to 
hemodynamic instability [11]. Severe acidemia in critically ill patients is associated 
with a high mortality rate of up to 57% [12].

11.2.3  Treatment

Lactic acidosis associated with tissue hypoxemia may induce cardiogenic shock and 
severe sepsis. These require urgent recognition and cause-specific treatment.

In case of hemodynamic compromise, vasopressors should be administered as 
needed. Caution is required as acidemia blunts the response to catecholamines; 
therefore, the required dose should be considered accordingly.

In patients with a decrease in the extracellular fluid (ECF) volume or volume 
depletion, crystalloid solutions are administered considering indices such as central 
volume pressure. However, in the setting of AKI, even a little bit of excess fluid 
administration can easily cause fluid overload and subsequent organ damage. Thus, 
we need to pay continuous attention to ECF volume monitoring while administering 
the solution and regulate the amount of fluid administered to prevent 
over-hydration.
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Whether the isotonic saline solution (0.9% NaCl) or balanced solution (Ringer’s 
solution with lactate and Plasma-Lyte with acetate and gluconate) is appropriate as 
a means of resuscitation fluid therapy remains controversial. When massive solu-
tions need to be administered, isotonic saline can cause non-gap acidosis and coagu-
lopathy; thus, balanced solutions are recommended.

Oxygen delivery to tissues is determined by the cardiac output, regional blood 
flow, hemoglobin concentration, and partial pressure of oxygen (PO2). Thus, for 
restoring tissue perfusion, red cell transfusions should be performed as needed and 
the inspired oxygen concentration should be regulated to maintain an adequate PO2. 
If hypercapnia is present, which worsens acidemia, assisted ventilation may also be 
required.

Measures targeting the causes of lactic acidosis should also be initiated. Such 
measures include the treatment of sepsis with antibiotic agents, management of 
arrhythmia, coronary intervention for acute myocardial infarction, surgery for tissue 
ischemia, and dialysis for the removal of drug toxins [11].

As mentioned above, if severe metabolic acidosis (pH < 7.15–7.2) is complicated 
with hemodynamic instability that is unresponsive to catecholamines, therapy with 
intravenous sodium bicarbonate is considered. This severe and deleterious condi-
tion caused by metabolic acidosis is often experienced in the setting of type A lactic 
acidosis. Ketoacidosis and acidosis due to renal failure itself are not progressive, 
and urgent base administration is not demanded in such cases. However, if AKI is 
present in addition to critically ill conditions, the intrinsic ability of the kidney to 
regenerate bicarbonate is deteriorated, thus requiring extrinsic base administration.

Base administration increases serum pH level, but it remains elusive whether it 
can lead to hemodynamic stability and decrease mortality. Moreover, there are sev-
eral adverse effects of bicarbonate infusion: volume overload, decrease in the con-
centration of ionized calcium, hypernatremia, carbon dioxide retention especially in 
the setting of decreased ventilation, overshoot alkalosis, and paradoxical intracel-
lular acidification [13]

Jaber et al. reported the results of a randomized controlled trial in which they 
assigned patients from the ICU with serum pH levels of 7.20 or less to treatment 
with sodium bicarbonate or to no bicarbonate infusion [14]. The primary outcome 
was a composite of death by day 28 and the presence of at least one organ failure at 
day 7; no difference in this outcome was observed between the bicarbonate group 
and the control group. However, in a subgroup analysis, patients with Acute Kidney 
Injury Network scores of 2–3, the primary outcome, and the need for RRT occurred 
less frequently in the bicarbonate group than in the control group. In evaluating the 
results of this study, we should recognize that RRT itself did infuse alkali to the 
patients because alkali-containing dialysate is used during RRT.

Nonetheless, RRT is sometimes more appealing than bicarbonate infusion 
because RRT allows a better control of serum osmolality, ionized calcium level, and 
ECF volume. RRT is more invasive than bicarbonate infusion; therefore, we cannot 
conclude which method is best.
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11.3  Metabolic Alkalosis

11.3.1  Pathophysiology

Considering the fact that a decrease in renal function results in a decrease in acid 
excretion from the urine leading to metabolic acidosis, it makes sense that meta-
bolic alkalosis in AKI is related to the cause of AKI itself, not the result of AKI. In 
other words, metabolic alkalosis can be seen in prerenal AKI caused by volume 
reduction (i.e., chloride depletion) or diuretic use, AKI caused by hypertensive cri-
sis, and AKI caused by calcium alkali syndrome in patients who take calcium or 
magnesium supplements.

When metabolic alkalosis is seen, initiation and maintenance factors should be 
investigated, respectively. In most cases, metabolic alkalosis is initiated by excess 
base administration, proton loss from the gastrointestinal tract, or chloride depletion 
from the kidney or gastrointestinal tract. In critically ill patients, bicarbonate sub-
stances, whose metabolism generate bicarbonate (e.g., lactate, citrate), are often 
administered at a greater rate than metabolic protons. This situation occurs when 
sodium bicarbonate is administered to manage metabolic acidosis, balance solu-
tions are administered to stabilize hemodynamic instability, alkali-containing dialy-
sate is used during RRT, or a massive transfusion containing citrate is administered. 
In elderly patients with a reduced GFR, calcium- or magnesium-containing drugs, 
which are mostly alkalis, are often used to treat gastric ulcers, constipation, and 
osteoporosis. The accumulation of these drugs can lead to metabolic alkalosis and 
AKI due to hypercalcemia and hypermagnesemia. Proton and chloride loss from the 
gastrointestinal tract can be detected in patients who vomit, but in critically ill 
patients, it can be noticed through nasogastric tube drainage, leading to metabolic 
alkalosis, especially when a large amount is drained. Moreover, patients who have 
stoma or short bowel syndrome after surgery tend to suffer from metabolic alkalosis 
when the amount of chloride-rich fluid and gastrointestinal secretion increases; 
chloride loss from the kidney can also result from the use of loop diuretics or 
thiazide.

Maintenance factors of metabolic alkalosis include chloride depletion, volume 
depletion stimulating renal tubular sodium reabsorption, potassium depletion, and a 
decline in GFR levels. Metabolic alkalosis itself causes the GFR to decline, forming 
a vicious cycle. In the kidney, pendrin (Cl/HCO3 exchanger) located in the luminal 
side of β intercalated cells of the collecting duct is responsible for excess bicarbon-
ate excretion. In chloride depletion, this exchanger does not function, maintaining 
metabolic alkalosis. When volume depletion is sensed and the renin-angiotensin- 
aldosterone system is activated, aldosterone stimulates proton secretion from the 
collecting tubule and angiotensin II stimulates Na/K ATPase and the Na/H exchanger 
of the proximal tubule, both working as a maintenance factor of metabolic alkalosis. 
Profound hypokalemia (K < 2 mEq/L) upregulates H/K ATPase in the intercalated 
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cells of the collecting duct, maintaining metabolic alkalosis. The GFR determines 
the amount of bicarbonate filtered; thus, GFR decline correlates with a decrease in 
net bicarbonate excretion. In AKI patients whose GFR is nearly zero, bicarbonate 
excretion does not occur. In other words, AKI patients who are RRT-dependent are 
predisposed to metabolic alkalosis as well as metabolic acidosis.

11.3.2  Clinical Consequences

Signs and symptoms of metabolic alkalosis are non-specific. Most of them are 
caused by decreases in ionized calcium levels that occur as increased pH causing 
plasma proteins to bind calcium more avidly. Signs of hypocalcemia are mentioned 
below, but they are primarily those of enhanced neuromuscular activation (Chvostek 
and Trousseau signs). Hypokalemia, which often accompanies metabolic alkalosis, 
is caused by the proton and potassium transcellular exchange or potassium loss from 
urine or the gastrointestinal tract. When it becomes severe, muscle weakness follows.

In metabolic alkalosis, respiratory compensation (reduced ventilation) takes 
place, leading to hypercapnia and hypoxemia. In addition, alkalemia shifts the oxy-
gen dissociation curve to the left, causing organ ischemia.

In profound alkalemia, when bicarbonate levels increase to more than 50 mEq/L, 
confusion, seizure, and coma can be seen. These central nervous symptoms can be 
caused by a combination of hypocalcemia, hypokalemia, carbon dioxide narcosis, 
and brain ischemia due to hypoventilation, all of which are caused by metabolic 
alkalosis [15].

11.3.3  Treatment

During emergency where an increased pH may be life threatening, rapid reduction 
in systemic pH through ventilation control is required. In this clinical condition, 
intubation, sedation, and controlled hypoventilation with a mechanical ventilator 
are often lifesaving.

The treatment of metabolic alkalosis includes a correction of the underlying dis-
ease state. Removal of the initiating factors should be considered such as the with-
drawal of base and/or diuretic. To remove the maintenance factors, such as chloride 
depletion, volume depletion, and potassium depletion, saline administration and/or 
KCl administration can be considered. Chloride-rich solutions such as an amino 
acid solution for liver failure can also be used [16]. This solution can be useful espe-
cially in the setting of volume overload as the volume of the solution required to 
correct alkalemia is much less than the volume of normal saline. When the amount 
of drainage from the gastrointestinal tract is in such a way that the loss of HCl can-
not be controlled, H2 blockers and proton pump inhibitors are reported to be effec-
tive in decreasing the concentration of chloride [17].
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When the GFR decline is caused by prerenal AKI, chloride administration can 
enhance bicarbonate excretion via pendrin, leading to the correction of metabolic 
alkalosis. On the other hand, when the GFR decline leads to anuric AKI, metabolic 
alkalosis can be refractory and sometimes requires RRT; however, we should be 
cautious in using RRT as the dialysate contains a large amount alkali, which may 
aggravate metabolic alkalosis. In such cases, the use of hemofiltration instead of 
hemodialysis may be considered.

Metabolic alkalosis can be complicated in diseases with volume overload, such 
as heart failure and nephrotic syndrome. In these cases, the use of a high-dose loop 
diuretic can exacerbate metabolic alkalosis; thus, acetazolamide and spironolactone 
may be effective [18]. Caution is required with acetazolamide as it can worsen 
hypokalemia.

11.4  Hyperkalemia

11.4.1  Pathophysiology

Potassium excretion takes place mainly in the kidney, and patients with AKI are at 
a high risk of hyperkalemia.

The etiologies of hyperkalemia include an excess in potassium intake, potassium 
shifting from the intracellular to the extracellular space, and a decrease in renal 
potassium excretion. Of these, reduced renal excretion is the most frequent.

Antihypertensive drugs such as ACE inhibitors and angiotensin receptor block-
ers can cause hyperkalemia, especially when patients develop AKI. Rhabdomyolysis 
and tumor lysis syndrome can cause progressive hyperkalemia due to continuous 
cell destruction as well as AKI due to phosphate calcium deposition and urate crys-
tal deposition.

Metabolic acidosis, non-gap acidosis in particular, can cause hyperkalemia by 
shifting potassium from the intracellular to the extracellular space in exchange of 
protons.

11.4.2  Clinical Consequences

The signs and symptoms of hyperkalemia are non-specific. Hyperkalemia can cause 
an abnormality in neuromuscular conduction, leading to abnormal cardiac muscle 
conduction (arrhythmia). In profound hyperkalemia, skeletal muscle abnormalities, 
such as muscle weakness and paralysis, as well as smooth muscle abnormalities, 
such as ileus, can be identified.

Electrocardiogram (ECG) changes including the tenting of T waves, widening of 
the QRS complex, a loss of P waves (loss of sinus rhythm, leading to subsequent 
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junctional rhythm and bradycardia), and ventricular tachycardia and fibrillation can 
be detected in hyperkalemia. When identifying ECG changes, immediate and 
aggressive therapy is required to prevent a fatal outcome.

The relationship between serum potassium concentration and ECG manifesta-
tions is less precise. A patient whose serum potassium level was more than 9 mEq/L 
was reported to show no ECG abnormality. It is noteworthy that the absence of ECG 
changes cannot rule out potentially severe hyperkalemia [19].

11.4.3  Treatment

The presence of profound ECG changes such as bradycardia, widening of the QRS 
complex, ventricular tachycardia, and ventricular fibrillation indicates that emer-
gent treatment is required. To stabilize excitable membranes, cardiac tissues in par-
ticular, intravenous calcium is administered. For patients on digoxin, calcium should 
be administered as a slow drip so as to not cause digoxin intoxication. Its effect lasts 
only for 60 min; thus, if the ECG changes persist, repeat calcium administration 
should be considered. Following calcium therapy (or at the same time), a treatment 
of immediate effect, which shifts potassium into cells, to lower serum potassium 
concentration should be initiated. The intravenous administration of regular insulin 
with glucose effectively and rapidly lowers the serum potassium concentration. If 
patients are hyperglycemic, glucose administration is unnecessary and insulin alone 
should be administered. It lowers the serum potassium concentration by approxi-
mately 0.5–1.0 mEq/L. The effect of insulin lasts for approximately 6 h; therefore, 
during this period, treatment to remove potassium from the body should be initiated. 
However, if this strategy is not effective, continuous insulin and glucose administra-
tion should be considered. Further, if insulin is not effective, it may indicate that 
endogenous production of K is occurring, which may prompt us to search for a mas-
sive destruction of cells such as in case of intrabody bleeding or tumor lysis, rhab-
domyolysis, and massive necrosis of organs/tissues. Loop diuretics and/or isotonic 
saline are effective in increasing the excretion of potassium in urine. If the ECF 
volume is increased, the administration of isotonic saline should be avoided. In the 
setting of anuric AKI, loop diuretics might not increase urine output and turn out to 
be ineffective. It is worth noting that as the GFR declines, the diuretic effect of 
diuretics diminishes. To judge whether a loop diuretic is effective, ceiling doses of 
furosemide (100–200 mg) should be administered intravenously. Patients who fail 
to respond to a high dose of intravenous furosemide are regarded as refractory. In 
such cases, RRT should be considered.

The need for RRT is determined by two factors. One is the cause of AKI that 
results in hyperkalemia, and the other is the urine output. Prerenal AKI caused by 
volume depletion and postrenal AKI caused by urinary tract obstruction can be 
reversible once appropriate treatments are initiated, and as filtration improves and 
urine output increases, serum potassium concentration decreases in most cases. 
However, in case of anuric AKI or in case where potassium can be released from an 
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endogenous source (within cells), as in tumor lysis syndrome, rhabdomyolysis, and 
intra-abdominal bleeding, hyperkalemia can often be progressive and refractory 
with the treatments mentioned above, requiring RRT.  Intermittent hemodialysis 
(IHD) is effective in removing potassium from the body, but as 98% of the total 
potassium distributes in the intracellular space, potassium shifting from the intracel-
lular space to the extracellular space occurs, leading to rebound hyperkalemia after 
IHD. Thus, in the case of a progressive disease such as rhabdomyolysis and tumor 
lysis syndrome, continuous RRT (CRRT) after IHD should be considered. In addi-
tion, CRRT can be the first choice when patients are hemodynamically unstable.

The cation-exchanger resin sodium polystyrene is administered orally to increase 
gastrointestinal potassium excretion. Its onset of action is slow, approximately 
2–4 h, which limits its use during an emergency. However, a novel oral drug, sodium 
zirconium cyclosilicate (ZS-9), has been described to be efficient for the emergent 
treatment of severe hyperkalemia. There is an article reporting that in patients with 
a serum potassium concentration of more than 6.0 mEq/L, 10 g of ZS-9 decreases 
the serum potassium concentration by 0.4 mEq/L after 1 h and by 0.7 mEq/L after 
4 h, with 80% of the patients achieving a serum potassium concentration of under 
6.0 mEq/L [20].

11.5  Hypokalemia

11.5.1  Pathophysiology

In AKI patients, not only hyperkalemia but also hypokalemia can develop. 
Considering that a decline in renal function results in a decrease in potassium excre-
tion from urine, leading to hyperkalemia, hypokalemia with AKI should prompt us 
to determine the specific causes of AKI. These causes include the use of diuretics, 
hypertensive crisis, and drug toxicity that damages the renal tubules.

When the amount of urine increases after the use of chronic diuretics, release of 
urinary tract obstruction, or the recovery of acute tubular necrosis, potassium excre-
tion by urine increases, leading to hypokalemia. Drugs that induce AKI, such as 
aminoglycosides, cisplatin, and amphotericin B, all of which can cause tubule dam-
age, can result in hypokalemia [21–23]. When patients are on CRRT for several 
days, serum potassium concentration decreases to the level of that of dialysate, lead-
ing to hypokalemia [24]. Extrarenal potassium loss results from diarrhea, and hypo-
kalemia due to potassium shifting from the extracellular space to the intracellular 
space includes refeeding syndrome caused by insulin release and acute catechol-
amine release, as seen in acute myocardial infarction. It is worth noting that hypo-
magnesemia is one of the causes that stimulate renal potassium loss, thus leading to 
refractory hypokalemia. The above-mentioned causes of hypokalemia can often 
cause hypomagnesemia. Thus, serum magnesium level should be routinely checked 
whenever hypokalemia is present.
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11.5.2  Clinical Consequences

Clinical manifestations of hypokalemia include muscle weakness, frank paralysis, 
and rhabdomyolysis, and if it progresses, it can lead to respiratory failure due to 
weakness in the diaphragmatic muscle and to fatal arrhythmia.

Previously healthy patients can survive mild hypokalemia, but it is reported that 
patients with an ischemic heart disease are at a high risk of fatal arrhythmia [25].

Characteristic ECG changes in hypokalemia include the presence of prominent 
U waves, depression of ST segments, flattening of T waves, and prolongation of QT 
segments. When hypokalemia progresses, the paroxysmal ventricular complex and 
Torsades de pointes, which can be fatal, are seen; these are especially accompanied 
by hypomagnesemia. When patients are symptomatic or ECG changes are noticed, 
aggressive therapy is required to prevent a fatal outcome.

11.5.3  Treatment

Potassium can be supplemented by KCl, aspartate potassium, or gluconate potas-
sium. Among these types of potassium supplementation, KCl is the most useful in 
increasing the serum potassium concentration for two reasons [26]. One reason is 
that chloride does not cross the cell membrane easily, so by accompanying potas-
sium, it is more likely to stay within the extracellular space. Another is that meta-
bolic alkalosis, often complicated with hypokalemia, makes the hypokalemia 
refractory, and KCl is neutral; compared with serum (pH 7.4), it is rather acidic; 
thus, it can improve metabolic alkalosis.

When there are emergent signs and symptoms such as fatal arrhythmia and respi-
ratory failure or when patients cannot take KCl orally because of unconsciousness 
and ileus, intravenous KCl is given. Oral KCl is employed for mild-to-moderate 
hypokalemia, and its onset of action is 30 min, leading to a rapid increase in serum 
potassium concentration to avoid overcorrection of hypokalemia.

When hypokalemia is mild to moderate (3.0–3.5 mEq/L), 60–80 mEq of oral 
KCl is recommended to be administered daily, and when hypokalemia is severe 
(<3.0 mEq/L), 40 mEq of oral KCl is recommended to be administered every 3–4 h, 
three times a day. Intravenous KCl administration may injure veins; thus, when the 
concentration of KCl reaches above 40 mEq/L, administration should be performed 
via the central venous route. Faster rates may lead to cardiac dysrhythmia, and intra-
venous KCl should be administered at a rate of no more than 20 mEq/h. In the case 
of an emergency, intravenous KCl can be administered at a rate of 40–100 mEq/h 
via the central venous route, but it requires ECG monitoring to avoid overcorrection 
and dysrhythmia. Hypokalemic patients with AKI and with hypokalemia caused by 
potassium shifting from the extracellular space to the intracellular space are at a 
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high risk of overcorrection. Therefore, the dose of KCl administration should be 
reduced by 50%, or frequent monitoring of serum potassium concentration, such as 
every 2–4 h, should be considered [27].

11.6  Hypocalcemia

11.6.1  Pathophysiology

A similar abnormality in calcium and phosphorus metabolism in chronic kidney 
disease (CKD) patients is also seen in AKI patients. In other words, hypocalcemia, 
hyperphosphatemia, hyperparathyroidism, a decrease in the 1,25-vitamin D level, 
an increase in the fibroblast growth factor (FGF)-23 level, and decreased klotho 
expression in the kidney are noticed [28].

Hypocalcemia has been reported to be frequently complicated in AKI patients 
[29]. Multiple etiologies have been proposed to account for this finding. These 
include the decreased renal synthesis of 1,25-vitamin D, hyperphosphatemia, 
retention of phosphorus that sequesters calcium, skeletal resistance to parathyroid 
hormone (PTH), upregulation of the calcium-sensing receptor, and accumulation 
of intracellular calcium. In addition, hypomagnesemia is known to cause hypo-
calcemia due to decreased PTH secretion and increased PTH resistance [30, 31].

Two methods are available in routine clinical practice for the assessment of 
circulating calcium levels: total serum calcium and plasma ionized calcium (iCa). 
iCa is considered the gold standard assessment of physiologically relevant free 
calcium levels in circulation because total serum calcium measurements assess 
both biologically active (around 45%) and biologically inactive (around 55%) cal-
cium. The latter is bound to albumin and other organic and inorganic anions such 
as sulfate, phosphate, and citrate [32]. Clinicians tend to prefer total serum calcium 
levels because the measurement of iCa levels is more cumbersome: the samples 
must be drawn in a heparinized syringe, transported on ice, and processed immedi-
ately. The alternative index to assess iCa using total serum calcium levels is albu-
min-corrected calcium. Although a different formula for correction [total 
calcium + (4.0—albumin) × 0.8] is used in Europe and the United States, Payne’s 
formula is commonly used for its simplicity. Payne’s formula is shown as follows: 
total calcium + (4.0 − albumin).

Although there is a report assessing the association of serum total calcium and 
albumin-corrected calcium with mortality in patients undergoing maintenance dial-
ysis, there have been no reports comparing serum total calcium and albumin- 
corrected calcium among AKI patients [33]. However, both serum total calcium and 
albumin-corrected calcium cannot be an appropriate index to assess iCa in AKI 
patients because there are several factors that might change the total calcium besides 
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albumin, such as acid-base disorders, hyperphosphatemia, and citrate load due to 
massive transfusion and CRRT [34–36]. Hence, when assessing hypocalcemia, 
signs and symptoms of hypocalcemia are as important as total calcium and albumin- 
corrected calcium.

11.6.2  Clinical Consequences

Symptoms of hypocalcemia are primarily those of enhanced neuromuscular activa-
tion. Tetany, seizure, and Chvostek and Trousseau signs are seen. In AKI patients, 
hemodynamic instability and arrhythmia tend to be a problem. Hypocalcemia can 
lead to a decrease in systemic vascular resistance and cardiac contractility, causing 
hypotension. An ECG change noticed in hypocalcemia is the prolongation of the 
QT segments, and it can cause fatal arrhythmia such as Torsades de pointes. 
Hypocalcemia is an independent predictor of increased mortality in the 
ICU. However, hypocalcemia must be severe (iCa < 0.8 mmol/L). Few reports men-
tioned the relationships between hypocalcemia and mortality in AKI patients [37].

11.6.3  Treatment

Treatment varies depending on the degree of hypocalcemia. In life-threatening cir-
cumstances, such as seizures, tetany, hypotension, or cardiac arrhythmias, intrave-
nous calcium should be used. Magnesium deficits must first be corrected, as 
treatment with only calcium supplementation will be ineffective. In AKI patients, 
hyperphosphatemia is often complicated; thus, calcium administration might exac-
erbate the deposition of calcium phosphate in tissues, leading to worsening of 
AKI. In addition, calcium administration might cause hypocalcemia overcorrection, 
leading to hypercalcemia. Thus, during the supplementation of calcium, frequent 
calcium level monitoring should be performed.

11.7  Hypercalcemia

11.7.1  Pathophysiology

Hypercalcemia results in polyuria that leads to the depletion of ECF volume and 
decreased renal blood flow, leading to AKI. In addition, chronic hypercalcemia can 
cause nephrocalcinosis and/or urolithiasis, which is also a cause of AKI. The causes 
of hypercalcemia vary between inpatients and outpatients. In outpatients, hypercal-
cemia can be largely due to primary hyperparathyroidism and calcium or vitamin D 
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excess in patients with reduced kidney function (such as the elderly, those with 
existing CKD, or those using nonsteroidal anti-inflammatory drugs), known as cal-
cium-alkali syndrome. In calcium-alkali syndrome, metabolic alkalosis aggravates 
the already reduced kidney function. In comparison, in inpatients, hypercalcemia 
can be caused by malignancy producing a PTH-related protein, malignancy with 
osteolytic bone metastases, myeloma, and immobilization. In these settings, prere-
nal AKI, postrenal AKI, or drug-induced AKI is associated with the status of the 
patient and the therapy for underlying diseases.

11.7.2  Clinical Consequences

Mild hypercalcemia is often asymptomatic, but when it becomes severe, it is associ-
ated with prominent neurological and gastrointestinal manifestations. As mentioned 
above, severe hypercalcemia can cause AKI.  Central nervous system symptoms 
range from malaise and deterioration of cognitive function to confusion, coma, and 
seizures. Gastrointestinal manifestations are related to decreased gastrointestinal 
motility that results in the loss of appetite, nausea, vomiting, constipation, and 
ulcers. Hypercalcemia decreases the expression of aquaporin channels, resulting in 
polyuria and polydipsia.

11.7.3  Treatment

The treatment of hypercalcemia is directed at increasing renal excretion and 
blocking bone resorption. The former includes saline administration to increase 
the ECF volume and the subsequent use of loop diuretics. However, loop diuret-
ics can exacerbate volume depletion, and their effect is reported only in case 
reports. Thus, the routine use of loop diuretics cannot be recommended [38]. In 
case of volume overload or anuric AKI, hypercalcemia can be refractory; thus, 
hemodialysis may be indicated. To block bone resorption, calcitonin, bisphos-
phonate, and denosumab are used. Calcitonin acts within a few hours, and the 
serum calcium concentration is reduced by 1–2 mg/dL. However, its downside is 
the tachyphylaxis that develops with repeated use. Bisphosphonates have a long 
duration of action (weeks), but their advantage is that they have a slow onset of 
action (48–72  h). Denosumab is a novel agent registered for the treatment of 
osteoporosis and malignancy-induced hypercalcemia. It is a monoclonal anti-
body acting against the receptor activator of the nuclear factor-κ B ligand that 
inhibits osteoclast activity. The mechanism is unclear, but in patients with 
decreased GFR, denosumab is known to cause persistent and refractory hypocal-
cemia, so when denosumab is used, dose reduction and/or close monitoring of 
calcium level should be considered [39].
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11.8  Hyperphosphatemia

11.8.1  Pathophysiology

In AKI patients, hyperphosphatemia results from decreased renal phosphate excre-
tion. In addition, phosphorus can be released from an endogenous source (within 
cells), as in tumor lysis syndrome, hemolysis, or rhabdomyolysis. Although it is 
rare, in lactic acidosis and diabetic ketoacidosis, phosphorus shifts from the intra-
cellular space to the extracellular space, leading to hyperphosphatemia [40, 41]. 
Although hyperphosphatemia is a frequent complication of AKI, hypophosphate-
mia is extremely common in AKI patients who have undergone CRRT.

11.8.2  Clinical Consequences

Chronic hyperphosphatemia seen in CKD patients causes vascular calcification, and 
it is related to increased mortality [42]. However, symptoms of acute hyperphospha-
temia seen in AKI patients are related to hypocalcemia. When the calcium- 
phosphorus product concentration exceeds a certain limit, calcium starts to deposit 
in soft tissues and the concentration of serum calcium drops. Moreover, hyperphos-
phatemia in inpatients presents a risk of AKI, and hyperphosphatemia in AKI 
patients is related to short-term mortality [43, 44]. The mechanism of AKI caused 
by hyperphosphatemia is acute phosphate nephropathy. Calcium phosphate deposits 
within the tubules, inside tubule cells, and in the interstitium, leading to AKI. Thus 
far, acute phosphate nephropathy caused by tumor lysis syndrome and oral sodium 
phosphate bowel purgative has been reported [5, 45].

11.8.3  Treatment

In AKI patients requiring RRT, hyperphosphatemia is often normalized within several 
days [46]. For AKI patients who do not need RRT, treatment options for hyperphos-
phatemia are limited to phosphate binders and dietary phosphorus restriction. Mild 
asymptomatic hyperphosphatemia does not require prompt treatment in most cases.
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Chapter 12
Volume Overload and Pulmonary 
Complications

Masashi Tada, Hiroki Hayashi, Naotake Tsuboi, and Yukio Yuzawa

Abstract Acute kidney injury (AKI) has been shown to be associated with unfa-
vorable outcomes in patients with concurrent acute lung injury (ALI). ALI related 
to AKI was originally called “uremic lung,” and these conditions are currently also 
related to cardiac and noncardiac pulmonary edema. However, lung injuries, as well 
as mechanical ventilation used to treat respiratory failure, have been shown to 
induce AKI. Experimental evidences in animal models with AKI or ALI have dem-
onstrated the tight and bidirectional interactions between kidney and lung injury 
and shown many structural and functional similarities. To date, the molecular mech-
anisms of the kidney–lung interaction have been shown to involve a number of 
inflammatory mediators and receptors, channels/transporters for water or electro-
lytes, and leukocytes. Thus, kidney–lung crosstalk is commonly present in certain 
pathological states and is clinically recognized as a critical condition requiring 
intensive management. In this chapter, we discuss the pathogenic and mechanistic 
associations of AKI with lung injury.

Keywords Acute lung injury · Alveolar epithelial cell · Interleukin-6 · Mechanical 
ventilation · Pulmonary edema

12.1  Introduction

Many studies have evaluated kidney injury-related lung injury, also known as “ure-
mic lung,” since its discovery in the 1930s [1]. Until the 1950s, volume overload 
was thought to be the only cause of pulmonary edema associated with acute kidney 
injury (AKI) [2]; however, noncardiogenic pulmonary edema has recently been rec-
ognized as another clinical form of AKI-induced lung injury [3].
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In clinical practice, AKI, which is observed in 20% of hospitalized patients [4] 
and in 30–50% of patients in the intensive care unit (ICU) [5], is a critical medical 
condition associated with a high mortality rate. Therefore, nephrologists frequently 
receive consultations for patients with AKI from other clinical departments. The 
overall mortality rates for patients with severe AKI who require renal replacement 
therapy [6] and those who are admitted to the ICU [7, 8] have been shown to reach 
33% and more than 50%, respectively. Moreover, patients with AKI often have 
extended durations of hospitalization by twofold compared with that in patients 
without AKI [9, 10]. Multiple studies have shown that AKI is an independent risk 
factor determining patient mortality, even when the severity is mild [11–17]. Multi- 
organ failure, not uremia or volume overload, has been shown to be the major cause 
of AKI-related death; therefore, injuries in various remote organs, including the 
heart, lung, and brain, occurring with or after AKI are considered adverse prognos-
tic factors [18].

Inflammatory mediators derived from injured kidneys easily spread to remote 
organs. In particular, lungs, which contain abundant capillary blood vessels and 
are the location of most of systemic blood circulation, are highly susceptible to 
inflammatory mediators derived from extrapulmonary organs [19]. In addition, the 
tight interactions between the lungs and kidneys can be explained by structural 
and functional similarities as 1. apical and basolateral cell polarity, and distribu-
tions and types of channels/transporters for water or electrolytes between alveolar 
and tubular epithelial cells 2. lung/kidney crosstalk to maintain vascular tension, 
erythropoietin production, and balances in fluid, electrolytes, and acid–base under 
health conditions 3. organ reactivity for pathological stimuli under diseased condi-
tions, including activation of the renin-angiotensin-aldosterone system (RAAS), 
inappropriate secretion of antidiuretic hormone, multi-organ failure complicated 
with ischemic injury, pulmonary, and renal vasculitis involving activated immune 
cells [20–22].

12.2  Proposed Mechanism of Remote Organ Injury 
from Injured Kidneys

The mechanisms of AKI-related remote organ injury have been investigated in 
animal models of ischemia-reperfusion injury (IRI) and bilateral nephrectomy. 
In an IRI model, inflammatory mediators stimulated by renal injury are involved 
in local injury to the kidneys, and also induce systemic innate immunity, includ-
ing Toll-like receptors and the complement pathway, enhance production of 
oxygen radicals, promote organ-specific chemokine production, and activate 
neutrophils and macrophages. These inflammatory responses, together with the 
subsequent induction of acquired immunity involving T and B lymphocytes and 
cell apoptosis, finally cause physiological dysfunction in corresponding 
organs [23].
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12.3  Pathogenesis of AKI-Related Acute Lung Injury (ALI)

Mechanical ventilation is an independent predictor of patient prognosis and is 
required in patients with AKI twice as frequently as in patients without AKI [16, 
24]. Moreover, mechanical ventilation is more frequent in patients with AKI requir-
ing renal replacement therapy [16]. The mortality rate of patients with AKI under 
mechanical ventilation is significantly increased to 81% compared with that (29%) 
in patients with AKI who do not require mechanical ventilation [25].

AKI involves kidney tissue injury and subsequent renal dysfunction. Systemic 
accumulation of various excretions and metabolites via kidney dysfunction poten-
tially influences the entire organ system. Once kidney dysfunction occurs, several 
uremic toxins, which should have been eliminated from circulation, accumulate and 
directly injure the lungs [21, 23], subsequently resulting in enhancement of vascular 
permeability, inflammatory cell infiltration, and oxidative stress in the lungs [26]. 
The lungs are composed of abundant capillaries and are highly susceptible to chem-
ical and inflammatory mediators, which can induce pulmonary damage [19, 27]. 
During the development of major clinical conditions associated with AKI, including 
respiratory or cardiac dysfunction requiring the mechanical ventilation, sepsis, and 
immunodeficiency, the kidneys regulate inflammatory activity; in particular, the 
renal tubular epithelium plays important roles. Renal tubular epithelial cells are the 
main target cells injured in AKI and produce inflammatory mediators involved in 
both local and systemic inflammation [21]. In addition to renal cell-derived inflam-
matory mediators (e.g., cytokines and chemokines), renal cell damage-related fac-
tors, including cell debris, microstructures, DNA, RNA, and microRNA, systemically 
affect remote organs, such as the lungs.

Pulmonary edema, a major pulmonary manifestation related to AKI, can be cat-
egorized as cardiogenic or noncardiogenic according to its pathogenesis [23].

12.3.1  Cardiogenic Pulmonary Edema

Renal dysfunction induced by AKI increases capillary hydrostatic pressure second-
ary to excess fluid volume and results in pulmonary edema and subsequent respira-
tory failure [28]. In pediatric nephrology, pediatric patients with end-stage kidney 
disease (ESKD) under strict management of fluid volume by peritoneal dialysis 
exhibit 25% shorter mechanical ventilation periods after cardiac surgery compared 
with those in patients with volume overload [29]. Excess volume overload in 
patients with AKI is generally accepted as a major risk factor increasing mortality 
[30]. Indeed, in an observational study of sepsis patients in the ICU, higher mortal-
ity (odds ratio: 2.07) was found in patients with excess volume overload than in 
those without volume overload [31]. Notably, cardiogenic pulmonary edema can 
occur in patients with normal and deteriorated cardiac functions. Cardiogenic pul-
monary edema physiologically elevates jugular and central venous pressure, and 
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presents bilateral enhancement of pulmonary marking and congestion in X-ray 
images. Administration of diuretics in patients with residual renal function and 
extracorporeal ultrafiltration in those with ESKD are effective for alleviation of 
disease symptoms [23].

12.3.2  Noncardiogenic Pulmonary Edema

Noncardiogenic pulmonary edema is initiated by cell damage in the pulmonary cap-
illary endothelium. Inflammatory mediators promote the recruitment of leukocytes 
into pulmonary alveoli to initiate local inflammation, and pulmonary alveoli are 
then filled with flowing fluid directly from pulmonary capillaries to the interstitium. 
Protein-rich fluid is often observed as eosinophilic material on lung histology in 
cases of noncardiogenic pulmonary edema. In histological analysis, autopsied lung 
specimens with noncardiogenic pulmonary edema exhibit extravasation of inflam-
matory cells and hyaline membrane formation in the alveoli [23, 27]. In a prior 
study of 66 autopsy cases with uremic lung complicated with AKI, hyaline mem-
brane formation was observed in all cases without overload of systemic fluid vol-
ume [32]. Elevation of central venous pressure and pulmonary capillary wedge 
pressure was not evident by the assessment of cardiac function in noncardiogenic 
pulmonary edema [33]; however, bilateral enhancement of pulmonary marking and 
congestion were observed on chest X-ray images. Therefore, chest X-ray was not 
sufficient for discrimination of cardiogenic pulmonary edema from noncardiogenic 
pulmonary edema.

AKI has been shown to affect the pulmonary microenvironment by increasing 
inflammatory mediators and vascular hyperpermeability, enhancing leukocyte 
recruitment, and altering alveolar expression of sodium/water channels or transport-
ers, significantly affecting the onset of ALI [34]. In practice, patients with AKI often 
present with cardiogenic and noncardiogenic pulmonary edema, which both aggra-
vate respiratory function.

12.4  Experimental Evidence in Animal Models 
with Ischemic AKI and Bilateral Nephrectomy

Lung injury following AKI has been observed in animal models of both ischemic 
AKI and bilateral nephrectomy. Lung injury mediated by ischemic AKI results in 
neutrophil accumulation and upregulation of inflammatory proteins and genes. 
Pulmonary neutrophil accumulation is observable at 1–2 h [35], peaks at 4–8 h 
[35–37], and returns to baseline at 24–36  h following the onset of AKI [35]. 
Neutrophil migration occurs mainly in pulmonary alveoli, forming the center of 
inflammatory processes in AKI-mediated lung injury [38]. Upregulation of 
inflammatory mediators, including tumor necrosis factor (TNF)-α [36, 37], 
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interleukin (IL)-8 (known as macrophage inflammatory protein-2 in mice) [35, 39–
41], and TNF receptor 1 (TNFR1) [42], as well as activation of inflammation-related 
signaling pathways (e.g., nuclear factor-kappa B [NF-κB]) [36, 42] and enhanced 
expression of intercellular adhesion molecule-1 [34, 36, 37] support leukocyte 
recruitment to the pulmonary vascular endothelium and have been observed in ani-
mal models of lung injury following ischemic AKI. Anti-inflammatory compounds 
or antibodies targeting inflammatory signaling molecules, including p38 mitogen-
activated protein kinase (CNI-1493) [43], melanocyte-stimulating hormone (MSH) 
[36], IL-6 [35], IL-10 [39], IL-8 [41], dexmedetomidine [37], high mobility group 
protein B1 (HMGB1) [44], Toll-like receptor 4 (TLR4) [44], NF-κB [42], and TNFα 
(etanercept) [42], have been shown to ameliorate lung injury in animal models with 
ischemic AKI and bilateral nephrectomy.

Pulmonary edema is also experimentally observed in animal models with isch-
emic AKI and bilateral nephrectomy [36, 37, 45]. Among pulmonary molecules 
playing important roles in fluid clearance in the lungs, reductions in the alveolar 
sodium channel [46], pulmonary Na-K ATPase [46], and pulmonary aquaporin 1 
[45] and 5 [46] have been observed in AKI-related pulmonary edema, indicating the 
involvement of these targets in the pathogenesis of this disease.

Various inflammatory mediators and leukocytes, such as IL-6, IL-8, TNF, NF-κB, 
TNFR1, caspase-3, HMGB1, neutrophils and T lymphocytes, have been shown to 
be involved in AKI-related ALI in animal models and biological samples from 
patients (Table 12.1). Among these targets, IL-6, TNFR1, and caspase-3 have been 
extensively investigated in order to clarify their roles in the pathogenesis of ALI.

Table 12.1 Inflammatory mediators and leukocytes involved in AKI-related ALI (from [23])

Mediators Evidence Proposed mechanism

IL-6 Serum IL-6 levels are elevated within 2 h after AKI in 
mouse and human AKI [47]
Serum IL-6 elevation is involved in prolonged 
mechanical ventilation in AKI [47]
AKI increases the expressions of IL-6-related 
inflammatory signaling molecules in the lungs [36]
Mice treated with monoclonal anti-IL-6 antibodies and 
deficient in IL-6 show reduced inflammation and 
capillary vascular permeability in the lungs [35]
Intravenous administration of IL-6 into IL-6-deficient 
mice induces pulmonary inflammation [41]

Circulating IL-6 
promotes IL-8 
production from 
pulmonary vascular 
endothelial cells

IL-8 Serum IL-8 levels are elevated within 2 h after AKI in 
mouse and human AKI [47]
Elevated serum IL-8 is a prognostic factor for prolonged 
mechanical ventilation in AKI [47]
Pulmonary IL-8 is increased in AKI model mice [35, 44]
Mice treated with monoclonal anti-IL-8 antibodies and 
deficient in IL-8 receptor show mild pulmonary 
inflammation [41]

Elevated IL-8, a 
strong 
chemoattractant for 
neutrophils) in lungs 
following AKI, 
promotes pulmonary 
neutrophil 
accumulation to 
injure pulmonary 
tissues

(continued)
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Table 12.1 (continued)

Mediators Evidence Proposed mechanism

NF-κB The NF-κB pathway is activated in lungs with AKI [36, 
42]
Mice treated with α-MSH show reduced NF-κB 
activation and mild pulmonary inflammation in AKI [36]
Mice treated with an NF-κB inhibitor show amelioration 
of AKI-related pulmonary edema associated with 
reduced apoptosis [42]

NF-κB-mediated 
pulmonary 
inflammation and 
apoptosis of alveolar 
endothelial cells 
promote pulmonary 
tissue injury and 
induce noncardiac 
pulmonary edema

TNFR1- and 
caspase-3- 
related 
apoptosis

Serum TNFα is elevated within 2 h after the induction of 
ischemic AKI in mice [44]
Pulmonary TNFR1 is increased in mice with AKI [55]
Multiple genes of signaling molecules downstream from 
TNFR1 are expressed in murine lungs with AKI [55]
Increased pulmonary cell apoptosis after AKI [55]
Caspase-3 activation is increased in lungs with AKI, and 
caspase inhibition ameliorates pulmonary edema after 
AKI [55]
Inhibition of TNFα reduces pulmonary apoptosis and 
edema associated with impaired NF-κB activation [42]
Mice deficient in TNFR1 show caspase-3 activation and 
apoptosis in lungs with AKI [55]

Circulating TNFα 
binds TNFR1 on 
pulmonary vascular 
endothelial cells to 
promote noncardiac 
pulmonary edema 
through activation of 
the NF-κB/caspase-3 
pathway

TLR4 and 
HMGB1

Plasma HMGB1 is elevated within 6 h after AKI in mice 
[44]
Mice treated with anti-HMGB1 antibodies show reduced 
pulmonary edema associated with downregulation of 
TNFα, IL-8, and IL-1β and with increased neutrophil 
accumulation in the lungs after induction of AKI [44]
Mice with impaired TLR4 responses show amelioration 
of pulmonary edema; reduced TNFα, IL-8, and IL-1β 
expression, and increased neutrophil accumulation in the 
lungs in bilateral nephrectomy or bilateral ischemic AKI 
[44]

Circulating HMGB1 
partially activates 
TLR4 to induce 
pulmonary 
inflammation and 
neutrophil 
accumulation, 
resulting in 
noncardiac 
pulmonary edema

Neutrophils Pulmonary accumulation of esterase+ leukocytes in 
parallel with the elevation of pulmonary 
myeloperoxidase (MPO) activity started at 4 h after 
ischemic AKI [36]
Systemic administration of IL-10 before bilateral 
nephrectomy in mice ameliorates pulmonary neutrophil 
infiltration in accordance with reductions in pulmonary 
MPO activity and MIP-2 [39]
Uremic mice with AKI show significant protection from 
ALI in a murine two-hit model consisting of AKI and 
subsequent ALI initiated by intratracheal HCl 
instillation. Reconstitution experiments, in which uremic 
neutrophils were injected into ALI mice with neutrophil 
depletion, showed improved oxygenation in a murine 
HCl-induced ALI model. Attenuation of pulmonary 
recruitment of uremic neutrophils is associated with 
altered surface expression of L-selectin [57]

Neutrophils recruited 
to the lungs after 
AKI initiate ALI by 
secreting chemical 
mediators. Uremia in 
AKI attenuates 
neutrophil-dependent 
ALI and exerts 
anti-inflammatory 
effect by the 
reduction of 
pulmonary 
neutrophil 
recruitment
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Table 12.1 (continued)

Mediators Evidence Proposed mechanism

T lymphocytes T lymphocytes are recruited to the lungs within 24 h 
after AKI [58]
Mice lacking T lymphocytes exhibit mild pulmonary 
edema associated with reduced caspase-3 activation in 
lungs [58]
Reconstitution of T lymphocytes in mice deficient in T 
cells induces pulmonary edema associated with 
enhanced caspase-3 activation in the lungs [58]

Pulmonary T 
lymphocytes 
recruited within 24 h 
after AKI onset 
promote noncardiac 
pulmonary edema 
though caspase-3-
dependent alveolar 
endothelial cells

12.4.1  IL-6

Elevation of IL-6 in patient serum can predict AKI progression under various clini-
cal conditions, including after coronary artery bypass grafting (CABG) [47], sepsis 
[48], and ALI [49]. Increased serum IL-6 within 2 h after manifestation of postop-
erative AKI for CABG is prognostic factor for prolonged withdrawal of mechanical 
ventilation and correlates with mortality in patients complicated with AKI and ALI 
[23]. Amelioration of ALI by IL-6 inhibition has been observed in animal models of 
AKI. IL-6 deficiency or neutralization by monoclonal anti-IL-6 antibodies in mice 
impairs AKI-mediated pulmonary inflammation, exudative changes in pulmonary 
capillaries, and IL-6 concentrations in the serum and lungs. In contrast, intravenous 
administration of recombinant IL-6 successfully induces pulmonary inflammation 
in IL-6-deficient mice with AKI [41]; however, comparable treatment in to the 
mouse trachea does not result in pulmonary inflammation in wild-type or AKI 
model animals [50]. Moreover, high levels of IL-6 in circulation, but low levels of 
IL-6 in bronchoalveolar lavage fluid (BALF), in AKI mice are related to the patho-
genesis of AKI-related ALI owing to the dominant role of IL-6 in circulation rather 
than the lungs. The mechanism through which circulating IL-6 affects ALI is 
thought to involve the molecular complex of circulating IL-6 and its soluble recep-
tor associating with gp130 on capillary endothelial cells, resulting in activating sig-
nals, which then increase the local production of pulmonary IL-8 to promote 
neutrophil recruitment and finally initiate pulmonary inflammation (Fig. 12.1) [23, 
41]. In contrast to the positive effects of circulating IL-6 on lung tissue injury 
observed in IRI and bilateral nephrectomy in mice, ALI involves the anti-inflamma-
tory and protective roles of pulmonary IL-6, which is directly mediated by mechani-
cal ventilation or intratracheal administration of lipopolysaccharide [23].

AKI accelerates renal and extrarenal production of other cytokines with IL-6, 
and renal dysfunction further increases cytokine concentrations in circulation via 
impaired clearance. These two processes collectively increase circulating inflamma-
tory cytokines to exacerbate ALI by forming a vicious cycle [23]. Experimental 
findings have shown that cytokine mRNAs or proteins derived from kidneys with 
ischemic or toxic tissue injury can be observed in circulation, whereas circulating 
IL-6 is elevated in bilateral nephrectomized mice; these findings indicate that 
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Fig. 12.1 Pathological cascade from AKI to ALI (from [23])
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enhanced production in extrarenal organs or cells, including the spleen, liver, and 
macrophages, and impaired clearance in renal dysfunction are involved in cytokine 
upregulation in AKI [23]. Bilateral nephrectomized mice exhibit high concentrations 
of IL-6 after intravenous injection, highlighting the importance of clearance in the 
upregulation of inflammatory cytokines in AKI [51]. IL-6 is re-absorbed and metab-
olized in the proximal tubule following glomerular filtration in the kidneys. The con-
centration of exogenous IL-6 was increased in AKI model mice with ischemia- mediated 
tubular injury following intravenous administration, but was not increased in mice 
with pre-renal azotemia after furosemide administration (no tubular injury), indicat-
ing that proximal tubular injury in AKI affects serum IL-6 levels [52].

12.4.2  IL-8

IL-8, a chemokine secreted from neutrophils, has been intensively studied in patients 
and animal models with ALI, AKI, and AKI-related ALI. Clinical studies in patients 
with ALI have revealed that elevated IL-8 in circulation and BALF is a predictor of 
patient mortality [53]. Elevated IL-8  in circulation is also a predictor of patient 
mortality in AKI [54], and circulating IL-8 levels at 2 h after AKI onset are signifi-
cantly associated with prolongation of mechanical ventilation [47]. The involve-
ment of IL-8 in AKI-related ALI was further supported by experimental evidence 
demonstrating that mice with antibody-dependent neutralization of IL-8 and defi-
ciencies in the IL-8 receptor were resistant to AKI-related ALI [40].

12.4.2.1  TNFR1- and Caspase-3-Dependent Apoptosis

Programmed cell death (apoptosis) is known to have pathogenic roles in AKI- related 
ALI [23]. Pulmonary gene analysis after ALI has demonstrated that the expression 
levels of many genes related to apoptosis pathways are increased. Moreover, histo-
logical assessment of ALI lungs has revealed that pulmonary apoptosis occurs ini-
tially in capillary endothelial cells, not in alveolar epithelial cells, at 24 h after the 
onset of AKI [55]. Furthermore, animals with pharmaceutical inhibition of the total 
caspase pathway, TNF inhibition by etanercept, or TNFR1 downregulation exhibit 
significant reductions in pulmonary apoptosis and protein contents in the BALF [55, 
56]. Therefore, these findings collectively demonstrated that destruction of alveolar 
barrier function followed by TNFR1- and caspase-3-dependent apoptosis in capil-
lary endothelial cells initiate noncardiogenic pulmonary edema in AKI.

12.4.3  Neutrophils

Depletion of circulating neutrophils attenuates ALI induced by intratracheal expo-
sure to HCl, suggesting that neutrophils may have important roles in pulmonary 
injury in a murine ALI model [57]. Pulmonary accumulation of neutrophils after 
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ischemic AKI or bilateral nephrectomy has been demonstrated [36, 39]. 
Moreover, administration of the anti-inflammatory cytokine IL-10 before bilat-
eral nephrectomy ameliorates pulmonary neutrophil infiltration in accordance 
with reductions in pulmonary myeloperoxidase activity (a biochemical marker 
of neutrophils) and the chemokine macrophage inflammatory protein 2 (a neu-
trophil chemoattractant and functional homolog of human IL-8 in mice) [39]. In 
contrast, the presence of AKI prior to HCl exposure and reconstitution of bone 
marrow-derived neutrophils from bilateral nephrectomized mice into ALI mice 
with neutrophil depletion results in improved oxygenation in a murine HCl-
induced ALI model, suggesting that uremic neutrophils may be the primary 
mediators for attenuating ALI. Additionally, uremic conditions suppress pulmo-
nary recruitment of neutrophils by inducing alterations in the surface expression 
of L-selectin [57]. Therefore, the roles of neutrophils in AKI- mediated ALI are 
still controversial.

12.4.4  T Lymphocytes

T cells are involved in the pathogenesis of AKI-related ALI. T-cell-deficient mice, 
lacking pulmonary T-cell recruitment as normally observed at 24 h after AKI onset 
in wild-type animals, exhibit impaired pulmonary caspase-3 activity and ameliora-
tion of pulmonary edema, indicating that capillary endothelial cell apoptosis medi-
ated by T cells via a caspase-3-dependent mechanism leads to noncardiogenic 
pulmonary edema [58].

12.4.5  Sodium/Water Channels or Transporters

Type I alveolar epithelial cells expressing aquaporin 5 (AQP5) on the apical side 
and Na/K ATPase on the basal side and type I cells expressing epithelial sodium 
channels (ENaCs) on the apical side and Na/K ATPase on basal side are responsi-
ble for sodium and water transport from alveolar cavities to pulmonary capillaries 
[59]. Rats with bilateral nephrectomy or bilateral renal IRI show downregulation 
of ENaC, Na/K-ATPase, and AQP5 in alveolar epithelial cells at 48 h after AKI 
[46]. Because these features were not remarkable in unilateral renal IRI, elevated 
uremic toxin in renal dysfunction, rather than ischemia-related oxidative stress, 
has been proposed to cause alterations involving sodium/water channels. Thus, 
AKI, even at the initial phase, has been shown to exacerbate ALI by influencing 
the expression levels of sodium and water channels. Moreover, in clinical practice, 
Na/K-ATPase has emerged as an important therapeutic target for pulmonary 
edema in ALI [60].

M. Tada et al.



173

12.5  Pulmonary Complications with AKI Are Associated 
with Patient Mortality

The incidence of pulmonary complications requiring mechanical ventilation is 
increased by twofold in patients with AKI compared with that in patients without 
AKI [5]. In accordance with the high frequency of mechanical ventilation, the mor-
tality rate in patients with AKI is also increased to 80% among patients who require 
mechanical ventilation compared with 26% among those who do not require 
mechanical ventilation [18].

Previous studies focusing on the clinical mode leading to renal dysfunction have 
shown increased mortality in patients with AKI (61–63% compared with 36–46% in 
those with ESKD) [5, 18]. Moreover, increased mortality may result from the higher 
frequency of mechanical ventilation in patients with AKI because of the higher suscep-
tibility to noncardiac pulmonary edema caused by systemic inflammation and because 
cardiac pulmonary edema is a common comorbidity in patients with AKI [5, 18].

12.6  Pathogenesis of ALI-Mediated AKI

ALI caused directly by pneumonia and pulmonary hemorrhage or indirectly by nonin-
fectious inflammation [21] have been shown to induce AKI. Circulating inflammatory 
mediators produced in injured lungs [21, 22, 26] or pulmonary acidosis in ventilatory 
disturbance [27] influence renal insufficiency. Because of the large oxygen consump-
tion observed in Henle loops and proximal tubules, kidneys are highly susceptible to 
hypoxia [26]. Additionally, because of the ALI- mediated impairment of the renal auto-
regulatory system, which prevents the kidneys from experiencing ischemic conditions, 
hypoxia in ALI reduces renal blood flow, thereby leading to renal insufficiency. 
Additionally, CO2 accumulation in ALI decreases renal blood flow directly through 
renal vasoconstriction via activation of RAAS and indirectly through CO2-mediated 
systemic vasodilatation [21, 26, 27]. Impairment of glomerular filtration has been doc-
umented in cases with CO2 accumulation caused by sustained pulmonary insufficiency 
[21, 23].

12.7  Mechanical Ventilation in AKI-Related ALI

Contrary to the beneficial roles of mechanical ventilation in ALI, mechanical venti-
lation has harmful effects on the development of AKI [21]. In addition to dysregula-
tion of renal vascular tension by ALI-mediated inflammatory mediators from injured 
lungs, mechanical ventilation increases AKI risk and mortality in patients with ALI 
[27]. Modulation of systemic hemodynamics and central venous pressure by 
mechanical ventilation may deteriorate renal function [26]. Additionally, increased 
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afterload in the right side of heart induced by decreased cardiac output under 
mechanical ventilation results in reduced glomerular filtration, and inhibition of 
atrial natriuretic peptide production by the sympathetic nervous system following 
mechanical ventilation results in severe hypoxia and accelerates RAAS [20–22, 26]. 
Angiotensin II-induced RAAS activation in response to hypoxia and noradrenaline 
induced by CO2 accumulation play important roles as vasoconstrictors to increase 
renal vascular resistance [20, 26].

12.7.1  Involvement of Positive Pressure Ventilation 
in Renal Hemodynamics

An ARDS network study comparing respiratory care following positive pressure 
ventilation with conventional (12 mL/kg) and low tidal volume (6 mL/kg) showed 
that the latter significantly reduces renal dysfunction and improves mortality caused 
by ARDS [61]. This suggests that ventilation using high positive endoexpiratory 
pressure followed by increased intrathoracic pressure results in decreased cardiac 
output owing to reduced cardiac venous return impairs renal blood flow and glo-
merular filtration rate (GFR).

12.7.2  Involvement of Positive Pressure Ventilation 
in the Neuroendocrine System

Positive pressure ventilation induces neuroendocrine dysregulation, including 
hyperactivity of the sympathetic nervous system, activation of the RAAS, hyperse-
cretion of vasopressin, and reduced production of atrial natriuretic peptide. These 
changes promote the shift of intrarenal blood flow from the cortex to the medulla, 
resulting in decreased renal blood flow and GFR [62]. In addition, ALI-mediated 
severe hypoxia and hypercapnia also decrease renal blood flow through the eleva-
tion of angiotensin II, endothelin, and norepinephrine in circulation.

12.7.3  Involvement of Lung-Derived Inflammatory 
Mediators in AKI

ALI is a type of acute inflammation-related injury mediated by various cytokines/
chemokines in pulmonary alveoli and capillaries. In particular, pulmonary overdis-
tension, repetitive alveolar collapse (atelectrauma), and biotrauma by respiratory 
care with a high ventilation volume promote the productions of various chemokines, 
including IL-6, IL-8, TNFα, monocyte chemoattractant protein-1, and nitric oxide 
synthase [63, 64].

M. Tada et al.



175

12.8  Association of Other Pulmonary Disorders 
with Kidney Injury

12.8.1  Chronic Obstructive Pulmonary Disease (COPD)

Patients with COPD with low levels of uremic nitrogen exhibit favorable mainte-
nance of serum pH and rapid improvement of the acid–base imbalance in response 
to initiation of noninvasive mechanical ventilation. In contrast, patients with COPD 
plus ESKD, whose renal adaptive abilities against CO2 accumulation are highly 
impaired, easily progress to acidosis [21]. Because of the impairment of sodium 
excretion function by chronic reduction of renal blood flow, patients with COPD are 
predisposed to systemic fluid retention and subsequent pulmonary congestion to 
induce pulmonary hypertension and right-side cardiac insufficiency [21, 22]. During 
acute exacerbation of COPD, enhanced noradrenaline production via activation of 
the sympathetic nervous system following additional CO2 accumulation results in 
further renal vasocontraction and reduced renal blood flow. Moreover, elevation of 
intra-abdominal pressure in COPD blocks venous blood flow, resulting in renal con-
gestion and promoting a vicious cycle to further elevate intra-abdominal pressure.

12.8.2  Obstructive Sleep Apnea

Nocturnal hypoxia reduces glomerular filtration and increases the risk of atheroscle-
rosis, hypertension, and cardiovascular diseases [65]. Renal hypoxia, increased 
inflammatory mediators, and sympathetic nervous system activation mediate sleep 
apnea and synergistically deteriorate renal function. Moreover, elevate blood pres-
sure following the activation of the sympathetic nervous system and RAAS, induc-
tion of systemic inflammation and oxidative stress, and dysfunction of the vascular 
endothelium in sleep apnea promote chronic kidney diseases [20, 22, 65, 66]. Sleep 
apnea, which occurs in approximately 50% of patients with chronic kidney disease 
and ESKD, is currently recognized as a risk factor for the further deterioration of 
renal function and for cardiovascular diseases [65].

12.9  Conclusion

In addition to the conventional paradigm of AKI-related “cardiogenic” pulmonary 
edema, the concept of “noncardiogenic” pulmonary edema has emerged as an 
alternative mechanism involved in AKI-related ALI.  Increased levels of cyto-
kines, chemokines, and uremic toxins cause apoptosis in the pulmonary capillary 
endothelium, further promoting chemokine production, hypervascular permeabil-
ity, pulmonary leukocyte accumulation, and noncardiogenic edema. During or 
after these processes, reduction of sodium/water channels, including ENaCs, 
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Na/K-ATPase, and AQP5, further accelerates noncardiogenic pulmonary edema. 
Moreover, both ALI- mediated hypoxia/hypercapnia and conventional positive 
pressure ventilation disrupt renal blood flow and promote renal ischemia or induce 
renal inflammation. These pathogenic factors in lungs and kidneys alternately 
interact and form the vicious cycle of AKI-related ALI (Fig. 12.2).
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Chapter 13
Prophylaxis and Management of Acute 
Kidney Injury

Yasuhiro Komatsu

Abstract AKI is associated with increase of morbidity and mortality. Whenever 
AKI is suspected, diagnostic approach and management to preserve or recover kid-
ney function should be employed. No specific treatment for AKI is established 
except for certain glomerular or vascular diseases. Thus, general principles of treat-
ment of AKI are, firstly, treatment for underlying disease, secondly, maintenance of 
renal blood flow and perfusion to preserve kidney function and recovery, third, sup-
portive treatment for electrolyte disorders and uremic syndrome, fourth, renal 
replacement therapy when needed. Optimization of volume status by fluid therapy 
using crystalloids is the first step to maintain renal perfusion, while volume over-
load should be avoided by meticulous monitoring of volume status. Prevention and 
treatment for specific conditions are also described.

Keywords Acute kidney injury · Fluid therapy · Volume overload · Renal 
replacement therapy · Hepatorenal syndrome · Cardiorenal syndrome

13.1  Introduction

AKI is a syndrome which presents an abrupt decrease in kidney function due to 
heterogenous disorders. Prompt treatment results in recovery in majority of cases; 
however, delay in diagnosis and management can lead to prolonged decrease of 
kidney function requiring renal replacement therapy or progress to chronic kidney 
disease. AKI is associated with increase of morbidity and mortality. Whenever see-
ing patients with decrease of urine output or increase of serum creatinine, a diagno-
sis of AKI should be suspected, and diagnostic approach and management to 
preserve or recover kidney function should be employed.
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AKI is classified into prerenal, renal, and postrenal AKI [1–4]. Prerenal AKI is 
defined as hemodynamically mediated kidney dysfunction that is rapidly reversible 
after normalization of renal perfusion [4]. Renal hypoperfusion can occur either due 
to a generalized decrease in tissue perfusion or selective renal ischemia. Kidney 
structure in prerenal AKI is preserved, but if left untreated, it can progress to renal 
AKI. Renal AKI is a state where GFR is reduced due to structural abnormalities of 
kidney, and includes vascular, glomerular, and tubule-interstitial diseases. Postrenal 
AKI or obstructive nephropathy occurs when obstruction occurs in the urinary tract. 
Once urinary obstruction is removed, recovery and post-obstruction diuresis are 
observed. If untreated, obstructive nephropathy leads to irreversible tubulointersti-
tial fibrosis. In this section, prevention and management of prerenal and renal AKI 
will be discussed.

After AKI is established, specific treatment is limited and recovery takes time, 
prevention is important. First, assess the risk of AKI, and monitor serum creatinine 
and urine volume for high-risk patients. Risk factors for AKI is shown in Table 13.1 
[1]. For high-risk patients, monitor the volume status, avoid the use of nephrotoxic 
drugs, and adjust the dosage as needed. For patients identified as high risk, detailed 
information and meticulous monitoring during peri-operation period are required. 
Prevention and management for specific conditions are described in the following 
section.

13.2  Prevention and Treatment: General Principle

No specific treatment for AKI is available except for certain rapidly progressive 
glomerulonephritis or thrombotic microangiopathy. Thus, general principles of 
treatment of AKI are, firstly, treatment for underlying disease, secondly, mainte-
nance of renal blood flow and perfusion to preserve kidney function and recovery, 
third, supportive treatment for electrolyte disorders and uremic syndrome, fourth, 
renal replacement therapy when needed.

Fluid therapy is main strategy for restoration and maintenance of renal perfusion 
and recovery of kidney function. Various studies have been conducted concerning 
when, which, and how much fluid to be administered [5–9]. Conversely, studies 
have also found that excessive fluid administration exacerbates kidney injury 

Table 13.1 Risk factors and predicting score [1]

Risk factors

Cardiac surgery Age, preoperative renal dysfunction, duration of cardiopulmonary bypass
Liver 
transplantation

MELD score (perioperative model for end-stage liver disease), intraoperative 
blood transfusion volume, intraoperative hypotension, the use of vasopressors

Heart failure Aging, renal impairment, cardiac dysfunction
Sepsis Pre-existing renal dysfunction, aging, use of renin–angiotensin–aldosterone 

system inhibitors
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through renal and organ congestion, and is associated with poor outcome [10–14]. 
Diuretic use may worsen kidney injury and needs to be used with caution.

Pharmacological treatment to prevent and recover AKI includes low dose dopa-
mine, hANP, endothelin inhibitors, loop diuretics, prostaglandin analogues, anti- 
oxidants, and IGF1 [1–3]. Animal studies and some case studies have shown their 
effectiveness, although no standard pharmacological treatment has been estab-
lished yet.

13.3  Treatment for Prerenal AKI

Prerenal AKI is defined as hemodynamically mediated kidney dysfunction that is 
rapidly reversible following normalization of renal perfusion. Besides simple hypo-
volemia where extracellular volume is depleted, prerenal AKI can occur among 
patients without hypovolemia or with extracellular volume overload, such as sepsis, 
post-surgery, heart failure, or liver cirrhosis. In the early phase of AKI, treatment 
and recovery of underlying disease often leads to recovery from AKI.  In cases 
where treatment for underlying disease is difficult, delay for treatment may lead to 
acute tubular necrosis. In this section, general management for prerenal AKI is 
described, followed by description for special conditions.

13.3.1  Fluid Therapy: Maintenance of Effective Arterial Blood 
Volume to Preserve Renal Perfusion

Restoration of EABV to increase cardiac output and maintain renal perfusion is 
important for prevention and treatment for AKI. On the contrary, excessive fluid 
administration deteriorates kidney injury and outcome.

For patients without obvious fluid overload, or when prerenal AKI cannot be 
excluded, volume challenge of 300–500 mL of fluid administered in 30–60 min, 
while monitoring urine volume is often used. In oliguric AKI, initial target will be 
0.5 mL/kg/h, which is diagnostic criteria for AKI stage 1 in KDIGO criteria. Note 
that urine volume is a marker of hemodynamics, and achieving optimal urine vol-
ume per se is not the goal of treatment. Diuretics should not be used before assess-
ment of volume status. Aim of diuretics is to excrete excessive sodium and water, 
and not to achieve hourly urine volume. Diuretic use for prerenal AKI with true 
volume depletion causes further decrease of renal perfusion and exacerbates kidney 
injury. Once fluid therapy restores effective arterial blood volume, withhold further 
fluid administration or avoid diuretic use even when target urine volume is not 
achieved.

The optimal composition of fluids for hypovolemic prerenal AKI is controversial 
and depends on the source of fluid loss and associated electrolyte disturbance. 
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Colloids, such as albumin, hydroxyethyl starches (HESs), and gelatins, contain 
oncotic macromolecules that largely remain in the intravascular space and are 
expected to have more effective in expanding intravascular volume; however, recent 
data shows that their volume expanding effect compared to crystalloids is modest, 
with colloid-to-crystalloid ratio in the range of 1:11–1:1.4 [5, 6].

Colloids Versus Crystalloids for the Resuscitation of the Critically ill (CRISTAL) 
examined the effect of colloids and crystalloids on 2800 ICU patients with hypovo-
lemic shock. There was no difference in RRT requirement or mortality at 28 days 
[15]. Among colloid solutions, HES is reported to have increased risk of developing 
AKI requiring RRT.  Gelatin-based colloid induces osmotic nephrosis-induced 
AKI. Survival rate and risk of RRT do not differ between those who received albu-
min and crystalloid. Following these findings, current guidelines do not support the 
routine use of colloids in volume resuscitation in hypovolemia and sepsis [1, 2].

Crystalloids can be divided to normal saline (0.9% sodium chloride) and buff-
ered solution. 0.9% sodium chloride is “normal” regarding to its sodium concentra-
tion of 154 mEq/L. “Plasma water” sodium concentration is around 152 mEq/L, 
whereas “plasma” sodium concentration is 140 mEq/L. Sodium concentration of 
most buffer solution is 130–140 mEq/L, which is lower than “plasma water” sodium 
concentration. However, 0.9% sodium chloride is not “normal” in that its higher 
chloride concentration and its pH of below 6.0. Administration of normal saline 
does not affect plasma concentration of either chloride or bicarbonate as long as the 
administered volume is less than 1 L, while it can cause hyperchloremia or meta-
bolic acidosis if massive amount is administered [16]. Hyperchloremia can induce 
renal vasoconstriction, reduction in renal cortical tissue perfusion and glomerular 
filtration, and longer period of fluid retention [17–19].

Various clinical trials were conducted to compare the effectiveness of normal 
saline and buffered solution among critical care patients. SPLIT (Saline versus 
Plasma-Lyte 148 for ICU Fluid Therapy) randomized 2278 ICU patients to either 
Plasma-Lyte 148 or 0.9% saline. There was no significant difference in the propor-
tion of patients with moderate to severe AKI [20]. SMART investigators conducted 
cluster-randomized study including five ICU and 15,802 patients to determine a 
major adverse kidney event within 30 days, between those who received normal 
saline or balanced crystalloids. They found a significant reduction in the risk of 
major adverse kidney event (MAKE) within 30 days in the group of patients treated 
with buffered solution [21]. In SALT-ED trial, which included 13,347 non- critically- 
ill patients admitted to the hospital from the emergency department, initial fluid 
resuscitation with balanced crystalloids does not reduce duration of hospitalization 
when compared to the isotonic crystalloid, normal saline. However, balanced crys-
talloid use is associated with a reduction in major kidney-related events [22].

Studies to date indicate that crystalloids are the solution of choice for intravascu-
lar fluid resuscitation of hypovolemic patients; the evidence against isotonic saline 
over balanced solution is not robust, but it may be prudent to use buffered solutions 
for patients at risk of AKI who do not have hypochloremia [9, 23]. For patients with 
hypovolemia and hypochloremia, normal saline would be preferred.
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In prerenal AKI, renal function recovers shortly after the return of renal blood 
flow and renal perfusion; however, delay in renal perfusion recovery leads to renal 
AKI, and renal recovery takes several days to weeks even after renal blood flow and 
perfusion return. After the initial fluid resuscitation, fluid therapy needs to be 
adjusted to avoid volume overload.

Observational studies showed that positive fluid balance is associated with 
increased morality in AKI and those receiving renal replacement therapy [10, 11]. 
Fluid overload is associated with an increased risk for 90-day mortality in critically 
ill patients with renal replacement therapy [11]. Excessive fluid administration is 
associated with development of AKI. The plausible mechanism includes the intra- 
renal compartment syndrome, venous congestion, or increased renal oxygen demand 
for sodium reabsorption [9, 24, 25]. Fluids should be administered until intravascu-
lar hypovolemia has been corrected, and the minimum amount of intravenous fluid 
required to maintain perfusion and systemic oxygen delivery should be adminis-
tered [9]. For patients who have fluid overload due to the fluid therapy, discontinue 
fluid therapy and fluid removal by diuretic therapy or renal replacement therapy 
needs to be conducted [25]. Decreasing the dose or discontinue the use of medica-
tion which decreases renal blood flow, such as ACE inhibitors or NSAIDs, are also 
important.

Determining how much volume to administer and how to assess the volume sta-
tus is challenging. Various invasive and non-invasive techniques, such as passive leg 
raise (PLR) test, ultrasonography, and echocardiography, can assess volume status 
based on the response to the fluid challenge. For patients who are not on ventilators 
and blood pressure monitoring is available via arterial line, PLR test is simple and 
reliable [26, 27].

No criteria to discontinue aggressive fluid therapy is established; monitor the 
sign of any fluid overload. Increase of CVP after fluid challenge can be a marker of 
discontinuation of fluid therapy.

Blood pressure is essential for organ perfusion, and maintaining the optimal 
blood pressure is important for prevention and management of AKI.

13.3.2  Vasopressors

Maintaining optimal blood pressure is critical for prevention and management of 
AKI, although “optimal” blood pressure target varies. “Normotensive ischemic 
AKI” signifies the condition where AKI develops without an overt severe hypoten-
sive episode, mainly due to renal susceptibility to the lower blood pressure [28]. 
Factors increasing susceptibility to renal hypoperfusion include failure to decrease 
arteriolar resistance, failures to increase efferent arteriolar resistance or renal-artery 
stenosis, as is often seen among elderly patients with hypertension or chronic kid-
ney disease. Clinicians need to assess whether AKI patients are in low-perfusion 
state or with any susceptibility factors. When assessing blood pressure, patients’ 
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current and usual blood pressure need to be taken into account. For these patients, 
blood pressure that is on the lower end of the normal range should be increased by 
correction of any hypovolemia, by dose reduction or discontinuation of antihyper-
tensive medication.

Optimal target of blood pressure management differs in certain situations such as 
intracranial hemorrhage patients and dissecting aneurism patients who require strict 
blood pressure management. For those patients, discussion between surgeons and 
nephrologist is needed.

Once circulating blood volume is restored, vasoactive medication can correct 
hemodynamic instability. KDIGO guideline recommends the use of vasopressors in 
conjunction with fluids in patients with vasomotor shock with, or at risk for, 
AKI.  Generally, noradrenalin is the selection of choice as vasopressors for AKI 
patients with shock. Low dose dopamine had once been expected to increase renal 
perfusion and diuresis, but studies did not show superiority over noradrenalin as for 
mortality or risk of AKI, and use of dopamine was associated with a greater number 
of adverse events [29–31].

13.4  Prevention and Treatment for Specific Conditions

13.4.1  Sepsis

For septic AKI, restoration of tissue perfusion and optimization of hemodynamic 
status are key management strategy; however, the pathogenesis of septic AKI is 
complex, and includes macro and micro-circulatory alteration and dysregulated 
inflammatory response [32]. In sepsis, body fluid distribution and hemodynamics 
change dynamically during treatment, and can be divided into our phases, namely, 
rescue (or salvage), optimization, stabilization, and de-escalation [33, 34]. The fluid 
management strategy needs to be tailored depending on patients’ condition and 
duration of phases.

In 2001, EGDT (early goal-directed therapy) is proposed as therapeutic strategy 
in the early stage of AKI [35], which is comprised of early identification of high- 
risk patients, appropriate cultures, source control, and administration of appropriate 
antibiotics. Achieving a MAP of 65 mmHg, central venous pressure of 8–12 mmHg, 
aiming for urine output of at least 0.5 mL/kg/h and a Scvo2 of 70% or higher were 
recommended. Three randomized control trials which examined the effectiveness of 
EGDT, ProCESS (Protocol-Based Care for Early Septic Shock), ARISE 
(Australasian Resuscitation in Sepsis Evaluation), and ProMISe (Protocolized 
Management in Sepsis), reported that patients randomized to receive EGDT com-
pared to usual care or to less invasive alternative hemodynamic resuscitation proto-
cols did not show the improvement of survival, and need for RRT is greater among 
those who received larger amount of fluid [36–38]. These studies do not deny the 
need for fluid resuscitation in the early phase of sepsis, but alert the harm of 
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excessive fluid therapy. Kidney is encapsulated by renal capsule, and excessive fluid 
administration or increased central venous pressure is associated with worse patient 
outcome including exacerbation of kidney injury [12, 13].

Fluid therapy administered within 6 h of presentation covers the rescue and opti-
mization phases. Sufficient fluid should be administered to stabilize sepsis-induced 
tissue hypoperfusion for lifesaving and organ rescue purposes. To avoid excessive 
fluid, boluses should be administered at patient presentation and then fluid respon-
siveness should be evaluated within a few hours [39]. Once effective arterial blood 
volume is achieved, or if fluid therapy for certain duration is not effective for blood 
pressure management, avoid further fluid administration and use vasopressors to 
achieve adequate blood pressure. In stabilization phase, fluid administration aims to 
supplement ongoing physiological fluid loss, and adjust even or negative balance. In 
de-escalation phase, aim of treatment is to normalize the fluid status.

13.4.2  Heart Failure

Cardiac and kidney function are often interdependent, and worsening of cardiac 
function deteriorates kidney function and vice versa. The coexistence of renal and 
cardiac disease is defined as cardiorenal syndrome (CRS) [40, 41]. CRS is classified 
into five subtypes, and CRS type 1 denotes acute heart failure leading to AKI. Acute 
worsening of heart function leading to acute kidney injury (AKI) is currently defined 
as CRS type 1. In cardiology literature, “worsening of renal function” instead of 
AKI is often used, although no established definition of WRF exists.

Pathophysiology of AKI during AHF includes hemodynamic and neurohormonal 
activation, venous congestion, and nephrotoxic medications. Renin–angiotensin–
aldosterone system, sympathetic nervous system, and non-osmotic arginine vaso-
pressin release are stimulated, which are the neurohormonal adaptive mechanisms 
to conserve salt-water retention, but also lead to worsening of heart failure. Venous 
congestion is the most important hemodynamic factor driving WRF in decompen-
sated patients with advanced heart failure. The mechanism of impairment of kidney 
function is the increased pressure in renal veins which is back transmitted by the 
increased CVP. RBF is determined by the abdominal perfusion pressure which is 
inversely related to intra-abdominal pressure (IAP). The normal IAP is <5–7 mmHg, 
but venous congestion or massive ascites increases IAP [42].

Management of AKI among patients with heart failure is complex; cessation of 
ACE inhibitors or ARB may decrease serum creatinine while it exacerbates renal 
function and patient outcome in the long run. High dose diuretic use is associated 
with poor outcome among AKI patients, while diuretics remain the cornerstone of 
therapy among patients with congestion, and can improve GFR by reducing renal 
venous pressure [43, 44]. The Renal Association and British Society for Heart 
Failure published national guidance on the use of RAAS inhibitors in patients with 
heart failure. Key management principle for patients with heart failure is to compare 
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renal function with baseline renal function, assess fluid status, interpret blood pres-
sure in the context of usual values, reduce or withdraw RAASI if symptomatic 
hypotension or severe hyperkalemia develops [45]. Among hospitalized AKI 
patients, treatment with ACEI or ARB is associated with a lower risk of death [46]. 
During initiation and titration of RAAS inhibitors, increase in serum creatine by 
less than 30% is acceptable. Judgement to stop RAAS inhibitors can be acceptable 
if serum creatinine increase more than 30% in patients with chronic heart failure 
due to preserved left ventricular ejection fraction (HFpEF), and over 50% among 
those with chronic heart failure due to reduced left ventricular ejection fraction 
(HFrEF) [47].

13.4.3  Cardiac Surgery

Acute kidney injury is the major complication of cardiac surgery with incidence of 
5–42% [48]. Cardiac surgery has the unique characteristics in which use of cardio-
pulmonary bypass, aorta cross-clamping, high volume of blood products, and high 
doses of exogenous vasopressors are common. Multiple factors contribute to the 
development of AKI, including renal hypoperfusion, ischemia-reperfusion injury, 
neurohormonal activation, inflammation, oxidative stress, nephrotoxins, and 
mechanical factors [49].

The management of cardiac surgery-associated AKI includes identification of 
high-risk patients, early diagnosis, monitoring of renal function and volume status, 
and preventive and therapeutic interventions. Preventive strategies include discon-
tinuation of nephrotoxic agents, optimization of blood glycemic control, close mon-
itoring of serum creatinine level and urine output, and maintenance of hemodynamic 
stability. Nephrotoxic agents such as non-steroidal anti-inflammatory agents, ami-
noglycoside antibiotics, or radiocontrast agents should be avoided in perioperative 
period. Many patients are on ACE inhibitors or ARBs treatment, and controversy 
exists whether to continue or discontinue its use. General consensus is to discon-
tinue their use in perioperative period, but after perioperative period and patients 
become stable, we should consider restarting ACE inhibitors or ARBs for long-term 
benefit.

Several pharmaceutical preventive strategies have been studied including statins, 
fenoldopam, nesiritide (beta-type natriuretic peptides), and intravenous bicarbon-
ate. Statins have anti-oxidative and anti-inflammatory effect, which favors prophy-
lactic effect of AKI. Intravenous bicarbonate induces urinary alkalinization which 
has anti-oxidative and anti-inflammatory effect, reducing complement activation 
and preventing hemoglobin-induced pigment nephropathy. Fenoldopam, a selective 
dopamine D1 receptor agonist, has vasodilatation and inhibition of renal tubular 
sodium reabsorption. Efficacy of these interventions on the prevention and improve-
ment of patient outcome remains to be studied.
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Remote ischemic preconditioning (RIPC) therapy is another strategy to prevent 
renal damage by ischemia. RIPC induces brief transient episodes of ischemia at a 
site remote from vital organs before vital organs are exposed to prolonged periods 
of ischemia and reperfusion. Effects of RIPC on cardiac surgery-associated AKI is 
variable, and the 2017 Cochrane review concluded that RIPCS led to little or no 
difference in serum creatinine levels, the incidence of adverse effects, probability of 
death, and the incidence of AKI [50].

13.4.4  Hepatorenal Syndrome

AKI is a frequent complication among patients with advanced hepatic cirrhosis. All 
types of AKI can occur in patients with cirrhosis including (1) prerenal AKI, (2) the 
hepatorenal syndrome-type AKI (HRS-AKI), (3) intrinsic causes such as acute 
tubular necrosis, and (4) postrenal causes [51]. Hepatorenal syndrome (HRS) is a 
unique form of AKI developing in patients with end-stage liver disease, which is 
defined as a potentially reversible deterioration of renal function unresponsive to 
volume resuscitation, caused by renal vasoconstriction in the absence of alternative 
identifiable causes. Recently, the ICA proposed a new definition and diagnostic 
criteria for HRS-AKI, and the diagnosis of HRS-AKI should be based on revised 
ICA criteria.

The cause of AKI should be investigated as soon as possible, to prevent AKI 
progression. Diuretics and/or beta-blockers as well as other drugs that could be 
associated with the occurrence of AKI such as vasodilators, NSAIDs, and nephro-
toxic drugs should be immediately stopped. Volume replacement should be used in 
accordance with the cause and severity of fluid losses. EASL Clinical Practice 
Guidelines recommend to use 20% albumin solution at the dose of 1 g of albumin/
kg of body weight (with a maximum of 100 g of albumin) for two consecutive days 
in case of no obvious cause of AKI, AKI stage >1A, or infection-induced AKI. In 
patients with AKI and tense ascites, therapeutic paracentesis should be associated 
with albumin infusion even when a low volume of ascetic fluid is removed.

EASL clinical practice guidelines recommend the use of vasoconstrictors and 
albumin in all patients meeting the current definition of AKI-HRS stage 
>1A. Terlipressin, vasopressin analogue, is the first-line pharmacologic option for 
the treatment of HRS-AKI; however, noradrenalin can be used in countries where 
terlipressin is not available. The limitation of noradrenalin is that it requires a cen-
tral venous line. Albumin solution (20%) should be used at the dose 20–40 g/day. 
Adverse events related to terlipressin or noradrenaline include ischemic and cardio-
vascular events, and a careful clinical screening including electrocardiogram is rec-
ommended before starting the treatment. In cases of recurrence of HRS-AKI upon 
treatment cessation, a repeat course of therapy should be given [51].
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13.4.5  Treatment for Renal AKI

Specific therapy for renal AKI due to acute vasculitis and acute glomerular disease 
is available and should be tailored based on clinical presentation and biopsy find-
ings. Therapeutic strategies include corticosteroids, alkylating agents, rituximab, 
and plasmapheresis depending on the primary cause of the disease. Plasma exchange 
is effective in the treatment of sporadic TTP and possibly sporadic HUS in adults, 
whereas postdiarrheal HUS in children can be managed conservatively without 
plasma exchange. Eculizumab, a humanized monoclonal antibody to complement 
factor 5, inhibits terminal complement activation and can be used for the treatment 
of nondiarrheal (complement-mediated) HUS unresponsive to plasma exchange 
[52, 53].

Acute interstitial nephritis is a relatively common cause of AKI and is caused by 
infections, medications, or immune disorders. Among AKI patients, AIN develops 
frequently due to an allergic response to a medication, including antibiotics, 
NSAIDs, and diuretics. Discontinuation of the offending mediation is the first step 
of treatment; if discontinuation is not effective, use of corticosteroid can be treat-
ment option. One potential regimen consists of the intravenous administration of 
methylprednisolone (250–500 mg/day) for 3–4 days followed by oral prednisone at 
a dose of 1 mg/kg/day tapered over 8–12 weeks [54].

13.5  Non-dialytic Supportive Therapy for AKI

13.5.1  Volume Overload

Theoretically, loop diuretics can protect kidney by reducing active sodium trans-
port, decreasing the oxygen consumption, and reducing renal congestion. However, 
a meta-analysis of multiple clinical studies on loop diuretics for the treatment of 
AKI could not establish a reduction of in-hospital mortality or the requirement for 
renal replacement therapy [55]. Bagshaw et  al. conducted a meta-analysis of 62 
studies and reported that loop diuretics were not associated with improved mortality 
or an accelerated rate of independence from RRT.  They also reported that the 
diuretic treatment was associated with a shorter duration of RRT, shorter time to 
spontaneous decline in serum creatinine levels, and increased urine output [47]. 
Currently, the evidence for a beneficial effect on renal function is lacking, and 
KDIGO guideline and Japanese Society of Nephrology guidelines do not recom-
mend diuretic use for preventive and treatment purpose of AKI [1, 2, 56].

The loop diuretics can be used for the management of volume overload, but not 
for the treatment of oliguria. The loop diuretics enter the urine primarily by tubular 
secretion in the proximal tubule; the dose needs to be increased in patients with 
renal impairment in whom proximal tubular secretion is reduced [57]. When start-
ing furosemide, reasonable approach is to start with 40–80 mg of intravenous (IV) 
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furosemide and assess for response. If urine output does not increase within 2 h of 
IV furosemide, dose can be doubled, up to 200 mg in a single dose of IV furose-
mide. Tolvaptan, vasopressin antagonists, has been used for treatment for heart fail-
ure. Its cost is expensive, and when used, meticulous monitoring for serum sodium 
concentration is required, and the amount of sodium excreted in the urine is lower 
compared to that of furosemide. Vasopressin antagonism can be used in acutely 
decompensated patients with clinical hyponatremia who are refractory to escalating 
doses of loop diuretics and adjunctive thiazide therapy [58].

Principles for diuretic use for patients with heart failure are different. Priority is 
achieving clinical euvolemia rather than transient rise of serum creatinine, and high 
doses of diuretics are needed. Prescription strategy includes combination therapy 
with loop and thiazide or continuous administration. For patients refractory to 
diuretics therapy, fluid removal by ultrafiltration can be another option.

13.5.2  Hyperkalemia

Management strategy for hyperkalemia in AKI patients depends on the severity, 
symptoms, underlying condition and rapidity of progression of hyperkalemia, and 
response to medical management including diuretic therapy. Progressing hyperka-
lemia seen in patients with crash syndrome and rhabdomyolysis or symptomatic 
severe hyperkalemia is life-threatening and demands urgent treatment including 
renal replacement therapy. Hyperkalemia management includes cardiac protection, 
shifting potassium into cells, removing potassium from the body, monitoring serum 
potassium and blood glucose, and prevention of recurrence (Table 13.2) [59–61].

Mild hyperkalemia (<5.5 mEq/L) usually can be managed by restriction of potas-
sium intake including potassium containing infusions and the discontinuation of 
potassium-sparing diuretics or renin–angiotensin system inhibitors. For moderate 

Table 13.2 Management of hyperkalemia

Treatment Dosage and route
Onset of 
action

Duration of 
effect

Calcium gluconate 
(8.5%)

10–20 mL
i.v. over 5 min

1–3 min 30–60 min

Glucose and insulin 50 mL of 50% DW
Regular insulin 10 unit
i.v. over 15–30 min

15–30 min 4–6 h

Sodium bicarbonate 50–100 mL
i.v. over 5–10 min

15–30 min 1–2 h

Furosemide 20–80 mg i.v. 15–30 min 6 h
Cation exchange resin 15–30 g, oral 1–2 h 4–6 h
Dialysis Hemodialysis

Peritoneal dialysis with frequent 
exchange

Within 
minutes
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hyperkalemia (5.5–6.5 mEq/L), use of a potassium-binding resin or loop diuretics 
can be considered to enhance potassium excretion by gastrointestinal route or kid-
ney. For severe hyperkalemia, especially those who have electrocardiographic man-
ifestations, emergent treatment to decrease serum potassium level is indicated, 
which includes intravenous administration of calcium, insulin and glucose, or 
sodium bicarbonate. Calcium antagonizes the cardiac and neuromuscular effects of 
hyperkalemia. Insulin promotes potassium entry into cells and lowers serum potas-
sium concentration. Sodium bicarbonate can stimulate potassium entry into the 
intracellular compartment in patients with acidosis. Sodium bicarbonate lowers 
serum potassium concentration by enhancing tubular potassium excretion as well. 
Dose, time, and duration of action are shown in table.

Medical management is often sufficient for patients with mild hyperkalemia due 
to reversible causes (hypovolemic prerenal AKI or use of renin–angiotensin system 
inhibitors). Dialysis is indicated for severe hyperkalemia refractory to medical man-
agement or hyperkalemia due to rhabdomyolysis, compartment syndrome, tumor 
lysis syndrome, in whom continued release is foreseen.

Hemodialysis is the selection of choice to remove potassium rapidly and effi-
ciently. Continuous renal replacement therapy is often selected for hemodynami-
cally unstable patients, but its efficiency for potassium removal is low, and is not 
suitable for emergent therapy. Peritoneal dialysis effectively removes potassium, 
and sometimes results in hypokalemia if frequent, rapid exchange is applied. 
Jackson et al. reported a case of hyperkalemic cardiac arrest successfully treated 
with peritoneal dialysis. Rapid exchanges of peritoneal dialysis solution, 8 L input 
and 7.5  L output in an hour decreased serum potassium from 9.8 to 4.3  mEq/L 
[62, 63].

13.5.3  Metabolic Acidosis

Acidosis is associated with many adverse hemodynamic, respiratory, cerebral, and 
metabolic adverse effects, although association does not indicate causation [64]. 
Conversely, acidosis can protect myocardial and hepatic cells during hypoxia in 
animal experiment [65, 66].

Treatment principles are identifying and treating underlying cause, with meticu-
lous review of clinical circumstances and drug therapy. The indication and use of 
bicarbonate buffer for treatment of metabolic acidosis is controversial; general con-
sensus is to administer sodium bicarbonate only when pH is below 7.10–7.20 and 
serum HCO3 concentration is below 10–15 mEq/L. When administering sodium 
bicarbonate, monitor the plasma sodium concentration and blood gas analysis since 
bicarbonate administration could cause hypernatremia, an increase in the partial 
pressure of carbon dioxide (pCO2) among patients with ventilatory compromise.

Renal replacement therapy is indicated for metabolic acidosis among AKI 
patients with oliguria or volume overload. Administration of isotonic sodium 
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bicarbonate solution and simultaneous fluid removal by renal replacement therapy 
can effectively administer sodium bicarbonate without the risk of sodium or volume 
overload; however, whether correction of metabolic acidosis by renal replacement 
therapy and isotonic sodium bicarbonate infusion has clinical benefit as for patient 
outcome remains to be studied.

13.5.4  Nutrition

Providing adequate nutrition is key element of disease management including AKI; 
however, the specific efficacy of nutritional support for AKI has not been demon-
strated [67, 68]. This may be because nutritional requirements for patients with AKI 
varies according to the severity and nature of underlying disease rather than AKI per 
se. JSN AKI guideline suggests that the administration of caloric and protein as 
nutritional support for AKI treatment be tailored to the severity and the underlying 
disease. For severe AKI, enteral nutrition is recommended whenever possible. 
Enteral nutrition is preferred over intravenous, parenteral nutrition for intestinal 
mucosal maintenance, bacterial translocation, and the prevention of organ dysfunc-
tion. Meta-analysis of studies involving critically ill patients, including AKI, has 
shown that the initiation of enteral nutrition within 24 h of ICU admission signifi-
cantly reduced the mortality and the incidence of infectious complications, and 
shortened the length of hospital stay [69–72], although negative results have also 
been reported [1].

KDIGO guideline suggests total energy intake of 20–30 kcal/kg/day for patients 
with any stage of AKI. Timeframe to achieve this target energy provision is contro-
versial. Permissive underfeeding suggests to initiate energy provision with 500 kcal/
day or one fourth of target energy for the first week, which is minimal requirement 
to maintain intestinal function. Recent study reported that provision of 70% of rest-
ing energy consumption is associated with reduction of mortality among ICU 
patients [73].

Protein energy wasting is common among critically ill patients with AKI; protein 
restriction for the prevention or delay of RRT is not recommended. Suggested pro-
tein goals by KDIGO guideline are: 0.8–1 g/kg/day in non-catabolic AKI patients 
without need for dialysis, 1–1.5 g/kg/day in patients with AKI on RRT, and up to 
maximum of 1.7  g/kg/day in patients on continuous renal replacement therapy 
(CRRT) and in hypercatabolic patients.

During CRRT, commercially available dialysates and replacement fluids in Japan 
can cause hypokalemia and hypophosphatemia. Patients with AKI or CKD who 
presents hyperkalemia, hyperphosphatemia, or hypermagnesemia before the initia-
tion of RRT can develop severe hypokalemia, hypophosphatemia, or hypomagnese-
mia if they are treated on CRRT without appropriate supplementation of potassium, 
phosphate, or magnesium. Monitoring and appropriate supplementation of these 
essential minerals are key component of standard care.
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No robust study has shown optimal glycemic control target for AKI. Both hypo-
glycemia and hyperglycemia are associated with increased morbidity and mortality. 
As is described in JSN guidelines, the initiation of inulin control at a plasma glucose 
level ≥180 mg/dL and the setting of target plasma glucose level of 144–180 mg/dL 
is reasonable suggestion for patients with severe AKI [2, 74, 75].

13.5.5  Medication Dosage Adjustment

For patients with AKI, medication should be reviewed thoroughly to eliminate the 
potential cause, risk, contributory factor for AKI, to reduce adverse events, and to 
ensure that doses of prescribed medication are appropriate for the patient’s level of 
renal function.

Dose adjustment for patients with AKI is complex; dose reduction is required for 
drugs which are excreted by the kidney, while dose increase may be considered 
when volume of distribution is expanded due to fluid overload or capillary leak [76, 
77]. Drug dosing adjustment information provided by pharmaceutical companies is 
derived mainly from studies in chronic kidney disease patients whose renal function 
is relatively stable. Furthermore, estimating GFR for drug dosing is also problem-
atic for patients with AKI, since most eGFR formula, such as Cockcroft-Gault, 
MDRD equation, and CKD-EPI, are derived from conditions where the serum cre-
atinine is at steady state. In the early phase of AKI when GFR decreases rapidly, 
eGFR equations will overestimate GFR, whereas it may underestimate GFR in 
recovery phase of AKI when GFR increases.

In 2010, KDIGO held a conference to investigate the issues on drug dosage 
adjustment for patients with acute or chronic kidney disease [78]. They recommend 
larger loading doses to avoid subtherapeutic responses due to the achievement of 
lower than desired serum concentrations, since the volume of distribution of several 
medications is dramatically increased in the presence of AKI. This is especially true 
for hydrophilic antibiotics, including b-lactams, cephalosporins, and penems, and 
the administration of aggressive loading doses (25–50% greater than normal) is 
highly recommended. They also recommend therapeutic drug monitoring be uti-
lized for those medications where serum drug concentrations can be obtained in a 
clinically relevant time frame. For those medications where therapeutic drug moni-
toring is not possible, close monitoring of drug PD may prove to be a useful surro-
gate. Drug dosage adjustment for AKI patients on intermittent dialysis or CRRT is 
different from that for ESRD patients. The existing maintenance dosing recommen-
dations for ESRD patients receiving HD often result in the achievement of subthera-
peutic concentrations and treatment failures for patients with severe AKI requiring 
RRT. Readers are advised to refer KDIGO recommendation to guide prescription 
strategy.
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Chapter 14
Postrenal AKI

Naoya Nagaya and Shigeo Horie

Abstract Postrenal acute kidney injury (AKI) is a condition in which renal func-
tion is compromised due to urinary tract obstruction (UTO). UTO can occur at any 
site in the urinary tract, including the upper (renal pelvis, ureter) and lower urinary 
tract (bladder, prostate, urethra). In addition, UTO may be acute or chronic, partial 
or complete, unilateral, or bilateral. Postrenal AKI commonly results from obstruc-
tions in the renal pelvis, the ureters, bladder, and urethra, but it can also be caused 
by unilateral UTO alone, especially in patients with anatomic or functional nephrop-
athy in a solitary kidney. Primary disorders that are associated with UTO include 
benign prostatic hypertrophy, urologic malignancies, urinary calculi, retroperito-
neal fibrosis, and blood clot. Neurogenic bladder is a functional urinary tract dys-
function that might predispose an individual to UTO. Early diagnosis of UTO and 
treatment providing relief of the obstruction by either transurethral stenting or per-
cutaneous nephrostomy (PCN) is critical to preserving, improving, or restoring 
renal function. An untreated or suboptimally treated UTO increases the risk of uri-
nary tract infection (UTI), sepsis and end-stage renal disease (ESRD). Among can-
cer patients, renal function may improve with the initiation of anticancer therapy, 
although urologic intervention, such as ureteral stenting and urinary catheters, is 
often required in cases of treatment-resistant cancers. This chapter describes the 
causes, diagnosis, treatment, and prognosis of UTO causing acute renal injury.

Keywords Acute renal injury · Postrenal acute kidney injury · Urinary tract 
obstruction · Transurethral stenting · Percutaneous nephrostomy · Hydronephrosis
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14.1  Epidemiology

Urinary tract obstruction (UTO) is frequently encountered in daily urologic practice 
and is an important cause of acute kidney injury (AKI) [1]. UTO is relatively more 
common in men than in women, especially elderly men who are at increased risk for 
benign prostatic hyperplasia. UTO should always be considered in the cancer patient 
with AKI because postrenal AKI is more likely to occur in cancer patients than in 
healthy individuals [2]. Causes of UTO vary notably by patient age. Congenital 
anatomic abnormalities, such as urethral valves or stricture and stenosis at the ure-
terovesical or ureteropelvic junction, account for most UTO cases in pediatric 
patients [3]. Urinary calculi are a major cause of UTO in young adult patients. 
Prostatic hypertrophy or carcinoma, retroperitoneal or pelvic tumors, and urinary 
calculi are among the major causes of UTO in the elderly [4].

14.2  Etiology

14.2.1  Anatomical Classification

Understanding the anatomy of the urinary tract is important because UTO can occur 
at any point along the urinary tract. The kidneys and the ureters are retroperitoneal 
organs located in the retroperitoneum. The bladder is located in the subperitoneal 
space. Each kidney contains 10–20 renal pyramids, which are formed by the collect-
ing tubules and collecting ducts. Urine is excreted into the calyces from the renal 
papilla at the tip of the renal pyramid. Each renal papilla secretes urine into the 
minor calyces, which connect to the major calyces. The major calyces join the renal 
pelvis and the ureters. Each ureter moves downward in the retroperitoneum and 
passes posteriorly through the bladder to the base of the bladder. In both men and 
women, there are three physiologic ureteral stenoses: the ureteropelvic junction, the 
intersection of the common iliac artery, and the vesicoureteral junction. Ureteral 
calculi are more likely to be incarcerated in a physiologic stricture. The urethra, 
which arises from the bladder neck, lies just below the ureteral orifice and is sur-
rounded by the prostate. The male urethra is 18–20  cm long and is longer than 
3–4 cm in women [5]. The different types of UTO are categorized according to the 
location of the obstacle.

14.2.1.1  Obstruction of the Kidney, Renal Pelvis, or Ureter

Obstruction of the upper urinary tract can develop due to a variety of causes, which 
may include: urinary calculi; transitional cell carcinoma; extrinsic compression of 
the urinary outflow tract from primary malignancies, lymphadenopathy or 
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retroperitoneal fibrosis; blood clot; and fungal balls [6]. Upper UTO can result in 
diffuse calyceal dilation or hydronephrosis and is, in most cases, unilateral. Besides 
urologic malignancies, upper UTO is common in gynecologic cancers such as uter-
ine and ovarian cancer and in gastrointestinal cancers such as gastric, pancreatic, 
colorectal, and rectal cancers, which include direct invasion, lymph node metasta-
ses, retroperitoneal dissemination, and Douglas’ pouch metastases. Inflammatory 
strictures following irradiation may also cause upper UTO [7]. Postrenal AKI dur-
ing pregnancy due to ureteral obstruction is rare and its risk increases with twin 
pregnancy, polyhydramnios, nephropathy in a solitary kidney, and urinary calculi 
[8]. Occlusion of the ureteral stent may lead to recurrent hydronephrosis.

14.2.1.2  Bladder and Urethral Obstruction

Cancer in the bladder can lead to obstruction in one or both ureters, or in the orifices 
of the ureter. Further, lower UTO (e.g., due to neurogenic bladder or prostatic 
hypertrophy) may contribute to elevated upper urinary tract pressure and develop-
ment of postrenal AKI (Table 14.1).

Anatomical site Causes

Kidney, renal 
pelvis, and ureter

Stones

Tumor (urothelial cancer, extrinsic tumors)
Lymphadenopathy
Retroperitoneal fibrosis
Blood clot
Infection, fungus balls
Pregnancy
Urethral obstruction in the transplanted 
kidney
Obstructed stent
Vesicoureteral reflux, ureteropelvic junction 
(UPJ) stenosis
Postoperative ureteral stricture, 
postradiation ureteral stricture

Bladder and 
urethral

Stones

Tumor (urothelial cancer, extrinsic tumors)
Neurogenic bladder
Prostatic hypertrophy
Pelvic organ prolapse
Urethral stricture (iatrogenic, bacteria 
urethritis, trauma)
Blood clot

Table 14.1 The causes  
of UTO are categorized 
according to the location  
of the obstacle
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14.2.1.3  Ureteral Obstruction in the Transplanted Kidney

Approximately, 2% of renal transplant patients are at risk of developing UTO within 
6 months after transplantation [9]. Persistent elevation of serum creatinine remains 
the mainstay serologic marker used for detecting renal dysfunction, including 
AKI. Ureteral obstruction is typically caused by strictures due to ischemia. A vesico-
ureteral anastomosis is the most common site of ischemia [10]. Hydronephrosis (or 
calyceal dilation) is usually detected on ultrasonography. Obstruction of the urinary 
tract in a kidney-transplanted patient often requires emergency surgical intervention.

Other possible causes of ureteral obstruction include blood clots, renal ischemia, 
and calculi in the donor’s kidney. In addition to ultrasonography and computed 
tomography (CT), urography of the renal fistula (antegrade) or the bladder (retro-
grade) is often considered to correctly diagnose obstruction. In nonobstructive 
cases, renal scintigraphy may be helpful.

14.3  Clinical Findings

A patient’s past medical history, current health status, and risk factors can be used 
to aid the diagnosis of postrenal AKI. The presence or absence of clinical symp-
toms, especially pain, depends on the location of the obstruction, the degree of 
obstruction (i.e., partial or complete), and the progression rate of the obstruction. 
Other commonly reported signs and symptoms include pain, fever, decreased urine 
output, weight gain, edema, hypertension, hematuria, increased serum creatinine, 
hyperkalemia, and metabolic acidosis.

14.3.1  Pain/Fever

Pain in postrenal AKI patients frequently manifests as with lower abdominal or flank 
pain. Careful percussion of the kidney, which involves tapping over the costoverte-
bral angle, can be used to determine whether the pain is present. Acute UTO does not 
always cause pain. Pain tends to co-occur in patients with bladder distention, second-
ary infection, and renal calculi or masses. While pain suggests renal calculi, acute 
tubular necrosis, or infection requiring further evaluation, hydronephrosis alone is 
almost always asymptomatic. In cases of complete acute obstruction, such as those 
caused by ureteral stones, patients experiencing renal or ureteral colic may present 
with severe pain. However, pain may not be common in patients with UTO due to 
external ureteral compression as the course of obstruction is generally gradual. 
Co-occurring symptoms of lower abdominal pain and urinary urgency suggest lower 
UTO. Further, fever may be present in patients with pyelonephritis due to UTO.
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14.3.2  Decreased Urine Output

Oliguria and anuria are the main symptoms of AKI. Anuria, defined by a marked 
decrease in urine production with less than 100 mL of urine output per day, may 
result from complete bilateral ureteral obstruction or complete urethral obstruction. 
Even in the absence of anuria, the partial obstruction may cause AKI. Care must be 
taken because normal urinary output and polyuria may occur even if patients 
have UTO.

Due to tubular damage, polyuria may occur despite decreased glomerular filtra-
tion rate (GFR) because the tubules retain salt and impair the ability to concentrate 
urine [11, 12]. Decreased urine output due to urethral obstruction is defined as uri-
nary retention, which is different from oliguria and anuria. Obstruction in the ure-
thra can cause bladder distention and overflow incontinence, which frequently 
manifests as frequency, urgency, and nocturia. Palpation of the lower abdomen can 
detect the presence of an enlarged bladder. The residual urine volume can be easily 
measured by an abdominal ultrasound.

14.3.3  Hypertension

Hypertension may result from the retention of salt and water due to oliguria or, in 
some cases, from activation of the renin–angiotensin system. Reflex vasocon-
striction of the afferent glomerular capillaries in the obstructed kidney can result 
in the activation of the renin–angiotensin system [13]. In patients with hyperten-
sion due to fluid retention, renal function improves with the recovery of 
urine volume.

14.4  Laboratory Findings

14.4.1  Blood Tests

Creatinine is used as an index of GFR because it is cleared by the kidneys with 
minimal tubular reabsorption and secretion. Renal function decreases with serum 
creatinine. Unilateral UTO alone does not typically increase serum creatinine 
because serum creatinine may increase when the GFR falls below 50% of normal. 
In the presence of chronic renal disease, unilateral UTO can lead to an increase in 
serum creatinine. Although uncommon, increased creatinine levels can give rise to 
an incidental finding of UTO.  If UTO persists and left untreated, it can lead to 
hyperkalemia and renal tubular acidosis [14].
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14.4.2  Urinalysis

Hematuria may not occur in the presence of UTO, but it is often present when a 
calculus or tumor is the underlying mechanism of obstruction. If urinary retention 
occurs in the renal pelvis due to complete obstruction of the urinary tract, pyuria 
may not be present even if clinical findings suggest pyelonephritis. Serum creati-
nine is a suboptimal marker for AKI. On the contrary, urine biomarkers, such as 
urinary neutrophil gelatinase-associated lipocalin (NGAL) and liver type fatty acid- 
binding protein (L-FABP), are considered to be useful for the early and accurate 
diagnosis of AKI [15, 16].

14.5  Diagnosis

Early detection of acute renal failure is critical to prevent treatment delay and even-
tual irreversible renal damage. The presence of tumor infiltration or compression 
should always be considered, though benign conditions cannot be ruled out [2]. 
Such benign conditions may include upper UTO such as calculi or pyeloureteric 
junction stenosis with unilateral hydronephrosis, and lower UTO such as bladder 
dysfunction or prostatic hypertrophy with bilateral hydronephrosis. When postrenal 
AKI is suspected based on the clinical symptoms and medical history, imaging stud-
ies should be performed to detect UTO.

14.5.1  Ultrasonography

Ultrasonography is a safe and relatively inexpensive procedure for diagnosing 
hydronephrosis and urinary retention [17]. Although ultrasonography is used to 
delineate hydronephrosis in the evaluation of obstructive uropathy, it is not always 
sensitive and specific. A study demonstrated that ultrasonography detection of 
hydronephrosis had a sensitivity of 72.6% and a specificity of 73.3%, defining 
hydronephrosis on CT as the criterion standard [18].

14.5.2  CT

CT has proven to be useful for detecting anatomic abnormalities that cannot be 
adequately visualized by ultrasonography [19]. CT should be always considered, 
especially if obstructive renal calculi are suspected. If external compression of the 
urinary tract by a tumor is suspected, CT urography with contrast can be used to 
determine the site of the obstruction.

N. Nagaya and S. Horie



207

14.5.3  Magnetic Resonance Urography (MRU)

MRU enables a more detailed visualization of the urinary tract. It can also be 
used in patients with impaired renal function and it does not emit damaging ion-
izing radiation. For these reasons, MRI is especially useful for pregnant patients. 
Although urinary calculi are poorly visualized by MRI, MRI should be consid-
ered when CT and ultrasonography provide inadequate diagnostic information 
[20, 21].

14.5.4  Urography

Intravenous urography (IVU) is performed using conventional X-ray after the intra-
venous administration of a contrast agent, which is excreted through the urinary 
tract as part of the urine. Visualization of narrowing of the urinary tract or dilation 
of the upper urinary tract is possible with the IVU, but a definitive diagnosis of 
extra-urinary tract diseases is often difficult to establish. In recent years, CT and 
MRI have replaced IVU due to the significant diagnostic information provided by 
these advanced imaging modalities [22]. Retrograde pyelography (RP) is also an 
X-ray examination of the upper urinary tract using a cystoscope to insert a catheter 
into the renal pelvis and ureters and injecting a radiopaque dye. RP is also usually 
performed during a ureteral stent placement procedure.

14.5.5  Classification of Hydronephrosis

Hydronephrosis can be classified in several ways, with the three-stage system (mild, 
moderate and severe; Emergency Ultrasound Imaging Criteria 2014) being the most 
commonly used. Moderate hydronephrosis is characterized by the fusion of the 
calyces arranged in a pattern reminiscent of a bear’s paw. In cases of severe hydro-
nephrosis, there is thinning of the renal parenchyma. Mild hydronephrosis refers to 
any dilation of the renal pelvis that does not belong to the moderate or severe 
categories.

14.5.6  Differential Diagnosis

There is evidence to suggest that clinical symptoms (e.g., anuria, back pain) and 
history of urological obstruction (e.g., due to cancer) are risk factors of postrenal 
AKI. However, anuria is not necessarily caused by postrenal AKI. Acute renal fail-
ure due to prerenal or renal failure also causes anuria.
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Detection of hydronephrosis is important in the diagnosis of postrenal AKI, but 
attention should be paid to other clinical manifestations that may appear similar to 
hydronephrosis. The differential diagnosis of hydronephrosis includes peripelvic 
cysts, extrarenal pelvis, and dilated renal veins. Peripelvic cysts can be distinguished 
from hydronephrosis because they are dilated lymphatics in the renal pelvis, and nei-
ther the minor calyces nor the proximal ureters are dilated. An extrarenal pelvis is a 
localized dilation of the ureters, often with dilation of the major calyces; however, the 
minor calyces and other ureters are not enlarged. Dilated veins usually branch later-
ally in the kidneys and extend into the vena cava, and they can be distinguished from 
the renal pelvis by Doppler ultrasonography, which reveals the presence of blood flow.

14.6  Treatment Method

For postrenal AKI due to UTO, the initial goal of treatment is to establish urine flow. 
Either a transvesically placed stents or an ultrasound-guided PCN can be the emer-
gency procedure of choice to achieve urine flow. In patients with bilateral hydrone-
phrosis, these procedures are often performed on the side of the kidney, which is 
considered to have a better renal function. A bilateral nephrostomy or ureteral stenting 
is performed if both kidneys are symptomatic or if chemotherapy for cancer is being 
considered in the future. An ileal conduit urinary diversion and bilateral uretero- 
cutaneostomy are considered treatment options when a favorable long-term prognosis 
is anticipated and the discomfort associated with urination is expected to be significant. 
Conversely, if the prognosis is determined to be poor, there is an option to follow the 
natural disease course without ensuring urine flow. In a study involving patients with 
renal failure associated with cancer who underwent PCN, poor prognostic factors were 
identified to be serum albumin before nephrostomy (3 g/dL or less), degree of hydro-
nephrosis (grade 1 or 2), and the number of events related to malignant dissemination 
(3 or more) [23]. The presence of two or more of these poor prognostic factors was 
associated with a 2% survival rate at 6 months, whereas the absence of these poor 
prognostic factors was associated with a 69% survival rate. Ureteral stenting and PCN 
could potentially impair the patient’s quality of life by inducing irritative urinary symp-
toms, pain, and the need for replacement [24]. Therefore, the physician needs to be 
aware of these risks before deciding on treatment. If the urethral obstruction is identi-
fied as the cause of postrenal AKI, urethral stenting, or cystostomy may be necessary.

14.6.1  Ureteric Stenting

The ureteral stent insertion was developed by Zimskind and colleagues in 1967 
[25]. Using a cystoscope, the procedure involves: insertion of a guidewire through 
the ureteral orifice on the hydronephrotic side; the advancement of the tip of the 
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ureteral stent into the renal pelvis; and placement of a ureteral stent between the 
renal pelvis and the bladder. The most common complications associated with ure-
teral stents are pain and urinary irritation, with 70% of patients reporting the use of 
any analgesic within 7 days after insertion [26]. Because of the narrow internal fora-
men and occlusion of the stent over time, stents are usually replaced in 3–4 months. 
Metal stents have recently become available, enabling stent dwell time to be longer 
than before with ureteral stents. The main advantage of ureteral stents is that there 
is no change in body image; however, the disadvantage is difficulty in assessing 
stent occlusion and the eventual delay in stent replacement. Further, ureteral stent-
ing may be not appropriate for patients in whom cystoscopy is a challenging proce-
dure, such as those with external UTO associated with a pelvic or retroperitoneal 
tumor [27].

14.6.2  PCN

PCN, which was first reported by Goodwin and colleagues in 1955 [28], is a proce-
dure that involves the placement of a percutaneous nephrostomy catheter under 
ultrasound guidance. Associated complications may include renal calculi, bleeding, 
infection, and organ damage. Bleeding during insertion has a 2–4% risk of neces-
sitating transfusion [29]. The probability of pleural injury at insertion is less than 
0.1–0.2% [30]. Direct visualization of the renal fistula with the injection of radi-
opaque dye can help determine the site of obstruction. Hemorrhage may result in 
filling defects caused by blood clots in the renal pelvis, obstructed urinary, and no 
improvement in renal function. While PCN is technically easier to implement com-
pared with ureteral stents [31], it is more likely to result in poorer patient quality 
of life.

14.6.3  Ileal Conduit Urinary Diversion 
and Ureterocutaneous Fistula

A ureterocutaneous fistula or an ileal conduit urinary diversion may be applied in a 
patient with favorable long-term prognosis after a nephrostomy is created in an 
acute phase. In addition, there is the option of creating an ileal conduit urinary 
diversion or ureterocutaneous fistula in advance for patients with increased risk of 
UTO from bladder invasion associated with cancer or hematuria associated with 
growing bladder cancer. Because an invasive surgery under general anesthesia is 
required for these procedures, careful consultation with the patient and family about 
treatment decisions is important and necessary.
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14.7  Mechanisms and Prognosis of Postrenal AKI

The marked thinning of the renal cortex on ultrasonography indicates severe and 
irreversible renal disease. Renal function recovery usually occurs in the first 7 or 
10 days after the UTO has been relieved [32]. Patients with severe renal insuffi-
ciency may require several weeks of dialysis for adequate renal function [33]. 
Complete or prolonged partial UTO increases the risk of tubular atrophy, interstitial 
fibrosis, and, ultimately, irreversible renal damage [34].

The mechanisms by which UTO causes irreversible renal damage and atrophy 
are not fully understood. Continuous glomerular filtration following an obstruction 
could lead to an increase of pressure proximal to the obstruction in the renal pelvis 
[35], which also causes dilation of the renal pelvis. The pressure increase is trans-
mitted to the proximal tubule, counteracting the high intraglomerular pressure that 
promotes glomerular filtration, thereby causing decreased GFR. UTO also affects 
renal blood flow. Increased tubular pressure causes secondary constriction of the 
renal vasculature, leading to marked glomerular hypovolemia [35]. Decreased renal 
perfusion could result in a chronic decrease in GFR. An experimental study in rats 
has shown that 15% of renal nephrons underwent irreversible damage after only 
24 h of UTO [36]. As GFR decreases, the high intraluminal pressure reduces and 
normalizes steadily [37]. Prolonged glomerular ischemia also affects the renin–
angiotensin system [38].

Obstructed kidney releases substances that attract monocytes and macrophages 
[35]. By stimulating the production of NF-kB, angiotensin II induces the chemo-
taxis of macrophages that produce reactive oxygen species and TNF-α [39]. These 
infiltrating cells also release TGF-β, other cytokines, and proteases that contribute 
to tubular damage and fibrosis [40]. TGF-β promotes epithelial–mesenchymal tran-
sition in tubular epithelial cells, leading to the production of stress fibers by fibro-
blasts and the deposition of extracellular matrix [41]. Renin also binds directly to 
the renin receptor and is believed to stimulate the production of TGF-β through 
extracellular signal-regulated kinase [42]. As such, tubular damage that occurs in 
UTO may be caused initially by increased intraluminal pressure and later by atro-
phy induced by ischemia and/or inflammation [43].

The prognosis of renal function depends on the severity and duration of 
obstruction [44]. Biomarkers predicting progression from postrenal AKI to CKD 
are not yet established. Serum creatinine is one of the candidate biomarkers. 
Serum creatinine levels in the setting of acute renal damage have been reported 
to be associated with progression to ESRD [45]. Biomarkers of inflammation, 
C-reactive protein and TNF receptor 2, have been associated with early deterio-
ration in renal function in CKD; however, the usefulness of these markers in 
predicting CKD following postrenal AKI needs to be clarified [46]. KIM-1 
(Kidney Injury Molecular-1), a protein expressed and induced in proximal tubu-
lar epithelial cells during the process of repairing and regenerating tubular dam-
age, is expected to be a diagnostic and prognostic marker for acute and chronic 
renal damage [47].
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Chapter 15
Acute Kidney Injury in Intensive Care 
Medicine

Kohei Yoshimoto and Kent Doi

Abstract Acute kidney injury (AKI) is one of the most serious complications in 
intensive care unit. The major etiologies of AKI in intensive care are post-cardiac 
surgery and sepsis. Although post-cardiac surgery AKI will worsen the outcomes, 
mild and transient AKI are frequently observed especially in the scheduled surgery 
patient. On the other hand, better therapeutics against septic AKI are urgently 
required because sepsis and AKI synergistically worsen the outcomes of critically 
ill patients. To overcome this problem, evidence accumulation is necessary for 
building the foundation for developing novel septic AKI treatments. This chapter 
provides a summary of updated evidence regarding septic AKI in intensive care 
medicine.

Keywords Acute kidney injury · Sepsis · Epidemiology · Adsorption · Endotoxin 
adsorption

15.1  Acute Kidney Injury

Acute kidney injury (AKI) is a syndrome caused by an abrupt loss of kidney 
function. A recent definition of AKI by the Kidney Disease: Improving Global 
Outcomes (KDIGO) includes the following: (1) an increase in serum creatinine 
level by 0.3 mg/dL within 48 h; (2) an increase in serum creatinine level to 1.5 times 
from the baseline, which is known or presumed to have occurred within the prior 
7 days; or (3) urine volume of <0.5 mL/kg/h for 6 h [1]. This standardized definition 
allows for the identification of AKI in different patient populations. Although many 
clinical studies reported AKI to be associated with poor outcomes, the outcomes 
vary by clinical phenotypes, such as community-acquired AKI versus hospital-
acquired AKI [2]. Previous studies evaluating hospital-acquired AKI, particularly 
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in intensive care unit (ICU) settings, have reported sepsis or septic shock to be the 
most common cause of AKI [3, 4]. In fact, 45–70% of all AKI cases are associated 
with sepsis in ICUs [5–7].

15.2  Sepsis

Sepsis is a syndrome characterized by systemic inflammation triggered by an infec-
tion. In 2016, the third international consensus definitions for sepsis and septic 
shock (Sepsis-3) were proposed [8]. According to these most recent definitions, 
sepsis is recognized as a life-threatening organ dysfunction caused by dysregulated 
host response to infection. AKI is one of the most frequently observed organ dys-
functions among sepsis cases, and septic AKI is associated with poor outcomes, 
including in-hospital mortality and a longer duration of hospitalization [4]. Septic 
AKI is associated with a higher mortality rate than both non-septic AKI and septic 
non-AKI, suggesting negative synergistic worsening effect of sepsis and AKI [5].

15.3  Septic AKI

According to the assumed pathophysiology of septic AKI, AKI is a syndrome with 
a broad spectrum of etiologies, including ischemia and/or hypoxia, inflammation, 
and direct tissue injury by nephrotoxins. These different etiologies may simultane-
ously contribute to the development of AKI. Depending on different clinical settings, 
such as post-cardiac surgery, low output syndrome in heart failure, contrast media 
exposure, and sepsis, the pathophysiology and clinical features of AKI will vary. As 
described above, sepsis is associated with the most severe AKI phenotype among dif-
ferent etiologies. Based on previous basic research using different animal models [9], 
several pathophysiological mechanisms for sepsis-induced AKI have been proposed 
(Table 15.1). Notably, considering the complexity of sepsis and AKI, a single mecha-
nism cannot explain all clinical features of septic AKI. In this chapter, we summarize 
the current evidence regarding the epidemiology of septic AKI reported especially 
from Asian countries and provide a brief review of treatments against septic AKI.

15.4  Prevalence of AKI

In 2013, Susantitaphong and colleagues from the Acute Kidney Injury Advisory 
Group of the American Society of Nephrology conducted a meta-analysis 
to estimate the worldwide epidemiology of AKI [10]. In 2015, an updated 
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meta-analysis, adding 313 new reports, was conducted by Mehta and colleagues 
for the International Society of Nephrology’s 0by25 initiative in 2015 [11]. This 
updated meta-analysis included more than 77 million individuals. The pooled 
incidence of AKI in Asian regions was reported as follows: eastern Asia, 19.4%; 
southern Asia, 7.5%; southeastern Asia, 31.0%; and central Asia, 9.0%. Thus, the 
heterogeneity of different ethnicities, economics, and social and climate circum-
stances across Asian regions should be considered. Many studies conducted in 
developed Asian countries, such as Japan, Korea, Taiwan, Singapore, and Hong 
Kong, have reported the incidence of hospital-acquired AKI, particularly in ICU 
settings. As described above, sepsis is widely recognized as one of the most fre-
quent causes of AKI in ICU settings [5–7].

Recently, the ISN Acute Kidney Failure 0by25 China Consortium conducted 
a nationwide survey of hospitalized individuals and evaluated the clinical fea-
tures of hospital- and community-acquired AKI [12, 13]. This large cohort 
study revealed that the characteristics of community-acquired AKI in China 
were heterogenous, which varied by region, and were associated with environ-
mental, economic, and medical resources. The complication of sepsis in hospi-
tal- and community-acquired AKI was 7.2% and 5.7%, respectively (p < 0.01). 
The Taiwan Consortium for Acute Kidney Injury and Renal Diseases also con-
ducted a survey in combination with the ISN’s 0by25 initiative survey [14]. 
Approximately 80% of enrolled patients were treated in ICUs, and the sepsis 
was the major contributing factor to AKI (52%). In total, 62 of 201 patients with 
AKI were treated by dialysis, and dialysis-requiring AKI was associated with a 
mortality rate of 29%.

Table 15.1 Pathophysiologi-
cal mechanisms of septic AKI

Pro-inflammatory state

  Complement and coagulation activation
  Protease activation (heparan sulfate, elastase)
  Free radical formation
  Pro-inflammatory cytokine production (IL-1, IL-6, 

IL-18, TNF-α)
  Cell activation (neutrophil, macrophage, platelet, 

endothelial cell)
Anti-inflammatory state

  Anti-inflammatory cytokine (IL-10)
  Reduced phagocytosis and chemotaxis
  Deranged immune function (lymphocyte apoptosis)
Dysregulation of microcirculation

  Vasodilation-induced glomerular hypoperfusion
  Abnormal blood flow within the peritubular capillary 

network

TNF tumor necrosis factor
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15.5  Dialysis-Requiring AKI

Dialysis-requiring AKI (AKI-D) is the most severe type of AKI and is associated 
with the highest mortality rate. A retrospective cohort study using data from the 
Nationwide Inpatient Sample, the United States’ nationally representative data-
base of hospitalizations, has revealed that in-hospital mortality was significantly 
higher for AKI-D (22%) than for non-AKI-D (2%) [15]. Another nationwide 
retrospective study from Denmark has reported that 1-year mortality for AKI-D 
was 57% [16]. We previously conducted a nationwide retrospective analysis on 
AKI-D with data extracted from the Japanese Diagnosis Procedure Combination 
database for 2011 [17]. From a cohort of critically ill adult patients treated in 
ICUs, we identified 6478 patients with AKI treated with continuous renal replace-
ment therapy (CRRT) out of 165,815 ICU patients (3.9%). The overall in-hospi-
tal mortality rate among the CRRT-treated AKI patients was 50.6%, and this rate 
increased to 51.7% when the cause of AKI was sepsis. Two Japanese studies with 
smaller cohorts have also reported mortality rates of AKI-D complicated with 
sepsis. In the first study, Yasuda and colleagues have evaluated 242 patients with 
AKI-D and have reported that sepsis (34%), cardiac shock (23%), and major sur-
gery (12%) were the main contributing factors for AKI. Among these etiologies, 
sepsis was associated with the highest mortality rate (62%) [18]. In the second 
study, Nagata and colleagues have evaluated 343 patients with AKI-D treated 
with CRRT in ICUs [19]. They have reported that 49% of the enrolled patients 
had sepsis or septic shock as a contributing factor for AKI. Although the disease 
severity of septic AKI was higher than that of non- septic AKI, there was no dif-
ference in mortality between these two groups. However, because AKI-D is the 
most severe type of AKI, the effect of sepsis on mortality might not have been 
detected in this small sample size.

15.6  Pharmacological Treatment Against Septic AKI

Although a number of studies have elucidated the basic mechanisms underlying 
AKI and have reported several promising drugs against this condition [20–23], 
such findings have still not been successfully implemented in a clinical set-
ting. A similar difficulty has been recognized regarding research on sepsis. In 
addition to inflammation and immunological dysregulation, several different 
mechanisms have been reported to contribute to sepsis, such as complement 
activation, hypoxic injury, and endothelial dysfunction [24–26]. Despite the 
critical knowledge provided by basic research, no specific drugs capable of sig-
nificantly improving outcomes of patients with sepsis are currently available for 
clinical use.
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15.7  Renal Replacement Therapy Initiation

Renal replacement therapy (RRT) is a definitive treatment for AKI. Emergent RRT 
initiation is necessary when life-threatening changes in fluids, electrolytes, or the 
acid-base balance occur. The decision to initiate RRT for severe AKI without such 
“absolute indications” is likely to be subjective owing to a lack of robust evidence. 
Two recent randomized controlled trials conducted in Europe (the AKIKI and 
ELAIN studies) have revealed discrepant results [27, 28]. In the AKIKI study, there 
was no significant difference between the early- and delayed-strategy groups in 
terms of 60-day mortality. Conversely, in the ELAIN study, there was significantly 
reduced 90-day mortality, recovered renal function, shorter duration of RRT, and 
reduced length of hospital stay in the early RRT initiation group. Differences in trial 
design are thought to explain these discrepant results [29, 30]. In 2018, the result 
of the IDEAL-ICU study was published [31]. This study assigned the patients with 
septic shock who had severe AKI to an early strategy for the initiation of RRT and a 
delayed strategy. There was no significant difference in overall mortality at 90 days 
between these two groups. In addition to patient characteristics and disease sever-
ity, the wide variation in clinical practice should be acknowledged for explaining 
this controversy. Therefore, both observational and interventional studies regarding 
RRT initiation timing will help to design larger multicenter randomized trials that 
can provide a more definitive conclusion on this issue.

15.8  Removal of Inflammatory Mediators

Because the remarkable elevation of many inflammatory mediators in the blood has 
been demonstrated in septic AKI, the removal of these substances via RRT tech-
nique is expected to improve the outcomes of septic AKI. There are several different 
ways to remove inflammatory mediators via RRT techniques, including high vol-
ume hemofiltration (HVHF), high cutoff (HCO) hemofiltration, plasma filtration, 
and adsorption. HCO hemofiltration using a polyflux hemofilter with a cutoff point 
of approximately 60  KD significantly reduces blood cytokine levels in patients 
with septic AKI; however, a remarkable albumin loss was also observed [32, 33]. 
HVHF reportedly decreased vasopressor requirements in human septic shock [34]. 
Despite preliminary data showing promising results, a multicenter randomized trial 
(the IVOIRE study) failed to demonstrate the advantages of HVHF for improving 
mortality in patients suffering from septic shock [35]. A recent systematic review 
that of four randomized controlled trials did not observe any advantage of HVHF on 
mortality in adults with severe sepsis and septic shock [36].

Cytokine removal with adsorption is another method to reduce cytokine blood 
levels via RRT technique. Cytokine removal with continuous hemodiafiltration 
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(CHDF) using a poly(methyl methacrylate) (PMMA) membrane hemofilter, which 
has a high cytokine-adsorbing capacity, has been primarily investigated in Japan 
[37]. IL-6 and high-mobility group box 1 (HMGB1) removal via PMMA is supe-
rior to that via cellulose acetate and polysulfone membranes [38, 39]. A clinical 
study with historical control showed better hemodynamics, urinary output, and sur-
vival rates for PMMA-CHDF than for polyacrylonitrile hemofilter-CHDF, which 
does not have cytokine-adsorbing capacity [40]. AN69 filter is known to have a 
high- adsorption capacity. Haase and colleagues have reported that high-adsorption 
continuous hemofiltration with AN69 is more effective than that with standard fil-
ter for decreasing pressor requirements and blood cytokine levels in patients suf-
fering from septic shock [41]. In pigs under experimental septic shock, AN69ST 
(surface treated) filter has been shown to possess enhanced adsorption properties 
for removing cytokines and other humoral mediators [42]. This filter has recently 
been approved for clinical usage in Japan on the basis of results of a clinical trial 
[43]. A retrospective observational study using a Japanese health insurance claim 
database analyzed 2469 ICU patients and observed significant associations between 
AN69ST membrane usage and lower in-hospital mortality and a shorter length of 
ICU stay [44].

15.9  Endotoxin Adsorption Therapy Against Septic AKI

Endotoxin (lipopolysaccharide; LPS), a component of the Gram-negative bacterial 
cell wall, is recognized as the most potent microbial mediator in the pathogenesis of 
sepsis. Endotoxin plays a crucial role in triggering the overreaction of the immuno-
logical defense system in sepsis. Sepsis induces changes in systemic hemodynamics 
that evolve from an early hyperdynamic (“warm shock”) state to a late hypody-
namic (“cold shock”) state. Similar hemodynamic changes have been reported after 
a large endotoxin injection [45]. These results support the notion that it is not the 
bacterial infection but rather the endotoxin that directly contributes to the patho-
physiology of septic shock.

It has been demonstrated that PMX-B has both antibacterial and antiendotoxin 
properties. PMX-B can bind to lipid A located in the active center of endotoxin 
and neutralize its activity. Removal of circulating endotoxin via hemoperfusion 
through an immobilized PMX-B column (i.e., direct hemoperfusion with PMX-B 
column; PMX-DHP) is a technique developed in Japan. An extracorporeal device 
(Toraymyxin PMX-F; Toray, Tokyo, Japan) is used wherein the PMX-B is grafted 
on sorbent material and is able to provide the selective removal of circulating endo-
toxin. This device is clinically available in several countries in Europe and Asia. The 
use of this extracorporeal cartridge avoids the adverse side effects, such as nephro-
toxicity and neurotoxicity, associated with the systemic administration of PMX-B.

Although endotoxin removal appears to be a promising strategy for treating 
sepsis caused by a Gram-negative bacterial infection, recent large multicenter ran-
domized trials have observed no beneficial effect of PMX-DHP. A recent French 
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clinical trial (the ABDOMIX study) examined the effect of PMX therapy in 243 
patients suffering from septic shock following an emergency surgery for peritonitis. 
Results showed no significant difference in 28-day mortality between the PMX and 
control groups [46]. Another large clinical trial conducted in North America (the 
EUPHRATES study) enrolled 450 patients suffering from septic shock. Polymyxin 
B hemoperfusion was not associated with a significant difference in mortality at 
28 days among all participants or in the population with a MODS of more than 9 
[47]. Post-hoc analysis of the EUPHRATES trial for the 194 patients with endo-
toxin activity assay (EAA) ≥ 0.6–0.89 [48] who completed two treatments showed 
some partial responses regarding mean arterial pressure, ventilator-free days, and 
mortality [49].

15.10  Evidence on PMX-DHP from Japan

Although PMX-DHP was developed in Japan, there are no randomized trials of 
PMX-DHP in Japan. However, several observational studies using big data have 
been conducted in Japan. We conducted two retrospective observational studies 
using data of inpatients from the Japanese National Claims Database (Table 15.2). 
The first study involved 590 propensity score-matched pairs, with and without post-
operative PMX-DHP for the perforation of the lower gastrointestinal tract. This 
study found no benefit of PMX on survival, with the 28-day mortality of 17.1% and 
16.3% in the PMX and control groups, respectively [50]. In contrast, the second 
study found a significant survival benefit of PMX-DHP for patients suffering from 
septic shock, who were started on CRRT for AKI. In particular, the 28-day mortality 
rate was 40.2% (393/978) in the PMX group, and 46.8% (458/978) in the control 
group (P = 0.003). Logistic regression analysis revealed a significant association 
between the use of PMX and decreased 28-day mortality [51]. Taken together, these 

Table 15.2 Japanese observational studies on PMX-DHP using data from the Japanese National 
Claims Database

Author Year Patients Inclusion Exclusion

PMX-DHP 
28-day 
mortality

Control 
28-day 
mortality

Iwagami 
et al.

2014 Perforation 
of lower GI 
tract

Lower GI 
perforation, 
abdominal 
surgery, and 
pressor use on 
day 0

Death at day 0 or 
1, PMX-DHP on 
day 2~

17% 
(103/597)

17% 
(105/597)

Iwagami 
et al.

2016 Severe AKI 
requiring 
CRRT

Sepsis, CRRT in 
ICU, pressor use 
on day 0

ESRD (chronic 
HD), cardiogenic 
s/o, IRRT before 
CRRT, PMX- 
DHP on day 2~

41% 
(542/1325)

47% 
(628/1325)
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discrepant results suggest that it is the necessary to identify the populations suffi-
ciently ill to response to PMX-DHP. In particular, patients with septic AKI requiring 
RRT may be a good target for PMX-DHP. Another Japanese observational study 
was conducted using the Japan Septic Disseminated Intravascular Coagulation 
(JSEPTIC DIC) study database. This study demonstrated that in-hospital mortality 
was significantly lower in the PMX-DHP group than in the control group (32.8% 
vs. 41.2%, P = 0.042) [52]. Notably, the evaluated population in this study showed 
a relatively high mortality rate that ranged from 30% to 40%.

15.11  Conclusion

This chapter summarizes the updated evidence regarding septic AKI in intensive 
care medicine. Considering the complexity and heterogeneous disease characteris-
tics of both AKI and sepsis, it is difficult to identify the precise mechanisms under-
lying septic AKI, which makes it challenging to develop novel therapeutics against 
this condition.
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Chapter 16
Nondialytic Supportive Management 
of AKI

Hiroyuki Yamada

Abstract Acute kidney injury (AKI) is associated with serious complications such 
as lethal arrhythmia, lung edema, and electrolyte disorder. For the management of 
AKI, it is imperative to identify and remove the cause of AKI. Also, it is essential to 
create a non-damaging environment for kidneys such as non-nephrotoxic drugs, 
appropriate intravascular volume, and drug dose adjustment. So far, many random-
ized controlled trials have examined the AKI prevention or treatment effect of vari-
ous interventions, e.g., dopamine, diuretics, and natriuretic peptide. While most of 
those interventions did not have a decisive impact on clinical practices, some of 
them can be beneficial in a limited situation. Further research is expected in this field.

Keywords Acute kidney injury · AKI · Nondialytic management · AKI 
management

16.1  Introduction

Acute kidney injury (AKI) is a common comorbidity in critically ill patients and is 
associated with unfavorable clinical outcomes [1]. To fight with AKI, it is essential 
to early make an appropriate intervention for patients with developed AKI or at-risk 
AKI [2]. This chapter reviews the general management of AKI and the therapeutic 
interventions except for renal replacement therapy (RRT).
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16.2  General Management of AKI

16.2.1  Identifying the Cause of AKI

One of the reasons for the poor prognosis is that AKI causes various complica-
tions. In particular, hypervolemia, electrolyte abnormalities, and acid–base balance 
disturbance are life-threatening conditions, because they induce lethal arrhythmia, 
decompensated heart failure, or cold shock. Therefore, after finding AKI patients, 
what to do first is to evaluate the severity with KDIGO AKI criteria and the exis-
tence of fatal complications [3]. If the complications are difficult to immediately 
control with pharmaceutical interventions immediately, you should not hesitate to 
apply RRT to the patients.

16.2.2  Resolution of Cause and Monitoring

The next important task for AKI management is to resolve the cause of AKI. Although 
the below sections of this chapter mention additional pharmacotherapy for AKI, 
it is needless to say that the direct intervention against the cause of AKI is more 
important than any medication. For example, when there is a possibility of rapidly 
progressive glomerulonephritis in some patients, it is necessary to consult nephrol-
ogists and consider the administration of immunosuppressors. If the patient has 
a typical symptom of drug-induced kidney injury, such as rash, arthralgias, and 
eosinophilia, it is essential to check whether the patient took the suspected drugs 
or not (Table 16.1) [4]. Therefore, we need to identify the reason why the patients 
developed AKI or were at risk of AKI. For the detail of the cause of AKI, please 
refer to Part I, Chap. 2.

In tandem with the resolution of the cause, we also need to monitor serum creati-
nine and urine output intermittently and carefully. Although the frequency and dura-
tion of monitoring are dependent on patient risk, exposure, and clinical course, to 
prevent further damage, it is important to grasp the speed of AKI development. Also, 
it could be helpful for the expectation of the future clinical course and prognosis.

16.2.3  Maintaining Renal Perfusion

Generally, to recover the injured kidney, it is indispensable to create non-damaging 
environments for the kidney. As mentioned in the previous chapter, hypovolemia 
and hypotension induce pre-renal injury, and hypervolemia also increases the risk 
of respiratory failure. Therefore, it is vital to carefully manage the total fluid balance 
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(continued)

Table 16.1 Common medications associated with acute kidney injury

Pathoetiology Medication Treatment

Prerenal injury Diuretics, NSAIDs, ACE inhibitors, 
calcineurin inhibitor (ciclosporin, 
tacrolimus), radiocontrast media, 
interleukin-2, vasodilators 
(hydralazine, calcium-channel 
blockers, minoxidil, diazoxide)

Suspend or 
discontinue 
medication, 
volume 
replacement as 
clinically 
indicated

Intrinsic renal 
injury

Thrombotic 
microangiopathy

Calcineurin inhibitor (ciclosporin, 
tacrolimus), conjugated estrogens, 
quinine, 5-fluorouracil, ticlopidine, 
clopidogrel, valaciclovir, 
gemcitabine, bleomycin

Discontinue 
medication, 
supportive care, 
plasmapheresis 
if indicated

Cholesterol emboli Heparin, warfarin, streptokinase Discontinue 
medication, 
supportive care, 
plasmapheresis 
if indicated

Tubular toxicity Aminoglycosides, radiocontrast 
media, cisplatin, nedaplatin, 
methoxyflurane, outdated 
tetracycline, amphotericin B, 
cephaloridine, streptozocin, 
tacrolimus, carbamazepine, 
mithramycin, quinolones, foscarnet, 
pentamidine, intravenous 
gammaglobulin, fosfamide, 
zoledronate, cidofovir, adefovir, 
tenofovir, mannitol, dextran, 
hydroxyethylstarch

Drug 
discontinuation, 
supportive care

Rhabdomyolysis Lovastatin, ethanol, codeine, 
barbiturates, diazepam

Drug 
discontinuation, 
supportive care

Severe hemolysis Quinine, quinidine, sulfonamides, 
hydralazine, triamterene, 
nitrofurantoin, mephenytoin

Drug 
discontinuation, 
supportive care

Immune-mediated 
interstitial 
inflammation

Penicillin, methicillin ampicillin, 
rifampin, sulfonamides, thiazides, 
cimetidine, phenytoin, allopurinol, 
cephalosporins, cytosine arabinoside, 
furosemide, interferon, NSAIDs, 
ciprofloxacin, clarithromycin, 
telithromycin, rofecoxib, 
pantoprazole, omeprazole, atazanavir

Discontinue 
medication, 
supportive care

Glomerulonephropathy Gold, penicillamine, captopril, 
NSAIDs, lithium, mefenamate, 
fenoprofen, mercury, interferon-α, 
pamidronate, fenclofenac, tolmetin, 
foscarnet

Discontinue 
medication, 
supportive care
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of patients with at-risk AKI and developed AKI. Now, there are various methods for 
assessing the intravascular volume, e.g., physical examination, sonography, stroke 
volume variation, and passive leg raising. By making the most of them, the intra-
vascular volume of those patients should be kept to normovolemia. Additionally, if 
the oliguria is not responsive to fluid resuscitation or diuretics, RRT should be taken 
into consideration.

Monitoring blood pressure is also essential for renal protection or recovery. If 
the hypotension is refractory to fluid resuscitation, the administration of vasopres-
sors such as noradrenaline and vasopressin should be initiated. As some guidelines 
about sepsis recommend, mean arterial pressure (MAP) should be targeted to more 
than 65 mmHg [5, 6]. In particular, patients with chronic hypertension sometimes 
require higher MAP to maintain autoregulation of renal blood flow [7]. Indeed, a 
recent RCT indicated that higher target MAP for septic shock patients with chronic 
hypertension significantly reduced the incidence of doubling in serum creatinine 
and RRT requirements [8]. Therefore, the target MAP should be adjusted depending 
on the clinical course and the medical history of every patient.

16.2.4  Checking Nephrotoxic Drug and Dose Adjustment

Treatments for critically ill patients often require the administration of many kinds 
of drugs. Unfortunately, some of the commonly used drugs in the acute phase of 
severe illness contain some nephrotoxic agents. Therefore, these drugs might induce 
further damage against injured kidney. If possible, it is desirable not to administer 
nephrotoxic agents and to consider alternative drugs. For instance, NSAIDs should 
not be the first choice antipyretic for AKI patients, because NSAIDs are one of the 

Table 16.1 (continued)

Pathoetiology Medication Treatment

Obstruction Intratubular: 
crystalluria and/or 
renal lithiasis

Aciclovir, methotrexate, 
sulfanilamide, triamterene, indinavir, 
foscarnet, ganciclovir

Discontinue 
medication, 
supportive care

Ureteral; secondary to 
retroperitoneal fibrosis

Methysergide, ergotamine, 
dihydroergotamine, methyldopa, 
pindolol, hydralazine, atenolol

Discontinue 
medication, 
decompress 
ureteral 
obstruction by 
intrarenal 
stenting or 
percutaneous 
nephrostomy

Adapted by permission from Springer Nature: Devasmita Choudhury and Ziauddin Ahmed. Drug-
associated renal dysfunction and injury. Nat Clin Pract Nephrol. 2006 Feb;2(2):80–91. License 
Number: 4507590772653
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major reasons for drug-induced kidney injury. As some studies indicated that acet-
aminophen is relatively safer for kidneys than NSAIDs, alternative drugs should 
be taken into consideration [9]. Meanwhile, it is sometimes unavoidable to admin-
ister some of the drugs which might induce renal failure. In such a case, it needs 
adjusting the dose of those medications, depending on the remaining renal function. 
Table 16.2 lists the commonly used injection drugs in the intensive care unit (ICU) 
which requires dose adjustment for AKI patients.

16.3  Pharmacological 
and Non-pharmacological Interventions

16.3.1  Diuretics

Since volume overload is one of the major symptoms of AKI, physicians need to 
use diuretics effectively for the management of total fluid balance. Furosemide 
is one of the widely used diuretics in many clinical situations. It inhibits the 
sodium reabsorption and exerts a diuretic effect by inhibiting the Na-K-2Cl co-
transporter in the thick ascending limb of the loop of Henle. Besides, furose-
mide also has some theoretical background on the positive effect of AKI. Some 
experimental data showed that furosemide might improve the oxygen supply 
and demand balance by inhibiting Na-K-Cl2 co-transporter activity and increas-
ing prostaglandin production and blood flow [10, 11]. Furthermore, ensuring a 
diuretic effect, loop diuretics can prevent the nephron obstruction induced by 
cell shedding [12].

Table 16.2 Injection drug which requires dose adjustment (or cessation) for acute kidney 
injury in ICU

Generic name

Antiarrhythmic Cibenzoline, disopyramide, flecainide, mexiletine, pilsicainide, 
procainamide

Antibiotics Most of antibiotics need dose adjustment in AKI, except azithromycin, 
ceftriaxone, chloramphenicol, clindamycin, minocycline, tigecycline

Antifungals Amphotericin b, fluconazole, fosfluconazole, voriconazole
Antiepileptics Phenobarbital
Antivirals Acyclovir, foscarnet, gancyclovir
Cardiotonic Digoxin, milrinone
Hemostatic Tranexamic acid
H2-blocker Cimetidine, nizatidine, famotidine, ranitidine, rozatidine
Immunosuppressant Cyclosporine, gusperimus, tacrolimus
NSAIDs Flurbiprofen, sulpyrine
Opioid Morphine

NSAIDs nonsteroidal anti-inflammatory drugs
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Based on the above hypothesis, many clinical scientists performed an 
RCT and examined the effect of furosemide for AKI.  Ho et  al. synthesized 
the results of RCTs comparing furosemide with placebo [13]. In their analy-
sis, the administration of furosemide did not improve the induction of RRT 
(Risk Ratio [RR] = 1.02, [0.90–1.16], P = 0.73) and mortality rate (RR = 1.12, 
[0.93–1.34], P = 0.23) for patients with at-risk AKI and developed AKI. After 
the meta-analysis, Bagshaw et al. conducted a further RCT for developed AKI 
patients comparing furosemide with 0.9% saline placebo [14]. This RCT also 
did not indicate the positive effect of furosemide in the rate of kidney recovery 
(29.7% vs. 42.9%, P = 0.3) and RRT (27.0% vs. 28.6%, P = 0.8). These results 
imply that furosemide should not be routinely administered for the manage-
ment of AKI.

On the other hand, as furosemide occasionally makes it possible to increase 
urine output of oliguric AKI patients. It could help to correct fluid overload and 
electrolyte imbalance. Therefore, although these clinical trials provided strong evi-
dence against the efficacy of furosemide, the recent AKI guidelines did not deny the 
administration of furosemide only for correcting total fluid imbalance and electro-
lyte abnormalities [3, 15, 16].

Mannitol is also a commonly used diuretic in many clinical situations, e.g., 
neurosurgery or severe brain infarction. As some clinical trials indicated the posi-
tive effect of AKI, Yang et  al. synthesized the results of the RCTs comparing 
mannitol with placebo for patients at-risk of AKI [17]. Their analysis did not 
demonstrate evident effectiveness for the prevention of AKI. In subsequent RCTs, 
the mannitol groups also failed to exhibit significant improvement in their RRT 
requirements [18].

16.3.2  Dopamine

Once, low-dose dopamine was widely used as a renoprotective vasopressor [19, 
20]. Preceding basic research also indicated a positive effect of low-dose dopamine. 
These researches demonstrated that when dopamine is administered at a dose of 
<5 μg/kg/min for healthy persons, it causes renovascular dilatation and natriuresis,  
[21–23]. Indeed, the recent meta-analysis which was performed by Friedrich et al. 
showed that urine output and creatinine clearance were increased only on day 1 of 
dopamine administration [24].

However, this effect of low-dose dopamine does not continue during the whole 
period of administration. The recent meta-analysis demonstrated that since two days 
after the start of the administration, the urine output and creatinine clearance were 
not significantly higher in low-dose dopamine group [24]. Besides, this meta-anal-
ysis did not show a positive effect on a hard outcome such as the induction rate of 
RRT and mortality rate [24]. Likewise, some new RCTs of low-dose dopamine also 
did not report the improvement of hard outcomes [25, 26]. Furthermore, using a 
physiological approach, Lauschke et  al. indicated that low-dose dopamine could 
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worsen renal perfusion in patients with developed AKI [27]. From the above clinical 
and physiological analysis, the recent AKI guidelines recommended not using low-
dose dopamine for the prevention and treatment of AKI [3, 15, 16].

In terms of the treatment of septic shock, which is one of the leading causes of 
AKI, dopamine administration is associated with a greater mortality rate and a high 
incidence of severe adverse events [28]. The recent guidelines for sepsis also recom-
mend against using dopamine as a first- choice drug of vasopressors [5, 6]. Hence, 
the use of low-dose dopamine should be suggested just only for patients with abso-
lute or relative bradycardia [5, 29].

16.3.3  Fenoldopam

Fenoldopam is a dopamine agonist that causes peripheral vasodilation via stimula-
tion of dopamine 1 receptors [30]. In the kidney, it induces the decrease in renal 
vascular resistance accompanied by increases in renal blood flow and glomerular 
filtration rate and increases in sodium excretion and urine volume [31]. Therefore, 
as it could be theoretically effective for the prevention and treatment of AKI, some 
RCTs were performed to examine the effect.

Regarding the prevention effect of fenoldopam, so far, four meta-analyses were 
reported [32–35]. The most recent meta-analysis focused on cardiac surgery patients  
and analyzed the data of 1107 adult patients from 7 RCTs. It indicated that the use 
of fenoldopam reduced the incidence of AKI (RR = 0.42, [0.26–0.69], P = 0.0006). 
However, it exhibited a higher rate of hypotension (RR   =   1.76, [1.29–2.39], 
P  = 0.0003) [35]. Also, it did not significantly reduce the RRT requirement or hos-
pital mortality [35]. Meanwhile, the previous meta-analysis included not only car-
diac surgery but also major surgery such as liver transplant and nephrectomy [34]. 
This meta-analysis also showed that fenoldopam had no beneficial impact on RRT 
requirements (OR = 0.27, [0.06–1.19], P = 0.11) and hospital mortality (OR = 1.0, 
[0.14–7.37], P  =  0.60) although it could reduce the incidence of postoperative 
AKI (OR = 0.46, [0.27–0.79], P = 0.004) [34]. Hence, these meta- analyses did not 
strongly support the use of fenoldopam for the prevention of AKI.

On the other hand, the treatment effect of fenoldopam for developed AKI patients 
was also evaluated in two multicenter RCTs [36, 37]. Tumlin et al. conducted a first 
multicenter RCT for the patients with developed AKI whose serum creatinine level 
increased to 50% greater than admission levels within 24 h [36]. They randomly 
assigned 155 ICU patients to receive fenoldopam or placebo. They could not show 
the significant difference between two groups in the incidence of RRT require-
ment (16.25% vs. 25.3%, P = 0.163) and 21-day mortality rate (13.8% vs. 25.3%, 
P  =  0.068) [36]. Bove et  al. also examined the treatment effect of fenoldopam, 
performing an RCT with much larger sample size; 667 early AKI patients admitted 
to ICU after cardiac surgery [37]. Likewise, they could not demonstrate the benefi-
cial effect of the administration for the RRT rate (20.4% vs. 18.2%, P = 0.47) and 
30-day mortality rate (23.1% vs. 22.5%, P = 0.86) [36].
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Indeed, KDIGO AKI guidelines did not recommend using fenoldopam for 
the management of AKI [3]. After the issuance of the guideline, the recent meta- 
analysis and RCT also showed the uselessness of fenoldopam for AKI prevention 
and treatment [34, 35, 37].

16.3.4  Natriuretic Peptide

Natriuretic peptides, atrial natriuretic peptide (ANP) and brain natriuretic pep-
tide (BNP), are endogenous hormones that the heart releases in response to 
myocardial stretch [38]. By guanylyl cyclase A receptor activation, natriuretic 
peptides induce pleiotropic actions, such as natriuresis, vasodilation, and sup-
pression of circulating renin, angiotensin II, and aldosterone [38, 39]. Since the 
pharmacological effects of these natriuretic peptides could be effective in a vari-
ety of cardiovascular diseases, the administration of ANP (carperitide in Japan) 
and BNP (nesiritide in the USA) has been approved for the management of heart 
failure [40]. Besides, these pharmacological effect could also be beneficial for 
AKI. Therefore, to elucidate the therapeutic impact on AKI, many RCTs have 
been performed until now.

Regarding ANP, at first, some RCTs for patients with acute renal failure were 
conducted in the 1990s [41–43]. As in these RCTs, the dose of ANP was relatively 
high (0.08–0.20 ng/kg/min), the cases of accidental hypotension were significantly 
larger in the ANP administration group. Also, these results did not demonstrate a 
decisive improvement of hard outcomes such as mortality rate and reduction in 
RRT. Hence, to prevent the accidental hypotension, the recent RCTs have focused 
on low-dose of ANP (≤0.05 ng/kg/min). Yamada et  al. performed a meta-analy-
sis about the renal-protective effect of low-dose ANP for AKI [44]. Their meta-
analysis showed that low-dose ANP significantly decreased the incidence of AKI 
(RR = 0.51, [0.36–0.72], P = 0.0001) and RRT requirements (RR = 0.17, [0.04–0.64], 
P = 0.009) for patients at risk of AKI. In addition, low- dose ANP also reduced RRT 
requirements for patients with developed AKI (RR = 0.17, [0.04–0.64], P = 0.009). 
However, they also advocated that those results were not conclusive, because the 
risk of bias in most of the included studies is not low, and the sample size was not 
enough for demonstrating the positive effect.

Meanwhile, as for BNP, some meta-analysis for decompensated heart failure 
patients examined the effectiveness of kidney-associated outcomes [45–47]. In the 
most recent meta-analysis for the comparison between nesiritide and control treat-
ment, including 38,064 patients from 22 RCTs, the mortality rate was not improved 
in the nesiritide group (RR = 1.04, [0.79–1.38], P = 0.76) [47]. Also, there was 
no significant difference between the two groups in terms of the need for dialysis, 
serum creatinine, and creatinine clearance. Furthermore, the risk ratio of hypoten-
sion and bradycardia was significantly higher in the nesiritide group. Unfortunately, 
this analysis did not demonstrate the efficacy and safety of nesiritide for decompen-
sated heart failure patients.
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The effect of nesiritide for cardiovascular surgery patients has also been exam-
ined. Mitaka et  al. performed a meta-analysis about the effect for these patients 
[48]. Although their results showed that nesiritide infusion significantly reduced the 
length of ICU stay and hospital stay, the renal outcome such as RRT requirements or 
dialysis survival rate was not reported due to insufficient data. After the publication 
of this analysis, Costello et al. newly reported the result of his RCT for Fontan sur-
gery patients [18]. There does not appear to be the difference between the nesiritide 
group and the placebo group in terms of RRT requirements or a threefold increase 
in serum creatinine.

Considering the results of these clinical trials, it is not sufficiently clarified 
whether natriuretic peptides could be useful in the management of AKI or not.

16.3.5  Remote Ischemic Preconditioning

Remote ischemic preconditioning (RIPC) is a non-pharmacological approach 
induced by several cycles of transient nonlethal ischemia and reperfusion to one 
remote organ or tissue [49]. This method is performed by simply inflating and 
deflating a standard blood-pressure cuff placed on the upper arm or thigh to induce 
transient ischemia and reperfusion [50]. Although the molecular mechanism of 
RIPC is not entirely understood, many clinical trials investigated the efficacy of 
various organs because of non-invasiveness and low cost of the intervention [51].

The prevention effect for AKI of this intervention was also evaluated in many 
RCTs [51]. Menting et al. conducted a meta-analysis and synthesized the results 
of these RCTs which examined kidney-associated outcomes [52]. Their analysis 
did not demonstrate the positive effect of RIPC for RRT requirements (RR = 3.47, 
[0.55–21.76], P = 0.70) and that the AKI prevention effect of RIPC was not slightly 
significant (RR = 0.76, [0.57–1.00], P = 0.05). After the meta-analysis, the two large 
RCTs reported the effect of RIPC [53, 54]. In both studies, there were no significant 
differences in RRT requirements between RIPC and the control group. Meanwhile, 
while in the study of Kim et al. RIPC significantly reduced the incidence of AKI 
(30% vs. 48%, P  =  0.023), Song et  al. reported that RIPC did not decrease the 
incidence of AKI (16% vs. 19%, P = 0.47). From these results, RIPC has little pos-
sibility of reducing the RRT requirement. Also, the effect of RIPC on the incidence 
of AKI remains controversial.

16.3.6  Statin

Since statin is called HMG-CoA reductase inhibitors, it could downregulate the 
LDL-cholesterol production and has been widely used for primary or secondary 
prevention of cardiovascular diseases [55]. Also, as some experimental studies 
showed that statin has anti-inflammatory, antioxidant, and antithrombotic effects, 
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many RCTs were conducted to investigate whether the stain is not effective for AKI 
management or not [56]. Particularly, regarding the prevention effect for cardiovas-
cular surgery patients, three large RCTs for cardiac surgery patients were published 
in 2016 [57–59]. Neither of these RCTs indicated the prevention effect of statin 
for cardiac surgery-associated AKI (CSA-AKI). After that, some meta- analyses 
which included these RCTs have been also published [60, 61]. These analyses did 
not demonstrate that the perioperative administration of statin in cardiac surgery 
reduced the incidence of CSA-AKI.

On the other hand, as for the prevention effect of statin for contrast-induced 
nephropathy (CIN), many RCTs have also been published until now since Zhang 
reported a first RCT comparing statin with placebo [62]. Wang et al. synthesized the 
data of these RCTs and analyzed the effect of statin for CIN with trial sequential 
analysis [63]. This analysis showed that the incidence of CIN in the statin group was 
significantly lower than the control group (RR = 0.46, [0.36–0.58], P < 0.00001), 
and that trial sequential analysis also supported the synthesized results. Likewise, 
Marenzi et  al. did a subgroup analysis only for acute coronary syndrome (ACS) 
patients [64]. Their analysis indicated that statin could significantly reduce the inci-
dence of CIN even for ACS patients (RR = 0.37, [0.25–0.55], P < 0.00001). Now, as 
some new RCTs which examine the efficacy of statin for ACS patients are currently 
underway (ClinicalTrials.gov identifier: NCT03526367, NCT01870804), further 
research is expected.
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Chapter 17
Renal Replacement Therapy in AKI

Shigeo Negi, Masaki Ohya, and Takashi Shigematsu

Abstract Acute kidney injury (AKI) has become a global problem in the develop-
ing countries as well as the developed countries in recent years. AKI has been rap-
idly increasing during the past few decades. However, the incidence of AKI varies 
in previous studies depending on the definitions of AKI and patients’ demographics. 
AKI, particularly among patients with severe AKI requiring renal replacement ther-
apy (RRT), is associated with high mortality and morbidity. Moreover, the survivors 
of AKI are at increased risk of progression to chronic kidney disease and end-stage 
renal disease even if AKI is recovered completely. Despite significant advances in 
RRT technology, the mortality of AKI requiring RRT is over 50% in the intensive 
care unit (ICU). Although RRT is a mainstay strategy for critically ill patients with 
AKI, there still remains several controversial issues with respect to RRT for AKI.

Keywords Acute kidney injury · Dose · Modality · Renal replacement therapy  
Dialysis membrane

17.1  Introduction

Acute kidney injury (AKI) is one of the most serious and well-recognized complica-
tions among hospitalized patients, especially in the intensive care unit (ICU). 
Despite significant advances in critical care medicine, the mortality rate of patients 
with AKI remains unacceptably high, particularly among critically ill patients with 
AKI severe enough to require renal replacement therapy (RRT) in the ICU. The 
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incidence of AKI in ICU settings has been increasing globally during the past few 
decades along with population aging. Critically ill patients requiring RRT account 
for 1.0–13.5% of patients in ICU settings [1–10] (Fig. 17.1). Moreover, the mortal-
ity rates of patients with AKI are three or four times higher than those of patients 
without AKI [1–9, 11–16]. High mortality of critically ill patients with AKI requir-
ing RRT might be partially attributable to the fact that no specific pharmacological 
therapy for AKI has been established. RRT plays a pivotal role in patients with 
severe AKI. However, several issues of RRT for AKI remain unresolved (Table 17.1). 
Although some consensus has been reached on the RRT dose and modality in 
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Fig. 17.1 The incidence of AKI-D in the ICU setting. AKI-D acute kidney injury requiring dialysis

Table 17.1 The controversial 
issues regarding RRT  
for AKI

1.  Timing of initiation and discontinuation of RRT
2.  Modality and mode of RRT:CRRT or IRRT or SLED, 

HD or HF or HDF or PD
3.  Intensity (dose) of RRT
4. Dialysis membranes for RRT
5. Anticoagulants for RRT
6. Dialysate and replacement fluid for RRT

RRT renal replacement therapy, AKI acute kidney injury, 
CRRT continuous renal replacement therapy, IRRT intermit-
tent renal replacement therapy, SLED sustained low-effi-
ciency dialysis, HD hemodialysis, HF hemofiltration, HDF 
hemodiafiltration, PD peritoneal dialysis
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patients with AKI requiring RRT, the optimal timing for initiation of RRT is still 
controversial. Little evidence or consensus exists regarding the idea that early initia-
tion of RRT in patients with AKI improves both patient and renal outcomes.

17.2  When to Start and Stop RRT in Critically Ill Patients 
with AKI

Many studies have been performed to examine the optimal timing of initiation of 
RRT in patients with severe AKI [17–26]. However, there is insufficient evidence to 
recommend early initiation of RRT for AKI in critically ill patients. Although early 
initiation of RRT in patients with AKI has several advantages, it also has a few 
shortcomings. RRT in critically ill patients at an early stage could make it easier for 
physicians to manage acid–base homeostasis, electrolyte abnormalities, and fluid 
overload. However, early initiation of RRT in patients with AKI might expose such 
patients to unnecessary RRT and RRT-related complications. Even the latest high- 
quality randomized controlled trial (RCT), the Initiation of Dialysis Early Versus 
Delayed in the Intensive Care Unit (IDEAL-ICU) trial conducted in France, failed 
to show reduced mortality in patients with AKI and sepsis who underwent early 
versus delayed initiation of RRT [27]. In total, 488 patients with septic shock and 
severe AKI were randomly assigned to either the early-strategy group (initiation of 
RRT within 12  h after documentation of failure stage of RIFLE criteria) or the 
delayed-strategy group (initiation of RRT at 48  h after the diagnosis of AKI if 
hyperkalemia, metabolic acidosis, and fluid overload had not occurred). This trial 
showed no significant difference in 90-day all-cause mortality between the two 
groups (58% in the early-strategy group vs. 54% in the delayed-strategy group, 
p = 0.38). In the delayed-strategy group, 70 of 242 patients (29%) did not receive 
RRT because their renal function improved. Several other RCTs and meta-analysis 
have also investigated the ideal timing for initiation of RRT in critically ill patients 
with AKI. In 2016, two large RCTs were conducted to examine whether early initia-
tion of RRT in patients with AKI reduces mortality. However, the two RCTs pro-
duced conflicting results [25, 26]. The Early Versus Late Initiation of Renal 
Replacement Therapy In Critically Ill Patients With Acute Kidney Injury (ELAIN) 
trial was a single-center RCT conducted in Germany [25]. This trial examined 231 
critically ill patients with AKI. The 231 patients were randomly assigned to either 
early initiation of RRT (within 8 h of meeting Kidney Disease: Improving Global 
Outcomes [KDIGO] stage 2 criteria, n = 112) or delayed initiation of RRT (within 
12 h of meeting KDIGO stage 3 criteria or if absolute indications for RRT were 
met, n  =  119). Early initiation of RRT significantly improved 90-day mortality 
compared with delayed initiation of RRT (44 of 112 patients [39.3%] in the early 
group vs. 65 of 119 patients [54.7%] in the delayed group, p = 0.03). In contrast, the 
Artificial Kidney Initiation in Kidney Injury (AKIKI) trial was a multicenter trial 
conducted in France that evaluated the timing of RRT in patients with AKI [26]. 
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In total, 620 patients with AKI were randomized to either the early-strategy group 
(initiation of RRT within 6  h of meeting KDIGO stage 3 criteria, n  =  311) or 
delayed-strategy group (initiation of RRT if at least one of the following criteria was 
met: blood urea nitrogen level of >112 mg/dL, serum potassium level of >6 mmol/L, 
pH of <7.15, acute pulmonary edema due to fluid overload, or oliguria or anuria 
lasting for >72 h after randomization; n = 308). This trial showed no significant dif-
ference in 60-day mortality between the early-strategy and delayed-strategy groups 
(48.5% vs. 49.7%, respectively; p = 0.79). However, the post hoc analysis revealed 
that the 60-day mortality rate was lowest (37.1%) among the patients in the delayed- 
strategy group who required no RRT. The highest mortality rate (61.8%) was found 
among the patients in the delayed-strategy group who received RRT. In 2017, eight 
meta-analyses were conducted to evaluate the optimal timing of RRT in patients 
with AKI [28–35]. The meta-analyses that included only RCTs showed no signifi-
cant mortality-related benefit of early initiation of RRT in patients with AKI com-
pared with late initiation of RRT. Among meta-analyses that included non-randomized 
trials, early initiation of RRT in critically ill patients with AKI was associated with 
significantly lower mortality compared with late initiation of RRT. The Japanese 
clinical practice guideline for AKI was published in December 2016 [36]. In this 
guideline, early initiation of RRT in patients with AKI was not recommended, and 
when to start RRT for AKI should be decided under consideration of clinical symp-
toms and disease conditions. The superiority of early over late RRT in patients with 
AKI still remains controversial. The severity of injury and the clinical condition, not 
the timing of the initiation of RRT, may affect the mortality rate and renal recovery 
of patients with AKI. The largest multinational, multicenter RCT is currently ongo-
ing. The Standard versus Accelerated Initiation of Renal Replacement Therapy in 
Acute Kidney Injury (STARRT-AKI) trial is being conducted to investigate whether 
accelerated initiation of RRT for AKI improves patient survival and renal outcomes 
[37]. This trial may provide new evidence of the optimal timing of RRT in critically 
ill patients with AKI.

Although several trials have examined when to start RRT in patients with AKI, 
few studies have showed the optimal timing for discontinuation of RRT or ideal 
biomarkers with which to predict sufficient renal recovery. No RCTs have investi-
gated when or how to stop RRT in patients with AKI. It is widely accepted that the 
decisions regarding weaning of RRT or changing the RRT modality in patients with 
AKI are influenced by patient-related factors (hemodynamic instability, fluid over-
load), biomarkers (serum creatinine, blood urea nitrogen, serum potassium, novel 
biomarkers), and urine output. Only five observational studies have examined the 
significant predictors of successful discontinuation of RRT in patients with AKI 
requiring RRT [38–43]. In the first study, Wu et al. investigated 304 postoperative 
patients with AKI undergoing RRT in Taiwan. Successful discontinuation of RRT 
was defined as cessation of RRT for at least 30  days [38]. In total, 64 (21.1%) 
patients were successfully weaned from RRT. The multivariate logistic regression 
analysis identified the following factors as independent predictors for restarting 
RRT within 30 days: a longer duration of RRT (odds ratio [OR], 1.06; 95% confi-
dence interval [CI], 1.02–1.10; p  =  0.005), a higher sequential organ failure 
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assessment score (OR, 1.44; 95% CI, 1.13–1.83; p = 0.003), oliguria (urine output 
of <100  mL per 8  h) (OR, 4.17; 95% CI, 1.07–16.13; p  =  0.039), and age of 
>65 years (OR, 6.35; 95% CI, 1.61–24.99; p = 0.008). Uchino et al. conducted a 
post hoc analysis of a prospective multicenter observational study (BEST Kidney 
study) evaluating 529 patients with AKI who survived initial therapy among 529 
patients treated with continuous RRT (CRRT) [39]. In total, 313 patients were suc-
cessfully weaned from CRRT and required no RRT for at least 7 days (defined as 
the success group). In contrast, the remaining 216 patients were defined as the 
repeat-RRT group. Patients in the success group had lower urea and creatinine con-
centrations and a higher urine output at discontinuation of RRT. The authors con-
cluded that urine output was the most important predictor of successful 
discontinuation of CRRT. In the most recent study, Raurich et al. identified factors 
associated with successful weaning of CRRT for patients with AKI requiring CRRT 
[42]. Of 86 patients with AKI, 67 (77.9%) were successfully weaned from CRRT 
and 19 (22.1%) failed. The multivariate logistic regression analysis revealed that the 
factors associated with successful weaning of CRRT were female sex (OR, 5.1; 
95% CI, 1.6–17.8; p = 0.01) and 6 h-urine output after CRRT cessation (OR, 1.014; 
95% CI, 1.008–102; p  <  0.001). At present, most nephrologists and intensivists 
believe that urine output is the most important predictor of successful cessation of 
RRT in patients with AKI. However, multicenter RCTs are needed to determine the 
optimal timing of discontinuation of RRT for patients with AKI requiring RRT.

17.3  Dose of RRT in Patients with AKI

The optimal dose of RRT in patients with AKI has been investigated during the past 
few decades. Ronco et al. first examined whether three different doses in patients 
with AKI requiring continuous veno-venous hemofiltration (CVVHF) were associ-
ated with mortality and renal recovery [44]. In total, 425 patients with AKI at a 
single center in Italy were randomized to 3 groups according to the CVVHF filtra-
tion rate (20, 35, or 45 mL/kg/h). The survival rate at 15 days after discontinuation 
of CVVHF in the 20-, 35-, and 45-mL/kg/h groups was 41%, 57%, and 58%, respec-
tively. The survival rates in the high-dose group (45 mL/kg/h) and intermediate- dose 
group (35  mL/kg/h) were significantly higher than that in the low-dose group 
(20 mL/kg/h) (p = 0.007, p = 0.0013). No significant difference in the survival rate 
was found between the high- and intermediate-dose groups. Since this study, a 
CRRT dose of >35 mL/kg/h has been recommended for critically ill patients with 
AKI. Additionally, since the study by Ronco et al., several RCTs gave compared 
high- and low-dose CRRT among patients with AKI [45–47]. These studies pro-
duced conflicting results, and the small numbers of patients were insufficiently pow-
erful to prove the superiority of a high dose over a low dose in CRRT. Therefore, a 
larger RCT is needed to determine the effect of high-dose CRRT on survival.

The two largest RCTs evaluating the RRT dose in patients with AKI were pub-
lished [48, 49] in 2008 and 2009. In 2008, the Veterans Affairs/National Institutes of 
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Health Acute Renal Failure Trial Network (ATN) study was conducted in the United 
States [48]. This trial randomly assigned critically ill patients with AKI to either 
intensive therapy (n  =  563) or less intensive therapy (n  =  561). In the intensive 
therapy, continuous veno-venous hemodiafiltration (CVVHDF) was performed at a 
CRRT dose of 35 mL/kg/h or sustained low-efficiency dialysis (SLED) was per-
formed six times per week when patients were hemodynamically unstable. 
Intermittent HD (IHD) was performed if the patients were hemodynamically stable. 
In contrast, in the less intensive therapy, CVVHDF was administered at 20 mL/kg/h 
along with the performance of SLED and IHD three times per week. The intensive 
therapy did not lead to an improvement in 60-day mortality compared with the less 
intensive therapy (53.6% vs. 51.5%, respectively; OR, 1.09; 95% CI, 0.86–1.4; 
p = 0.47). In 2009, the Randomized Evaluation of Normal versus Augmented Level 
(RENAL) Renal Replacement Therapy Study was conducted in Australia and New 
Zealand [49]. In total, 1508 critically ill patients with AKI were randomly assigned 
to post-CVVHDF at an effluent flow of either 40 mL/kg/h (higher-intensity therapy, 
n = 747) or 25 mL/kg/h (lower-intensity therapy, n = 761). This study also showed 
a no significant difference in 90-day mortality between the higher- and lower-inten-
sity groups. The 90-day mortality rate was the same (44.7%) in the two groups (OR, 
1.00; 95% CI, 0.81–1.23; p = 0.99). Two large RCTs failed to show an effect of 
high-dose CRRT on mortality compared with low-dose CRRT. From the abovemen-
tioned results, the KDIGO clinical guideline for AKI recommends that the delivered 
dose of CRRT in patients with AKI should be 20–25 mL/kg/h [50]. Several system-
atic reviews and meta-analyses have examined the effects of the intensity of RRT on 
mortality and renal recovery in critically ill patients with AKI [51–55]. No signifi-
cant difference in mortality was seen between higher-intensity RRT and standard- 
intensity RRT.  However, with respect to renal recovery, the latest meta-analysis 
showed that higher-intensity RRT was associated with less RRT independence by 
day 28 compared with the standard-intensity group (70.3% vs. 75.3%, respectively; 
p = 0.03) using individual patient data [55]. Two recent RCTs were performed to 
determine whether more higher-volume CRRT improves mortality in patients with 
septic AKI compared with conventional-dose CRRT [56, 57]. The IVOIRE study 
was conducted in France, Belgium, and the Netherlands [56]. In total, 140 critically 
ill patients with septic AKI were randomized to receive either high-volume hemofil-
tration at a dose of 70  mL/kg/h or standard-volume hemofiltration at a dose of 
35 mL/kg/h. High-volume hemofiltration did not significantly reduce mortality at 
28 days compared with standard-volume hemofiltration (37.9% vs. 40.8%, respec-
tively; p = 0.94). Park et al. compared the conventional dose (40 mL/kg/h) with a 
high dose (80 mL/kg/h) among 212 patients with septic AKI requiring CVVHDF 
[57]. High-dose CVVHDF did not significantly reduce 28-day mortality (hazard 
ratio [HR], 1.02; 95% CI, 0.73–1.43; p  =  0.9) compared with conventional- 
dose CVVHDF.

Unlike the international dose of CRRT for patients with AKI, the Japanese stan-
dard dose is much lower at 600–800 mL/h (approximately 10–13 mL/kg/h), which 
is only about half of the international dose (Table  17.2). However, no RCT has 
shown that the Japanese dose for CRRT is associated with higher mortality of 
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patients with AKI in comparison with the international CRRT dose. Only two retro-
spective observational studies demonstrated that even very-low-dose CRRT in 
Japan did not increase the mortality of critically ill patients with AKI [58, 59].

17.4  Large Variations in CRRT Dose

Wide variations exist in the delivered dose and prescribed dose of CRRT for patients 
with AKI. In several RCTs evaluating the relationships between the CRRT dose and 
mortality of patients with AKI, more than 80% of the prescribed dose was delivered 
on average [44, 46–49]. In the DO-RE-MI (DOse REsponse Multicentre International 
collaborative initiative) study, the median delivered dose was 27.1 mL/kg/h (inter-
quartile range [IQR], 22.1–33.9) in the CRRT group [60]. The median prescribed 
dose, however, was 34.3 mL/kg/h (IQR, 27.3–42.9) with approximately 20% loss of 
the delivered dose. This loss was mainly attributable to treatment downtime. The 
most common causes of downtime were clotting of the circuit (74%), vascular 
access problems (11%), and clinical reasons (10%). Moreover, Claure-Del Granado 
et al. analyzed the prescribed versus delivered dose in 52 critically ill patients with 
AKI requiring pre-dilution CVVHDF [61]. The delivered CRRT dose was 72.8% of 
the prescribed CRRT dose. The leading cause of CRRT downtime was filter clot-
ting. According to the KDIGO clinical practice guideline for AKI, the prescribed 
CRRT dose must be within 25–30 mL/kg/h to achieve a delivered CRRT dose of 
20–25 mL/kg/h [50].

17.5  RRT Modality for AKI

Three RRT modalities (CRRT, intermittent RRT [IRRT], and hybrid forms of RRT 
such as SLED) are available for the treatment of AKI in critically ill patients in the 
ICU. HD removes solutes by diffusion, HF removes them by convection, and HDF 
removes them by both methods. To date, several RCTs have assessed the effect of 
RRT modalities on clinical outcomes [62–76]. The largest RCT, which was con-
ducted in France, compared the effect of CRRT and IRRT on survival rates in criti-
cally ill patients with AKI [70]. In total, 360 patients with AKI requiring RRT were 

Table 17.2 Standard mode of RRT in Japan

CHDF IDH SLED

Blood flow rate (mL/min) 80–100 200–250 100–200
Dialysate flow rate 500 mL/h 500 mL/min 200–300 mL/min
Replacement flow rate (mL/min) 200–300 mL/h
Treatment period (h) 24 4–5 6–10

RRT renal replacement therapy, CHDF continuous hemodiafiltration, IHD intermittent hemodialy-
sis, SLED sustained low-efficiency dialysis
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randomly assigned to receive either IHD or CVVHDF. No significant difference in 
60-day survival was observed between the two RRT modalities. The CONVINT 
(CONtinuous Vs. INTermittent RRT on the outcome of critically ill patients with 
ARF trial), which was the most recent RCT to compare CVVH (n = 122) and IHD 
(n = 128), showed no significant difference in 14-day survival after the end of RRT 
between the CVVHF group (43.9%) and IHD group (39.5%) (OR for patients in 
IHD group, 0.84; 95% CI, 0.49–1.41; p = 0.50) [76]. The limitations of these RCTs 
comparing CRRT and IRRT in terms of mortality were that the numbers of patients 
were small and most RCTs had a short follow-up period. Three larger retrospective 
studies evaluated the superiority of CRRT over IRRT with respect to mortality and 
RRT dependence [77–79]. A Swedish study (n = 2202) of the impact of CRRT and 
IRRT on RRT dependence showed that the use of CRRT was associated with a sig-
nificantly lower incidence of RRT dependence at 90 days [77]. However, no signifi-
cant differences in mortality were observed between the two treated groups. Wald 
et al. performed a retrospective propensity score-matched cohort study examining 
the association between the RRT modality and long-term kidney function among 
patients with AKI [78]. The median follow-up period was 3.1 years in the CRRT 
group and 3.2 years in the IRRT group. The risk of chronic dialysis was significantly 
lower in the CRRT than IRRT group (HR, 0.75; 95% CI, 0.65–0.87). All-cause 
mortality was similar between the two groups (CRRT vs. IRRT: HR, 1.02; 95% CI, 
0.91–1.14). The most recent large retrospective study (n = 58,635) conducted in 
France assessed the influence of the RRT modality on renal recovery at hospital 
discharge [79]. IRRT significantly reduced the rate of renal recovery at hospital 
discharge (OR, 0.910; 95% CI, 0.834–0.992; p = 0.0327). Moreover, several meta- 
analyses have compared CRRT with IRRT in terms of mortality and RRT depen-
dence in patients with AKI [80–88]. A Cochrane systematic review evaluating 15 
RCTs demonstrated no significant differences between patients treated with CRRT 
and IRRT in terms of either hospital mortality (relative risk [RR], 1.01; 95% CI, 
0.92–1.12) or ICU mortality (RR, 1.06; 95% CI, 0.90–1.26) [82]. Zhang et al. per-
formed a meta-analysis of 7 RCTs (n = 533) and 10 observational studies (n = 675) 
that compared extended daily dialysis (EDD) versus CRRT for the treatment of AKI 
[87]. The seven RCTs showed no difference in mortality (RR, 0.90; 95% CI, 
0.74–1.11; p = 0.3). However, EDD was associated with significantly lower moral-
ity than CRRT in the 10 observational studies. The most recent systematic review 
and meta-analysis (performed in 2017), which included 21 studies (n = 5015; 16 
RCTs and 5 prospective cohort studies), compared CRRT with IHD/SLED in terms 
of mortality, dialysis dependence, and length of hospital and ICU stays [88]. 
Hospital mortality and dialysis dependence were analyzed from the RCTs. RRT 
modality was not associated with in-hospital mortality (CRRT vs. IHD: RR, 1.00; 
95% CI, 0.92–1.09 and CRRT vs. SLED: RR, 1.23; 95% CI, 1.00–1.51) or dialysis 
dependence (CRRT vs. IHD: RR, 0.90; 95% CI, 0.59–1.38 and CRRT vs. SLED: 
RR, 1.15; 95% CI, 0.67–1.99). In this way, no modality of RRT has shown definitive 
superiority over the others in terms of survival benefit and dialysis dependence. At 
present, it is widely accepted that CRRT is preferable over IRRT for the treatment 
of AKI in critically ill patients with hemodynamic instability (KDIGO guideline 
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2012). For hemodynamically stable patients with AKI in Japan, RRT may be used 
by either CRRT or IRRT according to the Japanese Clinical Practice Guideline for 
AKI 2016 [36]. However, CRRT is preferable for patients with hemodynamic insta-
bility. Numerous studies have investigated the effect of different modalities of RRT 
in patients with AKI on mortality and RRT dependence. In contrast, no RCTs have 
examined the differences in clinical outcomes of patients with AKI among the three 
modes of RRT (HDF, HF, and HD). Evidence is not sufficient to recommend the use 
of one RRT mode over another in patients with AKI severe enough to require 
RRT.  Several RCTs have compared two of the three modes of RRT in terms of 
morality and renal recovery in patients with AKI [89–92]. A systematic review and 
meta-analysis including 19 RCTs showed no significant effect of HF on mortality or 
RRT dependence compared with HD [93]. The filter lifetime is well known to be 
shorter in patients treated with HF than HD. Additionally, although both HF and HD 
have the same effect on the removal of small-molecular-weight solutes, HF has the 
advantage of removing of larger-molecular-weight solutes such as toxic inflamma-
tory cytokines. A multinational epidemiological survey (BEST kidney study) 
showed that CVVHF (52.8%) was the most commonly used modality in patients 
with AKI, followed by CVVHDF (34%) and CVVHD (13.1%) among 54 ICUs in 
23 countries [94].

Peritoneal dialysis (PD) was commonly used for the treatment of AKI in the 
1980s. However, CRRT has become the most standard treatment strategy in patients 
with AKI worldwide since the 1990s. In Brazil, an RCT comparing high-volume PD 
with daily HD showed no significant differences in mortality or renal recovery 
between the two treatments [95]. Moreover, a systematic review of 24 studies 
(n = 1556 patients) showed no significant differences in mortality between PD and 
extracorporeal blood purification; however, most studies (19/24) were conducted in 
low-resource regions [96]. At present, PD is usually used for AKI in developing 
countries because of its lower cost and technical simplicity.

17.6  What Dialysis Membrane Should Be Used for RRT 
in Patients with AKI?

Dialysis membranes are classified as either biocompatible dialysis membranes 
(BCMs) or bioincompatible dialysis membranes (BICMs). In Japan, BCMs (poly-
methyl methacrylate [PMMA], polyacrylonitrile [PAN], polysulfone [PS], cellulose 
triacetate [CTA], polyethersulfone [PES], polyarylethersulfone [PAES], ethylene 
vinyl alcohol [EVAL], polyester polymer alloy [PEPA], and polyethylenimine- 
coated polyacrylonitrile [AN69ST]) have commonly been used for RRT in both 
patients with AKI and those with end-stage kidney disease. Only six RCTs have 
demonstrated the survival benefit of each dialysis membrane on mortality in patients 
with AKI [97–102]. These RCTs compared BCMs with BICMs. Among these 
RCTs, most involved patients treated with IRRT, not CRRT. In the first study, Schiffl 
et  al. examined the differences in mortality and renal recovery in postoperative 
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patients with AKI who were treated with regenerated cellulose (Cuprophan) versus 
PAN [97]. No significant differences were observed between the two groups. 
A meta-analysis by the Cochrane collaboration that included 10 RCTs (n = 1100) 
evaluated the differences in mortality and renal recovery between patients treated 
with a BCM (synthetic polymeric membrane, n = 575) and BICM (regenerated cel-
lulose, n = 525) [103]. No significant differences were seen in mortality (RR, 0.93; 
95% CI, 0.81–1.07) or renal recovery (RR, 1.09; 95% CI, 0.90–1.31). Well-designed 
RCTs comparing various BCMs in the treatment of RRT for AKI are needed. 
According to a recent study, the removal of inflammatory cytokines, which play 
pivotal roles in the pathophysiology of septic shock and septic AKI, is expected to 
lead to improvement in mortality [104]. PMMA and AN69ST are well-known 
cytokine- adsorbing hemofilters (CAHs). Several observational studies have evalu-
ated the survival benefit in patients with septic shock treated with CAH-CHDF 
[105–108]. Shiga et al. showed that the 28-day survival rate was 73.5% (predicted 
28-day survival of 20.3%) among patients with septic AKI treated with CAH-CHDF 
(AN69ST) in a prospective multicenter study [107]. In addition, a significant 
decrease in the blood interleukin-6 level compared with baseline was observed after 
3, 12, 24, 48, and 72 h of treatment.

17.7  Conclusion

AKI is one of the most serious and life-threatening complications during hospital-
ization because of patients’ increasing age and increasing prevalence of risk factors 
for AKI. Though RRT for AKI has been progressing on an annual basis during the 
past few decades, several issues of RRT in patients with AKI remain to be resolved. 
Further studies clarifying the epidemiology and pathophysiology of AKI worldwide 
are required to improve the mortality and comorbidity in patients with AKI, espe-
cially those requiring RRT.

References

 1. Clećh C, Gonzalez F, Lautrette A, Nguile-Makao M, Garrouste-Orgeas M, Jamali S, et al. 
Multiple-center evaluation of mortality associated with acute kidney injury in critically ill 
patients: a competing risks analysis. Crit Care. 2011;15:R128.

 2. Vaara ST, Pettilä V, Reinikainen M, Kaukonen KM. Population-based incidence, mortality 
and quality of life in critically ill patients treated with renal replacement therapy: nationwide 
retrospective cohort study in finish intensive care units. Crit Care. 2011;16:R13.

 3. Hoste EA, Bagshaw SM, Bellomo R, Cely CM, Colman R, Cruz DN, et al. Epidemiology of 
acute kidney injury in critically ill patients: the multinational AKI-EPI study. Intensive Care 
Med. 2015;41:1411–23.

 4. Piccinni P, Cruz DN, Gramaticopolo S, Garzotto F, Santo MD, Aneloni G, et al. Prospective 
multicenter study on epidemiology of acute kidney injury in the ICU: a critical care nephrol-
ogy Italian collaborative effort (NEFROINT). Minerva Anestesiol. 2011;77:1072–83.

S. Negi et al.



249

 5. Andrikos E, Tseke P, Balafa O, Cruz DN, Tsinta A, Androulaki M, et al. Epidemiology 
of acute renal failure in ICUs: a multi-center prospective study. Blood Purif. 
2009;28:239–44.

 6. Ostermmann M, Chang RWS. Acute kidney injury in the intensive care unit according to 
RIFLE. Crit Care Med. 2007;35:1837–43.

 7. Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H, Morgera S, et al. Acute renal 
failure in critically ill patients. JAMA. 2005;294:813–8.

 8. Thakar CV, Christianson A, Freyberg R, Almenoff P, Render ML. Incidence and outcomes 
of acute kidney injury in intensive care units: a veterans administration study. Crit Care Med. 
2009;37:2552–8.

 9. Gammelager H, Christiansen CF, Johansen MB, Tønnesen E, Jespersen B, Sørensen HT, 
et al. One-year mortality among Danish intensive care patients with acute kidney injury: a 
cohort study. Crit Care. 2012;16:R124.

 10. Korula S, Balakishnan S, Sundar S, Paul V, Balagopal A.  Acute kidney injury-incidence, 
prognostic factors, and outcome of patients in an intensive care unit in a tertiary center: a 
prospective observational study. Indian J Crit Care Med. 2016;20:332–6.

 11. Kashani K, Shao M, Li G, Wiliiams AW, Rule AD, Kremers WK, et al. No increase in the 
incidence of acute kidney injury in a population-based annual temporal trends epidemiology 
study. Kidney Int. 2017;92:721–8.

 12. Hoste EAJ, Clermont G, Kersten A, Venkatarman R, Angus DC, Bacquer DD, et al. RIFLE 
criteria for acute kidney injury are associated with hospital mortality in critically ill patients: 
a cohort analysis. Crit Care. 2006;10:R73.

 13. Bagshaw SM, George C, Bellomo R. Changes in the incidence and outcome for early acute 
kidney injury in a cohort of Australian intensive care units. Crit Care. 2007;11:R68.

 14. Bagshaw SM, George C, Dinu I, Bellomo R.  A multi-centre evaluation of the RIFLE 
criteria for early acute kidney injury in critically ill patients. Nephrol Dial Transplant. 
2008;23:1203–10.

 15. Medve L, Antek C, Paloczi B, Kocsi S, Gartner B, Marjanek Z, Bencsik G, et al. Epidemiology 
of acute kidney injury in Hungarian intensive care units: a multicenter, prospective, observa-
tional study. BMC Nephrol. 2011;12:43.

 16. Joannidis M, Metnitz B, Bauer P, Schusterschitz N, Moreno R, Druml W, et al. Acute kidney 
injury in critically ill patients classified by AKIN versus RIFLE using the SAPS 3 database. 
Intensive Care Med. 2009;35:1692–702.

 17. Pursnani ML, Hazra DK, Singh B, Pandey DN. Early haemodialysis in acute tubular necro-
sis. J Assoc Physicians India. 1997;45:850–2.

 18. Bouman CS, Oudemans-Van Straaten HM, Tijssen JG, Zandstra DF, Kesescioglu J. Effects 
of early high-volume continuous venovenous hemofiltration on survival and recovery of renal 
function in intensive care patients with acute renal failure: a prospective, randomized trial. 
Crit Care Med. 2002;30:2205–11.

 19. Durmaz I, Yagdi T, Calkavur T, Mahmudov R, Apaydin AZ, Posacioglu H, et al. Prophylactic 
dialysis in patients with renal dysfunction undergoing on-pump coronary artery bypass sur-
gery. Ann Thorac Surg. 2003;75:859–64.

 20. Sugahara S, Suzuki H.  Early start on continuous hemodialysis therapy improves survival 
rate in patients with acute renal failure following coronary bypass surgery. Hemodial Int. 
2004;8:320–5.

 21. Payen D, Mateo J, Cavaillon JM, Fraisse F, Floriot C, Vicaut E, et al. Impact of continuous 
venovenous hemofiltration on organ failure during the early phase of severe sepsis: a random-
ized controlled trial. Crit Care Med. 2009;37:803–10.

 22. Jamale TE, Hase NK, Kulkarni M, Pradeep KJ, Keskar V, Jawale S, et al. Earlier-start versus 
usual-start dialysis in patients with community-acquired acute kidney injury: a randomized 
controlled trial. Am J Kidney Dis. 2013;62:1116–21.

 23. Combes A, Bréchot N, Amour J, Cozic N, Lebreton G, Guidon C, et al. Early high-volume 
hemofiltration versus standard care for postcardiac surgery shock (the HEROICS study). Am 
J Respir Crit Care Med. 2015;192:1179–90.

17 Renal Replacement Therapy in AKI



250

 24. Wald R, Adhikari NK, Smith OM, Weir MA, Pope K, Cohen A, et al. Comparison of standard 
and accelerated initiation of renal replacement therapy in acute kidney injury. Kidney Int. 
2015;88:897–904.

 25. Gaudry S, Hajage D, Schortgen F, Martin-Lefevre L, Pons B, Boulet E, et al. Initiation strate-
gies for renal replacement therapy in the intensive care unit. N Engl J Med. 2016;375:122–33.

 26. Zarbock A, Kellum JA, Schmidt C, Aken HV, Wempe C, Pavenstädt H, et al. Effect of early 
vs delayed initiation of renal replacement therapy on mortality in critically ill patients with 
acute kidney injury. The ELAIN randomized clinical trial. JAMA. 2016;315:2190–9.

 27. Barbar SD, Clere-Jehl R, Bourredjem A, Herno R, Bruyère MR, Lebert C, et al. Timing do 
renal-replacement therapy in patients with acute kidney injury and sepsis. N Engl J Med. 
2018;379:1431–42.

 28. Wang C, Lv LS, Huang H, Guan J, Ye Z, Li S, et al. Initiation time of renal replacement 
therapy on patients with acute kidney injury: a systematic review and meta-analysis of 8179 
participants. Nephrology (Carlton). 2017;22:7–18.

 29. Bhatt GC, Das RR. Early versus late initiation of renal replacement therapy in patients with 
acute kidney injury-a systematic review & meta-analysis of randomized controlled trials. 
BMC Nephrol. 2017;18:78.

 30. Feng YM, Yang Y, Han XL, Zhang F, Wan D, Guo R. The effect of early versus late initiation 
of real replacement therapy in patients with acute kidney injury: a meta-analysis. PLoS One. 
2017;12:e0174158.

 31. Luo K, Fu S, Fang W, Xu G. The optimal time of initiation of renal replacement therapy in 
acute kidney injury: a meta-analysis. Oncotarget. 2017;8:68795–808.

 32. Zou H, Hong Q, Xu G. Early versus late initiation of renal replacement therapy impacts mor-
tality in patients with acute kidney injury post cardiac surgery: a meta-analysis. Crit Care. 
2017;21:150.

 33. Yang XM, Tu GW, Zheng JL, Shen B, Ma GG, Hao GW, et al. A comparison of early versus 
late initiation of renal replacement therapy for acute kidney injury in critically ill patients: an 
updated systematic review and meta-analysis of randomized controlled trials. BMC Nephrol. 
2017;18:264.

 34. Mavrakanas TA, Aurian-Blajeni D, Charytan DM. Early versus late initiation of renal replace-
ment therapy in patients with acute kidney injury: a meta-analysis of randomized clinical tri-
als. Swiss Med Wkly. 2017;147:w14507.

 35. Xu Y, Gao J, Zheng X, Zhong B, Na Y, Wei J. Timing of initiation of renal replacement ther-
apy for acute kidney injury: a systematic review and meta-analysis of randomized-controlled 
trials. Clin Exp Nephrol. 2017;21:552–62.

 36. Doi K, Nishida O, Shigematsu T, Sadahiro T, Itami N, Iseki K, et al. The Japanese clinical 
practice guideline for acute kidney injury 2016. Ren Replace Ther. 2018;4:36.

 37. Smith OM, Wald R, Adhikari NK, Pope K, Weir MA, Bagshaw SM. Standard versus accel-
erated initiation of renal replacement therapy in acute kidney injury (STARRT-AKI) study 
protocol for a randomized controlled trial. Trials. 2013;14:320.

 38. Wu VC, Ko WJ, Chang HW, Chen YW, Lin YF, Shiao CC, et al. Risk factors of early redialy-
sis after weaning from postoperative acute renal replacement therapy. Intensive Care Med. 
2008;34:101–8.

 39. Uchino S, Bellomo R, Morimatsu H, Morgera S, Schetz M, Tan I, et al. Discontinuation of 
continuous renal replacement therapy: a post hoc analysis of a prospective multicenter obser-
vational study. Crit Care Med. 2009;37:2576–82.

 40. Kawarazaki H, Uchino S, Tokuhira N, Ohnuma T, Namba Y, Katayama S, et al. Who may 
not benefit from continuous renal replacement therapy in acute kidney injury. Hemodial Int. 
2013;17:624–32.

 41. Katayama S, Uchino S, Uji M, Ohnuma T, Namba Y, Kawarazaki H, et al. Factors predicting 
successful discontinuation of continuous renal replacement therapy. Anaesth Intensive Care. 
2016;44:453–7.

S. Negi et al.



251

 42. Raurich JM, Llompart-Pou JA, Novo MA, Talavera C, Ferreruela M, Ayestarán I. Successful 
weaning from continuous renal replacement therapy. Associated risk factors. J Crit Care. 
2018;45:144–8.

 43. Schiffl H.  Discontinuation of renal replacement therapy in critically ill patients with 
severe acute kidney injury: predictive factors of renal function recovery. Int Urol Nephrol. 
2018;50:1845–51.

 44. Ronco C, Bellomo R, Homel P, et al. Effects of different doses in continuous veno-venous 
haemofiltration on outcomes of acute renal failure: a prospective randomised trial. Lancet. 
2000;356:26–30.

 45. Bouman CSC, Oudemans-Van Straaten HM, Tijssen JGP, Zandstra DF, Kesecioglu J. Effects 
of early high-volume continuous venovenous hemofiltration on survival and recovery of renal 
function in intensive care patients with acute renal failure: a prospective, randomized trial. 
Crit Care Med. 2002;30:2205–11.

 46. Saudan P, Niederberger M, Seigneux SD, Romand J, Pugin J, Perneger T, et al. Adding a 
dialysis dose to continuous hemofiltration increases survival in patients with acute renal fail-
ure. Kidney Int. 2006;70:1312–7.

 47. Tolwani AJ, Campbell RC, Stofan BS, Lai KB, Oster RA, Wille KM. Standard versus high- 
dose CVVHDF for ICU-related acute kidney injury. J Am Soc Nephrol. 2008;19:1233–8.

 48. The VA/NIH Acute Renal Failure Trial Network, Palevsky PM, Zhang JH, O’Connor TZ, 
Chertow GM, Crowley ST, Choudhury D, et  al. Intensity of renal support in critically ill 
patients with acute kidney injury. N Engl J Med. 2008;359:7–20.

 49. The RENAL Replacement Therapy Study Investigators, Bellomo R, Cass A, Cole L, Finfer 
S, Gallagher M, Lo S, et al. Intensity of continuous renal-replacement therapy in critically ill 
patients. N Engl J Med. 2009;361:1627–38.

 50. The Kidney Disease Improving Global Outcomes (KDIGO) Working Group: dialysis inter-
ventions for treatment of AKI. Kidney Int. 2012 (Supplements 2):89–115.

 51. Jun M, Lambers Heerspink HJ, Ninomiya T, Gallagher M, Bellomo R, Myburgh J, et  al. 
Intensities of renal replacement therapy in acute kidney injury. Clin J Am Soc Nephrol. 
2010;5:956–63.

 52. Van Wert R, Friedrich JO, Scales DC, Wald R, Adhikari NK, University of Toronto Acute 
Kidney Injury Research Group. High-dose renal replacement therapy for acute kidney injury: 
systematic review and meta-analysis. Crit Care Med. 2010;38:1360–9.

 53. Negash DT, Dhingra VK, Copland M, Griesdale D, Henderson W. Intensity of continuous 
renal replacement therapy in acute kidney injury in the intensive care unit: a systematic 
review and meta-analysis. Vasc Endovascular Surg. 2011;45:504–10.

 54. Fayad A, Buamscha DG, Ciapponi A. Intensity of continuous renal replacement therapy for 
acute kidney injury. Cochrane Database Syst Rev. 2016;10:CD010613.

 55. Wang Y, Gallagher M, Li Q, Lo S, Cass A, Finfer S, et al. Renal replacement therapy inten-
sity for acute kidney injury and recovery to dialysis independence: a systematic review and 
individual patient data meta-analysis. Nephrol Dial Transplant. 2018;33:1017–24.

 56. Joannes-Boyau O, Honoré PM, Perez P, Bagshaw SM, Grand H, Canivet JL, et  al. High- 
volume versus standard-volume haemofiltration for septic shock patients with acute kid-
ney injury (IVOIRE study): a multicentre randomized controlled trial. Intensive Care Med. 
2013;39:1535–46.

 57. Park JT, Lee H, Kee YK, Park S, Jung H, Han SH, et al. High-dose versus conventional- 
dose continuous venovenous hemodialiftration and patient and kidney survival and cytokine 
removal in sepsis-associated acute kidney injury: a randomized controlled trial. Am J Kidney 
Dis. 2016;68:599–608.

 58. Fujii T, Namba Y, Fujitani S, Sasaki J, Narihara K, Shibagaki Y, et al. Low-dose continuous 
renal replacement therapy for acute kidney injury. Int J Artif Organs. 2012;35:525–30.

 59. Uchino S, Toki N, Takeda K, Ohnuma T, Namba Y, Katayama S, et  al. Validity of low- 
intensity continuous renal replacement therapy. Crit Care Med. 2013;41:2584–91.

17 Renal Replacement Therapy in AKI



252

 60. Vesconi S, Cruz DN, Fumagalli R, Kindgen-Milles D, Monti G, Mariho A, et al. Delivered 
dose renal replacement therapy and mortality in critically ill patients with acute kidney injury. 
Crit Care. 2009;13:R57.

 61. Claure-Del Granado R, Macedo E, Chertow GM, Soroko S, Himmelfarb J, Ikizler TA, et al. 
Effluent volume in continuous renal replacement therapy overestimates the delivered dose of 
dialysis. Clin J Am Soc Nephrol. 2011;6:467–75.

 62. Davenport A, Will EJ, Davison AM, Swindells S, Cohen AT, Miloszewski KJA, et al. Changes 
in intracranial pressure during haemofiltration in oliguric patients with grade IV hepatic fail-
ure. Nephron. 1989;53:142–6.

 63. Mehta RL, McDonald B, Gabbai FB, Pahl M, Pascual MT, Farkas A, et al. A randomized 
clinical trial of continuous versus intermittent dialysis for acute renal failure. Kidney Int. 
2001;60:1154–63.

 64. John S, Griesbach D, Baumgärtel M, Weihprecht H, Schmieder RE, Geiger H. Effects of 
continuous haemofiltration vs intermittent haemodialysis on systemic haemodynamics and 
splanchnic regional perfusion in septic shock patients: a prospective, randomized clinical 
trial. Nephrol Dial Transplant. 2001;16:320–7.

 65. Gašparović V, Filipović-Grćić I, Merkler M, Pišl Z. Continuous renal replacement therapy 
(CRRT) or intermittent hemodialysis (IHD)—what is the procedure of choice in critically ill 
patients? Ren Fail. 2003;25:855–62.

 66. Augustine JJ, Sandy D, Seifert TH, Paganini EP. A randomized controlled trial comparing 
intermittent with continuous dialysis in patients with ARF. Am J Kidney Dis. 2004;44:1000–7.

 67. Kielstein JT, Kretschmer U, Ernst T, Hafer C, Bahr MJ, Haller H, et al. Efficacy and cardio-
vascular tolerability of extended dialysis in critically ill patients: a randomized controlled 
study. Am J Kidney Dis. 2004;43:342–9.

 68. Kumar VA, Yeun JY, Depner TA, Don BR. Extended daily dialysis vs. continuous hemodi-
alysis for ICU patients with acute renal failure: a two-year single center report. Int J Artif 
Organs. 2004;27:371–9.

 69. Uehlinger DE, Jakob SM, Ferrari P, Eichelberger M, Huynh-Do U, Marti HP, et  al. 
Comparison of continuous and intermittent renal replacement therapy for acute renal failure. 
Nephrol Dial Transplant. 2005;20:1630–7.

 70. Vinsonneau C, Camus C, Combes A, Costa de Beauregard MA, Klouche K, Boulain T, et al. 
Continuous venovenous haemodiafiltration versus intermittent haemodialysis for acute renal 
failure in patients with multiple-organ dysfunction syndrome: a multicentre randomised trial. 
Lancet. 2006;368:379–85.

 71. Noble JSC, Simpson K, Allison ME.  Long-term quality of life and hospital mortality in 
patients treated with intermittent or continuous hemodialysis for acute renal failure. Ren Fail. 
2006;28:323–30.

 72. Abe M, Okada K, Suzuki M, Nagura C, Ishihara Y, Fujii Y, et al. Comparison of sustained 
hemodiafiltration with continuous venovenous hemodiafiltration for the treatment of criti-
cally ill patients with acute kidney injury. Artif Organs. 2010;34:331–8.

 73. Lins RL, Elseviers MM, Van der Niepen P, Hoste E, Malbrain ML, Damas P, et al. Intermittent 
versus continuous renal replacement therapy for acute kidney injury patients admitted 
to the intensive care unit: results of a randomized clinical trial. Nephrol Dial Transplant. 
2009;24:512–8.

 74. Abe M, Maruyama N, Matsumoto S, Okada K, Fujita T, Matsumoto K, et al. Comparison 
of sustained hemodiafiltration with acetate-free dialysate and continuous venovenous 
 hemodiafiltration for the treatment of critically ill patients with acute kidney injury. Int J 
Nephrol. 2011;2011:432094.

 75. Schwenger V, Weigand MA, Hoffmann O, Dikow R, Kihm LP, Seckinger J, et al. Sustained 
low efficiency dialysis using a single-pass batch system in acute kidney injury—a randomized 
interventional trial: the REnal Replacement Therapy Study in Intensive Care Unit PatiEnts. 
Crit Care. 2012;16:R140.

S. Negi et al.



253

 76. Schefold JC, von Haehling S, Pschowski R, Bender T, Berkmann C, Briegel S, et al. The 
effect of continuous versus intermittent renal replacement therapy on the outcome of criti-
cally ill patients with acute renal failure (CONVINT): a prospective randomized controlled 
trial. Crit Care. 2014;18:R11.

 77. Bell M, SWING, Granath F, Schön S, Erkbom A, Martling CR. Continuous renal replace-
ment therapy is associated with less chronic renal failure than intermittent haemodialysis 
after acute renal failure. Intensive Care Med. 2007;33:773–80.

 78. Wald R, Schariff SZ, Adhikari NKJ, Bagshaw SM, Burns KEA, Friedrich JO, et  al. The 
association between renal replacement therapy modality and long-term outcomes among 
critically ill adults with acute kidney injury: a retrospective cohort study. Crit Care Med. 
2014;42:868.

 79. Bonnassieux MB, Duclos A, Schneider AG, Schmidt A, Pharm DSB, Cacalotte C, et al. Renal 
replacement therapy modality in the ICU and renal recovery at hospital discharge. Crit Care 
Med. 2018;46:e102–10.

 80. Tonelli M, Manns B, Feller-Kopman D. Acute renal failure in the intensive care unit: a sys-
tematic review of the impact of dialytic modality on mortality and renal recover. Am J Kidney 
Dis. 2002;40:875–85.

 81. Kellum JA, Angus DC, Johnson JP, Leblanc M, Griffin M, Ramakrishnan N, et  al. 
Continuous versus intermittent renal replacement therapy: a meta-analysis. Intensive Care 
Med. 2002;28:29–37.

 82. Rabindranath K, Adams J, MacLeod AM, Muirhead N.  Intermittent versus continuous 
renal replacement therapy for acute renal failure in adults. Cochrane Database Syst Rev. 
2007;3:CD003773.

 83. Ghahramani N, Shadrou S, Hollenbeak C. A systematic review of continuous renal replace-
ment therapy and intermittent haemodialysis in management of patients with acute renal 
failure. Nephrology. 2008;13:570–8.

 84. Bagshaw SM, Berthiaume LR, Delaney A, Bellomo R. Continuous versus intermittent renal 
replacement therapy for critically ill patients with acute kidney injury: a meta-analysis. Crit 
Care Med. 2008;36:610–7.

 85. Pannu N, Klarenbach S, Wiebe N, Manns B, Tonelli M, Alberta Kidney Disease Network. 
Renal replacement therapy in patients with acute renal failure: a systematic review. 
JAMA. 2008;299:29–37.

 86. Schneider AG, Bellomo R, Bagshaw SM, et al. Choice of renal replacement therapy modality 
and dialysis dependence after acute kidney injury: a systematic review and meta-analysis. 
Intensive Care Med. 2013;39:987–97.

 87. Zhang L, Yang J, Eastwood GM, Zhu G, Tanaka A, Bellomo R. Extended daily dialysis ver-
sus continuous renal replacement therapy for acute kidney injury: a meta-analysis. Am J 
Kidney Dis. 2015;66:322–30.

 88. Nash DM, Przech S, Wald R, O’Reilly D.  Systematic review and meta-analysis of renal 
replacement therapy modalities for acute kidney injury in the intensive care unit. J Crit Care. 
2017;41:138–44.

 89. Kellum JA, Johnson JP, Kramer D, Palevsky P, Brady JJ, Pinsky MR. Diffusive vs. convective 
therapy: effects on mediators of inflammation in patients with severe systemic inflammatory 
response syndrome. Crit Care Med. 1998;26:1995–2000.

 90. Morgera S, Slowinski T, Melzer C, Sobottke V, Vargas-Hein O, Volk T, et al. Renal replace-
ment therapy with high-cutoff hemofilters: impact of convection and diffusion on cytokine 
clearances and protein status. Am J Kidney Dis. 2004;43:444–53.

 91. Daud KM, Leong GB, Visvanathan R. Acute dialytic support for the critically ill: continu-
ous venovenous haemodialysis versus continuous venovenous haemofiltration. Int Med 
J. 2006;13:37–42.

 92. Wald R, Friedrich JO, Bagshaw SM, Burns KE, Garg AX, Hladunewich MA, et al. Optimal 
mode of clearance in critically ill patients with acute kidney injury (OMAKI)-a pilot randomized 

17 Renal Replacement Therapy in AKI



254

controlled trial of hemofiltration versus hemodialysis: a Canadian Critical Care Trials Group 
project. Crit Care. 2012;16:R205.

 93. Friedrich JO, Wald R, Bagshaw SM, Burns KE, Adhikari NK.  Hemofiltration compared 
to hemodialysis for acute kidney injury: systematic review and meta-analysis. Crit Care. 
2012;16:R146.

 94. Uchino S, Bellomo R, Morimatu H, Morgera S, Schetz M, Tan I, et  al. Continuous renal 
replacement therapy: a worldwide practice survey. Intensive Care Med. 2007;33:1563–70.

 95. Gabriel DP, Caramori JT, Martim LC, Barretti P, Balbi AL. High volume peritoneal dialysis 
vs daily hemodialysis: a randomized, controlled trial in patients with acute kidney injury. 
Kidney Int. 2008;73:S87–93.

 96. Chionh CY, Soni SS, Finkelstein FO, Ronco C, Cruz DN. Use of peritoneal in AKI: a system-
atic review. Clin J Am Soc Nephrol. 2013;8:1649–60.

 97. Schiffl H, Lang SM, König A, Strasser T, Haider MC, Held E. Biocompatible membranes in 
acute renal failure: prospective case-controlled study. Lancet. 1994;344:570–2.

 98. Jones CH, Goutcher E, Newstead CG, Will EJ, Dean SG, Davison AM. Hemodynamics and 
survival of patients with acute renal failure treated by continuous dialysis with two synthetic 
membranes. Artif Organs. 1998;22:638–43.

 99. Jörres A, Gahl GM, Dobis C, Polenakovic MH, Cakalaroski K, Rutkowski B, et  al. 
Haemodialysis-membrane biocompatibility and mortality of patients with dialysis-dependent 
acute renal failure: a prospective randomised multicentre trial. Lancet. 1999;354:1337–41.

 100. Gastaldello K, Melot C, Kahn RJ, Vanherweghem JL, Vincent JL, Tielemans C. Comparison 
of cellulose diacetate and polysulfone membranes in the outcome of acute renal failure. A 
prospective randomized study. Nephrol Dial Transplant. 2000;15:224–30.

 101. Albright RC Jr, Smelser JM, McCarthy JT, Homburger HA, Bergstralh EJ, Larson TS. Patient 
survival and renal recovery in acute renal failure: randomized comparison of cellulose acetate 
and polysulfone membrane dialyzers. Mayo Clin Proc. 2000;75:1141–7.

 102. Ponikvar JB, Rus RR, Kenda RB, Bren AF, Ponikvar RR. Low-flux versus high-flux syn-
thetic dialysis membrane in acute renal failure: prospective randomized study. Artif Organs. 
2001;25:946–50.

 103. Alonso A, Lau J, Jaber BL. Biocompatible hemodialysis membranes for acute renal failure. 
Cochrane Database Syst Rev. 2008;23:CD005283.

 104. Hirasawa H, Oda S, Nakamura M, Watanabe E, Shiga H, Matsuda K. Continuous hemodiafil-
tration with a cytokine-adsorbing hemofilter for sepsis. Blood Purif. 2012;34:164–70.

 105. Nakada T, Oda S, Matsuda K, Sadahiro T, Nakamura M, Abe R, et al. Continuous hemodi-
afiltration with PMMA hemofilter in the treatment of patients with septic shock. Mol Med. 
2008;14:257–63.

 106. Matsuda K, Moriguchi T, Harii N, Goto J. Comparison of efficacy between continuous hemo-
diafiltration with PMMA membrane hemofilter and a PAN membrane hemofilter in the treat-
ment of a patient with septic acute renal failure. Transfus Apher Sci. 2009;40:49–53.

 107. Shiga H, Hirasawa H, Nishida O, Oda S, Nakamura M, Mashiko K, et al. Continuous hemo-
diafiltration with a cytokine-adsorbing hemofilter in patients with septic shock: a preliminary 
study. Blood Purif. 2014;38:211–8.

 108. Doi K, Iwagami M, Yoshida E, Marshall MR.  Association of polyethylenimine-coated 
AN69ST membrane in continuous renal replacement therapy with the intensive care out-
comes: observations from a claims database from Japan. Blood Purif. 2017;44:184–92.

S. Negi et al.



255© Springer Nature Singapore Pte Ltd. 2020
Y. Terada et al. (eds.), Acute Kidney Injury and Regenerative Medicine,  
https://doi.org/10.1007/978-981-15-1108-0_18

Chapter 18
Short-Term and Long-Term Outcomes 
of AKI Patients

Kengo Furuichi, Yuta Yamamura, and Takashi Wada

Abstract This section focuses primarily on long-term outcomes after an episode of 
acute kidney injury, particularly chronic kidney disease, end-stage renal disease, 
cardiovascular disease, and death. It goes on to assess a number of prognostic fac-
tors that may predict poor outcomes. Some of these are patient-specific factors such 
as age or preexisting chronic kidney disease. Others relate to the course of the acute 
kidney injury, including severity of the renal dysfunction, duration of the dysfunc-
tion before recovery, and whether dialysis was temporarily required. The section 
concludes with recommendations on follow-up after an episode of acute kidney 
injury, including the importance of ongoing monitoring by a nephrologist.

Keywords Prognostic factors · Recovery from AKI · Follow-up after AKI   
Cardiovascular events · Long-term outcome

18.1  Introduction

In recent years, the incidence of AKI has been increasing annually because of factors 
such as aging of the population, lifestyle diseases, and complications of medical treat-
ment [1]. A number of epidemiologic studies of AKI have been carried out since inter-
national diagnostic criteria have been available. Data indicate various clinical 
situations that have a high incidence of AKI. Regardless of the underlying illness, 
when AKI intervenes, there is a significantly poorer prognosis than when renal 
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function remains normal [2–5]. AKI clearly has an impact on long-term as well as 
short-term outcomes; the latter often measured by in-hospital mortality and length of 
intensive care unit (ICU) stay [6]. CKD is a risk factor for AKI and, in turn, AKI is a 
risk factor for CKD, both of which share common risk factors and outcomes (Fig. 18.1) 
[7]. As AKI increases hospital length of stay and medical costs, it is an important issue 
not only for clinical reasons but also because of its effect on medical economics [8]. 
In this section, we review the impact of AKI on long-term health outcomes.

18.2  Epidemiology

18.2.1  AKI, CKD, and ESRD

In recent years, numerous cohort studies have reported that AKI is closely related 
not only to acute clinical outcomes, but also to long-term outcomes and CKD [9–
17]. CKD is not unusual as a sequela to AKI requiring renal replacement therapy 
[18, 19], but even relatively minor AKI that does not require dialysis is also a risk 
factor for CKD [10, 20]. There have been no randomized controlled trials for AKI, 
but there are some systematic reviews and meta-analyses [6, 21, 22].

Coca and colleagues carried out a systematic review and meta-analysis of 13 
studies comparing patients with and without AKI, with CKD, and ESRD as out-
comes [21]. The incidence of CKD in the AKI group was 25.8/100 person-years, the 
incidence of ESRD was 8.6/100 person-years, and the adjusted relative risk (AKI vs. 
no AKI) was 8.8 (95% CI 3.1–25.5) for ESRD and 3.1 (95% CI 1.9–5.0) for ESRD.

In 2015, Sawhney et al. reported a systematic review of the relationship between 
AKI and death, the onset or progression of CKD, and the onset of ESRD, according 
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to the kidney function before and after AKI [6]. The data indicated that non-recov-
ery of kidney function after AKI is a prognostic indicator of poor kidney function 
1 year after AKI. Moreover, pre-AKI CKD was associated with doubling of deaths 
and a fourfold to fivefold increase in poor renal outcomes.

In 2018, See et al. reviewed 82 studies, comparing the incidence of CKD and 
ESRD among groups with or without an episode of AKI. Those with AKI were at 
high risk for progression to CKD (HR 2.67, 95% CI 1.99–3.58; 17.76 versus 7.59 
cases per 100 person-years), and ESRD (HR 4.81, 95% CI 3.04–7.62; 0.47 versus 
0.08 cases per 100 person-years). Furthermore, the relative risk of CKD and ESRD 
increased as the severity of the AKI increased [22].

18.2.2  AKI and Cardiovascular Events

The relationship between AKI and cardiovascular and cerebrovascular diseases is 
widely recognized [23–25]. In addition, AKI is a strong risk factor for CKD, and 
CKD is highly correlated with higher rates of cardiovascular events and death 
[26]. In 2017, Odutayo et  al. reported a systematic review and meta-analysis 
comparing outcomes of cardiovascular disease between patients with and with-
out AKI.  Among 25 studies, the adjusted relative risk (95% CI) was 1.86 
(1.72–2.01) for cardiovascular death, 1.38 (1.23–1.55) for cardiovascular events, 
1.40 for acute myocardial infarction (1.23–1.59), and 1.15 for stroke (1.03–1.28) 
(Fig. 18.2) [27].

18.3  Prognostic Factors for Long-Term Outcomes After AKI

Factors influencing the outcome after an episode of AKI include the type of renal 
replacement therapy [28–31]; age [32–36]; CKD before AKI onset [37–39]; comor-
bidities such as hypertension, diabetes, and heart disease [33, 36, 37], AKI severity 
[12, 22, 40–42]; the pattern of recovery from AKI [10, 34, 43]; and the general 
condition during the acute phase [34, 44, 45].
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Fig. 18.2 Association between AKI and cardiovascular disease [27]
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18.3.1  Type of Renal Replacement Therapy

Several retrospective cohort studies have investigated the effect of the type of renal 
replacement therapy on long-term outcome after AKI.  Continuous rather than 
intermittent dialysis in critically ill adults with AKI is associated with a lower 
incidence of chronic dialysis [28]. Another study found that continuous dialysis 
conveyed a benefit in terms of renal recovery, although mortality did not differ 
between those on continuous or intermittent therapy [29]. In addition to these ret-
rospective cohort studies, pooled analyses of observational studies suggested a 
higher rate of dialysis dependence among survivors after AKI who initially 
received intermittent as compared with continuous dialysis (relative risk 1.99). 
However, pooled analyses of randomized controlled trials showed no difference in 
the type of renal replacement therapy among survivors after AKI [30]. Moreover, 
a recent prospective observational multicenter cohort database study indicates that 
continuous dialysis did not appear to improve 30-day and 6-month patient out-
comes [31]. Furthermore, high- quality studies are necessary to provide definite 
conclusions on this issue.

18.3.2  Age

Older patients with CKD who develop AKI are at increased risk of failure of recov-
ery of kidney function, needing chronic dialysis, and higher long-term mortality 
[33]. A systematic review noted similar findings, with 31.3% of surviving elderly 
patients over age 65 not recovering kidney function compared with only 26% of 
younger patients [34]. These data indicate that the elderly have a high risk after AKI 
of long-term kidney dysfunction and death.

18.3.3  CKD Before AKI Onset

In elderly individuals, preexisting CKD confers a significantly higher risk of ESRD 
[37]. A multicenter observational study of 9425 patients who survived to hospital 
discharge after major surgery found that patients with AKI who had preexisting 
CKD were at higher risk for death and for dialysis after hospital discharge than 
those without CKD [38]. In a large cohort study of 920,985 adults, the adjusted rates 
of admission with AKI and kidney injury requiring dialysis were higher in partici-
pants with heavy dipstick proteinuria for all values of eGFR 38). Comorbidities 
such as hypertension, diabetes, and heart disease are also risk factors for a poor 
long-term outcome after AKI [33, 36, 37].
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18.3.4  AKI Severity

The severity of renal dysfunction during AKI also affects the long-term outcome 
after AKI. In patients with AKI after cardiac surgery, increases in the percent change 
from baseline to peak creatinine levels were found to be associated with an increased 
incidence of CKD, progression of CKD, and 5-year mortality after AKI [41]. In 
patients who underwent coronary angiography, the fully adjusted risk of death 
increased twofold in those with AKI stage 1 and threefold in those with AKI stage 2 
or 3 [42]. In the review by See et al. of 82 studies with follow-up for at least 1 year, 
the incidence of CKD and ESRD was higher in those with versus those without AKI, 
and the relative risk of these outcomes increased as the severity of AKI increased [22].

18.3.5  Duration of AKI

Of 18 studies included in systematic review, the effect of the duration of AKI on 
long-term survival was reported in 8 [43]. The pooled risk ratio (RR) for poor long- 
term survival was generally higher the longer the duration of AKI. The RRs for 
short, medium, and long duration of AKI were 1.42 (95% CI 1.21–1.66, n = 8 stud-
ies), 1.92 (95% CI 1.34–2.75, n = 4 studies), and 2.28 (95% CI 1.77–2.94, n = 8 
studies), respectively. The duration of AKI was independently associated with a 
higher risk of cardiovascular outcomes and incident stage 3 CKD when stratified 
within each stage of AKI.

18.3.6  Need for Dialysis

In general, patients with AKI who require dialysis have a poor prognosis for recovery 
of kidney function and survival. Results of studies have varied as to whether undergo-
ing renal replacement therapy is itself an independent risk factor for subsequent poor 
kidney function. A meta-analysis indicates that the type of dialysis does not signifi-
cantly affect ICU mortality rate, in-hospital mortality rate, or the need for dialysis [46].

18.3.7  Limitation on Assessment of Risk Factors

Depending on where the study was done, the findings of studies of risk factors for 
poor outcome after AKI differ to some extent. Independent risk factors associated 
with in-hospital mortality include older age, residence in an emerging country, 
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use of vasopressors (emerging countries only), dialysis and mechanical ventila-
tion, and higher APACHE scores and cumulative fluid balance (developed coun-
tries only). A lower probability of renal recovery was associated with residence in 
an emerging country, higher APACHE score (emerging countries only) and dialy-
sis, while mechanical ventilation was associated with better renal recovery (devel-
oped countries only) [45].

18.4  Recovery from AKI

From the viewpoint of recovery from AKI, the length of time from peak serum cre-
atinine to recovery is important. The US Centers for Disease Control and Prevention 
CKD Surveillance Team compared 104,764 patients without preexisting CKD who 
survived for more than 1 year after hospital discharge, including 17,049 with and 
87,715 without AKI. They investigated the subsequent new onset of CKD stratified 
by length of time for recovery from AKI: early (within 2  days), intermediate 
(3–10 days), late (10 days or more), or no recovery [6]. The early recovery group 
comprised over 70% of the total study population. Among those with AKI stage 1 
(91% of all patients with AKI), the adjusted risk ratio for CKD in the early recovery 
group was 1.43 (1.39–1.48) compared with 2.00 (1.88–2.12) for the intermediate 
group and 2.65 (2.51–2.80) for the late and no recovery groups. Those with AKI 
stage 2 or 3 had similar results [10]. Kellum and colleagues reported on the rate of 
recovery in 16,968 patients with stage 2 or 3 AKI, finding five different patterns of 
recovery, for example, early recovery that was maintained, early recovery with 
relapse, or even no recovery at all. The later or more complicated the recovery from 
AKI, the higher is the death rate at 1 year; for example, it was only 9.8% for those 
with an early recovery pattern but 59.8% for those whose renal function did not 
recover after AKI [34].

A systematic review and meta-analysis by Mehta and colleagues also indicated 
that the time for recovery from AKI is an important factor for estimating long-term 
prognosis. The duration of AKI was independently associated with long-term mor-
tality, cardiovascular events, and development of incident CKD stage 3 [43]. Their 
data suggest the importance of trying to prevent recurrence after an initial episode 
of AKI during hospitalization.

18.5  AKI and Quality of Life

In patients who have had an episode of AKI, better quality of life (QOL) was associ-
ated with patient factors such as younger age and no CKD; the severity of the acute 
illness, such as no sepsis, short ICU, and/or hospital stay; and conditions after dis-
charge [47]. Prior to the hospital admission during which an episode of AKI 
occurred, the preadmission QOL of patients who survived AKI was reported to be 
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significantly lower in two dimensions compared with age-matched controls from 
the general population. However, 6 months after ICU discharge, QOL did not differ 
significantly between patients who had or did not have AKI. However, compared 
with age-matched controls in the general population, QOL was poorer in both 
groups [48].

18.6  Follow-Up After AKI

Given the risk that an episode of AKI poses for ESRD, CKD, or death, careful fol-
low- up is important. According to KDIGO’s AKI clinical practice guidelines, 
patients should be reassessed within 3 months after discharge [49].

For those who had severe AKI, closer monitoring is advisable. For patients with 
severe AKI requiring dialysis, the mortality rate was lower among those followed 
after discharge by a nephrologist compared with those not seeing a nephrologist 
(Fig. 18.3) [50]. On the other hand, it is reported that only about 30% of patients 
who survived AKI were specifically followed to monitor their renal function [51]. A 
US Veterans Hospital study found that only about 20% of patients with AKI stages 
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2 and 3 were followed after discharge by nephrologists [52]. These data indicate 
that there is an opportunity to improve long-term follow-up after AKI with a view 
to improving outcomes.
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Chapter 19
Management of Pediatric AKI

Koichi Kamei

Abstract The Kidney Disease: Improving Global Outcomes (KDIGO) Clinical 
Practice Guidelines are used to diagnose acute kidney injury (AKI) in children, 
similar to in adults. However, while there are age-specific reference levels of serum 
creatinine used as a standard for diagnosing AKI, the criteria have yet to be defined 
for infants younger than 3 months of age. Preterm and low-birth-weight children 
have high risks of developing AKI, and those who do indeed present with AKI have 
a worse survival than their non-AKI patients. Extrarenal disease is a common cause; 
according to a Japanese nationwide survey, kidney disease was the underlying dis-
ease in 33.6% of the pediatric patients who underwent blood purification therapy 
indicated for AKI. Evaluation of fluid overload is especially important in pediatric 
AKI, and survival is poor with percent fluid overload (%FO) ≥20%. There are treat-
ments specific to pediatric patients for blood purification therapy; for example, the 
catheter, column, and conditions are set according to the patient’s body weight. 
When AKI occurs in children who are expected to develop serious disorders or have 
a poor life expectancy, it is necessary to provide a thorough explanation to the par-
ents after a detailed and open discussion among the medical staff and to subse-
quently determine the indications for the initiation and continuation of blood 
purification therapy. In the Japanese nationwide survey, the survival of pediatric 
patients who underwent blood purification therapy was 54.1%. Although patients 
with nephrogenic AKI have a good life expectancy and a poor renal prognosis, 
patients with secondary AKI have a good renal prognosis and a poor life expectancy.
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19.1  Introduction

Some of the key points in the clinical care of pediatric acute kidney injury (AKI) 
include: detecting even mild presentations of renal disorders; ensuring the absence 
of errors in the timing of introducing dialysis; and following the patients long term, 
since proteinuria and hypertension may develop later after recovery. This article 
describes the cause, diagnosis, indications and management of blood purification 
therapy, and the long-term prognosis of pediatric AKI.

19.2  Diagnosis of Pediatric AKI

The diagnosis and treatment of acute kidney injury (AKI) is crucial to the improve-
ment of the outcomes not only in adults, but also in children. Several diagnostic 
criteria have been suggested for children. These have included the pediatric RIFLE 
(pRIFLE), AKIN, and Kidney Disease: Improving Global Outcomes (KDIGO) cri-
teria. It is known that the normal serum creatinine (sCr) values change with the age 
(Table 19.1) [1]. As urine collection is difficult in children, the pRIFLE classification 

Table 19.1 Pediatric reference ranges of serum creatinine (mg/dL)

Age 2.5% 50% 97.5%

3~5 months 0.14 0.20 0.26
6~8 months 0.14 0.22 0.31
9~11 months 0.14 0.22 0.34
1 year 0.16 0.23 0.32
2 years 0.17 0.24 0.37
3 years 0.21 0.27 0.37
4 years 0.20 0.30 0.40
5 years 0.25 0.34 0.45
6 years 0.25 0.34 0.48
7 years 0.28 0.37 0.49
8 years 0.29 0.40 0.53
9 years 0.34 0.41 0.51
10 years 0.30 0.41 0.57
11 years 0.35 0.45 0.58

Age
2.5% 50% 97.5%
Boy Girl Boy Girl Boy Girl

12 years 0.40 0.40 0.53 0.52 0.61 0.66
13 years 0.42 0.41 0.59 0.53 0.80 0.69
14 years 0.54 0.46 0.65 0.58 0.96 0.71
15 years 0.48 0.47 0.68 0.56 0.93 0.72
16 years 0.62 0.51 0.73 0.59 0.96 0.74

Reproduced with permission from Ref. [1]
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uses a Schwartz formula-based [2] calculation of the estimated glomerular filtration 
rate (eGFR) [3].

Sutherland et al. compared the pRIFLE, AKIN, and KDIGO diagnostic cri-
teria in 14,795 children aged under 18 who were hospitalized for AKI [4]. The 
AKIN and KDIGO classifications, which both use the sCr criteria, were almost 
in agreement; however, as the eGFR-based pRIFLE classification has a higher 
incidence of stage 1 than the AKIN or KDIGO classifications; a larger number of 
patients were diagnosed with mild AKI. In all three classifications, the mortality 
was higher in patients with AKI than in those without AKI; particularly in the 
intensive care unit (ICU), the increasing severity of AKI (according to all three 
classifications) was associated with increased mortality. Selewski et al. used the 
KDIGO classification to examine the AKI outcomes in 2415 patients in pediatric 
ICUs [5]. In comparison with patients who did not develop AKI, pediatric AKI 
patients demonstrated a significantly increased length of mechanical ventilation, 
a longer ICU stay, a longer duration of hospitalization, and a higher mortality 
rate. In addition, the length of the ICU stay was proportional to the worsen-
ing of the KDIGO AKI stages. These two single- center retrospective observa-
tional studies involved sufficient numbers of patients to demonstrate that the 
KDIGO classification is useful for the diagnosis of pediatric AKI. Moreover, as 
the KDIGO classification does not involve an estimation of the GFR but instead 
allows staging AKI based on the sCr, it can be considered superior to the pRIFLE 
classification. Therefore, we suggest the use of the KDIGO diagnostic criteria for 
pediatric AKI patients aged ≥3 months. However, it must be noted that the use 
of the AKI diagnostic criteria has not yet been specifically evaluated in Japanese 
children.

Neonates and children aged <3 months must be considered separately from those 
aged ≥3 months due to its unique background and immaturity. Although there have 
been investigations of the AKI diagnosis, treatment, and outcomes in neonates, 
there used to be no definitive diagnostic criteria for neonatal AKI [6, 7]. In 2014, 
Jetton et al. and Askenazi et al. introduced the neonatal modified KDIGO criteria, 
which are based on the KDIGO diagnostic criteria [6, 7]. Similar to the adult and 
pediatric KDIGO criteria, the neonatal modified KDIGO criteria define stages 1, 
2, and 3 AKI according to sCr values 1.5–1.9, 2.0–2.9, and ≥3 times higher than 
baseline, respectively. The normal value of sCr is only established at age ≥3 months 
in Japan [1] and not in children under 3 months. The level of sCr in neonates imme-
diately after birth is extremely close to the level of maternal sCr (generally ≤1 mg/
dL) [8]. It peaks at day 0–3 and declines to a minimum value (0.2–0.5 mg/dL) over 
the following 1 week to 20 months [8–10]. Going forward, it is necessary to collect 
data on Japanese neonates to establish their baseline sCr levels. It should be taken 
into consideration that the current absence of established baseline levels requires 
multiple measurements.

Koralkar et al. used the neonatal modified KDIGO criteria to examine AKI and 
mortality in 229 very low-birth-weight infants both at 36 weeks of gestational age 
and with a birth weight of 500–1500 kg [11]; the very low-birth-weight infants with 
AKI had a significantly higher mortality than those not diagnosed with AKI.  In 
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an examination of 455 very low-birth-weight infants using the neonatal modified 
KDIGO criteria, Carmody et al. found AKI to be associated with mortality and pro-
longed hospitalization [12]. In addition, a gestational age <28 weeks was strongly 
associated with the onset of AKI. Rhone et al. used the neonatal modified KDIGO 
criteria to examine the association between the AKI onset and nephrotoxic medica-
tions in 107 very low-birth-weight infants; consequently, these drugs were shown 
to be associated with the onset of AKI [13]. In an examination of 96 neonates with 
moderate to severe asphyxia, Sarkar et al. demonstrated that abnormal brain MRIs 
at 7–10 days of age were significantly more frequent in infants diagnosed with AKI 
according to the neonatal modified KDIGO criteria [14]. As detailed above, many 
recent studies have employed the neonatal modified KDIGO criteria for the diagno-
sis of neonatal AKI.

19.3  Biomarkers of Pediatric AKI

Neutrophil gelatinase-associated lipocalin (NGAL) is a secretory protein of a 
molecular weight of 25,000 Da and is secreted from activated neutrophils and tubu-
lar epithelial cells. The levels of NGAL in the blood and urine are known to be 
elevated in the hyperacute phase of kidney injury. In an examination of 71 children 
undergoing a cardiopulmonary bypass (CPB) [15], the children who developed 
AKI showed significantly elevated levels of serum and urinary NGAL 2 h after the 
CPB, with areas under the receiver operating characteristic curve (AUC) of 0.998 
and 0.906, respectively; this study was the first to indicate the utility of biomarkers 
for the early diagnosis of AKI. An examination of 311 children undergoing cardiac 
surgery for congenital heart disease registered at three institutions [16] also indi-
cated that the urinary NGAL is useful for the early diagnosis of AKI. The urinary 
NGAL was also reported to be useful for the early diagnosis of AKI in a hetero-
geneous pediatric intensive care unit (PICU) patient cohort which had undergone 
mechanical ventilation and bladder catheterization [17]. With regard to the survival 
outcomes, two studies have reported that NGAL is significantly associated with 
mortality [18, 19].

Cystatin C is a low-weight molecular protein (molecular weight: approximately 
13,000 Da) produced by nucleated cells all over the body, and it has been indicated 
to be useful for early, accurate diagnoses of AKI [20, 21]. Interleukin-18 (IL-18) 
[22, 23], L-type fatty acid-binding protein (L-FABP) [24], and kidney injury mole-
cule- 1 (KIM-1) [25] are also known to show a marked increase in urine as a result 
of kidney injury; these biomarkers have been studied for their potential utility in the 
early diagnosis of AKI. However, many of these studies involved relatively homo-
geneous populations, e.g., children undergoing CPB; the utility of these biomarkers 
has not been sufficiently assessed in populations of patients with diverse patholo-
gies. Furthermore, the interventions based on these indicators have not yet been 
reported to improve the renal outcomes or survival outcomes of AKI; therefore, 
their utility is limited.
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19.4  Causes of Pediatric AKI

An extrarenal disease is often the cause of AKI in pediatric patients who undergo 
renal replacement therapy. In a report by Symons et al. of 344 patients who under-
went prospective pediatric continuous renal replacement therapy (ppCRRT) in the 
United States, kidney disease was the cause for a mere 9% of the patients. The most 
common cause was sepsis, followed by post-bone marrow transplantation, heart 
disease, and kidney disease [26].

A nationwide survey was also conducted in Japan during the 2 years from 2007 to 
2008 in <15-year-old pediatric patients who underwent renal replacement therapy [27]. 
The survey included 699 patients from 121 institutions. The median age was 2.1 years, 
with the majority of the patients being infants or toddlers (<1 year old, 41.5%; ≥1 year 
old but <3 years old, 17.0%). The median body weight was 10.9 kg, with 45.6% weigh-
ing less than 10 kg. Of these patients, 283 (42.3%) underwent renal replacement ther-
apy indicated for the treatment of AKI. Although kidney disease was the most common 
primary disease (n = 95, 33.6%), all other (extrarenal) diseases accounted for two-thirds 
of all primary diseases (Table 19.2). Similar to the previous reports, hemolytic uremic 
syndrome was the most common in those with kidney disease as the primary disease.

19.5  Indication of Blood Purification for Pediatric AKI

In pediatric acute kidney injury (AKI), life-threatening conditions resistant to con-
servative therapy, such as hyperkalemia, severe fluid overload (pulmonary edema, 
heart failure, etc.) metabolic acidosis, and uremia symptoms (pericarditis, impaired 

Table 19.2 Causes of AKI and survival in children who received blood purification (2007–2008, 
registry in Japan, n = 283)

Causes of AKI
Total 
patients Survivors

Non- 
survivors Unknown

Mortality rate 
(%)

Renal disease 95 81 5 9 5.8
Cardiac disease 54 14 39 1 73.6
Hematologic disease/
malignancy

40 11 28 1 71.8

Sepsis 21 4 15 2 78.9
Neuromuscular disease 19 10 6 3 37.5
Digestive system disease 13 5 8 0 61.5
Pulmonary disease 6 5 1 0 16.7
Inborn error of metabolism 5 2 3 0 60.0
Liver disease 4 0 4 0 100.0
Collagen disease 3 1 1 1 50.0
Other 23 11 12 0 52.2
Total 283 144 122 17 45.9

Reproduced with permission from Ref. [27]
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consciousness, convulsions, etc.), are absolute indications for blood purification just 
like in adult AKI. In these cases, blood purification must be initiated immediately. 
Although they were only observational studies, many recent papers have reported 
that fluid overload at the initiation of blood purification affects the survival out-
comes. The percent fluid overload (%FO) is considered to be useful for the assess-
ment of fluid overload.

 

% % /Fluid overload FO fluid in fluid out

PICU admission b
( ) = -( )

oody weight´ ( )100 %
 

 Fluid in fluid out in out balance before and after PICU ad- -: mmission  

In 2001, Goldstein et  al. conducted a single-center study [28], followed by a 
large-scale multicenter study of continuous renal replacement therapy (CRRT) 
for pediatric AKI [29]. This study examined the predictors of survival in 116 chil-
dren registered in the prospective pediatric continuous renal replacement therapy 
(ppCRRT) registry who underwent CRRT for multiple organ failure. The %FO at 
CRRT initiation was an independent predictor of survival; the %FO was signifi-
cantly lower in survivors than in non-survivors (survivors: 14.2 ± 15.9 versus non- 
survivors: 25.4 ± 32.9, p < 0.05), while the mortality was significantly higher when 
the %FO was >20% (<20:40 versus >20:58%) at CRRT initiation. The same group 
later demonstrated that the %FO at the initiation of blood purification was correlated 
with mortality (<10:29.4%, 10–20:43.1%, >20:65.6%) [30]. Modem et al. reported 
that FO is a factor of poor survival outcomes [31]. Many studies of AKI in multiple 
organ failure [32–34], stem cell transplantation [35], and extracorporeal membrane 
oxygenation (ECMO) following cardiac surgery [36, 37] have also reported that a 
lower %FO at CRRT initiation is associated with more favorable outcomes. Similar 
results have also been reported in assessments of FO based on the body weight at 
hospital admission, at intensive care unit (ICU) admission, and at the initiation of 
blood purification [38]. Therefore, the early initiation of blood purification to pre-
vent severe fluid overload may improve the survival outcomes; when determining 
whether blood purification is indicated in pediatric AKI, we suggest that the fluid 
overload assessment be taken into consideration in addition to absolute indications.

However, these results all were obtained from observational studies; there is no 
high-quality evidence from prospective studies. In addition, a study of blood puri-
fication in children undergoing cardiac surgery failed to find an effective timing for 
initiation [39], while fluid overload was reported not to be an absolute predictor of 
the survival outcomes [40]. Unnecessary blood purification should be avoided in 
cases of mild AKI, in which the renal function recovers quickly. Blood purification 
carries serious complications, including catheter-related infection, an increased risk 
of bleeding, and hemodynamic fluctuations unique to children of small constitu-
tion; therefore, the timing of initiation of blood purification must be considered 
comprehensively.
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In neonatal AKI, renal replacement therapy (RRT) is also considered when pro-
longed oliguria/anuria prevents the appropriate adjustment of the body fluid, elec-
trolytes, and blood nitrogen level. The overall mortality in neonatal AKI is reported 
to range between 11.3 and 48.3% [41–51]; while the mortality is reported to be 
4.1–71.7% in premature neonates [52–55], 13.9–70.0% in asphyxiated neonates 
[56, 57], 2.9–11.6% in neonates undergoing a cardiopulmonary bypass/cardiac 
surgery [58–60], 71.2% in sepsis [61], and 50–100% in neonates with AKI who 
undergo blood purification [42, 46–48]. The risk factors for death in neonatal AKI 
include mechanical ventilation, hypervolemia (%FO ≥ 7%), chronic heart failure, 
a low birth weight, hypoxia, oliguria/anuria, dialysis, and metabolic acidosis [41]. 
The risk of death is particularly high in neonates with oliguria [41–45, 52, 56, 
57]. However, no studies have discussed FO in neonatal AKI.  Low-birth-weight 
infants present technical problems such as vascular access; however, the indication 
for acute blood purification in neonates must be determined comprehensively on a 
case- by- case basis.

19.6  Management of Blood Purification for Pediatric AKI

19.6.1  Vascular Access

Due to the small body weight, it is often difficult to obtain vascular access in chil-
dren. The approximate size of the inserted catheter is 6–7Fr for ≤10 kg, 8Fr for 
10–15 kg, and 9Fr for 15–20 kg [62]. The internal jugular vein or external jugular 
vein is usually selected as the insertion site, and the internal jugular vein is often the 
first choice. For patients with a high chance of transitioning to chronic dialysis, it is 
desirable to avoid the subclavian vein or femoral vein whenever possible. When the 
subclavian vein becomes stenosed or occluded, venous hypertension due to venous 
stenosis may occur if an internal shunt is created in the future. When the femoral 
vein becomes occluded, there may be difficulties in the eventual procedure of renal 
transplantation. Moreover, in low-birth-weight children, it is extremely likely for 
the catheter to hit the vascular wall of the femoral vein, resulting in poor blood 
removal.

19.6.2  Blood Purification Device

A blood purification device with a size that is appropriate for body weight is used, 
and the membrane area of the blood purification device is selected such that it is the 
same as or about 75% of the body surface area. Currently, the smallest membrane 
on the market is 0.09 m2, with a priming volume of 9 mL. Additionally, while it is 
desirable to use a small circuit for pediatric patients, this can be problematic from 
the perspective of the likely reduction in the liquid surface of the chamber.
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19.6.3  Sedation

Since vascular access is likely to be problematic due to body movement, sedation 
is often necessary. In infants and toddlers, the management of dialysis under gen-
eral anesthesia is often inevitable. However, because long-term artificial ventilation 
management can lead to respiratory infection or extubation difficulties, it should be 
aimed, whenever possible, to continue blood purification after extubation. Although 
the catheter is inserted under general anesthesia in most pediatric patients, it is ideal 
to extubate after improving the fluid overflow/pulmonary edema through several 
days of water removal and manages the patient under awake conditions.

19.6.4  Prevention of Initial Hypotension

In infants, an initial drop of blood pressure, or hypotension, at the start of therapy, 
is likely to occur, and this risk is especially high when the priming volume exceeds 
10% of circulating blood volume [63]. Typically, when the body weight is <8 kg, 
even when a small circuit and filtration membrane are selected in accordance with 
the body frame, the priming volume often exceeds 10% of the blood volume. In 
this situation, it is better to perform blood priming [64]. When performing blood 
priming, it is important to note the risk of hypocalcemia from the citric acid in the 
red blood cell concentrate entering the body all at once and to neutralize the citric 
acid using calcium formulations in the circuit immediately prior to connecting to 
the device.

19.7  Indication of Blood Purification for Children 
with Serious Impairments and Poor Survival Prognoses

There are no definitive criteria upon which to determine the indication for RRT in 
children with severe impairments; thus, it must be considered on a case-by-case 
basis. The health care team should decide on a therapeutic strategy after consider-
ing the patient’s present status and long-term survival prognosis among themselves, 
explaining the nature of the treatments to the patient’s family, and presenting the 
respective advantages and disadvantages of treatment versus no treatment. This 
concept is called shared decision-making; essentially, health care professionals 
must share information with the patient’s family and decide on a therapeutic strat-
egy together.

Before providing information to the patient’s family, the health care staff 
must gather information and share it in order to determine the patient’s present 
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status. Discussions should not only include the attending physician’s depart-
ment, but also intensive care specialists, neonatal intensive care specialists, and 
nurses; when necessary, clinical psychologists, a palliative care team, medical 
social workers, and other departments and disciplines should also be included. 
Based on these discussions, conceivable treatments should be identified as 
options, and the problems and invasiveness of each option should be abstracted 
(for example, for acute blood purification, these include complications associ-
ated with catheter insertion, the risk of hypotension associated with dialysis 
initiation, blood transfusion, etc.). Suitable strategies are then examined based 
on a prediction of the patient’s prognosis (survival prognosis and sequelae) and 
on the consideration of the advantages and disadvantages of the potential treat-
ments. When considering withholding or discontinuing treatment, the relevant 
facility’s institutional review board may be convened, or a conference may be 
held to discuss ethical issues.

When explaining therapeutic strategies to the patient’s family, the parents must 
always be present; other individuals may attend the explanation if requested by 
the parents (grandparents, etc.). The name of the child’s illness, its disease con-
dition, the respective advantages and disadvantages of treatments such as blood 
purification (including their complications) versus no treatment, and the prognosis 
(sequelae and survival prognosis) should be explained comprehensively in a way 
that is easy to understand. Important information should be provided in writing. In 
addition, the family must be informed that even after a strategy is decided, it can be 
reconsidered if they change their minds. The content of this explanation, the way 
it is explained, and the course by which a strategy is chosen must be written in the 
patient’s medical record. In particular, when treatment is withheld, it is important 
to record the course and content of the discussion that led to the treatment with-
drawal. When the patient’s family and the health care team cannot agree on a strat-
egy, advice should be sought from a committee comprising the institutional review 
board and many other experts.

Even after a strategy is decided, the patient’s family will require continuous 
mental support. After blood purification is initiated, the patient’s impairment may 
progress irreversibly, thereby requiring discontinuation of the treatment. On the 
other hand, even if the patient’s family initially decides not to perform treatment, 
treatment may later be performed if they change their minds (or for other rea-
sons). These reconsiderations of the therapeutic strategies require a new round of 
discussion. Moreover, when changing the therapeutic strategy, a consensus must 
be obtained among the health care team as appropriate. If the patient’s family 
wishes to discontinue dialysis, it is necessary to confirm that this is not based on 
temporary emotion, but on a careful consideration and sufficient understanding 
of the child’s status. The patient may also die shortly after discontinuing treat-
ment; therefore, when deciding to do so, the timing of the discontinuation must 
also be discussed.
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19.8  Prognosis of Pediatric AKI

According to the ppCRRT registry in the United States, overall mortality was 58% 
[26]. While life expectancy was good among those with drug toxicity or kidney dis-
ease, it was poor in sepsis, post-bone marrow transplantation, heart disease, liver 
disease, and lung disease. On the other hand, a report on the 3 to 5 years long-term 
prognosis of 174 pediatric patients with AKI who underwent renal replacement 
therapy showed that survival was 56.8%, and a transition to end-stage renal failure 
was observed in 16 patients (9%). The percentage of patients who transitioned 
to end-stage renal failure was greater in those with renal/urinary disease (11/35 
patients, 31.4%) than in those with other diseases (5/139 patients, 3.6%) [65].

A Japanese nationwide survey in 283 pediatric patients who underwent renal 
replacement therapy indicated for treating AKI showed that survival was 73.6% 
at 28  days after treatment start, 58.3% of discharge, and 54.1% at last verifica-
tion [27]. An analysis by disease type showed that mortality due to kidney disease 
was extremely low (5.8%), but the prognosis of secondary AKI was extremely poor 
(Table  19.2). Mortality risk factors determined by multivariate analysis demon-
strated that sepsis presented the greatest risk, with an odds ratio of 3.67 (p = 0.007). 
Comorbid respiratory failure had a risk at 2.47 (p = 0.048), and that of body weight 
≤8 kg was 1.93 (p = 0.035). The greatest mortality risk factor was indeed sepsis. 
The renal prognoses of 146 long-term survivors included the following: 25 were 
undergoing peritoneal dialysis; 17 had non-end stage chronic renal disorder; and 
two had received renal transplantation. However, of these patients with chronic 
renal disorders, 15 were nephrogenic in origin. Based on these findings, patients 
with nephrogenic AKI have a good life expectancy, but a poor renal prognosis, 
while, in contrast, patients with secondary AKI have a good renal prognosis, but a 
poor life expectancy.
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Chapter 20
AKI-to-CKD Transition

Jun-Ya Kaimori

Abstract Previously conceived to be a benign syndrome, AKI has now proven to 
be one important cause of CKD. So far, eight kinds of rodent models have been 
introduced to the basic research model for the AKI-to-CKD transition. Among 
these, the unilateral ischemia-reperfusion injury (uIRI) and repeated low-dose cis-
platin (RLDC) models were proposed as consistent rodent models for the AKI-to- 
CKD transition. However, these two rodent models demonstrate divergent data on 
kidney injury, and an easy and accurate way of monitoring renal function will be 
needed. In the proposed mechanism, renal hypoxia plays a pivotal role in the AKI- 
to- CKD transition with capillary rarefaction, abnormally differentiated tubular 
cells, epigenetic changes in fibroblasts, and persisting inflammation.

Keywords Animal models for the AKI-to-CKD transition · Hypoxia  
Microvasculature rarefaction · Incomplete recovery of tubular cells · Epigenetic 
modification in fibroblasts · Chronic inflammation

20.1  Clinical Importance of the AKI-to-CKD Transition

Acute kidney injury (AKI) was previously conceived to be a benign syndrome. 
Once the temporal decrement in kidney function after AKI is reversed, patients 
become totally safe thereafter. But this benign notion of AKI has proven to be incor-
rect in recent times [1, 2]. Three papers have been published with systematic reviews 
and meta-analyses of the AKI-to-CKD transition [3–5]. From these analyses, AKI 
patients make the transition to CKD, ESRD, and even death at significantly higher 
rates relative to patients without AKI (Table 20.1). It is therefore important to carry 
out further research into the AKI-to-CKD transition using experimental kidney 
injury models.
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20.2  Animal Models of the AKI-to-CKD Transition

To gain mechanistic insight into the AKI-to-CKD transition, it is vital to select 
appropriate animal models for the research. Here, I will describe eight rodent mod-
els of the AKI-to-CKD transition(Table 20.2) [6].

20.2.1  Bilateral Ischemia-Reperfusion Injury (bIRI) Model 
of the AKI-to-CKD Transition

This model is induced by blocking the blood supply to both kidneys. Previously, 
SD rats [1], FVB/NJ background mice [7], BALB/c mice [8], and C57BL/6 mice 
[9] have been proposed as models of the AKI-to-CKD transition. Researchers have 
set the ischemic time for moderate and severe injury models and several observa-
tion times at up to 2 months. The bIRI model agrees well with real human AKI-to-
CKD transition pathophysiology, and the monitoring of renal function in the serum 
or urine is relatively easy. The problems with this model are in variation, 

Table 20.1 Pooled estimated hazard ratio of CKD, ESRD, and mortality in patients with AKI

CKD ESRD Mortality

Coca et al. 
(2009)

NA NA 2.59 (95%CI: 
1.97–3.42)

Coca et al. 
(2012)

8.8 (95%CI: 3.1–25.5) 3.1 (95%CI: 1.9–5.0) 2.0(95%CI: 1.3–3.1)

See et al. (2018) 2.67 (95%CI: 
1.99–3.58)

4.81 (95%CI: 
3.04–7.62)

1.80 (95%CI: 
1.61–2.02)

NA not available

Table 20.2 Animal models of the AKI-to-CKD transition

Merits Weakness

bIRI Mimicking human pathophysiology/easy to 
monitor GFR

Lots of death/variation and 
inconsistency in renal injury

uIRI Longer observation time with less animal loss/
consistent

Difficult GFR monitor

uIRIx Easy GFR monitor Lots of animal loss/variability
Multi IRI Simulate human patient Slighter injury than expected
RLDC Longer observation time with less animal loss/

consistent/fewer animal loss
Fibrosis very slight

Repeated 
DT

Consistent Need to make transgenic mice/
complex

Repeated 
AA

Easy GFR monitor Few reports

FA Easy GFR monitor Variation and inconsistency in 
renal injury
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inconsistency, and high mortality. The severity of the injury decides further out-
comes of AKI. If the injury is too severe, many animals will be lost before they 
reach the observation period. If too mild, the injury does not progress to CKD. In 
the case of bIRI, the severity of AKI is easily influenced by body temperature, 
ischemic period, anesthetic drugs, different strains, and sometimes even different 
animal colonies [10]. Notably, animal body temperature and ischemic duration 
cause significant differences in the severity of AKI. One researcher used an egg-
breeding device to maintain body temperature during the ischemic procedure and 
an infrared lamp during wake-up [11]. Researchers have highly recommended set-
ting experimental conditions for each specific purpose and animal models to mini-
mize the variations in AKI injury, keeping in mind that even a small difference in 
injury in the acute phase can result in large variations in outcome in the chronic phase.

20.2.2  Unilateral Ischemia-Reperfusion Injury (uIRI) Model 
of the AKI-to-CKD Transition

This model is induced by blocking the blood supply to one kidney with the contra-
lateral kidney intact. Previous reports include different rodent strains (CD-1 mice 
[12], C57BL/6 background mice [13], RMB mice [14], and BALB/c mice [8]). The 
lower mortality of this model due to the functional contralateral kidney provides 
researchers with a much longer observation time compared with the bIRI model. 
Additionally, in this model, the same ischemic time can cause more tissue damage 
than in bIRI or uIRI with contralateral nephrectomy. Because of these features, uIRI 
is used as a reliable model of the AKI-to-CKD transition. The only weakness in this 
model is the difficulty in monitoring renal function. Researchers are recommended 
to consider using the sophisticated methods described later in this paper.

20.2.3  Unilateral Ischemia-Reperfusion Injury (uIRI) 
with Contralateral Nephrectomy (uIRIx) Model 
of AKI- to-CKD Transition

This model is induced by blocking the blood supply to one kidney with contralateral 
nephrectomy. The researchers made the contralateral nephrectomy several days 
after uIRI.  Previous reports of uIRIx contained different rodent strains (SD rats 
[15], BALB/c [16] and BALB/c background [8]). Counterintuitively, the same isch-
emic time resulted in slighter tissue damage after a long observation time in uIRIx 
than in uIRI only, suggesting that the contralateral nephrectomy confers immunity 
to AKI-induced tissue damage [8]. Multiple causes may contribute to the lower 
fibrotic damage in uIRIx than in uIRI, but the major factor is the renal hemody-
namic change caused by the presence of the contralateral kidney.
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20.2.4  Repeated IRI Model of the AKI-to-CKD Transition

This model is induced by blocking the blood supply to one or both kidneys twice. 
Previous reports of repeated IRI included different rodent strains (BALB/c mice 
[17] and female SD rats [12]). The second IRI results in protective effects on the 
previously injured kidney but not on the contralateral kidney [18]. Taking these 
effects, which are known as “preconditioning,” into account, it is unlikely that 
repeated IRI results in the progression from kidney injury to CKD, and this model 
may not be appropriate for the AKI-to-CKD transition.

20.2.5  Repeated Low-dose Cisplatin Model 
of the AKI- to-CKD Transition

Cisplatin (CDDP) is usually used as an anti-cancer drug which sometimes affects 
renal function. Compromised renal function caused by CDDP limits its effective use 
for future cancer treatment. So far, researchers have focused on the renal toxicity of 
CDDP, particularly in the acute phase, using single- and high-dose CDDP adminis-
tration. However, in real clinical settings, CDDP tends to be given to cancer patients 
repeatedly. As a result, the focus has moved to the chronic effects of repeated CDDP 
administration. Repeated low-dose cisplatin model included different rodent mod-
els (FVB/n mice [19, 20], C57BL/6 mice [21, 22], and C57BL/6 background mice 
[23]). These rodent models were given CDDP once a week for up to 4 weeks and 
were observed for up to 25 weeks. Their kidneys revealed features suggestive of 
CKD (increased level of fibrotic markers, interstitial fibrosis, atrophic kidney, and 
increased creatinine) [19, 21]. These data indicate that the repeated low-dose cispla-
tin model is appropriate for AKD-CKD transition research. Researchers note that 
the CDDP dosage and administration methods should be carefully titrated for each 
study and that a fresh preparation will be needed for each administration [6].

20.2.6  Repeated Diphtheria Toxin (DT) Model 
of the AKI- to-CKD Transition

In the animal models introduced so far, any renal cells were affected by stimuli or 
toxins at the same time. Using Cre-RoxP technology, researchers can induce inju-
ries in only the interested cells as many times as they want by DT administration. So 
far, two research groups have utilized this system to induce AKI-to-CKD transition 
models (SIX2-Cre-LoxP [17] and ERT2-Cre-LoxP [24]). They both found that 
repeated DT stimuli resulted in the development of characteristic features of CKD 
3–4 weeks later, indicating that this model is one feasible option for research into 
the AKI-to-CKD transition.
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20.2.7  Aristolochic Acid Nephropathy (AAN) Model 
of the AKI-to-CKD Transition

Aristolochic acid nephropathy, also called Chinese Herb nephropathy, is character-
ized by progressive proximal tubular atrophy and interstitial fibrosis [25, 26]. 
Repeated intraperitoneal administration of AA was reported to result in AKI which 
progressed to CKD. However, because of the scarce reports of this model being 
adopted for the AKI-to-CKD transition, researchers should find the appropriate con-
ditions for each study.

20.2.8  Folic Acid (FA) Model of the AKI-to-CKD Transition

FA is a normally used nephrotoxic agent used to cause AKI in experimental settings 
[27–29]. Researchers administered single doses of FA to induce AKI, and after an 
observation time of up to 28 days, they discovered the characteristic features of 
CKD, suggesting that this model can be used for the AKI-to-CKD transition. 
However, in our experience, this model demonstrated significant variations in the 
severity of the AKI injury.

20.3  Reliable Methods of Monitoring Rodent Renal Function

The repeated monitoring of renal function in the same animals is important for basic 
AKI-to-CKD transition research. However, in the acute phase of IRI, it is impossi-
ble to monitor the real renal function by conventional measurement of the serum 
creatinine concentration [30]. Therefore, new technology is required for monitoring 
the renal function of rodents with AKI. Here, we present two reliable noninvasive 
techniques for monitoring kidney function in rodents. The first is the use of dynamic 
renal scintigraphy with 99mTc-mercaptoacetyltriglycine (MAG3) [30]. 99mTc-MAG3 
is efficiently extracted from the kidney following disposition by the renal tubular 
system, and it has already been approved for human use. 99mTc-MAG3 images cap-
tured by a mobile gamma camera provide a powerful tool for evaluating different 
renal perfusions, tubular functions, and kidney injury in each kidney. It is particu-
larly useful in unilateral IRI. The other technique is GFR monitoring using a trans-
cutaneous fluorescent sensing device to measure the FITC-sinistrin disappearance 
curves (Fig. 20.1) [31]. The gold standard for GFR measurement is accurate clear-
ance determination of an exogenous renal marker, like inulin, in the urine or plasma. 
However, this procedure has not been utilized in real clinical settings because of the 
necessity for frequent and punctual blood samplings. These unmet needs produced 
transcutaneous detection techniques for the clearance of radioactive [32], fluores-
cent [33–38], and gadolinium-conjugated [39] renal markers. The major advantage 
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of these procedures is freedom from the necessity to take frequent blood samples 
from animals. The weakness is the fact that the animals must be anesthetized during 
the measurement. It is possible that anesthetizing agents could affect GFR in ani-
mals. The sensing device assessed the FITC-sinistrin elimination kinetics transcuta-
neously. GFR was calculated from the measured half-lives, using the formula [36].

20.4  Comparison of Two Representative Rodent Models 
of the AKI-to-CKD Transition

When basic researchers plan studies for the AKI-to-CKD transition, they should 
select an appropriate animal model to provide answers to their scientific questions. 
As described so far and judging from the abundance of previous reports, reliable 
and consistent rodent models of the AKI-to-CKD transition are uIRI and the 
repeated low-dose cisplatin model (RLDC). Interestingly, according to Black et al.
[40], these two mouse models of the AKI-to-CKD transition demonstrate divergent 
features of renal injury leading to the same CKD phenotypes (Table  20.3). The 
author induced the AKI-to-CKD transition in a male C57BL/6 mouse model 
(10 weeks of age) by uIRI for 30 min at 37 °C and weekly administration (9 mg) of 
CDDP for 4  weeks. From the renal function point of view, GFR monitoring by 
transcutaneous FITC-sinistrin clearance identified a dramatic reduction in GFR in 
7 days after uIRI, with only a gradual and progressive GFR reduction in RLDC. 99mTc- 
MAG3 imaging of the IR kidney identified decreased perfusion, excretion, and/or 
basolateral epithelial organic anion uptake at days 7, 14, and 21 after uIRI compared 
with the IR-contralateral kidney. In the RLDC cases, perfusion, uptake, and excre-
tion were virtually maintained relative to the vehicle-administrated mice. From the 
viewpoint of leukocytic infiltration, absolute counting of intrarenal inflammatory 

Fig. 20.1 Photograph of a transcutaneous fluorescent sensing device for measuring FITC-sinistrin 
disappearance curves
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cells by flow cytometry identified a remarkable increase in CD45+ cells relative to 
sham control at days 7 and 14, resolving at day 12, with a significant decrease in 
CD45+ cells relative to the vehicle-administrated models at days 10 and 24. Further 
analyses of CD45+ cells infiltrating the uIRI kidney identified that myeloid lineage 
cells including PMN, F4/80Hi, and F4/80Low Mϕ, B cells and NK cells followed 
almost the same trend as the CD45+ cells. However, CD4 and CD8 cells demon-
strated a progressive increase up to day 21. In the CDDP-treated kidney, almost 
none of the CD45+ myeloid lineage cells increased, suggesting that CDDP adminis-
tration suppressed leukocytic infiltration. These dramatic differences in inflamma-
tion between the two models were also identified in the pro-inflammatory cytokines 
gene expression profile. The gene expressions of IL-6, IL-1β, MCP-1, and TNF-α in 
uIRI increased significantly relative to sham control, whereas there was no increase 
in RLDC. The only exception was CSF-1, which showed a significant increase in 
both models. From the histopathologic point of view, massive interstitial fibrosis 
was demonstrated in uIRI, with almost the same in RLDC relative to the 

Table 20.3 The highlighted differences between uIRI and RLDC models of AKI-to-CKD 
transition

uIRI RLDC

Methods IR 30 min at 37 °C Weekly 9 mg CDDP for 4 weeks
GFR change Acute at the beginning Gradual decrease
Split hemodynamics + −
CD45+infiltration ↑ day7, ↑ day14, →day21 ↓day10, ↓day24
PMN infiltration ↑ day7, ↑ day14, →day21 ↓day10, →day24
F4/80HIinfiltration ↑ day7, → day14, →day21 ↓day10, ↓day24
F4/80Lowinfiltration ↑ day7, → day14, →day21 ↓day10, ↓day24
CD4 infiltration →day7, ↑ day14, ↑ day21 →day10, ↓day24
CD8 infiltration →day7, ↑ day14, ↑ day21 →day10, →day24
B cell infiltration → day7, →day14, →day21 →day10, ↓day24
NK cell infiltration ↑ day7, ↑ day14, →day21 →day10, ↓day24
IL-6 ↑ →
CSF-1 ↑ ↑
IL-1β ↑ →
TNF-α ↑ →
MCP-1 ↑ →
NGAL ↑ →
HMGB-1 ↑ ↑
NOS2 ↑ →
KIM-1 → ↑
Fibrosis ↑ →
Fn ↑ →
TGF-β ↑ →
COL I ↑ →
α-SMA ↑ →
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vehicle-administered mice. The gene expressions of fibronectin and collagen I con-
sisted of interstitial fibrosis data in both models. The divergent data manifested by 
these two representative AKI-to-CKD transition models indicate that two kinds of 
AKI stimuli confer different and injury-specific pathophysiologic mechanisms 
leading to CKD. Researchers should note these differences between the two models 
before they start their studies.

20.5  Proposed Mechanisms of the AKI-to-CKD Transition

The importance of the AKI-to-CKD transition in real clinical settings has compelled 
investigators to identify the key mechanisms in the AKI-to-CKD transition [41–43]. 
So far several important insights have been identified (Fig. 20.2). However, the dif-
ficulty in AKI-to-CKD transition research lies in finding real answers to the interest-
ing question, “Why does the inflammatory or healing process instigated by AKI not 
stop?” One characteristic feature of CKD is that interstitial fibrosis is essentially a 
self-limiting repair process, although fibrosis is sometimes taken as a part of the 
noxious and self-destructive events. After tissue damage as a response to various 
stimuli, fibroblasts proliferate and secrete extracellular matrix but then regress with-
out over-proliferating or invading normal tissue. Thus, these insights into the patho-
logic events teach us that “progressive” fibrosis needs to be investigated through 
repeated and severe damage to the nephrons, beyond the threshold of starting the 
noxious cycle of the healing process.

normal tubular cell

abnormally differentiated  tubular cell

AKI

Proinflammatory cytokines

normal tubular cell

abnormally differentiated  tubular cell Proinflammatory cyto

pericyte

peritubular capillary

myofibroblast

Fig. 20.2 One proposed mechanism for the AKI-to-CKD transition. The survived tubular cells 
regenerate. But the regenerated cells sometimes assume abnormal differentiation, resulting in 
secreting centers of pro-inflammatory cytokines. Such proinflammatory factors transform the peri-
cytes into myofibroblasts and then cause a proliferation of myofibroblasts
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20.5.1  Hypoxia as a Key Player in the AKI-to-CKD Transition

One of the driving forces that keep this cycle running may be hypoxia [41, 44]. In 
spite of the kidneys receiving as much as 20% of the blood ejected by the heart, each 
kidney has a physiologically hypoxic region, particularly in the cortex and medulla, 
where pO2 can be normally as low as 20–60 mmHg and 10–30 mmHg, respectively 
[44–47]. An investigation of oxygen-sensing transgenic mice revealed that the kid-
neys have lower oxygen levels relative to other body parts and that the oxygen sup-
ply to the kidneys is subject to the status of renal perfusion [48]. The kidney 
parenchymal cells can extract only 10% of the oxygen supplied by the renal artery, 
because almost all the oxygen delivered by the renal artery makes a shortcut to the 
renal vein, which acts as an arteriovenous diffusional oxygen shunt [49–52]. These 
constructive defects and inefficiency of oxygen extraction predispose the kidneys to 
hypoxic damage. Moreover, capillary rarefaction caused by AKI amplifies hypoxic 
damage in these vulnerable renal tissues. The accelerated hypoxia then causes pro-
found damage to the tubular epithelial cells, fibroblasts, and inflammatory cells, 
resulting in tubulointerstitial fibrosis and progression to CKD.

20.5.2  Microvasculature Rarefaction

Small vessel dysfunction characterized by compromised autoregulation of the blood 
flow and nitric production loss in the endothelial cells continues for several days 
after AKI [53, 54]. Here there is a system defect in the regeneration of microvascu-
lature. Vascular endothelial growth factor (VEGF), which is definitely needed for 
angiogenesis, is not produced in sufficient quantities during the kidney recovery 
process. Instead, incompetent VEGF-188 dominates and replaces VEGF, then 
inducing fibrosis [55]. MMP-9 has been reported to be involved in VEGF reduction 
after AKI. In MMP-9 null mice, microvasculature was well maintained after AKI 
relative to the control mice [56].

Kidney pericytes make a significant contribution to maintaining the stability of 
the microvascular structure by producing the tissue inhibitor metalloproteinase 3 
(TIMP-3) [57–61]. After AKI, pericytes are transformed into myofibroblasts and 
gain release from their perivascular location. This time, myofibroblasts destabilize 
the microvascular structure by activating a disintegrin and metalloprotease with 
thrombospondin motifs-1 (ADAMTS1) [60].

20.5.3  Incomplete Recovery of Tubular Cells

Previously, people believed that mesenchymal stem cells contribute to tubular 
recovery after AKI [62, 63]. But now, a lineage tracing technique based on the Cre- 
RoxP system has clearly proven that the surviving tubular cells play a central role in 
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regeneration of the tubular structure [64]. After AKI, they are induced to de- 
differentiate and start proliferating, theoretically until all the injured and lost cells 
are replaced by avatars which start to differentiate again. But in reality, this does not 
proceed smoothly. The tubular regeneration process sometimes ends up shortening 
the proximal tubules, atubular glomeruli, and remaining fibrosis, indicating that the 
tubular regeneration ability is limited [65]. One possible cause underlying the 
incomplete recovery of the tubular structure is the failed differentiation of the regen-
erating epithelium. Although these abnormally differentiated cells demonstrate 
growth arrest and atrophic appearance, they exhibit intensive signaling activity, 
leading to the secretion of profibrotic factors contributing to interstitial fibrosis [66–
68]. Yang et al. added detailed mechanistic insights into these interesting phenom-
ena [8]. They noticed that the abnormally differentiated tubular cells showed cell 
cycle arrest in G2/M.  These G2/M arrested cells can increase the production of 
profibrotic factors like TGF-β1 and CTGF although c-jun NH2-terminal kinase sig-
naling activation. Instead of making these cells apoptosis, the autocrine TGF-β1 
prevents the arrested cells from proceeding with the cell cycle and enhances the 
production of profibrotic cytokines, leading to the progression of interstitial fibrosis 
through induction of pericytes to the myofibroblast transition followed by a prolif-
eration of myofibroblasts [69]. Interestingly enough, G2/M arrest in tubular cells 
after AKI is induced by the activation of the ATM-ATR pathway [8].

20.5.4  Epigenetic Modification in Fibroblasts

Epigenetic modification includes DNA methylation and covalent post-translational 
modifications to histone. Bechtel et al. discovered that the gene encoding an inhibi-
tor of Ras protein, RASAL1, was hypermethylated and silenced after folic acid- 
induced AKI [70]. The continually activated Ras protein makes it possible for 
fibroblasts to proliferate endlessly, leading to CKD transition. This RASAL1 gene 
hypermethylation was mediated by the methyltransferase Dnmt1. DNA demethyl-
ation by 5′-azacytidine ameliorates kidney fibrosis [70]. Chang et al. also identified 
that DNA hypermethylation contributed to the reduction in EPO gene expression 
and the pericyte to myofibroblast transition in AKI-to-CKD transition models [71].

20.5.5  Chronic Inflammation

As previously described in Sect. 20.4, in AKI-to-CKD transition models, inflamma-
tory infiltrating cells remain in the renal tissue in the chronic phase with persistently 
elevated pro-inflammatory cytokines and tissue injury markers [40, 72]. Consistent 
with the data, mounting references demonstrated persistent inflammation in the kid-
ney after AKI in spite of a fully functional recovery [73]. Aged people have been 
identified as showing an easy transition from AKI to CKD [74]. Sato et al. identified 
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the increased development of tertiary lymphoid tissues (TLT) after IRI in aged mice 
[75]. TLT scale is positively associated with the severity of the renal injury and pro-
inflammatory cytokine expression, suggesting that TLT can contribute to the 
remaining chronic inflammation in the AKI-to-CKD transition. IF TLT is dimin-
ished by the late administration of dexamethasone, the AKI-to-CKD transition is 
improved [75].
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Chapter 21
Role of the Nervous System in Acute 
Kidney Injury

Rie Uni, Chikara Abe, Reiko Inagi, and Tsuyoshi Inoue

Abstract Although its parasympathetic innervation has not been elucidated, the 
sympathetic innervation of the kidney is well studied. Renal sympathetic overactiv-
ity has been observed in essential hypertension and chronic kidney disease. Renal 
sympathetic nerve activation decreases glomerular filtration rate and increases 
sodium absorption, which further deteriorates renal function. Sympathetic overac-
tivity presents without uremia, suggesting that the cause is intrinsic to the diseased 
kidney itself. By disrupting signaling from the injured kidney, renal nerve denerva-
tion is expected to be beneficial in patients with kidney disease. Additionally, the 
immune system mediates an indirect association between the kidney and nervous 
system via the cholinergic anti-inflammatory pathway (CAP), whose main players 
include the vagus nerve, spleen, α7 acetylcholine receptor-positive macrophages, 
CD4+ T cells, and β2-adrenergic receptors. In animal models, AKI attenuation was 
achieved via CAP activation induced by vagus nerve stimulation or ultrasound treat-
ment, although the exact mechanism remains unclear. Novel techniques, such as 
optogenetics, may help elucidate the CAP mechanisms and promote the clinical use 
of CAP-targeted immunomodulating therapy for prevention and treatment of kidney 
disease. Here, we provide an overview of kidney innervation and discuss the rela-
tionship between the kidney and the nervous system, including the CAP, in the 
context of acute kidney injury.
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21.1  Introduction

There are several interactions between the kidney and other important organs. 
Interactions with the heart and liver are referred to as the cardio-renal syndrome and 
hepato-renal syndrome, respectively. An interaction between the nervous system 
and the kidney has also been recognized. Acute kidney injury (AKI) is estimated to 
affect approximately 15% of hospitalized patients and 60% of critically ill patients 
[1]. Despite substantial advancements in healthcare technology and availability, the 
incidence of AKI is increasing, and its morbidity and mortality remain high [2, 3]. 
In addition, AKI is a risk factor of chronic kidney disease (CKD) and end-stage 
renal disease (ESRD) [4]. Therefore, it is very important to prevent AKI develop-
ment and progression to CKD.  In this review, we first focus on the direct link 
between the nervous system and the kidney, discussing the relevant neurological 
anatomy and innervation, as well as strategies such as renal nerve denervation, 
which aims to disrupt the sympathetic innervation of the kidney and has been effec-
tive in lowering blood pressure. Afterwards, given the increasing evidence of neuro-
nal control of the inflammatory system [5] and considering the major role of 
inflammation in AKI pathogenesis, we will focus on the relationship between the 
nervous system and AKI from the perspective of immunity. The nervous system 
processes the input from peripheral inflammation and issues output for effector cells 
in a circuit referred to as the inflammatory reflex, with the vagus nerve as an essen-
tial component. Novel therapies including ultrasound treatment and vagus nerve 
stimulation (VNS) aim to modulate this pathway and have been helpful in attenuat-
ing inflammatory diseases such as inflammatory bowel disease and rheumatoid 
arthritis. Animal studies have suggested that these methods may also be effective for 
kidney protection, but the exact mechanism underlying this effect remains unclear. 
The newly developed technique of optogenetics, whereby light is used to modulate 
the activity of living cells, is expected to help reveal the role and function of the 
nervous system in the inflammatory pathway.

21.2  Innervation of the Kidney

The relationship between the nervous system and kidney function was first demon-
strated using animal renal denervation models as early as the mid-nineteenth century 
[6]. Since the 1960s, when the neural control of renin secretion from the kidney came 
into focus, it has been revealed that changes in the renal sympathetic nerve activity 
were accompanied by corresponding changes in renin secretion from the kidney. As 
the activation of the renal sympathetic nerve is so intense that it causes a decrease in 
renal blood flow, which itself stimulates renin release, it was originally thought that 
renal blood flow changes were the main cause of renin secretion. In order to demon-
strate the direct effect of sympathetic nerve activation on the renal tubule or the 
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juxtaglomerular apparatus, later studies focused on renal sympathetic nerve stimula-
tion that did not affect renal blood flow or glomerular filtration rate, concluding that 
sympathetic nerve stimulation caused an increase in renin secretion and a decrease in 
urinary salt excretion, which suggested a direct renal sympathetic nervous system 
effect on renal tubular cells [7]. Renal innervation had not been clarified at the time, 
but a direct synaptic contact between the intra-renal nerve fiber and renal tubular epi-
thelial cell membranes was discovered in 1972–1973 [8]. Since then, there has been 
growing interest in elucidating the neural control of renal function. Later studies in rat 
revealed that the extrinsic innervation of the kidney included nerve fibers derived 
from the celiac plexus, lumbar splanchnic nerves, and intermesenteric plexus [9].

21.2.1  Sympathetic Nervous System

The kidneys receive more abundant nerve supply than any other abdominal organs, 
except for the adrenal glands. The kidney is innervated with sympathetic efferent 
fibers that run along the vasculature [10, 11]. The renal plexus is composed of nerve 
fibers derived from the celiac ganglion, inferior and posterior renal ganglia, superior 
mesenteric ganglion, and thoracic splanchnic nerves. The bulk of the plexus is 
located around the intermediate and distal thirds of the renal artery [11]. Most com-
ponents of the renal plexus are adrenergic, with noradrenaline as the main neu-
rotransmitter. While adrenergic renal innervation seems to be limited to vascular 
smooth muscle cells, nerve endings unrelated to the renal arteries were also found, 
suggesting a direct sympathetic innervation of renal tubular cells. Although the 
presence of neuroeffector junctions on renal tubules [12] and direct sympathetic 
functional modulation of renal tubular cells [13] have been confirmed in rodents, a 
direct neural control of renal tubular cell function has not been clearly established 
in humans. Renal sensory afferent nerves are mainly located in the renal pelvic area, 
with the greatest density at the renal pelvic wall [14, 15]. Because they contain 
neuropeptides such as substance P and calcitonin gene-related peptide, renal sen-
sory afferent nerves serve as mechanosensitive and chemosensitive neurons [16], 
which are activated by an increase in renal pelvic pressure and changes in the chem-
ical composition of the urine, respectively [15]. The cell bodies of these sensory 
nerves are located in the dorsal root ganglia and synapse with interneurons in the 
dorsal horn, transmitting information to the central nervous system (Fig. 21.1).

21.2.2  Parasympathetic Nervous System

The parasympathetic innervation of the kidney remains a topic of controversy [17]. 
In 2016, Amsterdam et al. reported the presence of parasympathetic fibers near the 
human renal artery [18]. However, Amsterdam et al. only examined the levels of 
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nitric oxide synthase, a parasympathetic nerve marker that might not be suffi-
ciently specific. Therefore, further research using additional parasympathetic 
markers is needed to confirm the presence of a parasympathetic nerve supply to the 
kidney. Animal studies employing acetylcholinesterase staining have provided 
information about the extrinsic parasympathetic innervation of the kidney. 
Specifically, the kidney receives branches from the celiac ganglion, which gains 
input from the vagus nerve, suggesting that the kidney is parasympathetically 
innervated via the vagus nerve (Fig. 21.1) [9]. As for intrinsic innervation, while 
the sympathetic nervous system of the kidney is relatively well understood, little is 
known about the kidney parasympathetic nervous control. Because acetylcholine 
is the main neurotransmitter of parasympathetic postganglionic nerve terminals, it 
was speculated that the presence of acetylcholinesterase in the kidney reflected the 
presence of parasympathetic nerve fibers. However, histofluorescence evidence 
indicates that acetylcholinesterase is also present in adrenergic nerve fibers [19], 
which suggests that the presence of acetylcholinesterase in the kidney does not 
necessarily reflect the direct parasympathetic innervation of the kidney. Therefore, 
kidney parasympathetic innervation requires further confirmation, based on other 
markers or techniques.
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efferent
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Fig. 21.1 Extrinsic innervation of the kidney. Sympathetic preganglionic neurons residing in the 
intermediolateral cell column of the spinal cord synapse with the renal sympathetic nerve. Sensory 
afferent nerves having the cell body in the dorsal root ganglia synapse with neurons in the dorsal 
horn of the spinal cord and transduce information to the brain. There seems to be no direct vagus 
innervation of the kidney. RSNA renal sympathetic nerve activity, RAAS renin-angiotensin- 
aldosterone system

R. Uni et al.



301

21.2.3  Renal Denervation for Hypertension

The first surgical denervation of the kidney in a human was conducted in 1924 and 
aimed to relieve intractable back pain originating from the kidney [20]. Since sym-
pathetic overflow was observed in essential hypertension [21], renal denervation has 
been investigated as a potential treatment for refractory hypertension. The first bilat-
eral sympathetic nerve denervation of the kidneys was performed in 1934 and aimed 
to treat resistant essential hypertension [22]. Although the procedure was safe, it did 
not achieve satisfactory blood pressure control and has since evolved into a more 
radical form of surgical denervation referred to as splanchnicectomy, which was 
proven to be more effective in patients with malignant hypertension [23]. For the 
following two decades, surgical thoracolumbar splanchnicectomy was the treatment 
of choice in patients with resistant hypertension, until the first oral antihypertensive 
drug became available in the 1950s. However, these procedures were associated not 
only with severe postural hypotension but also with perioperative morbidity and 
mortality, as well as with long-term complications such as erectile, bladder, and 
bowel dysfunction. Therefore, safer and less invasive strategies were needed.

The introduction of catheter-based selective renal denervation was facilitated by 
the development of catheter ablation for cardiology applications, as well as by the fact 
that, from an anatomic perspective, the renal sympathetic nerve fibers are easily 
approachable. To achieve renal denervation, the ablation catheter is inserted percuta-
neously through the ipsilateral femoral artery to reach the renal artery, where it deliv-
ers thermal energy produced by a radiofrequency generator to disrupt both the afferent 
and efferent sympathetic nerve fibers without interfering with other abdominal or 
pelvic innervation. In 2009, sympathetic renal nerve denervation was proven to be 
effective and safe for treating patients with resistant hypertension [24]. A sustained 
blood pressure-lowering effect was reported in a study with a follow-up of 3 years 
[25]. These successful results prompted the initiation of a prospective randomized 
controlled trial (SYMPLICITY HTN-3), which enrolled 535 patients with resistant 
hypertension [26]. However, SYMPLICITY HTN-3 failed to prove the superiority of 
renal nerve denervation over a sham procedure with respect to lowering blood pres-
sure, which prompted two further trials (also randomized and sham- controlled) in 
2017 and 2018, with refinement of the study design and renal denervation procedure 
[27, 28]. Although these trials are relatively small and the observation period is short 
(3 months in both trials), they found a favorable effect of renal denervation on hyper-
tension [27, 28]. A method for evaluating denervation activity in real time is currently 
under development and might help establish a suitable strategy for renal denervation.

21.2.4  Denervation for Kidney Disease

Increased sympathetic tone is commonly noted not only in hypertension but also in 
various diseases such as cardiac arrhythmias, left ventricular hypertrophy, obesity, 
diabetes, polycystic ovary syndrome, obstructive sleep apnea, cirrhosis, and chronic 
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kidney disease [20]. The relationship between sympathetic nervous system tone and 
chronic renal failure was first demonstrated in 1992 [29], when a study reported 
increased muscle sympathetic nerve activity in ESRD patients on hemodialysis; this 
was also the first study to reveal the importance of the diseased kidney in sympa-
thetic activation, as bilateral nephrectomy reduced sympathetic drive and lowered 
blood pressure, in contrast to the initial notion that uremia was the cause of sympa-
thetic activation. This idea is supported by the fact that increased sympathetic tone 
is observed even in acute renal failure or autosomal dominant polycystic kidney 
disease with normal kidney function [30].

In the healthy kidney, stimulation of the renal efferent sympathetic nerve leads to 
renal vasoconstriction, reduced renal blood flow and glomerular filtration rate, and 
increased sodium absorption and angiotensin II synthesis (Fig. 21.1). On the other 
hand, activation of the afferent renal nerves has an inhibitory effect on the efferent 
nerves, a phenomenon known as the renorenal reflex [15]. This inhibitory reflex is 
suppressed in the presence of renal injury, as shown in an animal model of ischemia 
reperfusion injury (IRI), leading to overactivity of the renal sympathetic system. 
Activation of the sympathetic nerve leads to an increase in angiotensin II production 
by stimulating the release of renin from the juxtaglomerular cells [31]. Increased 
angiotensin II levels further weaken the inhibitory renorenal reflex, creating a 
vicious cycle [32]. In addition, increased sympathetic nerve activity decreases nitric 
oxide synthesis and increases the levels of reactive oxygen species. The combina-
tion of these physiological conditions leads to endothelial dysfunction, vasocon-
striction, decreased glomerular filtration rate, and renal fibrosis.

Because hypoxia and subsequent renal fibrosis eventually lead to ESRD [33], 
preventing renal fibrogenesis is a useful strategy to hinder the progression of 
CKD. Renal denervation was effective in preventing renal fibrosis in animal models 
of unilateral ureteral obstruction [34] and IRI [35]. Local infusion of efferent nerve- 
derived noradrenaline or afferent nerve-derived calcitonin gene-related peptide 
induced fibrosis in the denervated kidney, whereas the antagonists of these receptors 
inhibited fibrosis, suggesting that both the afferent and efferent pathways are involved 
in the progression of kidney fibrosis. Selective renal denervation [36] may help elu-
cidate the role each pathway plays in fibrogenesis. Renal nerve denervation also 
retarded the progression of renal failure in five of six nephrectomized rats [37] and 
prevented glomerular hyperfiltration in diabetic rats [38]. In 2015, Ott et al. demon-
strated that renal denervation slowed the progression of renal function decrease in 
patients with CKD stage 3 and 4 [39]. Although there are other factors contributing 
to CKD progression, renal nerve denervation represents a promising treatment option.

Renal denervation is a therapeutic option in AKI because increased sympathetic 
nerve activity and catecholamine levels may be related to progressive renal damage 
after ischemic injury [40], which is considered a cause of AKI. Fujii et al. found 
that, in a rat model of IRI, the increase in noradrenaline overflow was suppressed by 
renal denervation or pharmacological ganglionic blockade with pentolinium, sug-
gesting a pathogenetic role of sympathetic nerve activity [41]. Pharmacological 
denervation of noradrenaline-containing nerves inhibited IRI-induced kidney injury 
in a mouse model of AKI [42].
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While the above-described outcomes of renal nerve denervation have a beneficial 
effect on AKI prognosis, a negative effect has also been reported. Ischemic precon-
ditioning, such as myocardial preconditioning, was shown to have a protective 
effect in a rat model of kidney ischemia/reperfusion [43]. However, renal denerva-
tion abolished this protective effect, suggesting that sympathetic nerve activity 
plays a role in ischemic preconditioning, although the exact mechanism underlying 
this effect remains unclear [44]. Further studies are needed to clarify the effect of 
denervation on inhibiting the progression of AKI.

21.3  Nervous System–Immune System Interaction

Within the framework of humorism, the initial theory of disease as systemized in 
ancient Greece by Galen, disease was caused by an imbalance of body fluids. The 
germ theory, which recognizes that many diseases are caused by microorganisms, 
was advanced by Louis Pasteur in the nineteenth century. Since the 1980s, the prev-
alent framework has been the cytokine theory of disease, wherein cytokines pro-
duced by the immune system are responsible for the signs, symptoms, and 
aftereffects of the disease [45]. The relationship between the nervous system and 
immune system was discovered as early as the 1950s [46, 47]. Subsequently, 
Besedovsky et  al. demonstrated that peripheral inflammation altered anti- 
inflammatory signaling in the hypothalamus [47], whereas Watkins et al. described 
the sensory role of the afferent vagus nerves in an animal model of interleukin-1 
(IL-1)-induced hyperthermia, which was blocked by vagotomy [48, 49].

21.3.1  Inflammatory Reflex

The body secretes a variety of endogenous anti-inflammatory cytokines and gluco-
corticoids to prevent cytokine-mediated disease. The hypothalamic-pituitary- 
adrenal (HPA) axis is one of these humoral anti-inflammatory responses [50, 51], 
which functions as follows. The blood–brain barrier, which serves to protect the 
brain from water-soluble substances, is not present around the preoptic nucleus of 
the hypothalamus. Certain neurons in this area have receptors for cytokines released 
by immune cells; by this mechanism, cytokines such as IL-1, tumor necrosis factor-α 
(TNF-α), and IL-6 can cross into the brain. Preoptic neurons communicate with 
neurons in the paraventricular nucleus of the hypothalamus. The HPA axis is acti-
vated upon stimulation of the paraventricular nucleus and release of corticotropin- 
releasing hormone from the hypothalamus, which in turn stimulates the secretion of 
the adrenocorticotropic hormone and subsequent release of glucocorticoids from 
the adrenal gland [52, 53]. An alternative mechanism of controlling cytokine release 
was proposed to rely on the vagal afferent and efferent nerves [54]. Cytokines pro-
duced by damaged cells activate afferent sensory fibers. Vagal afferent nerves 
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express several kinds of receptors to bind inflammatory molecules such as TNF, IL, 
and the immunoglobulin Fc region [55–57]. On detection of peripheral inflamma-
tion, these nerve fibers transmit inflammatory signals from the peripheral tissues to 
the tractus solitarius in the brainstem [58, 59]. This, in turn, activates the efferent 
vagus nerve and modulates peripheral immunological reactions, though it is 
unknown how the afferent vagus nerves activate efferent nerves. These afferent 
vagus nerve fibers not only convey peripheral inflammatory signals to the central 
nervous system, but also affect the HPA axis [60]. Stimulation of the afferent vagal 
nerve is a very crucial part of modulating adrenocorticotropin and fever response in 
exdotoxemia and cytokinemia [61–63]. Thus, the humoral pathway and vagal path-
way work together to make up the inflammatory reflex.

21.4  Cholinergic Anti-inflammatory Pathway (CAP)

Compared to afferent vagal signaling in anti-inflammatory response, little was 
known about the role of efferent vagal nerve signaling until 2000, when Borovikova 
et  al. first described the role of the efferent vagal nerve in controlling immune 
response [64]. Efferent VNS induced leukocyte release from the rat thymus, an 
action mediated by nicotinic receptors [65]. Furthermore, nicotine administration 
was effective in some patients with inflammatory bowel disease [66, 67]. These find-
ings highlighted the role of nicotinic acetylcholine receptors and shifted the focus 
towards the inflammatory pathway based on acetylcholine signaling. Borovikova 
et al. showed that direct stimulation of the efferent vagal nerve in rats inhibited TNF 
synthesis and prevented the development of shock. The same study indicated that 
acetylcholine inhibits the release of TNF and other cytokines through a post-tran-
scriptional mechanism that is dependent on α-bungarotoxin-sensitive nicotinic 
receptors on primary human macrophages. Borovikova et al. referred to this ner-
vous-immune relationship as the cholinergic anti-inflammatory pathway (CAP).

Wang et al. then demonstrated that the α7 subunit of the acetylcholine receptor 
was essential for inhibiting CAP-mediated cytokine synthesis in α7-knockout 
(α7KO) mice [68]. Subsequently, a splenectomy study revealed the importance of 
the spleen in the CAP [69, 70]. The reticuloendothelial system, which consists of 
phagocytic cells such as macrophages and monocytes in the spleen, lungs, liver, and 
other organs, is the body’s defense mechanism against bacteria or bacterial products 
that have penetrated into the blood, with the spleen serving as a major component 
of the reticuloendothelial system [71]. This study demonstrated that the spleen is a 
major site of cytokine production in an experimental model of sepsis, as splenec-
tomy abolished the suppression of cytokine release by VNS, suggesting that the 
spleen contributes to the CAP. The authors also revealed that modulation of TNF 
synthesis in the spleen requires the expression of the α7 acetylcholine receptor on 
the surface of macrophages. Signaling mediated by the α7 acetylcholine receptor 
inhibits STAT3 phosphorylation and the NF-κB pathway, leading to suppression of 
inflammatory cytokine synthesis [72, 73].
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CD4+ T cells are also key players in the CAP [74]. Vida et al. demonstrated that 
VNS inhibits TNF production in endotoxemia, an effect mediated by the 
β2-adrenoreceptor located on CD4+CD25− T cells [75]. The authors showed that 
VNS-mediated TNF-α suppression induced by lipopolysaccharides was abolished 
by administration of a β2 antagonist and was completely absent in β2-adrenergic 
receptor-deficient mice. Reconstitution of β2-adrenergic receptor-deficient mice 
with CD4+CD25− T cells (non-regulatory T cells), but not with CD4+CD25+ cells 
(regulatory T cells), from wild-type mice rescued the VNS-mediated TNF-α sup-
pressive effect.

Although the importance of the spleen in the CAP was implied, there was no 
distinct evidence of direct cholinergic innervation of the spleen at that time. 
Recently, immunohistochemistry investigations revealed limited cholinergic inner-
vation in the spleen [76]. In the disynaptic model (Fig. 21.2) [77], preganglionic 
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Fig. 21.2 Cholinergic anti-inflammatory pathway. Inflammatory signals from the kidney are 
transmitted to the central nervous system via the afferent vagus nerve. This, in turn, activates the 
vagus efferent nerve through the DMV. Efferent vagus nerves possibly stimulate the splenic nerve 
and the subsequent anti- inflammatory pathway. C1 neurons also activate the CAP via efferent 
sympathetic nerve activation. In the spleen, NA released from the terminal of the activated splenic 
nerve activates ChAT+ T cells expressing β2AR. These stimulated ChAT+ T cells release ACh, 
which binds to α7nAChR on macrophages, resulting in suppression of inflammatory cytokines and 
subsequent anti-inflammatory action. NTS nucleus tractus solitaries, DMV dorsal motor nucleus of 
the vagus, β2AR β2-adrenergic receptor, α7nAChR α7 nicotinic acetylcholine receptor, ACh acetyl-
choline, TNF-α tumor necrosis factor-α, NA noradrenaline
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neurons in the vagus nerves presumably synapse with postganglionic sympathetic 
neurons in the celiac ganglion, and vagus nerve fibers travel together with the 
splenic nerve to innervate the spleen. However, Bratton et al. casted doubt on the 
disynaptic model paradigm, and several new models were proposed to reconcile this 
argument [78, 79]. Bratton et  al. denied the existence of a synaptic connection 
between preganglionic vagal efferent neurons and postganglionic splenic neurons, 
insisting that the sympathetic nervous system of the spleen is composed of the effer-
ent arm of the inflammatory reflex. In the new models, T lymphocytes capable of 
acetylcholine synthesis play an important role in linking the vagus nerve and mac-
rophages. Rosas-Ballina et al. showed that CD4+CD44highCD62Llow memory T cells 
in the spleen possess the acetylcholine biosynthetic enzyme choline acetyltransfer-
ase (ChAT) and can produce acetylcholine [80]. Although the TNF-α suppressive 
effect of VNS is lost in mice without functional T cells, reconstitution of such mice 
with ChAT+CD4+ T cells partially restores the VNS-induced anti-inflammatory 
effect. The presence of these acetylcholine synthesizing T cells, which are located 
in the vicinity of the catecholaminergic terminals of the splenic nerve in the white 
pulp of the spleen, could support the non-neuronal connection between the vagus 
nerve and the splenic nerve. However, it remains unclear how the splenic nerve is 
activated after VNS.

Although the exact anatomical relationship between the nervous system and 
immune cells remains to be clarified, methods for CAP modulation (such as VNS) 
have already been developed. Clinical trials have confirmed the efficacy of VNS for 
the treatment of rheumatoid arthritis [81] and Crohn’s disease [82], both of which 
are characterized by chronic inflammation and increased cytokine levels.

21.4.1  CAP in the Kidney

Inflammation plays an important role in AKI pathogenesis [83]. Much of the current 
knowledge of the inflammatory response during AKI comes from studies on animal 
models of IRI, as ischemia is a major cause of AKI. Both the adaptive and innate 
immune system contribute to inflammatory response in AKI.  In the IRI model, 
inflammatory response occurs in the initial ischemic insult and further deterioration 
occurs upon reperfusion. In the ischemic kidney, the synthesis of cytokines such as 
IL-1, IL-6, and TNF-α is promoted by transcription factors such as NF-κB, heat 
shock factor-1, and hypoxia-inducible factor-1, which are induced by hypoxia 
[84, 85].

In the post-ischemic kidney, immune cells are recruited through pro- inflammatory 
damage-associated molecular patterns, hypoxia-inducible factors, and adhesion 
molecules. These molecules increase the permeability of the renal vascular endothe-
lium and are associated with the release of pro-inflammatory chemokines and cyto-
kines, as well as with the activation of toll-like-receptors [86], which play an 
important role in recruiting immune cells. In the mouse kidney, neutrophil infiltra-
tion is observed within a few hours following ischemia [87]. Although it is recog-
nized that the effector cells of the innate immune system serve an important function 
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in pathogen phagocytosis and generation of reactive oxygen species, the precise role 
of these cells and the kinetics of processes induced by such cells remain unclear. 
Macrophages are also key players in the kidney immune response. Activated mac-
rophages exert phagocytic activity and release cytokines such as IL-1, IL-6, IL-8, 
IL-12, and TNF [86]. Importantly, although the number of macrophages residing in 
the normal kidney is low, macrophage influx occurs upon reperfusion after kidney 
ischemia [88]. In the initial injury phase, macrophages have the polarized pro- 
inflammatory M1 phenotype, which is characterized by the expression of inducible 
nitric oxide synthase and facilitates the inflammatory cascade causing damage to 
the kidney. In the recovery phase, however, macrophages switch into the anti- 
inflammatory M2 phenotype, which is characterized by the expression of arginase-1 
and of the mannose receptor [89]. Taking these inflammatory responses into consid-
eration, AKI is a good candidate for immunomodulating therapy.

21.4.2  Ultrasound Stimulation

Ultrasound treatment can activate the CAP [90]. Gigliotti et  al. were the first to 
investigate the effectiveness of contrast-enhanced ultrasound for vasculature regen-
eration in the post-ischemic kidney, reporting that a modified contrast-enhanced 
ultrasound protocol could improve blood flow to the skeletal muscle [91]. However, 
the authors found that ultrasound exposure alone (i.e., without contrast) was effec-
tive for attenuating kidney damage by reducing leukocyte infiltration and suppress-
ing inflammation. This protective effect was completely abolished by splenectomy, 
suggesting that the beneficial action of ultrasound treatment is mediated by the 
spleen. The authors next investigated the relationship between immune cells and the 
protective effect of ultrasound against IRI in Rag1−/− mice, which lack functional B 
cells and T cells. Ultrasound treatment did not confer protection against IRI in 
Rag1−/− mice, but reconstitution with wild-type CD4+ T cells 10 days before IRI 
restored the protective effect, suggesting that both the spleen and CD4+ T cells are 
required for the beneficial effect of ultrasound treatment. The contribution of the α7 
nicotinic acetylcholine receptor (α7nAChR) to ultrasound-mediated renoprotection 
was confirmed in α7KO mice, who were not protected against IRI despite ultra-
sound pretreatment. These findings suggest that ultrasound treatment attenuates IRI 
in an α7nAChR-dependent manner. Additionally, bone marrow chimera experi-
ments in mice confirmed the essential role of hematopoietic α7nAChR in the CAP 
[92]. Therefore, ultrasound treatment confers protection from AKI via CAP activa-
tion. While several possible mechanisms underlying ultrasound-mediated activation 
of the CAP have been proposed, as described below, the actual mechanism remains 
unknown. Ultrasound treatment can modulate nerve activity in mice [93], suggest-
ing that ultrasound-induced nerve activation might activate the CAP. Alternatively, 
ultrasound treatment might activate immune cells in the abdomen directly, and these 
cells would then contribute to the CAP.  Elucidating the mechanism underlying 
ultrasound-induced activation of the CAP may help clarify the molecular mecha-
nisms of the CAP itself.
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21.4.3  Vagus Nerve Stimulation (VNS)

VNS, which represents a very effective strategy for CAP activation, was approved 
by the Food and Drug Administration in 1997 for the treatment of refractory partial- 
onset epilepsy [94]. In 2005, VNS was also approved for the treatment of chronic or 
recurring depression [95]. Given its anti-inflammatory effect, VNS is a potent tool 
for treating inflammatory disorders such as sepsis, lung injury, rheumatoid arthritis, 
inflammatory bowel disease, and diabetes [96]. Clinical trials to clarify the effec-
tiveness of VNS for such disorders are ongoing. By August 2014, more than 100,000 
VNS devices had been implanted in over 75,000 patients worldwide [97]. The VNS 
device is a battery-powered apparatus similar to a cardiac pacemaker. In most mod-
els, stimulating leads are surgically implanted in the carotid sheath around the left 
vagus nerve. Noninvasive transcutaneous VNS devices have also been developed 
[98, 99], wherein the vagus nerve is stimulated via the auricular branch of the nerve 
by small, earphone-like electrodes. Although no randomized clinical trial for trans-
cutaneous VNS has been conducted to date, this strategy was effective in attenuat-
ing cerebral ischemic injury in rats [100] and pediatric epilepsy [98]. In addition, a 
pilot study demonstrated that noninvasive VNS downregulated inflammatory cyto-
kine release in healthy subjects [99]. These results suggest that noninvasive VNS is 
safe enough to be used in hospital settings, promoting further research and the wide-
spread adoption of noninvasive VNS as a promising therapy for AKI and other 
inflammatory diseases.

In 2016, Inoue and Abe et al. evaluated the effectiveness of VNS applied 24 h 
prior to IRI in the mouse kidney [101], reporting that VNS protected the kidney 
against ischemic injury, as reflected by the attenuated elevation of plasma creatinine 
levels and mitigated acute tubular necrosis. VNS also suppressed the secretion of 
pro-inflammatory cytokines such as IL-6, IL-10, IL-15, and TNF.  Splenectomy 
experiments confirmed the involvement of the spleen in the VNS-induced protec-
tion against IRI. Specifically, splenectomy abolished the favorable effect of VNS 
without affecting kidney function. Furthermore, adoptive transfer of splenocytes 
from VNS-pretreated donor mice 1 day prior to IRI protected the recipient mice 
from IRI. These results reinforce the importance of the spleen in the CAP. On the 
other hand, VNS-treated α7KO mice were not protected against kidney IRI. Transfer 
of splenocytes from α7KO VNS-treated mice to wild-type mice abolished the pro-
tective effect as well, highlighting the importance of α7nAChR-positive spleno-
cytes. As macrophages are also important in the CAP [68], their post-IRI dynamics 
were examined using flow cytometry. After IRI, the number of macrophages in the 
kidney increased in both wild-type and α7KO mice, but there was no difference 
between wild-type and α7KO mice regarding the number of macrophages. On the 
contrary, assessment of macrophage phenotype markers revealed that VNS affected 
the polarization of macrophages. IRI alone increased the expression of all M1 mark-
ers and most M2 markers, but suppressed arginase-1 (an M2 marker) expression in 
wild-type mice. Pre-IRI VNS rescued arginase-1 expression in wild-type mice but 
not in α7KO mice, suggesting that VNS exerts its renoprotective effect by 
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enhancing the macrophage switch to M2 phenotype, which is thought to have an 
important role in the recovery phase [89]. Very recently, Inoue et al. showed that 
adoptive transfer of α7nAChR-positive macrophages protected against kidney IRI 
under nicotine stimulation [102]. Using RNA sequencing, the authors further identi-
fied the hairy and enhancer of split-1 (Hes1) as a new signaling component down-
stream of α7nAChR in macrophages. Hes1-overexpressing macrophages mainly 
induced M2 markers (including arginase-1) and suppressed TNF production after 
lipopolysaccharide stimulation. VNS-mediated induction of Hes1 was also con-
firmed in macrophages in vivo. Moreover, the authors showed that the kidney was 
protected by adoptive transfer of Hes1-overexpressing macrophages. Taken together, 
these recent results reveal Hes1 as a new key molecule in the CAP [102].

Another interesting finding is that afferent and efferent VNS had a similar effect 
in terms of protection against kidney IRI [101]. Afferent VNS achieved by stimulat-
ing the central end of the cut nerve may activate the contralateral efferent vagus 
nerve. Since the experimental animals could not survive after bilateral vagotomy, 
blockade of the right vagus nerve was achieved using local anesthesia. Surprisingly, 
left afferent vagal stimulation protected the kidney from IRI even in the absence of 
right efferent vagal nerve activation, suggesting that afferent and efferent VNS 
might protect the kidney from IRI to the same extent but via a different mechanism. 
Further research employing optogenetic techniques to examine the afferent and 
efferent pathways separately (as described below) is warranted to clarify this aspect. 
Another interesting finding of the same study is that, although VNS applied 10 min 
prior to IRI did not confer kidney protection, VNS at 24–48 h before IRI provided a 
significant and long-lasting renoprotective effect that was maintained for at least 
48 h. These findings suggest that there is a delay between VNS and the establish-
ment of VNS-induced renoprotection, but that, once established, the protective 
effect is maintained without continuous stimulation. Given the rather instantaneous 
property of neural conduction, there seems to be a complex immunological mecha-
nism underlying the relationship between VNS and renoprotection.

21.4.4  Optogenetics

Optogenetic techniques involve expressing light-activated microbial opsin proteins 
in neuronal or non-neuronal cells [103, 104]. The history of optogenetics dates back 
to 1971, to the discovery of bacteriorhodopsin, an ion pump that can be activated by 
visible light [105]. Later, other members of this rhodopsin family were discovered, 
including halorhodopsin in 1997 and channelrhodopsin in 2002. Channelrhodopsin 
2 (ChR2) is a light-gated cation channel found in the unicellular green algae 
Chlamydomonas reinhardtii [106]. In 2005, ChR2 was safely introduced in mam-
malian neurons, which depolarized immediately upon illumination with blue light. 
Based on these results, optogenetics became a topic of enthusiastic research for an 
entire decade. In 2007, the selective silencing of neurons expressing halorhodopsin 
was achieved under yellow light [107]. This method enabled selective activation or 
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silencing of the target neurons without affecting other neurons. In addition, by using 
the Cre-Lox system, these light-sensitive proteins could be expressed in specific cell 
types. Optogenetics is currently widely investigated as a promising therapeutic tool 
not only in the field of neurology but also in other areas including diabetes, cardio-
vascular system dysfunction, cancer, and skeletal muscle disorders [103].

Optogenetics may also help clarify the complex mechanisms underlying the 
CAP. Recent studies based on this technique have reported that vagus afferent neu-
rons can be of several subtypes, each with a different function in controlling internal 
systems [108, 109]. Using optogenetics, Abe and Inoue et al. reported the contribu-
tion of C1 neurons in activating the CAP [110]. C1 neurons are glutamatergic, cat-
echolaminergic, and peptidergic neurons residing in the medullary reticular 
formation [111, 112] and mainly serve to synapse with sympathetic preganglionic 
neurons in the spinal cord, dorsal vagal complex, hypothalamic paraventricular 
nucleus, and other lower brain stem noradrenergic neurons [111, 113]. C1 cells are 
activated in response to physical stresses such as infection, inflammation, pain, 
hypoxia, hemorrhage, hypotension, and hypoglycemia, playing an important role in 
the central regulation of autonomic function [114]. In addition, the fact that some 
populations of C1 neurons are activated by circulating IL-1 and lipopolysaccharides 
suggests they may play a role in immune system regulation. Abe and Inoue et al. 
investigated whether C1 stimulation could protect the kidney from IRI via modulat-
ing the inflammatory reflex pathway [110]. They selectively stimulated C1 neurons 
optogenetically by injecting ChR2 into the rostral ventrolateral medulla oblongata, 
which is a brainstem region thought to be rich in C1 neurons, of transgenic mice. 
Optogenetic stimulation of C1 neurons attenuated the elevation of plasma creatinine 
levels and the degree of acute tubular necrosis induced by renal IRI. Restraint stress 
also protected the kidney from IRI, and the effect was dependent on C1 neuron 
activation. This C1 neuron-mediated organ protective effect required the presence 
of β2-adrenergic receptors, α7nAChRs, and spleen, suggesting a potential involve-
ment of the CAP. Surprisingly, neither subdiaphragmatic vagotomy nor corticoste-
rone blockade could abolish this protection, suggesting that CAP activation by C1 
neurons is achieved via the sympathetic pathway, independently of efferent VNS 
and the HPA axis. These results challenge the prevalent disynaptic model of the 
CAP, which postulates that preganglionic vagal efferent neurons synapse with the 
postganglionic splenic nerve. Optogenetics might help clarify this apparent discrep-
ancy. Further studies are needed to elucidate the exact mechanism of the CAP.

21.5  Conclusion

Here, we focused on the link between the nervous system and the kidney. While the 
sympathetic innervation of the kidney is relatively well understood, there is persis-
tent uncertainty regarding the parasympathetic innervation. Increased sympathetic 
tone is related to hypertension and CKD.  Renal denervation, which was mainly 
investigated as an invasive therapy for refractory hypertension, is a potential 
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treatment tool for direct modulation of renal autonomic control. On the other hand, 
growing evidence suggests that stimulation of the parasympathetic nerve can induce 
immune-mediated renoprotection via the CAP, as inflammation is a major compo-
nent of the AKI pathogenesis. Given the wide prevalence and high morbidity and 
mortality of AKI, it is desirable to develop AKI therapies based on noninvasive CAP 
stimulation.

Although the major components of the CAP have been identified (spleen, mac-
rophages, CD4+ T cells, vagus nerve, and splenic nerve), the interplay of these com-
ponents has not been fully characterized. All CAP components may represent 
therapeutic targets for AKI. Advancements in the field of optogenetics are expected 
to help clarify such aspects and promote research to develop safer treatment strate-
gies for AKI. In the future, such techniques might become useful not only for AKI 
treatment but also for AKI prevention in critically ill patients.
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Chapter 22
AKI and Immune System

Sang Kyung Jo and Won Yong Cho

Abstract Acute kidney injury (AKI) substantially contributes to high morbidity and 
mortality in hospitalized patients. Ischemic, nephrotoxic injury and infection are the 
leading causes of AKI. Evidence from the last several decades shows that AKI pro-
vokes intrarenal, systemic inflammation and both innate and adaptive immune sys-
tem play important roles in the pathogenesis of kidney injury. Infiltrating neutrophils, 
T lymphocytes, monocytes, natural killer (NK) cells, natural killer T (NKT) cells as 
well as kidney resident macrophages/dendritic cells (DCs) have been shown to con-
tribute to kidney injury in orchestration with endothelial and epithelial cell injury. 
Recent evidence also reveals that certain type of immune cells such as macrophages 
or regulatory T cells (Tregs) participate in the repair process. However, despite sub-
stantial progress in understanding of inflammation as critical player in AKI, transla-
tion from preclinical model into clinical therapeutics remains primitive. The purpose 
of this review is to understand the recent advances in the role of immune system in 
injury and repair processes of AKI especially in ischemia/reperfusion injury (IRI), 
the most extensively studied model.

Keywords Ischemia/reperfusion injury · Inflammation · Leukocytes  
Endothelium · Epithelium

22.1  Introduction

Acute kidney injury (AKI) is clinical syndrome representing rapid deterioration of 
kidney function from diverse etiologies. The incidence rate is known to be more 
than 5% in hospitalized patients and mortality of dialysis requiring AKI still exceeds 
30% [1]. Increasing number of aged populations with comorbidities, invasive 
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procedures with possible exposure to potential nephrotoxicants or with compromis-
ing renal blood flow might be the mechanisms underlying this high incidence as 
well as mortality rate [2]. Moreover, AKI has been shown to be the most important 
factor in the progressive CKD leading to end stage kidney disease (ESKD) [3]. 
However, diagnosis and treatment of AKI have not been changed substantially for 
the last several decades necessitating the development of novel diagnostic and ther-
apeutic strategies based on better understanding of its pathogenesis.

The pathogenesis of IRI involves a complex interplay between endothelial and 
epithelial compartments and also the activation of immune system [4, 5]. Early 
phase of IRI is characterized by endothelial cell injury and increased expression of 
various adhesion molecules in damaged endothelial cells facilitates transmigration 
of different kinds of inflammatory cells into kidneys [6]. Innate immune cells such 
as neutrophils, M1 proinflammatory macrophages, natural killer (NK) cells, natural 
killer T (NKT) cells as well CD4 T cells and resident dendritic cells contribute to 
kidney injury by releasing various proinflammatory mediators. Epithelial cells, in 
addition to dying by apoptosis or necrosis, actively participate in inflammation by 
releasing molecules called danger or damage associated molecular patterns 
(DAMPs) that subsequently bind to pattern recognition receptors (PRRs) expressed 
in innate immune cells [7]. Complement system, another important component in 
innate immunity also plays an important role in AKI [8]. The series of events involv-
ing endothelium, epithelium, and immune system provoke vicious cycle of necroin-
flammation leading to functional, histological deterioration of kidneys.

Meanwhile, immune system also operates to expedite the repair process. 
Infiltrated or resident macrophages/dendritic cells convert their phenotype from 
proinflammatory M1 to proresolving M2 macrophages and Tregs facilitate damaged 
kidney to regenerate or repair [9–11]. Additional insults that potentially inhibit 
these normal repair processes might result in impaired recovery of kidney function. 
However, despite substantial progress in the understanding of pathogenesis or 
numerous positive results from animal studies, strategies targeting the immune acti-
vation have not been translated successfully indicating that more multifaceted 
approach based on extensive understanding of complex pathophysiology is needed. 
In this review, we summarize the latest understanding of role of immune activation 
in the injury and repair process of AKI (Fig. 22.1).

Fig. 22.1 Immune response in IRI. Resident macrophage and dendritic cells participate in patrol-
ling in healthy kidneys. Following IRI, these cells are rapidly activated to produce a variety of 
inflammatory mediators. Endothelial cells upregulate adhesion molecules and mediate transmigra-
tion of circulating polymorphonuclear neutrophil (PMN), monocytes, CD4 T cells as well as NK 
cells, NKT cells and these migrating leukocytes provoke intense inflammatory response in the 
kidneys. Circulating red blood cells (RBCs) plugged with platelets and leukocytes further compro-
mise microvascular blood flow. Damaged tubular epithelium also participates in inflammation by 
releasing DAMPs molecules and also upregulating PRRs such as TLR4. Macrophages, monocytes 
show M1 classically activated macrophage phenotype and NKT cells, activated by dendritic cells 
further recruit PMN cells. CD4 T cells also participate in inflammation by producing IFN-γ. 
During the recovery phase, macrophages shift phenotype into IL-10 producing, proresolving M2 
macrophages and infiltrated Tregs also participate in repair process
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22.2  Immune System in Healthy Kidneys

Dendritic cells (DCs), macrophages, and a small number of lymphocytes consti-
tute a vast majority of resident immune cells in healthy kidneys [12–15]. DCs are 
cells of immune surveillance, mediator of innate and adaptive immunity while 
macrophages are cells of innate immunity with phagocytosis. However, clear dis-
tinction between these cells is sometimes difficult due to substantial overlapping 
surface markers and functions. Macrophages can also present antigens to lympho-
cytes or immature DCs can show phagocytic capacity. Therefore, the term “mono-
nuclear phagocytic cells” that encompass monocytes/macrophages/DCs is 
increasingly used [16]. Recently, the notion that these cells are originated exclu-
sively from bone marrow has been challenged by several studies showing some 
tissue resident macrophages derive from embryonic tissues such as fetal liver or 
yolk sac and coexist with those from adult bone marrow derived macrophages [17, 
18]. However, despite different origins, their function in homeostasis or injury 
does not seem to differ.

Kidney resident DCs are CD11b+/CD11c+/F4/80+/CX3CR1+ cells. Studies using 
CX3CR1GFP/+ mice showed that contiguous network of these cells in the interstitial 
compartment with dendrites protruding into tubular lumen, suggesting the impor-
tant patrolling role in the healthy kidneys [19]. However, upon injury, DCs rapidly 
acquire the proinflammatory phenotype and by releasing a variety of tissue destruc-
tive mediators, they contribute to early inflammation and injury.

22.3  Role of Endothelial Cells in Inflammation

Normal endothelium not only regulates local blood flow to tissue but also exerts 
anticoagulatory, anti-inflammatory effect. Injured endothelial cells can die by 
apoptosis or show breakdown of actin cytoskeleton and adherence junction lead-
ing to increased vascular permeability, activation of coagulation pathways, and 
also inflammation [20]. This phenomenon together with intense renal vasocon-
striction induced by an imbalance between vasoconstriction vs vasodilation 
leads to “no reflow” in outer medullary area, further compromising local tissue 
perfusion. In addition, enhanced expression of various adhesion molecules 
expressed on endothelium is playing an important role by facilitating the activa-
tion and transmigration of circulating leukocytes to postischemic kidneys. 
Inhibition or genetic ablation of endothelial or platelet selectin (E, P-selectin) or 
intercellular adhesion moleculte-1 (ICAM-1) ameliorated IRI with reduced 
inflammation support the role of endothelial cells in inflammation in IRI-induced 
AKI [21–23].
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22.4  Role of Danger Associated Molecular Patterns 
(DAMPs)-Pattern Recognition Receptors (PRRs) 
as Triggers of Inflammation

Innate immune response against invasion of bacteria or virus is highly conserved in 
different species throughout the evolution. Pattern recognition receptors (PRRs) 
such as toll-like receptors expressed on immune cells or parenchymal cells immedi-
ately bind to bacterial products such as endotoxin or cell wall components, collec-
tively called pathogen associated molecular pattern (PAMPs). This leads to 
subsequent phagocytosis and eradication of pathogens. Danger or damage associ-
ated molecular pattern called DAMPs are endogenous molecules released into 
extracellular space upon injury and convey danger signal to innate immune system. 
Ligands of receptor for advanced glycation end products (RAGE) including high 
mobility group box-1 (HMGB-1), or heat shock proteins (HSPs), nuclear protein 
histone or chromatin, uric acid or extracellular matrix protein such as hyaluronan 
and fibrinogen can serve as danger molecules, alarming the immune system [24–
28]. DAMPs released after injury can also bind to membrane-bound PRRs such as 
TLRs and release proinflammatory cytokines and chemokines, causing inflamma-
tion and tissue injury. Released histone, a major component of chromatin, was 
shown to trigger leukocyte recruitment via TLR2- and TLR4-dependent activation 
of MyD88, NF-κB, and mitogen activated protein kinase (MAPK) signaling in kid-
ney IRI [29]. Several DAMPs can also activate cytoplasmic PRRs, such as NOD-
like receptor protein 3 (NLRP-3), forming the inflammasome in immune cells and 
activate caspase 1 with release of IL-1β and IL-18, provoking inflammation [30].

22.5  Role of Tubular Epithelial Cells in Inflammation

Tubular epithelial cells are also important as triggers of inflammation in IRI. In addi-
tion to cell death by apoptosis or necrosis, damaged tubular cells act as both a releaser 
of a variety of DAMP molecules, and also as PRRs that bind to DAMPs. Allam et al. 
showed that dying epithelial cells release histones and also that histone induced both 
apoptosis and necrosis of endothelial/epithelial cells with facilitation of leukocytes 
recruitment [29]. The observation that blocking histones partially reduce inflammation 
and kidney injury further supports the important role of extracellular histones from 
damaged tubular cells in inflammation. Damaged tubule cells have also been shown to 
serve as a sensor of danger signals. Upon release of DAMPs, tubular epithelial cells 
upregulate the expression of PRRs such as TLRs with release of proinflammatory 
mediators. Loss of epithelial TLR4 or TLR2 has been shown to result in marked reduc-
tion of leukocyte infiltration and kidney dysfunction [31, 32]. Mice lacking the cyto-
plasmic PRRs in NLR3 −/− mice also showed marked renoprotective effect [30].
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22.6  Neutrophils

Neutrophils are one of the first responders of antigen nonspecific innate immunity 
after IRI and contribute to kidney injury by producing reactive oxygen species, 
proteases, myeloperoxidase, and proinflammatory cytokines and chemokines. In 
mouse models of IRI, neutrophils bind to intercellular adhesion molecule-1 
(ICAM-1), selectins, or integrins expressed in endothelium and transmigrate to kid-
ney interstitium. Neutrophil infiltration is seen early after reperfusion in animal 
models [33, 34] and was also demonstrated in human biopsy samples [35, 36]. The 
important role of neutrophil-mediated sterile inflammation in the pathogenesis of 
IRI has been demonstrated by studies using anti-neutrophil serum or those targeting 
neutrophil-endothelial interaction. Pretreatment with anti-neutrophil serum and 
blocking Ab to ICAM-1 or genetic ablation of ICAM-1 showed renoprotective 
effect [23]. Decreased rate of delayed graft function in patients treated with ICAM-1 
blocking Ab in phase 1 clinical trial also supports the critical role of neutrophils in 
sterile inflammation as well as kidney injury [37]. However, there are also inconsis-
tent data that failed to show protective effect of depletion or blockade of neutrophils 
and thus needs to be further studied.

Recent several studies showed that neutrophil contributes to inflammation and 
kidney injury by forming neutrophil extracellular traps (NETs). NETs are a struc-
ture composed of networks of extracellular fibers of DNA and granular proteins 
from neutrophils, first described by Brinkmann et al. [38]. NETs are known to result 
from unique form of cell death called “NETosis” that neutrophils die with degrada-
tion of their intracellular granules and decondensation of chromatin followed by 
release of these intracellular materials [38]. NETs are known to contribute to kidney 
inflammation and injury by directly inducing tubular cell necrosis or indirectly act-
ing as one of DAMP molecules further aggravating the recruitment of inflammatory 
cells into postischemic kidneys. Histones released from damaged tubule cells can 
also prime neutrophils for NET formation making viscous cycles of necroinflamma-
tion [29]. NETs adjacent to microvasculature may also trap cells, debris, or platelets 
that make microthrombi, further compromising medullary oxygenation. Jansen 
et al. recently demonstrated the increased colocalization of DNA, platelets, and neu-
trophils in postischemic kidneys and also that NET formation was suppressed by 
anti-platelet clopidogrel [39].

Despite some conflicting results, neutrophils seem to be critical in early inflam-
mation and injury after IRI. However, fate of neutrophils during the recovery phase 
has not been shown clearly and recent study by Cho et al. suggested that neutrophils 
are cleared from the kidney by apoptosis or by returning back into the circulation by 
a process called reverse endothelial transmigration mediated by junctional adhesion 
molecule-C (JAM-C) [40]. Persistence of kidney neutrophils seems to delay or 
impair the normal repair process because chimeric mice whose bone marrow derived 
cells are resistant to apoptosis due to absence of bax gene showed persistent neutro-
phil infiltration and impaired recovery [40].
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22.7  Macrophages/Dendritic Cells

Macrophages are unique cell types of substantial plasticity according to local 
milieu. After IRI, circulating monocytes of bone marrow origin adhere to vasa recta 
and migrate toward chemokine gradient into kidney interstitium. These migrating 
cells and resident mononuclear phagocytes become proinflammatory “M1 macro-
phages” by kidney microenvironment and by producing a variety of mediators such 
as TNF-α, interleukin-1β, inducible nitric oxide synthase (iNOS), and IL-6, they 
participate in early kidney inflammation and injury [41, 42]. Systemic depletion of 
mononuclear phagocytes using liposome clodronate significantly attenuated kidney 
injury in mouse and rat model of IRI [43, 44]. Jo et al. demonstrated that ED-1+ rat 
macrophages are seen as early as 4 h after reperfusion and systemic depletion of 
mononuclear phagocytes resulted in decreased number of kidney macrophages as 
well as proinflammatory cytokines and chemokines [43]. The critical role of macro-
phages was also shown by adoptive transfer experiment that showed that transfer-
ring of mouse macrophage RAW cells partially restored the injury [44].

CD11c+F4/80+ kidney resident DCs also seem to acquire proinflammatory phe-
notype and depletion of these cells also resulted in renoprotective effect. Dong et al. 
showed the significantly increased level of TNF-α, IL-6, RANTES, and MCP-1 
only in isolated CD11c-enriched kidney leukocytes, suggesting that intrarenal DCs 
are the major source of inflammatory mediators in postischemic kidneys [45]. 
However, there are also reports showing the opposite function of DCs in IRI. DCs 
can confer renoprotection if their phenotype could be changed into regulatory. Li 
et al. showed that transient treatment of DCs ex vivo with adenosine 2A receptor 
agonist, ATL313 resulted in an increase of tolerogenic DC phenotype and these DCs 
with regulatory function reduced NKT cell activation and markedly protected kid-
neys from IRI [46]. However, given that migrating proinflammatory monocytes/
macrophages or resident DCs have substantial overlapping surface markers such as 
CD11c or F4/80, and also liposome clodronate depletes both cell types, caution 
should be paid in understanding the role of specific cell types [47].

While transmigrated monocytes and resident mononuclear phagocytes facilitate 
early kidney inflammation and injury, these cells have also been shown to convert 
their phenotype from M1 proinflammatory to M2 proresolving macrophages inside 
the kidneys during the recovery phase [11]. In contrast to classically activated M1 
macrophages, M2 macrophages are alternatively activated cells that are mannose 
receptor positive with production of arginase-1, IL-10, and transforming growth 
factor-β (TGF-β) [48]. The observation that late depletion of mononuclear phago-
cytes during the recovery phase of IRI resulted in persistent tissue injury and delayed 
recovery supports the important role of mononuclear phagocytes in the repair pro-
cess [9]. Lee et al. showed that the number of F4/80 macrophages further increased 
during the recovery phase and also that these cells showed predominant secretion of 
arginase and IL-10 rather than TNF-α [11]. The mechanisms underlying M1-M2 
shift have not been fully understood. However, they seem to be dependent on a 

22 AKI and Immune System



324

variety of factors such as macrophage phagocytosis of apoptotic cells or macro-
phage colony stimulating factor-1 (CSF-1) signaling. Macrophages in culture have 
been shown to produce TGF-β or IL-10 upon binding or uptake of apoptotic cells 
[48–50]. Genetic or pharmacological blockade of CSF-1 resulted in decreased num-
ber of M2 macrophages and inhibition of renal recovery [50]. Tubular secretion of 
granulocyte-macrophage CSF (GM-CSF) has also been demonstrated to stimulate 
the alternative activation of macrophages through signal transducer and activator of 
transcription-5 (STAT-5) pathways [51].

Recent study by Lech et al. showed an important role of IL-1 receptor associated 
kinase-M (IRAK-M), a macrophage-specific inhibitor of toll-like receptor and IL-1 
receptor signaling, in macrophage phenotype shift by demonstrating that the genetic 
deletion of IRAK resulted in persistent M1-mediated inflammation during the 
recovery phase with ultimate development of tubule atrophy and interstitial fibrosis 
[52]. Th2 cytokine also seems to be important because double knockout of IL-4/
IL-13 also led to persistent M1 dominant inflammation in kidney and fibrosis [53]. 
Although substantial evidence indicate that M1 to M2 shift is a vital process in 
achieving the repair or recovery after IRI, and also that failed shift led to kidney 
fibrosis, there are recent studies showing the persistence of M2 macrophage was 
also associated with AKI to CKD transition. Kim et al. showed depletion of mono-
nuclear phagocytes using liposome clodronate during the extended period of recov-
ery phase of IRI resulted in marked inhibition of fibrosis [54]. These macrophages 
are likely to M2 macrophages due to their preferential production of arginase-1, but 
not iNOS. They also showed that this inhibitory effect of mononuclear phagocytes 
depletion on fibrosis was partially lost by adoptive transfer of in vitro differentiated 
M2c macrophages that predominantly secrete TGF-β, but not by M1 macrophages. 
These data showed a possible important role of TGF-β secreting M2 macrophage in 
the development of fibrosis after AKI. Another study by Wang et al. that showed a 
direct transdifferentiation of M2 macrophages into myofibroblast also supports the 
important role of M2 macrophages in the development of fibrosis [55].

However, the role of TGF-β secreting M2 macrophage in AKI to CKD transition 
needs to be further studied because others have reported that selective deletion of 
macrophage TGF-β did not affect fibrosis after AKI [56]. Despite substantial prog-
ress in macrophage phenotype and dynamics, further studies of the exact role and 
regulators of macrophages or macrophage phenotypic change in injury or repair 
mechanisms of IRI are needed and should be understood in the context of the very 
complex microenvironment where endothelial, epithelial cell repair mechanisms 
operate in well-orchestrated manner.

22.8  Lymphocytes

Lymphocytes are key effector cells of adaptive immunity. The fact that 2–3 days are 
usually needed for expansion of antigen specific T cells that is preceded by recogni-
tion and presentation of atigens by presenting cells in the presence of costimulatory 
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molecules might preclude the role of lymphocytes in early inflammation in 
IRI. However, the critical role of lymphocytes in the pathogenesis has been clearly 
demonstrated.

The landmark study showing the important role of CD4 T cells was done in 
T-cell-deficient athymic nu/nu mice. These T-cell-deficient mice are protected from 
IRI and reconstitution with CD4 T cell partially restored the postischemic pheno-
type [57]. The observation from the same study showing only CD4-deficient mice 
but not CD8-deficient mice were renoprotective indicates that CD4 T lymphocytes 
are important mediator of IRI.

There are also indirect evidence indicating the importance of T cells. Pretreatment 
with Cytotoxic T lymphocytes Associated protein-4-immunoglobulin (CTLA-4 Ig) 
that blocks the antigen-independent costimulatory pathway between T cell and anti-
gen presenting cells also confers marked renoprotective effect [58]. Reconstitution 
of T-cell-deficient mice with CD4 T cells from IFN-g KO mice which is an impor-
tant T-cell cytokine, failed to restore the postischemic injury can also be indirect 
evidence supporting the role of T cells in the pathogenesis of IRI [57].

In addition to antigen-independent early activation, antigen-dependent activa-
tion of T cell was also found to mediate kidney injury. Satpute et al. demonstrated 
the significantly worse renal function in DO11.10 mice immunized with OVA-CFA 
compared to those immunized with CFA alone showing that TCR repertoire- 
dependent factors are also important in mediating the early injury in kidney IRI [59].

Other indirect evidence showing the role of T cell came from a study by Day 
et al. who demonstrated that adenosine 2A (A2A) receptor agonist induced renopro-
tective effect is mediated by its action on CD4+ cells. They showed that the renopro-
tection observed in T- and B-cell deficient Rag-1 KO mice was reversed in mice that 
were adoptively transferred CD4+ T cells. They also showed that A(2A) receptor 
agonist attenuated injury only when WT CD4+ cell were adoptively transferred to 
Rag-1 KO mice but not in A(2A) KO CD4+ cells were trasnsferred [60].

Compared to CD4 T cell, studies focusing on the role of B cells are relatively 
sparse and inconsistent.

While B-cell deficiency conferred protection in one study [61], another study 
showed sustained worse renal injury [62]. Regarding the role of B cells, more stud-
ies are needed.

22.9  Natural Killer Cells

NK cells are rapidly acting cytotoxic lymphoid cells of large granule originated 
from common lymphoid progenitor generating B and T lymphocytes. NK cells do 
not express T-cell antigen receptors (TCR) or pan T marker CD3 or B-cell recep-
tors, but they usually express CD16 (FcγRIII) and CD56  in humans, NK1.1 or 
NK1.2 in C57BL/6 mice. Previous studies showed that NK cells contribute to kid-
ney injury by inducing apoptosis of tubular epithelial cells possibly mediated by 
tubular cell osteopontin [63, 64]. Osteopontin expression markedly increased after 
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IRI and could directly activate NK cells and mediate tubular cell apoptosis. 
Osteopontin-deficient mice were shown to have decreased number of NK cells with 
reduced kidney injury following IRI [65]. Another recent study showed the involve-
ment of TLR2 signaling in recruitment of NK cells. Endogenous TLR2 ligands 
from damaged tubular cells induced CCR5 chemokine seem to be important in 
promoting NK cell recruitment to postischemic kidneys [66].

22.10  Natural Killer T Cells

NKT cells are an unique subset of T cells that coexpress an αβ T-cell receptor, and also 
molecular marker that are typically represent NK cells, such as NK1.1. NKT cells 
differ from conventional αβ T cells in that their T-cell receptors are more limited in 
diversity and instead of recognizing peptide antigens presented by major histocompat-
ibility complexes (MHC)-class I or II molecules, they recognize glycolipid in the 
context of the class I-like molecule, CD1d. IFN-γ producing NKT cells were shown 
as early as 3 h after IRI and the important role of NKT cells have been demonstrated 
by significant renoprotection in mice with blockade of CD1d, depletion of NKT cells 
or in mice deficient of NKT cells (Jα18(−/−)) [67]. All these mice showed reduced 
number of IFN-γ producing NKT cells, neutrophils as well as renal dysfunction.

In contrast, Yang et al. demonstrated the opposite, renoprotective role of type II 
NKT cells. These type II NKT cells are activated by glycolipid 3-sulfated galacto-
sylceramide (sulfatide) and can be identified by sulfatide/CD1d-tetramers. Type II 
NKT cells induced renoprotection was mediated by inhibition of tubular cell apop-
tosis via hypoxia-inducible factor (HIF)-1α and IL-10 pathways [68].

22.11  Regulatory T Cells

The regulatory T cells (Tregs) are subpopulation of T cells with immunosuppressive 
function that is important in maintaining tolerance to self-antigens or downregulat-
ing the activation of effector T cells. Mechanisms underlying the immunosuppres-
sion are via production of anti-inflammatory cytokine IL-10 or TGF-β, induction of 
effector cell apoptosis via granzyme, or inhibition of costimulatory pathways. Given 
that the overwhelmed innate immune response including a variety of inflammatory 
cell activation is critical player in the pathogenesis of IRI, it is expected that Tregs 
can counterbalance the early inflammation or participate in repair process. Although 
small number, Tregs increased in postischemic kidneys [10, 69]. The role of Tregs 
was demonstrated by a model that used Treg depletion strategy with CD25 deplet-
ing Ab. Pretreatment of CD25 depleting Ab resulted in more severe inflammation 
and kidney injury [70]. Adoptive transfer of lymph node cells from Foxp3-deficient 
Scurfy mice into RAG-1 KO mice resulted more severe injury compared to mice 
with cells from WT mice [70]. Another study showing that IL-2/anti-IL-2 complex 
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(IL-2C), a mediator of Treg expansion, can attenuate renal IRI also supports the 
important role of Tregs in preventing kidney injury [71].

There are also data portending the role of Tregs in repair process. Treg depletion 
starting 1 day after IRI led to reduced tubular proliferation on day 3 and 10 with 
increased number of CD4 T cells while administration of Tregs on day 1 led to 
improved repair and reduced cytokine generation at 10 days [10].

In addition to direct depletion or addition, there have been many data showing 
that the protective effect of many different preventive or therapeutic strategies is 
partially mediated via expansion of Tregs. Expansion of Tregs and induction of 
systemic immune suppression was found to be one mechanism of ischemic precon-
ditioning, an endogenous adaptive response that provides local protection against 
subsequent I/R injury [69]. Heat preconditioning was also associated with expan-
sion of Tregs. Kim et al. demonstrated that splenocytes from heat-preconditioned 
mice had Treg expansion and T cells from heat-preconditioned mice failed to recon-
stitute postischemic injury when adoptively transferred to T-cell-deficient nu/nu 
mice in contrast to those from control mice [72]. They also showed that Tregs were 
also increased in heat-preconditioned ischemic kidneys and depleting Tregs before 
heat preconditioning abolished the renoprotective effect, while adoptive transfer of 
these cells back into Treg-depleted mice partially restored the beneficial effect of 
heat preconditioning. The renoprotective effect of sphingosine-1-phosphate ana-
logue, FTY 720 [73] or paracrine effect of infused mesenchymal stem cell was also 
demonstrated to be partially mediated via expansion of regulatory DCs and Tregs in 
the prevention of IRI [74].

Despite theoretical advantages of Tregs in decreasing the intense immune 
response, clinical trials have been hampered due to challenges with the limited 
techniques of isolating and ex vivo expansion of cells. However, recently com-
pleted phase 1 clinical trial showed different doses of Tregs tested were safe with 
no adverse effects of infections or rejection events up to 2 years in living donor 
kidney transplantation [75] that could facilitate to proceed to phase II clini-
cal trials.

22.12  Complement System

Complement system is part of the humoral innate immune system composed of 
more than 20 plasma proteins and cell surface receptors, and the end result of com-
plement activation is stimulation of phagocytes to clear microbes, inflammation, 
and the formation of membrane attack complex (MAC). Among the three comple-
ment pathways, alternative pathway and recently, lectin pathway are likely to be 
associated with inflammation and injury [76, 77]. Factor B-deficient mice demon-
strated a reduced kidney IRI [76] and mice deficient of mannose binding lectin-A 
(MBL-a) and mannose binding lectin-B (MBL-B) are also renoprotective [77]. 
Another study also demonstrated that reconstitution of mutant mice with recombi-
nant MBL partially restore postischemic injury [78].
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Among the numerous factors, C3a and C5a, called anaphylatoxin, have been 
demonstrated to be an important mediators of early inflammation and injury. These 
potent proinflammatory peptides bind to their receptors (C3aR, C5aR) in resident 
immune cells and tubular cells in the kidney and provoke neutrophil recruitment and 
increase vascular permeability [79, 80]. Mice that have C5aR or combined C3aR/
C5aR deficiency are protected from IRI and this effect was associated with signifi-
cantly decreased inflammation. Recent report demonstrated that renoprotective 
effect of C5aR2 deficiency is mediated by enhanced activation of IL-10, heme- 
oxygenase, and survival kinase Akt [81].

In normal condition, complement activation is strictly regulated by complement 
regulatory proteins. Miao et al. demonstrated the important role of this complement 
regulatory protein, called complement receptor 1-related protein (Crry) normally 
expressed in basolateral aspects of tubular cells by demonstrating that deletion of 
Crry led to spontaneous C3 deposition with worse injury against IRI [82].

22.13  Conclusion

Numerous studies for the last several decades have brought a substantial progress in 
understanding the role of immune system in the pathogenesis of injury and repair 
process of AKI. Different kinds of leukocytes of innate and adaptive immune sys-
tem and their mediators actively participate in kidney inflammation, injury, and 
functional deterioration. Endothelial cells, by enhancing the leukocyte-endothelial 
interation and thus further compromising medullary hypoxia contribute to the 
development and progression of inflammation. As an important source of DAMPs, 
alarming the immune system, tubular epithelial cells also play an important role in 
the inflammation and kidney injury. In addition to a role in early inflammation and 
injury, recent studies revealed that certain type of immune cells or phenotypic shift 
of immune cells are also critical in repair process.

Therefore, instead of targeting inflammation alone that does not likely to be 
effective in prevention or treatment of AKI, we need to develop multitargeted thera-
pies based on further understanding of complex interaction of inflammation, endo-
thelial and epithelial cell compartments during AKI.
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Chapter 23
Acute Kidney Injury and Cytokines

Kazuhiro Furuhashi, Noritoshi Kato, Tomoki Kosugi, and Shoichi Maruyama

Abstract Cytokines and chemokines are potential signaling molecules that 
maintain homeostasis by activating intracellular communication. Cytokines 
orchestrate various processes, ranging from cellular survival, proliferation, and 
chemotaxis for tissue repair to regulation of inflammation. Extracellular vesicles 
(EVs), which are cell-derived membrane particles such as exosomes and 
microvesicles, may also play crucial roles similar to cytokines. The kidneys are 
highly susceptible to intrinsic oxidative stress resulting from ischemia and to the 
excessive inflammatory response resulting from systemic autoimmunity. These 
types of stress may eventually result in the development of acute kidney injury 
(AKI). In this setting, the skewed cytokine profile produced by macrophages and 
lymphocytes disrupts the reciprocal relationship for regulating tissue repair and 
remodeling due to amplification of a physiological vicious loop. We have so far 
shown that AKI induces the secretion of midkine (MK) and CD147/basigin, 
which are responsible for skewed cytokine production. MK and CD147/basigin 
secreted by tubular epithelial cells promote the recruitment of macrophages and 
neutrophils, respectively, which are accompanied by monocyte chemotactic pro-
tein-1, transforming growth factor-β, E cadherin, and extracellular matrix metal-
loproteinase inducer.

This chapter will present the functions of macrophage-related cytokines and EVs 
and summarize our findings on how MK and CD147/basigin are involved in the 
pathogenesis of AKI.
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23.1  Introduction

Ischemia, loss of self-tolerance, and bacterial infection induce white blood cells to 
enter various organs due to activation of chemotactic cytokines and adhesion mol-
ecules, eventually resulting in systemic inflammation [1, 2]. Because the kidneys 
are highly sensitive to intrinsic oxidative stress caused by systemic ischemia and 
systemic autoimmunity, various stresses can lead to acute kidney injury (AKI) [3]. 
Renal tubular epithelial cells (TECs) are the antigen-presenting cells in the kidneys. 
Following activation of cell adhesion molecules resulting from injury to tubules, 
TECs interact directly with various immune cells such as neutrophils, monocytes, 
and T lymphocytes [4]. Maintenance of an anti-inflammatory and anti-thrombotic 
environment and prevention of renal fibrosis require homeostasis of renal endothe-
lial cells [5]. AKI and the immune system show bidirectional cross-talk [6, 7]. Renal 
damage can result from both adaptive and innate immune cells and recovery from 
AKI. The etiology of AKI involves dendritic cells (DCs), monocytes/macrophages, 
neutrophils, T lymphocytes, and B lymphocytes. In addition, M2 macrophages and 
regulatory T cells mediate inflammatory processes, tissue remodeling, and repair 
after AKI. Higher levels of cytokines and immune cell dysfunction, especially dys-
functional neutrophils, may exacerbate immune dysfunction and block removal of 
bacteria during AKI.

A vicious cycle of injury after acute or subacute kidney injury may spread to 
distant organs, such as the heart, liver, and lungs. Multiple cytokines and chemo-
kines expressed by circulating inflammatory cells and damaged organs may mediate 
the cross-talk between distant organs and the kidneys. Ischemia-induced AKI may 
be followed by impaired function of distant organs [8, 9]. Renal inflammation pro-
phylaxis is necessary for reduced mortality and morbidity after kidney injury. 
Although mediated by different primary disease processes, long-term injury to the 
kidney leads to permanent abnormalities such as glomerular obsolescence and inter-
stitial fibrosis; these conditions may eventually develop into chronic kidney disease 
(CKD). Patients with moderate renal dysfunction usually do not show symptoms. 
Thus, early identification of susceptible patients and increased understanding of 
mechanisms that induce inflammation may be important for determining therapeu-
tic strategies for treatment of kidney diseases. Studies of cytokines, chemokines, 
and extracellular vesicles (EVs), as well as their associated mRNAs and miRNAs, 
are critical for preventing death and improving the health of patients with AKI. Here, 
we describe in vivo studies of various promising molecules.

23.2  Macrophage-Related Cytokine 
and Chemokine Portfolio

When cells are damaged and damage-associated molecular patterns are triggered 
and released from the damaged cells themselves, an inflammatory response is 
formed around the damaged cells. Next, chemokines (CXCL1, CXCL8, CCL2, 
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CCL5) are secreted from epithelial cells and resident DCs/macrophages, which 
recruits neutrophils and monocytes to the sites of inflammation in AKI [3]. At the 
same time, inflammatory cytokines (tumor necrosis factor-α, interferon-γ, interleu-
kin (IL)-6, IL-1β, IL-23, IL-17) and anti-inflammatory cytokines (IL-4, IL-10, 
transforming growth factor (TGF)-β, hepatocyte growth factor, resolvins) are 
secreted from resident and recruited cells at the sites of inflammation [3]. The bal-
ance between inflammatory cytokines and anti-inflammatory cytokines are impor-
tant determinants of when inflammation leads to injury and injury to regeneration.

Macrophages are present in healthy and diseased kidneys where they perform 
critical roles in maintenance, the immune response, tissue injury, and tissue repair. 
Macrophages are highly heterogeneous cells and exhibit distinct functions depend-
ing on their local microenvironment, which includes cytokines. This macrophage 
heterogeneity allows the cells to respond to changes in various cytokines. 
Macrophages are classified into two broad subsets, pro-inflammatory M1 macro-
phages and anti-inflammatory M2 macrophages (Fig. 23.1). At the time of initial 
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Inflammatory cytokines
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Fig. 23.1 Inflammation and regeneration. Once cells are damaged, they produce damage- 
associated molecular patterns (DAMPs) and danger signals, leading to activation and recruitment 
of leukocytes (M1 macrophages). This phase is known as inflammation. The inflammatory signals 
induce stem cells from dormancy to proliferative state, and the proliferated stem cells differentiate 
to compensate for the tissue defect. At the peak of inflammation, anti-inflammatory cells (M2 
macrophages) begin to appear in the inflamed sites. In the case of adaptive repair, the inflammation 
is terminated by the increase of anti-inflammatory cells and the concomitant increase of anti- 
inflammatory cytokines. Anti-inflammatory cytokines restore stem cells from proliferation to dor-
mancy to prevent stem cell exhaustion. In the case of maladaptive repair, the sustained inflammation 
continues to induce stem cell proliferation and differentiation, and eventually stem cells are 
exhausted. Tissue repair cannot be achieved due to stem cell exhaustion and persistent attack on 
differentiated cells by immune cells
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injury in AKI, the kidney is protected from ischemic injury by depletion of kidney 
macrophages [10, 11]. Furthermore, if M1 macrophages induced in vitro are trans-
ferred back into mice with ischemic kidney injury, kidney damage is worsened. 
These observations indicate that M1 macrophages play pathogenic roles in ischemic 
kidney injury [12]. On the other hand, recovery from ischemic kidney injury is 
impaired when macrophages are removed after the onset of ischemic AKI [13]. 
Administration of macrophages during the recovery phase from ischemic AKI 
induces TEC proliferation and promotes recovery of renal function [14]. These 
results suggest that M2 macrophages mediate kidney repair and regeneration. M1 
macrophages injected during the regeneration phase change their phenotype from 
M1 to M2 within the kidney [12]. This indicates that macrophages switch from an 
inflammatory (M1 macrophage) to an anti-inflammatory (M2 macrophage) state as 
the cytokines change from inflammatory to anti-inflammatory in the inflammatory 
sites. In other words, macrophages function as effector cells that converge inflam-
mation at the injured site and convert the environment towards a regenerative state 
by recognizing changes in the surrounding environment. In vitro stimulation or 
administration of lipopolysaccharide or interferon-γ induces M1 macrophages, 
whereas M2 macrophages are induced by Th2 cytokines such as IL-4 and IL-10. 
However, the mechanisms by which in  vivo macrophages switch to M2 macro-
phages in ischemic AKI remains poorly understood.

Apoptotic cells, anti-inflammatory cytokines, and growth factors are important 
factors in the induction of M2 macrophages. Macrophages take up apoptotic bodies, 
and sphingosine-1-phosphate from apoptotic cells in mice after ischemic reperfu-
sion promotes induction of M2 macrophages, leading to production of TGF-β and 
IL-10 [15]. Production of anti-inflammatory cytokines by M2 macrophages 
enhances M2 polarization at inflamed sites. IL-10 derived from regulatory T cells 
also plays a partial role in M2 polarization [16]. Steroid treatment increases M2 
macrophage numbers in vivo, leading to a reduction in inflammation and injury in 
the inflamed kidney [17]. Colony stimulating factor-1 derived from TECs in isch-
emic reperfusion-induced mice polarizes resident macrophages towards M2 macro-
phages, enhancing regeneration following ischemic renal damage [18]. Once M2 
macrophages are induced in inflammatory and damaged lesions, these cells reduce 
inflammation by removal of cell debris and production of protective mediators such 
as heme-oxygenase-1 (HO-1) and IL-10. HO-1 is an anti-inflammatory enzyme. 
HO-1-expressing M2 macrophages promote phagocytosis of apoptotic cells and 
production of IL-10 [19], which is a strong anti-inflammatory cytokine that blocks 
inflammatory pathways. Systemic administration of IL-10 protects against ischemic 
AKI and cisplatin-induced AKI by inhibiting intercellular adhesion molecule-1 and 
granulocyte activation [20]. Moreover, by secreting angiogenic factors and growth 
factors, macrophages establish an environment that is necessary for organ regenera-
tion. M2 macrophages locally support vascularization by secreting vascular endo-
thelial growth factor to restore the energy and oxygen that are necessary for organ 
regeneration. The reparative potentials of M2 macrophages appear to be mediated 
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by Wnt7b, which leads to cell-cycle progression of renal TECs after ischemic AKI 
[21]. Further research is needed to investigate the mechanism by which M2 macro-
phages promote regeneration.

Based on these findings, two therapeutic strategies have been considered for 
acute renal failure. The first is direct administration of cultured macrophages into 
the body. Administration of induced pluripotent stem cell-derived M2 macrophages 
ameliorates nephritis in mice [22]. HO-1-overexpressing macrophages show an 
anti-inflammatory phenotype with increased IL-10 production [19]. These reports 
suggest that direct administration of M2 macrophages may be a new treatment strat-
egy for kidney injury.

The second strategy is to induce a change in the inflammatory environment by 
administering a drug or growth factor that will lead to promotion of regeneration 
and induction of M2 macrophages. Administration of mesenchymal stem cells 
(MSCs) can change the inflammatory environment, leading to induction of M2 
macrophages and kidney regeneration.

MSCs can differentiate into bone, cartilage, and adipose tissue. Although MSCs 
are rare populations in bone marrow and adipose tissue, MSCs show excellent 
growth ability in culture while retaining their growth and multilineage potential. 
Thus, MSCs may be ideal candidates for cell therapy, and many researchers have 
examined the therapeutic effects of MSCs in various animal models. MSCs show 
pleiotropic effects in damaged sites by producing various growth factors and immu-
noregulatory factors, depending on signals in the inflammatory milieu. In the area 
of kidney research, administration of cultured MSCs protects against AKI and 
nephritis via production of hepatocyte growth factor and M2 induction, respectively 
[23, 24]. Recently, phase 1 and 2 clinical trials using bone marrow- or adipose- 
derived MSCs have begun to target AKI.

Adenosine may be a therapeutically useful molecule because it alters the inflam-
matory environment. Adenosine is a purine nucleoside found in many living sys-
tems, and it is also a medication. In the clinic, adenosine is used to treat 
supraventricular tachycardia. Adenosine is constitutively present in physiological 
conditions at a very low concentration, but its concentration increases in pathologi-
cal conditions such as hypoxic and inflammatory conditions. CD39 is an extracel-
lular enzyme that catalyzes the conversion of adenosine triphosphate (ATP) and 
adenosine diphosphate to adenosine monophosphate. CD73 rapidly converts ade-
nosine monophosphate into adenosine. Of the four different types of adenosine 
receptors (adenosine A1, A2A, A2B, and A3 receptors), the A2A adenosine receptor 
(A2AR) is predominantly expressed in immune cells. Activation of A2AR generally 
produces immunosuppressive signals, which inhibit activities of T cells, natural 
killer cells, macrophages, DCs, and neutrophils. An A2AR agonist also induces 
conversion of macrophages to an M2 phenotype, an activity that is independent of 
IL-4/IL-4Rα signaling [25]. In A2AR-deficient mice, tissue damage due to inflam-
mation is exacerbated compared to wild-type mice. Some reports show that admin-
istration of an A2AR agonist strongly inhibits the induction of inflammatory 
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diseases. In the area of kidney research, increasing the adenosine concentration 
reduces the severity of ischemic kidney injuries [26]. Another article indicated that 
a nonspecific adenosine receptor inhibitor prevents the reduction in renal blood flow 
following ischemic renal injury [27]. Therefore, whether adenosine in inflamed 
sites shows protective effects or not in ischemic kidney injuries is still controversial. 
This discrepancy may be related to expression levels and subtypes of adenosine 
receptors and may depend on the disease model and injury severity.

By decreasing inflammatory cytokines, decreasing M1 macrophages, and 
increasing M2 macrophages, dysfunctional organs can shift to a phase of regenera-
tion and repair, eventually leading to adaptive repair. If the transition from inflam-
mation to regeneration is minimal and inflammation remains, chronic inflammation 
and fibrosis may result. Cellular therapy, cytokine therapy, and growth factor ther-
apy may be new treatment options for patients with acute renal disorders following 
increased understanding of microenvironmental changes and factors that determine 
the function and subtype of macrophages in the kidney. Many factors related to 
inflammation have been identified, and new drugs are being developed as a result. 
In addition, as the mechanisms of development of inflammation and organ regenera-
tion are elucidated, new therapeutic applications for existing drugs have attracted 
attention as treatment for acute renal disorder.

23.3  Cytokines and Chemokines Derived from Infiltrating 
Inflammatory Cells and TECs

23.3.1  Midkine

Midkine (MK; gene, Mdk) is a 13-kDa growth factor that contains multiple basic 
amino acids and cysteines and binds heparin. MK was first identified as a transcript 
of a retinoic acid-responsive gene. MK plays a role in kidney development, increases 
cell growth, enhances cell survival, increases cell migration, is anti-apoptotic, and is 
involved in fibrinolysis and development of cancer [28, 29]. In the normal kidney, 
MK is expressed in proximal and distal TECs and at lower levels in endothelial cells 
[5, 30]. MK receptors may form a complex that also includes proteoglycans such as 
low density lipoprotein receptor-related proteins [28, 31, 32]. MK signaling involves 
mitogen-activated protein kinase and phosphatidylinositol 3-kinase. The pro- 
inflammatory role of MK has been shown in various in vivo studies of arterial reste-
nosis [33], rheumatoid arthritis [34], ischemic renal injury [35–37], cisplatin-induced 
tubulointerstitial injury [38], diabetic nephropathy [39, 40], and endothelial dys-
function [41]. MK has various pathophysiological effects on disorders such as AKI, 
CKD, high blood pressure, ischemia, and type 2 diabetes.

Renal ischemia is a primary cause of AKI and is related to injury to various 
organs via organ–organ interactions including the kidney. Renal ischemia also 
involves several chemokines, with the end result of multiple organ failure [1, 42]. In 
this setting, TECs become energy deprived, and various beneficial and harmful 
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systems are activated. This causes direct disruption of the cytoskeleton, aberrant cell 
polarity, and cell death. Indirect effects that induce chemotaxis are seen including 
activation of different types of cells such as endothelial cells and leukocytes [5]. 
Severe depletion of ATP leads to necrosis, whereas GTP depletion tends to promote 
apoptosis [43]. Necrosis and autophagy are both observed after ischemic reperfu-
sion injury. In this condition, disrupted vascular endothelial cells lead to vascular 
congestion, edema, decreased blood flow, and migration of neutrophils and macro-
phages. When these inflammatory cells enter the injured kidney, cytokines are 
secreted, and the presence of reactive oxygen species (ROS), proteases, myeloper-
oxidase, and other chemokines can lead to additional injury. These processes have 
been repeatedly demonstrated in both humans and animal models of renal reperfu-
sion. After ischemic reperfusion in vivo, MK is quickly upregulated in the proximal 
tubules, which increases macrophage inflammatory protein for neutrophils and 
monocyte chemotactic protein-1 for macrophages [35, 37]. The inflammatory cells 
induce severe tubulointerstitial damage. Blocking MK inhibits inflammatory cell 
movement to the damaged epithelial layer and decreases the severity of kidney 
injury. Thus, MK increases movement of inflammatory cells into the kidney follow-
ing ischemic injury and also induces chemokines, thus playing a role in worsening 
ischemic tissue damage.

Patients with acute or subacute kidney injury should not experience death or 
complications due to pulmonary dysfunction [44]. Most kidney–lung interactions 
are accompanied by secretion of cytokines, including TGF-β, IL-1β, IL-6, IL-18, 
nuclear factor kappa-light-chain enhancer of activated B cells, and tumor necrosis 
factor-α, as well as MK and induction of renin-angiotensin system (RAS) [44, 45]. 
Factors that are upstream of the MK-RAS system have been investigated. Our group 
showed that oxidative stress induces expression of MK [39]. Another group showed 
that hypoxia increases MK via hypoxia-inducible factor-1α and induces pulmonary 
vascular remodeling [46]. We hypothesized that NADPH oxidases (Nox), which are 
enzymes that generate and release superoxide by electron transfer from NADPH to 
oxygen, are important in MK induction. Pulmonary Nox1, 2, and 4 expression in 
wild-type (Mdk+/+) mice is significantly upregulated following kidney ablation, but 
Nox expression is not affected by ablation in MK-deficient (Mdk−/−) mice [47]. 
Nox-mediated ROS induces pulmonary MK expression. The membrane-permeable 
radical scavenger, 4-hydroxy-2,2,6,6- tetramethylpiperidine-N-oxyl (Tempol), 
decreases MK induction and returns plasma Angiotensin (Ang) II to normal levels 
in the lungs. Tempol also improves blood pressure and decreases kidney damage 
including glomerular sclerosis and tubular interstitial injury. ROS are unlikely to be 
transported between the kidney and lung due to their short half-life. Ang II induces 
Nox expression [48]. Thus, we conclude that the oxidative stress-induced initial 
increase in MK in the endothelium increases ACE expression in the lung, and the 
end result is a vicious cycle of Ang II overexpression. The RAS may strongly drive 
positive feedback induced by oxidative stress.

Segmental breaks in the glomerular basement membrane (GBM) may lead to 
formation of crescents in the glomerulus, and are often accompanied by fibrinoid 
necrosis [49]. These phenomena induce deposits of fibrin, infiltration of inflamma-
tory cells, and accumulation of the extracellular matrix. Fibrin deposits disrupt 
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glomerular blood flow, lead to irreversible ischemia and glomerular obsolescence, 
and promote entrance of inflammatory cells and cell division by epithelial cells in 
Bowman’s space [50]. Macrophage and neutrophil recruitment is induced by inflam-
matory mediators such as fibrin, oxidative stress, and different chemokines. The end 
result is induction of coagulation during crescentic glomerulonephritis (GN), 
thrombotic microangiopathy, and severe endothelial dysfunction. This vicious cycle 
must be inhibited to decrease deaths associated with aggressive kidney diseases.

The glycoprotein plasminogen activator inhibitor (PAI)-1, an inhibitor of serine 
proteases, is the major endogenous inhibitor of plasminogen activators such as 
tissue- type plasminogen activator and urokinase-type plasminogen activator [51]. 
Concentrations of PAI-1 in tissues and plasma are extremely low in normal physi-
ological states, but are upregulated in abnormal conditions. PAI-I has multiple 
effects, including induction of thrombotic disorders and a role in ischemic diseases, 
fibrotic disorders, metabolic syndrome, type 2 diabetes, and cancer [49, 51, 52]. 
Increased levels of PAI-1 induced by various factors such as high ambient glucose 
exposure [53], TGF-β [54], oxidative stress [55], and Ang II [56, 57] lead to recruit-
ment of interstitial macrophages and direct effects of cells following urokinase-type 
plasminogen activator receptor binding. Reduced PAI-1 decreases the severity of 
anti-GBM-induced nephritis [58]. Elucidation of signaling induced by PAI-1 may 
lead to development of novel therapeutic strategies for rapidly progressive GN.

MK is induced by an inflammatory microenvironment, followed by direct and 
indirect recruitment of macrophages through activation of monocyte chemotactic 
protein-1. Induction of PAI-1 in both normal and pathological states has been exten-
sively studied. However, the endogenous systems that block induction of PAI-1 are 
not known. MK increases fibrinolysis by decreasing PAI-1 in vascular endothelial 
cells [59, 60]. Our group performed in vivo studies and showed that MK has harm-
ful effects on both glomerular damage and tubulointerstitial injury due to its ability 
to recruit inflammatory cells in mice with accelerated Masugi nephritis [61]. Several 
studies have shown that MK may protect against crescentic GN, and that the patho-
logical features of this condition may be due to an imbalance in the coagulation- 
fibrinolysis system.

Capillary endothelial dysfunction and subsequent intravascular fibrin lead to 
macrophage infiltration, disruption of the GBM, and leakage of its contents, such as 
fibrin, red blood cells, extracellular matrix, and inflammatory cells. Macrophage 
recruitment in this condition may be the first step in a critical series of cellular 
events that lead to crescent formation. Consistent with this idea, deletion of macro-
phages stops the progression of crescentic GN [62]. PAI-1 both stabilizes the fibrin 
net and is a chemoattractant for monocytes and leukocytes [50, 63]. Macrophages 
and PAI-1 increase fibrin formation, and fibrin induces macrophage infiltration and 
endothelial dysfunction. Consistent with this idea, a study of experimental models 
of anti-GBM crescentic GN showed that compared to PAI-1-deficient mice, more 
crescents were formed, more fibrin deposits were seen, and greater macrophage 
infiltration was present in PAI-1-overexpressing mice [58]. High levels of PAI-1 are 
observed both in regions with glomerular necrosis and in crescents in progressive 
GN [64, 65]. Parietal epithelial cells and glomerular endothelial cells preferentially 
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express PAI-1. Consistent with these in vivo data, our group showed that primary 
cultured endothelial cells from Mdk−/− mice have higher levels of PAI-1 mRNA 
after a fibrin challenge, and they also show less fibrinolysis than cells from Mdk+/+ 
mice. PAI-1 is also induced by factors such as high ambient glucose, TGF-β, oxida-
tive stress, and Ang II.

23.3.2  CD147/Basigin

CD147/Basigin, an extracellular matrix metalloproteinase inducer, is a highly gly-
cosylated transmembrane protein that is a member of the immunoglobulin super-
family [66]. CD147 includes a 185-amino acid (aa) extracellular domain with two 
immunoglobulin domains, a 24-aa transmembrane domain, and a 39-aa cytoplasmic 
domain [67, 68]. The extracellular domain harbors three N-linked glycosylation 
sites. Glycosylation is different depending on the organ, and these glycosylation 
differences may explain the variety of physiological roles of CD147. CD147 is 
expressed by many cell types including hematopoietic, epithelial, and endothelial 
cells and leukocytes. This protein is important in oncogenesis and cancer progres-
sion due to its ability to induce matrix metalloproteinases and monocarboxylate 
transporters. CD147 was first discovered in embryonal carcinoma cells where it 
functions as a receptor for Lotus tetragonolobus agglutinin. This protein has the 
Lewis X structure: Galβ1→4(Fucα1→3) GlcNAc [69]. CD147 binds to multiple 
molecules such as caveolin, cyclophilin, monocarboxylate transporter (MCT), and 
CD147 itself [4, 70]. The extracellular domain of CD147 binds to caveolin-1, β1 
integrin, cyclophilin, and CD147 itself, whereas the transmembrane domain is nec-
essary for the association with MCT, CD43, and syndecan [71–74]. Similar to MK, 
mitogen-activated protein kinase and phosphatidylinositol 3-kinase are involved in 
CD147 downstream signaling. Normal kidneys, especially the basolateral side of 
TECs, express high levels of CD147 [75]. In contrast, CD147 expression in glo-
merular structures and vascular endothelial cells is very low, perhaps explaining the 
inability of many antibody clones to detect low levels of CD147 with western blot-
ting or immunohistochemistry. Increased CD147 is observed with immunohisto-
chemistry in glomeruli and vessels injured by inflammation, as well as in glomerular 
adhesions to Bowman’s capsule, endocapillary proliferation, and crescent forma-
tion. Inflammatory cells that show CD147 induction infiltrate strongly into dam-
aged regions [76]. On the other hand, clearly reduced CD147 expression is observed 
in the damaged tubulointerstitium in patients with AKI and diabetic nephropathy 
[77]. CD147 expression does not occur in patients with diabetic nephropathy and 
nodular glomerulosclerosis.

Short-term harmful events such as ischemia, kidney-specific auto-antigens, and 
activation of the immune system interact over a period of minutes to days, resulting 
in AKI. Early in AKI, inflammatory cell infiltration increases disease activity via 
secretion of chemotactic cytokines and ROS [3]. Increased interactions between 
leukocytes and endothelial cells due to increased cell–cell adhesion greatly decrease 
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peritubular capillary blood flow, which leads to oxidative injury to renal tubules and 
subsequent depletion of ATP [2, 76]. These events lead to cytoskeletal and cell 
polarity abnormalities, culminating in cell death. A vicious cycle involving multiple 
cytokines and adhesion molecules ensues. Compared to expression in other organs, 
CD147 is very highly expressed in the tubules of normal kidneys, suggesting impor-
tant roles for CD147 in the above events [75]. Insufficient levels of CD147 lead to 
ATP depletion in ischemia-induced AKI, and hypoxia depletes ATP in primary cul-
tured Bsg−/− TECs. Thus, in normal conditions, CD147 may increase the activity of 
lactate metabolism via MCT, which induces ATP in renal tubules.

In vivo studies using Bsg−/− mice were performed to confirm in vitro data and 
increase our understanding of the functions of CD147. Bsg−/− mice with renal isch-
emic reperfusion show a marked decrease in recruitment of neutrophils and macro-
phages, resulting in a reduction in tubulointerstitial damage [78]. Thus, CD147 
appears to be important for recruitment of inflammatory cells in this type of injury. 
The CXC chemokines, keratinocyte-derived chemokine and macrophage inflamma-
tory protein-2, attract neutrophils following ischemic injury. However, wild-type 
and Bsg−/− mice show similar expression levels of these molecules. The role of 
CD147 in the pathogenesis of ischemia-induced AKI remains unknown. Blocking 
CD147 pharmacologically inhibits the migration of neutrophils and monocytes/
macrophages after myocardial ischemia and reperfusion, and subsequently protects 
left ventricular function and myocardial tissues [79]. The interaction between 
CD147 and its ligand cyclophilin A (CyPA) is crucial for regulation of leukocyte 
recruitment. Results from in vivo studies of conditions such as sepsis-induced AKI, 
bronchial asthma, lipopolysaccharide-induced lung injury, and collagen-induced 
arthritis, are consistent with this idea [80–83]. However, wild-type and Bsg−/− mice 
show similar levels of CyPA expression, and therefore, CD147-CyPA binding may 
not be involved in the etiology of ischemic AKI. Further studies of this interaction 
are needed. The infiltration of massive numbers of neutrophils into damaged regions 
is due to CD147 expression on neutrophils, and not on other cell types such as 
TECs. In addition, CD147 expressed on neutrophils is a critical physiological ligand 
for E-selectin; CD147-E-selectin binding mediates adhesion of neutrophils to vas-
cular endothelial cells. Inflammatory stimuli induce selectin specifically in endothe-
lial cells [84, 85]. Consistent with this observation, mice deficient in E-selectin 
show greatly reduced myeloperoxidase activity, which is an indicator of active neu-
trophils. CD147 includes a sialyl Lewis X structure, which is necessary for E-selectin 
recognition [69]. In addition to CD147, other glycoproteins including P-selectin 
glycoprotein ligand-1 and CD44 bind to E-selectin. The primary interaction between 
neutrophils and endothelial cells occurs in parallel with P-selectin glycoprotein 
ligand-1 expression at the tip of neutrophil microvilli. The steady, slow rolling of 
leukocytes is regulated by CD44, which is expressed on the planar surface of neu-
trophils [86, 87]. Thus, chemotactic cytokines and adhesion-related molecules may 
be necessary for leukocyte recruitment. Highly glycosylated CD147 expressed on 
the planar surfaces and the microvilli of neutrophils binds E-selectin early during 
formation of leukocyte-endothelial contact, increasing recruitment of neutrophils 
into the ischemic kidney.
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23.4  Extracellular Vesicles (EVs)

EVs are the generic term for cell-derived membrane particles including exo-
somes, microvesicles, and apoptotic bodies. Exosomes originate from endosomes 
and are the smallest vesicles (30–100 nm in diameter) among EVs. Microvesicles 
and apoptotic bodies are derived directly from the plasma membrane and are 
0.1–1.0 μm and 1.0–5.0 μm in diameter, respectively. These EVs are sometimes 
difficult to distinguish from each other. These vesicles do not contain a functional 
nucleus, but do contain mRNA, microRNA (miRNA), and protein from their 
parental cells. They transfer their contents to or stimulate cell surface receptors 
on recipient cells in an autocrine and paracrine manner. In particular, the transfer 
of mRNA and miRNA can genetically reprogram the phenotypes of recipient 
cells. EVs have been intensively explored in immunology, oncology, and cardiol-
ogy research fields. They play roles in intracellular communication such as anti-
gen presentation, distant organ metastasis, and atherosclerosis [88, 89]. Compared 
with these other research fields, little is known about the contribution of EVs to 
the pathogenesis of kidney disease. A body of evidence is gradually accumulating 
that demonstrates the involvement of EVs in disease processes of the kidney, 
including IgA nephropathy, renal transplantation, thrombotic microangiopathies, 
nephrotic syndrome, urinary tract infection, cystic kidney disease, CKD, and AKI 
[90–95]. EVs are not only involved in pathogenesis, but have attracted a great 
deal of attention as a new class of disease biomarkers. In addition, some basic 
studies have suggested that exosomes from MSCs or progenitor cells protect 
against ischemic kidney injury. Below, we discuss the current knowledge regard-
ing the association of EVs with pathogenesis, as a biomarker, and as potential 
therapy for AKI.

23.4.1  EV-Related Pathogenesis of AKI

Plasma from patients with sepsis-associated AKI induces granulocyte adhesion, 
apoptosis, and altered polarity in cultured tubular cells [96]. Thus, researchers have 
speculated that some soluble factors in plasma directly cause AKI.  In the 
lipopolysaccharide- induced AKI mouse model, the amounts of exosomes in urine 
and kidney are increased and contain higher levels of CCL2 mRNA compared with 
control mice. An in vitro experiment revealed that BSA-stimulated TECs contain a 
high level of CCL2 mRNA, and exosomes derived from TECs were directly trans-
ferred into macrophages. Combined with these data, intracellular communication 
between TECs and macrophages through exosomes exists and causes tubulointersti-
tial inflammation [97].

Necroptosis is a programmed cell death process that is mediated by mixed lin-
eage kinase domain-like protein, and growing evidence has revealed the importance 
of tubular necroptosis in causing AKI [98]. From that point of view, serum-derived 
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exosomes from AKI patients increase mixed lineage kinase domain-like protein- 
mediated necroptosis in cultured HK2 cells via a reduction in miR-500a-3p expres-
sion [99]. Further studies are needed to increase the knowledge of the role of 
exosomes in AKI.

23.4.2  EVs as a Promising Biomarker of AKI

Urinary EVs may be useful as biomarkers of AKI. The level of Na+/H+ exchanger 
isoform 3 is elevated in the urinary membrane fraction of patients with acute tubular 
necrosis compared with patients with prerenal azotemia and controls [100]. At that 
time, the contribution of EVs was not mentioned, but the molecules from renal 
parenchymal cells in urine were proposed to serve as markers of damaged tubules. 
Studies of animal disease models and human samples have shown that activating 
transcription factor 3 may serve as a biomarker of tubular injury. On the other hand, 
Wilms tumor 1 was proposed as an early podocyte injury marker. Both molecules 
are present in the concentrated exosomal fraction, but not in whole urine [101]. A 
proteomics study of an animal disease model identified urinary exosomal fetuin A 
as an AKI biomarker, and the presence of this protein was confirmed in urine sam-
ples from ICU patients with AKI [102]. Usually, EVs contain the parental cell’s 
surface proteins. As biomarkers, the strong point of evaluating EVs rather than 
blood or urine is that the source of the EVs is detectable. Thus, to evaluate tubular 
damage, tubular EVs should be collected and analyzed intensively.

23.4.3  The Utility of EVs for AKI Therapy

EVs secreted from MSCs or progenitor cells have beneficial effects for many kinds 
of organ injury by transferring mRNAs, miRNAs, growth factors, and cytokines. 
Focusing on AKI, single administration of microvesicles secreted from MSCs 
immediately after rat ischemia/reperfusion injury protects the rats from AKI by 
inhibiting apoptosis and stimulating TEC proliferation [103]. Another report 
revealed that MSC-derived exosomes express high levels of C-C motif chemokine 
receptor 2, and injected MSC-derived exosomes reduce the levels of its ligand, 
CCL2, in an ischemia/reperfusion injury model. That process attenuates inflamma-
tion of the injured kidney [104]. Therapy with a combination of adipose- derived 
MSCs and exosomes derived from these cells showed a renoprotective effect in the 
rat ischemia/reperfusion injury model [105]. Exosomes from human cord blood 
endothelial colony-forming cells are enriched in miR-486-5p, which targets phos-
phatase and tensin homolog and the Akt pathway. When EVs from endothelial col-
ony-forming cells are given to mice with ischemic kidney injury, renal function was 
preserved, the kidney miR-486-5p level was increased, phosphatase and tensin 
homolog expression was decreased, and Akt was activated [106]. Not only EVs 
derived from MSCs and progenitor cells, but also EVs from renal tubular cells, have 
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therapeutic potential against established rat ischemia/reperfusion AKI. Furthermore, 
EVs from hypoxia preconditioned tubular cells show greater improvement of the 
renal phenotype than EVs from normoxic tubular cells [107].

In addition, several attempts have been made to use EVs as a drug delivery system. 
A growing concept is that EVs have a preference regarding which organ or cell type 
will take them up, according to the type of integrins on the EVs. For example, the 
preference of tumor-derived exosomes explains the pathogenesis of metastatic organ-
otropism due to establishment of a pre-metastatic niche before cancer metastasis 
[108]. Furthermore, by genetically modifying the expression of membrane proteins on 
parental cells, secreted EVs can be designed to target specific recipient cells. Surface 
proteins of the parental cells are usually contained within secreted EVs, and work as 
ligands for the receptors of EV recipient cells [109]. Thus, EVs can be loaded with 
therapeutic materials and administered to specific, intended organs. These EV-based 
medicines are generating a lot of attention and will be used in future clinical trials.

23.5  Conclusion

Following the initiation of AKI, a vicious cycle of injury often spreads to distant 
organs through activation of various cytokines and chemokines derived from circu-
lating inflammatory cells and damaged organs. Elucidation of the molecular mecha-
nisms underlying AKI from a variety of perspectives is essential for improving 
mortality and morbidity rates.
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Chapter 24
iPS Cell and Renal Regenerative Medicine

Toshikazu Araoka and Kenji Osafune

Abstract Recent progress in kidney regeneration research using induced pluripo-
tent stem (iPS) cells has enabled the induction of nephron progenitor cells (NPCs) 
and the reconstruction of kidney organoids that include nephron structures in vitro. 
In this article, we first explain the history of iPS cells and kidney regeneration 
research. Next, we summarize the current status of cell therapies including the 
mechanisms of action using human iPS cell-derived NPCs against kidney diseases, 
such as acute kidney injury (AKI). These therapies would benefit from the develop-
ment of expansion cultures and purification methods for NPCs. Finally, we discuss 
the future perspectives of cell therapies and other possible applications using human 
iPS cell-derived NPCs against kidney diseases.

Keywords iPS cell · nephron progenitor · cell therapy · AKI · regenerative 
medicine

24.1  Introduction

The kidney is an organ that consists of highly functional and terminally differenti-
ated cells. In particular, it is believed that glomerular podocytes cannot regenerate. 
Therefore, kidneys in which chronic kidney disease (CKD) has progressed do not 
recover their function, and blood purification or kidney transplantation therapy is 
eventually required. The number of CKD patients continues to increase worldwide 
[1, 2]. Accordingly, the total number of patients with end-stage renal disease 
(ESRD) undergoing dialysis therapy is increasing year by year [3, 4]. No radical 
treatments against kidney diseases except for kidney transplantation have been 
established, and kidney diseases cause major medical and medico-economical 
problems. Kidney regenerative medicine is expected to reduce the number of 
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dialysis patients, improve their quality of life (QOL), and lower bloated medical 
expenses. In order to realize kidney regenerative medicine, the development of 
methods to differentiate pluripotent stem cells, such as embryonic stem (ES) cells 
prepared from fertilized eggs [5, 6] and induced pluripotent stem (iPS) cells derived 
by introducing reprogramming factors into somatic cells [7–9], into kidney lineage 
cells is underway. Furthermore, the development of new therapeutic strategies using 
these stem cells is being vigorously investigated. In this article, we focus on the his-
tory of iPS cells and kidney regeneration research including expansion cultures and 
purification methods for nephron progenitor cells (NPCs). We also outline the cur-
rent status and future perspectives of cell therapies in kidney regenerative medicine.

24.2  iPS Cells

iPS cells are somatic cells reprogrammed into an ES cell-like state by the introduc-
tion of the Yamanaka factors (OCT4, SOX2, KLF4, and c-MYC) [7, 8]. Around the 
same time, Yu et  al. also generated human iPS cells by using a slightly different 
combination of factors (OCT4, SOX2, NANOG, and LIN28) [9]. iPS cells have 
advantages over ES cells in that because they can be derived from patient somatic 
cells, they have fewer ethical problems or immunological rejection after transplanta-
tion. In addition, iPS cells can theoretically differentiate into any cell type constitut-
ing organs derived from the three embryonic germ layers (ectoderm, mesoderm, and 
endoderm) and have unlimited proliferative capacity. In recent years, derivation 
methods to overcome the safety concerns of iPS cell tumorigenicity have been devel-
oped using episomal vectors or treatment with only small compounds, which elimi-
nated the integration of reprogramming factors into the genome of donor cells 
[10–12]. iPS cells are being used in disease modeling and drug screening in addition 
to cell replacement therapies, because they can be prepared from healthy individuals 
and patients and be differentiated into diseased cell types that are difficult to access 
as primary cells. Various differentiation methods to induce iPS cells into the target 
tissues and cell types have been reported [13]. Notably, clinical trials of cell therapies 
using human iPS cell-derived retinal pigment epithelial cells and dopamine- producing 
neuronal cells have begun [14, 15]. In addition, effective drug candidates have been 
identified by chemical screenings of chondrocyte cells differentiated from patient-
derived disease-specific iPS cells of fibrodysplasia ossificans progressiva (FOP), and 
a clinical trial of an identified candidate compound is currently under way [16].

24.3  Differentiation from Human iPS Cells 
to Kidney Lineages

In 1992, Moriya et al. reported that treating the multipotent cell mass called animal 
cap of Xenopus embryos with activin A and retinoic acid (RA) forms pronephros 
[17]. Thomson et al. reported in 1998 that glomerulus- and tubule-like structures 
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were found in teratomas formed by the transplantation of human ES cells into 
immunodeficient mice, demonstrating that kidney lineage cells can be generated 
from human pluripotent stem cells [6]. We reported that NPCs strongly expressing 
Sall1  in murine metanephric mesenchyme can reconstruct kidney tissues in vitro 
[18]. Finally, in 2008, lineage-tracing experiments revealed that SIX2(+) cells in the 
mouse metanephric mesenchyme are NPCs [19]. However, reliable methods to 
induce the differentiation of human iPS/ES cells into kidney tissues remained to be 
established.

Because the spatial distribution of NPCs and the developmental process of mouse 
kidney resemble those of human [20], embryonic mouse kidney is commonly used 
as a model to study the development of human kidney and differentiate kidney lin-
eage cells from human iPS/ES cells (Fig.  24.1). Early lineage-tracing studies 
revealed that NPCs, ureteric bud (UB) cells, and stromal progenitor cells derived 
from an embryonic germ layer, intermediate mesoderm, become all constituent 
cells of the kidneys except blood vessels. The OSR1 gene was reported as a marker 
of the earliest intermediate mesoderm [21–23]. Song et al. for the first time suc-
ceeded in differentiating podocyte-like cells from human iPS cells by treatment 
with activin A, bone morphogenetic protein (BMP)7, and RA [24]. This report dem-
onstrated that iPS cells have the potential to differentiate into kidney lineage cells. 
Focusing on this finding, we generated an OSR1-GFP reporter human iPS cell line, 
and OSR1(+) intermediate mesoderm cells were generated by treatment with activin 
A, a glycogen synthase kinase (GSK)3 inhibitor, CHIR99021, and BMP7 [25]. 
Furthermore, we succeeded in inducing OSR1(+) intermediate mesoderm cells by 
using only a combination of CHIR99021 and RA analogs, such as TTNPB and 
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24 iPS Cell and Renal Regenerative Medicine



358

AM580, without any growth factors [26]. Xia et al. succeeded in inducing the UB 
cells from human iPS cells and showed that the cells were incorporated in the mouse 
kidney developmental process under coculture with mouse embryonic kidneys [27].

Subsequent research has markedly advanced the generation of NPCs via inter-
mediate mesoderm, and novel differentiation induction methods have been reported 
[28–34]. In particular, Taguchi et al. analyzed the mouse developmental process in 
detail and revealed that fertilized mouse egg first forms primitive streak on embry-
onic day (E)7.5, which then gives rise to two embryonic tissues, anterior intermedi-
ate mesoderm on E8.5, and posterior intermediate mesoderm on E9.5. The former 
forms UB on E11.5 through nephric (Wolffian) duct, while the latter forms meta-
nephric mesenchyme on E11.5 [31]. Thus, the cell fate of intermediate mesoderm 
depends on the anterior and posterior domains. Takasato et al. reported the genera-
tion of kidney organoids including all nephron structures and collecting ducts from 
human iPS cells [35]. However, since kidney organoids differentiated from human 
iPS cells using current differentiation protocols are immature [35, 36], further dif-
ferentiation and maturation is required through vascularization and the addition of 
physical stimuli, such as urinary flow and shear stress.

24.4  Therapeutic Effects of Human iPS Cell-Derived 
NPCs on AKI

Very few reports have evaluated the therapeutic effects of human iPS cell-derived 
NPCs on kidney diseases. In 2015, Imberti et  al. reported that the intravenous 
administration of human iPS cell-derived NPCs to cisplatin-induced mouse acute 
kidney injury (AKI) models suppressed the elevation of blood urea nitrogen (BUN) 
and serum creatinine (Cre) levels [33]. In that report, it was suggested that intrave-
nously injected NPCs reached the recipient mouse kidneys through the bloodstream 
and that the renal function was improved by the integration of the cells into the 
tubules. However, because the transplanted cells integrated only in part of the recip-
ient’s renal tubules, it was assumed that the therapeutic effects were not due to the 
integration of the transplanted NPCs but to the paracrine effects of humoral factors 
secreted from the NPCs.

We administered human iPS cell-derived OSR1(+)SIX2(+) NPCs generated 
from an OSR1-GFP/SIX2-tdTomato knockin human iPS cell line to the renal sub-
capsule of ischemia/reperfusion (I/R) injury-induced mouse AKI models with uni-
lateral nephrectomy and observed the amelioration of renal function [34]. Moreover, 
we revealed that cell therapy using human iPS cell-derived NPCs not only improves 
renal function in the acute phase but also suppresses renal interstitial fibrosis in the 
subacute phase 12 days after I/R injury (Fig. 24.2 a–c). It has been recently reported 
that the renal interstitial fibrosis that develops after AKI causes CKD, and the 
importance of suppressing renal interstitial fibrosis after AKI has been recognized 
[37, 38]. The therapeutic effects of human iPS cell-derived NPCs on renal intersti-
tial fibrosis after AKI are expected to contribute to the development of novel 
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therapeutic strategies to suppress the onset of CKD. In addition, when the therapeu-
tic effects of purified OSR1(+)SIX2(+), OSR1(+)SIX2(−), OSR1(−)SIX2(+), and 
OSR1(−)SIX2(−) cell populations differentiated from the OSR1- GFP/SIX2-
tdTomato reporter human iPS cells were compared, the OSR1(+)SIX2(+) cell popu-
lation, which has developmental potential to form kidney structures, showed the 
most potent therapeutic effects on AKI [34]. Again, however, the therapeutic effects 
were attributed to paracrine effects because the transplanted human iPS cell-derived 
NPCs did not integrate into the recipient’s kidneys, although the OSR1(+)SIX2(+) 
population did differentiate into renal tubule-like structures in the recipient renal 
subcapsule.

We then screened monoclonal antibodies for 242 different cell surface antigens 
in order to purify human iPS cell-derived OSR1(+)SIX2(+) NPCs without using 
reporter human iPS cell lines [39]. We found that OSR1(+)SIX2(+) NPCs were 
enriched when using the combination of CD9(−)CD140a(+)CD140b(+)CD271(+). 
Furthermore, we showed that the transplantation of human iPS cell-derived NPCs 
purified with this combination of surface markers to the renal subcapsule signifi-
cantly inhibited the deterioration of renal function and interstitial fibrosis in I/R 
injury-induced mouse AKI models (Fig. 24.3) [39].

24.5  Expansion Culture of NPCs Derived from Mouse 
and Human Fetal Kidneys

In an attempt to establish expansion culture methods for NPCs, we focused on Six2- 
expressing cells because previous lineage-tracing studies showed that Six2 is a spe-
cific NPC marker [19, 40]. We used a mouse strain with a GFP cassette knocked-in 
to the Six2 locus (Six2-GFP mouse) [19] to facilitate the purification of Six2- 
GFP(+) NPCs from fetal kidneys by flow cytometry. When we cultured isolated 
Six2-GFP(+) NPCs with BFHY medium, which is a combination of BMP7, fibro-
blast growth factor (FGF) 9 or FGF2, heparin, and a ROCK inhibitor, Y-27632, 
based on previous findings that these factors facilitate the proliferation of NPCs [41, 
42], we found Six2-GFP(+) NPCs proliferated for 7 days. Next, we screened 36 
additional growth factors and chemical inhibitors in BFHY medium conditions 
using cell viability, growth rate, and the GFP signal as indicators to find the optimal 
medium conditions that maintain Six2-GFP(+) NPCs for more than 7 days. Through 
successive examinations, we established the Nephron Progenitor Self-Renewal 
(NPSR) medium, which includes an optimal combination of BMP7, FGF2, heparin, 
Y-27632, leukemia inhibitory factor (LIF), CHIR99021, an ALK4, 5, 7 kinase 
inhibitor, A83-01, and an ALK2, 3 kinase inhibitor, LDN193189. Using NPSR 
medium, we expanded Six2-GFP(+) NPCs over 150 passages for about 2 years. 
Furthermore, we succeeded in efficiently producing kidney organoids containing 
nephron structures by the combination of CHIR99021 and FGF2 (Fig. 24.4). We 
also observed remarkable therapeutic effects when the expanded mouse NPCs were 

T. Araoka and K. Osafune



361

*

0
0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

*

0
0.
2

0.
4

0.
6

0.
81

1.
2

1.
4

1.
6

0

0.
2

0.
4

0.
6

0.
81

1.
2

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

Score

Score

Score

Score

N
S

N
S

*

0

0.
51

1.
52

2.
5

-2
2

4
6

8
10

12

iP
S
C
-R

P
s

S
al
in
e

**
*

**
*

**

*
*

*

05010
0

15
0

20
0

25
0

30
0

-2
2

4
6

8
10

12

iP
S
C
-R

P
s

S
al
in
eH
um

an
 iP

S
ce

ll-
de

riv
ed

 N
P

C
s

(C
D

9-
C

D
14

0a
+

C
D

14
0b

+
C

D
27

1+
)9

R
en

al
su

bc
ap

su
la

r
tr

an
sp

la
nt

at
io

n

Is
ch

em
ic

 re
pe

rf
us

io
n 

(I
/R

) i
nj

ur
y-

in
du

ce
d 

A
K

I 
a

c

b

(D
ay

)
(D

ay
)

Cre(mg/dl)

iPSC-NPCsSaline

T
ub

ul
ar

 n
ec

ro
si

s
H

E
 s

ta
in

in
g

U
rin

ar
y 

ca
st

P
A

S
 s

ta
in

in
g

T
ub

ul
ar

 d
ila

tio
n

H
E

 s
ta

in
in

g

Lo
ss

 o
f t

ub
ul

ar
bo

rd
er

s
P

A
S

 s
ta

in
in

g

T
ub

ul
ar

 n
ec

ro
si

s
U

rin
ar

y 
ca

st
T

ub
ul

ar
 d

ila
tio

n
Lo

ss
 o

f t
ub

ul
ar

bo
rd

er
s

d

)l d/ g m( NUB

S
al

in
e

iP
S

C
-N

P
C

s
S

al
in

e
iP

S
C

-N
P

C
s

S
al

in
e

iP
S

C
-N

P
C

s
S

al
in

e
iP

S
C

-N
P

C
s

S
al

in
e

iP
S

C
-N

P
C

s
S

al
in

e
iP

S
C

-N
P

C
s

F
ig

. 2
4.

3 
C

el
l t

he
ra

py
 u

si
ng

 h
um

an
 iP

S 
ce

ll-
de

ri
ve

d 
C

D
9(
−

)C
D

14
0a

(+
)C

D
14

0b
(+

)C
D

27
1(

+
) 

ce
lls

 o
n 

ac
ut

e 
ki

dn
ey

 in
ju

ry
 (

A
K

I)
. (

a)
 S

ch
em

a 
of

 c
el

l t
he

ra
py

 
us

in
g 

hu
m

an
 i

PS
 c

el
l-

de
ri

ve
d 

C
D

9(
−

)C
D

14
0a

(+
)C

D
14

0b
(+

)C
D

27
1(

+
) 

ce
lls

 i
n 

is
ch

em
ia

/r
ep

er
fu

si
on

 (
I/

R
) 

in
ju

ry
-i

nd
uc

ed
 A

K
I 

m
od

el
 m

ic
e.

 (
b)

 S
er

ol
og

ic
al

 
as

se
ss

m
en

t o
f 

th
e 

tr
an

sp
la

nt
at

io
n 

of
 h

um
an

 iP
S 

ce
ll-

de
ri

ve
d 

C
D

9(
−

)C
D

14
0a

(+
)C

D
14

0b
(+

)C
D

27
1(

+
) 

ce
lls

 (
n 

=
 4

, i
PS

C
-N

PC
s,

 d
ia

m
on

d)
 o

r 
sa

lin
e 

in
je

ct
io

n 
(n

 =
 4

, s
qu

ar
e)

. B
U

N
 b

lo
od

 u
re

a 
ni

tr
og

en
, C

re
 s

er
um

 c
re

at
in

in
e.

 S
ta

tis
tic

al
 s

ig
ni

fic
an

ce
: ∗

∗∗
P

 <
 0

.0
01

 v
s.

 s
al

in
e,

 ∗
∗ P

 <
 0

.0
1 

vs
. s

al
in

e 
an

d 
∗ P

 <
 0

.0
5 

vs
. s

al
in

e 
af

te
r 

m
ul

tip
le

 t
es

tin
g 

ad
ju

st
m

en
t. 

L
ea

st
 s

qu
ar

e 
m

ea
ns

 a
nd

 9
5%

 c
on

fid
en

ce
 i

nt
er

va
ls

 w
er

e 
es

tim
at

ed
 a

cc
or

di
ng

 t
o 

th
e 

m
ix

ed
 e

ff
ec

ts
 m

od
el

 f
or

 r
ep

ea
te

d 
m

ea
-

su
re

s.
 (

c)
 H

is
to

lo
gi

ca
l fi

nd
in

gs
 a

t 1
2 

da
ys

 a
ft

er
 I

/R
 in

ju
ry

 a
nd

 in
je

ct
io

n 
of

 s
al

in
e 

or
 tr

an
sp

la
nt

at
io

n 
of

 iP
SC

-N
PC

s 
in

 I
/R

 in
ju

ry
-i

nd
uc

ed
 A

K
I 

m
ic

e.
 T

he
 a

rr
ow

s 
in

di
ca

te
 r

ep
re

se
nt

at
iv

e 
ar

ea
s 

of
 e

ac
h 

fin
di

ng
. (

d)
 H

is
to

lo
gi

ca
l 

sc
or

in
g 

of
 t

he
 a

re
as

 w
ith

 t
ub

ul
ar

 n
ec

ro
si

s,
 u

ri
na

ry
 c

as
ts

, t
ub

ul
ar

 d
ila

ta
tio

n,
 a

nd
 l

os
s 

of
 t

ub
ul

ar
 

bo
rd

er
s 

in
 th

e 
ho

st
 k

id
ne

ys
 1

2 
da

ys
 a

ft
er

 I
/R

 in
ju

ry
 a

nd
 tr

an
sp

la
nt

at
io

n 
(n

 =
 4

).
 S

ta
tis

tic
al

 s
ig

ni
fic

an
ce

: ∗
P

 <
 0

.0
5 

vs
. s

al
in

e 
af

te
r 

m
ul

tip
le

 te
st

in
g 

ad
ju

st
m

en
t. 

Sc
al

e 
ba

rs
: 1

00
 μ

m
. (

ad
ap

te
d 

fr
om

 [
39

])

24 iPS Cell and Renal Regenerative Medicine



362

transplanted to the renal subcapsule of cisplatin-induced mouse AKI models 
(Fig. 24.5). Moreover, we successfully extracted NGFR(+)EPCAM(−) NPCs from 
11-week-old human fetal kidneys and carried out maintenance culture for a long 
time using the same NPSR medium as in mouse. These human NPCs were also 
capable of forming kidney organoids [20].

24.6  Expansion Culture of Human iPS Cell-Derived NPCs

Because expanded mouse NPCs isolated from fetal kidneys and unexpanded human 
iPS cell-derived NPCs have therapeutic effects on AKI [20, 33, 34, 39], it is expected 
that expanded human iPS cell-derived NPCs will also have therapeutic effects on 
kidney diseases. However, standard expansion cultures for human iPS cell-derived 
NPCs have not been established. Brown et al. reported that human iPS cell-derived 
NPCs induced using Takasato’s induction method could only be passaged twice 
with the combination of BMP7, FGF9, heparin, Y-27632, CHIR99021, LDN193189, 
BMP4, IGF1, and IGF2 [43]. Tanigawa et al. reported that human iPS cell-derived 
NPCs induced by their induction method could be expanded for only 8 days with 
the combination of TGFα, FGF2/9, LIF, Y-27632, CHIR99021, BMP7, and a 
γ-secretase inhibitor, DAPT [44]. The group also found that the LIF-activated Yap 
signal maintains NPC-specific genes, such as SIX2, PAX2, and SALL1. On the 
other hand, we expanded NPCs induced from a SIX2 reporter human iPS cell line 
by Taguchi’s induction method for approximately 6 months with the combination of 

NPSR medium
CHIR99021 
BMP-7
FGF-2
LIF

Heparin
Y-27632
A83-01

LDN193189

Differentiation

Major renal structures

Vascularized glomerulus Chimeric formation
Expanded

Nephron Progenitor Cell
(NPC)

CD31
mCherry (NPC)
WT1
Nuclei

Filtration Urine production

0 1 2 3 4 5 Days

Self-renewal

C
re

 (
m

g/
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)

Fig. 24.4 The development of expansion culture conditions for mouse nephron progenitor cells 
(NPCs). NPCs derived from mouse embryonic kidneys can be maintained with NPSR (Nephron 
Progenitor Self-Renewal) medium for 2 years (more than 150 passages). The expanded NPCs can 
differentiate into functional kidney organoids in vivo with urine-producing capability. PODXL 
(Podocalyxin), WT1: podocyte marker, LTL (Lotus tetragonolobus lectin): proximal tubule 
marker, CDH1 (cadherin 1): Henle’s loop or distal tubule marker, CD31: endothelial cell marker, 
DAPI: nuclei. Scale bars: 100 μm. (adapted from [20])
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BMP7, FGF2, heparin, Y-27632, CHIR99021, LIF, LDN193189, and A83-01. 
However, our expansion method for human iPS cell-derived NPCs is only applica-
ble to a small number of human iPS cell lines, such as a SIX2 reporter human iPS 
cell line [20]. Further studies should establish expansion culture methods with 
broad applications for multiple human iPS/ES cell lines.

24.7  Therapeutic Effects on AKI by Paracrine Factors 
Secreted from NPCs

Mouse fetal kidney-derived NPCs transplanted into the kidney subcapsule of mouse 
AKI models show therapeutic effects without integrating into the renal parenchyma 
of recipient mice, which suggest that the therapeutic benefits result from the para-
crine effects of humoral factors secreted from NPCs [20]. Accordingly, we induced 
expanded primary NPCs into kidney organoids without any exogenous growth fac-
tor or chemical compounds, and intraperitoneally administered the culture superna-
tant after 2 days of the differentiation into cisplatin-induced mouse AKI models. We 
observed amelioration of the serological and histological findings of AKI and a 
prolonged survival time [20]. Thus, the therapeutic effects were considered to be 
paracrine effects of the renal protective factors secreted from the transplanted cells. 
Future studies should identify the therapeutic factors secreted from NPCs through 
assays such as mass spectrometry.

In addition, we reported that the transplantation of human iPS cell-derived NPCs 
into the renal subcapsule resulted in the amelioration of renal injury in acute phase 
and suppression of renal interstitial fibrosis after AKI in I/R injury-induced mouse 
AKI models. By screening the proteins secreted from the human iPS cell-derived 
NPCs, we found previously reported renotrophic factors, such as angiopoietin-1 
(ANG-1), vascular endothelial growth factor A (VEGF A), and hepatocyte growth 
factor (HGF) as candidates (Fig. 24.2d) [34].

24.8  Purification of Human iPS Cell-Derived NPCs

Recent advances in kidney regeneration research have enabled the induction of 
NPCs and UB cells from human iPS cells to generate kidney organoids [28–35, 45, 
46]. However, the research field has not yet reached the levels of clinical applica-
tion. In particular, since NPC differentiation cultures from human iPS cells contain 
off-target cell types, it is essential to develop purification methods for NPCs. These 
off-target cells are evident by the marked differences in the differentiation efficiency 
among different human iPS/ES cell lines [47, 48]. Searches for cell surface markers 
specifically expressed in NPCs have been conducted by multiple groups. We exam-
ined surface markers by RNA-sequencing of mouse fetal NPCs and found that 
NGFR(+)EPCAM(−) cells strongly expressed NPC-specific transcription factors, 
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such as Six2, Sall1, and Cited1 [20]. We also revealed that this combination of sur-
face markers can extract human fetal NPCs. However, human iPS cell-derived 
NPCs induced by the Taguchi’s method could not be extracted by this combination. 
This result indicates that the NPCs and kidney organoids generated from human iPS 
cells are different from human fetal NPCs and kidney, at least in terms of marker 
gene expressions [35, 49, 50]. This difference may limit human iPS cell-derived 
NPCs in clinical applications. Although Taguchi et  al. reported that ITGA(+)
PDGFRA(−) cells in mouse metanephric mesenchyme represent NPCs [31], this 
marker combination does not appear to have sufficient selectivity for human iPS 
cell-derived NPCs [20]. It was also reported that the marker combination of 
ROBO2(+)PDGFRB(−)MAFB(−) can extract mouse NPCs [51]. However, it 
remains unknown whether this combination is applicable to human iPS cell-derived 
NPCs. On the other hand, we succeeded in enriching OSR1(+)SIX2(+) cells induced 
from human iPS cells with our differentiation method using the marker combination 
CD9(−)CD140a(+)CD140b(+)CD271(+) [39]. However, the purity of NPCs is still 
low, and the method has not been confirmed in multiple human iPS/ES cell lines.

24.9  Discussion

In order to realize regenerative treatments of kidney diseases using human iPS cell- 
derived NPCs, several hurdles must be overcome, such as the development of puri-
fication and expansion culture methods for NPCs, the optimization of NPC delivery 
systems, and the mechanistic elucidation of therapeutic effects. NPC differentiation 
cultures from human iPS cells contain heterogenous cell populations [49]. For the 
transplantation of human iPS cell-derived cell types at clinical levels, it is essential 
to thoroughly remove undifferentiated iPS cells and other contaminating cells in 
order to avoid adverse effects such as tumor formation. Furthermore, NPCs and 
kidney organoids induced from different human iPS/ES cell lines and different 
experiments show different gene and protein expression levels [34, 35, 49, 50, 52]. 
Therefore, it is difficult to generate homogeneous NPCs of uniform quality. In addi-
tion, there may be differences in both the quality and quantity of the paracrine fac-
tors secreted by the human iPS cell-derived NPCs generated from different induction 
methods. Hence, efficient purification methods are needed. Single- cell analyses of 
human fetal kidneys could potentially identify new cell surface markers applicable 
to human iPS cell-derived NPCs [35, 36]. In addition, probes for the transcription 
factor SIX2 [53] and RNA switches targeting microRNA specifically expressed in 
human iPS cell-derived NPCs [54] could be used to purify human NPCs.

The establishment of purification methods for NPCs would in turn contribute to 
the development of expansion culture methods for human iPS cell-derived NPCs, 
since higher purity should result in NPCs with higher self-renewal capacity like that 
seen in primary human NPCs [20]. Therefore, both purification and expansion 
methods depend on technologies that can characterize which cell population has the 
best self-renewal capacity.
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These same methods will also need to consider cost. Transplanting 6.0 × 106 
mouse NPCs to the kidney subcapsule of recipient mice has ameliorative effects 
(Fig. 24.5). When this therapy is translated to human size by weight, approximately 
2000 times as many cells (1.2 × 1010 cells) are required for clinical use. When such 
large amounts of cells are extracted from human iPS cell-derived NPCs with flow 
cytometry using cell surface markers, the cell therapy cost will increase because of 
growth factors and chemical compounds used in the NPC differentiation of human 
iPS cells and antibodies for the flow cytometry. Therefore, purification and expan-
sion culture methods that mainly use small molecules will make these treatments 
cost-efficient.

At the same time, attempts have already been made to reconstruct large-scale 
kidney tissues by preparing optimal scaffolds for NPCs. There are several reports 
describing how NPCs mature and organize into kidney tissues by seeding them 
inside the scaffolds composed of extracellular matrices remaining after kidney 
decellularization [55]. In addition, another report described three-dimensional (3D) 
kidney tissues artificially generated with a 3D printer that might be applicable to 
NPCs [56]. Finally, organ-on-a-chip technology was used to reproduce mature 
nephron structures for drug screening by combining the kidney organoids with a 
vascular network constituted of endothelial cells [57]. By fusing different research 
fields, it is expected that kidney regeneration research will substantially proceed.

Another hurdle before realizing clinical applications of human iPS cell-derived 
NPCs is to establish an in vivo delivery system. Candidate approaches include intra-
vascular injection, renal subcapsular transplantation, subcutaneous transplantation, 
direct administration to the renal parenchyma, and retrograde urinary injection. The 
intravascular approach may allow a fraction of NPCs to reach the recipient kidneys, 
as Imberti et al. showed [33]. However, there is the risk of unexpected complica-
tions because most cells injected via blood vessels may distribute to other organs. 
Furthermore, the risk of developing thrombosis should be considered. Direct admin-
istration to the renal parenchyma has the risk of massive hemorrhage, which could 
cause the transplanted cells to flow out of the kidneys. Indeed, we observed that 
most NPCs directly administered to the renal parenchyma of recipient mice flowed 
out by bleeding [34]. Retrograde urinary injection may be an excellent method for 
cell transplantation because it is a closed system that only involves the kidneys and 
lower urinary tract. However, if the ability of the recipient’s kidneys to produce 
urine is sufficient, the injected cells may be flushed out by the urine flow. Although 
retrograde urinary injection may be applicable to patients with end-stage renal dis-
ease (ESRD) who have lost their ability to produce urine, it is necessary to test 
whether the human iPS cell-derived NPCs have not only renotrophic effects but also 
the ability to regenerate the degraded kidneys. Therefore, subcutaneous transplanta-
tion or renal subcapsular transplantation may have the best therapeutic benefits of 
paracrine effects with the fewest complications caused by cell transplantation. 
Subcutaneous transplantation has already been established clinically, and its safety 
has been confirmed in parathyroid gland autotransplantation after parathyroidec-
tomy for dialysis patients [58]. Therefore, it may be the most suitable method for 
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transplantation of human iPS cell-derived NPCs. However, when the paracrine fac-
tors secreted by human iPS cell-derived NPCs in subcutaneous tissues pass into the 
general circulation, the serum concentrations of these factors may decrease, which 
reduces the therapeutic effects on renal injury. Renal subcapsular transplantation 
has an advantage in that high concentrations of paracrine factors directly act on the 
recipient kidneys. However, renal subcapsular transplantation risks more damage to 
the recipient kidneys than other approaches. Preclinical studies using large-sized 
animals, such as pigs and monkeys, would help clarify the best delivery technique.

Finally, identification of the paracrine factors responsible for the therapeutic 
effects on AKI by NPCs for drug development could avoid the complications asso-
ciated with cell transplantation. However, systemic administration of the identified 
paracrine factors could significantly increase the cost of treatment and cause adverse 
effects on other organs. Future works revealing the signaling pathways downstream 
of the identified paracrine factors might allow us to find innovative and inexpensive 
therapeutic agents for kidney diseases.

In conclusion, recent advances in kidney regeneration research have enabled the 
directed differentiation of human iPS cells into NPCs with the developmental capa-
bility to reconstruct kidney organoids containing nephron-like tissues. In addition, 
multiple groups including ours have found that cell therapies using human iPS cell- 
derived NPCs ameliorate AKI in mice mainly by paracrine effects. Future studies 
should establish the purification and expansion culture methods for human iPS cell- 
derived NPCs to advance cell therapies, disease modeling, drug development, and 
reconstruction of large-scaled functional kidney tissues.
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Chapter 25
Kidney Development and Injury: A Road 
to Regeneration

Shankhajit De and Ryuichi Nishinakamura

Abstract Proximal tubular epithelial cells (PTECs) are the major cellular targets of 
acute kidney injury (AKI). PTECs, as well as epithelial cells in glomeruli and distal 
tubules, are derived from nephron progenitors that exist in the embryonic kidney. 
However, nephron progenitors disappear around birth by terminal differentiation, 
meaning that mechanisms of repair following AKI will be different from those dur-
ing development. Although some developmental genes are re-expressed in experi-
mental AKI models, most PTECs are replaced by surviving mature epithelial cells 
and the functions of genes in these cells can differ from their developmental func-
tions. Recent progresses in stem cell biology have enabled in vitro generation of 
kidney organoids from human-induced pluripotent stem cells (iPSCs), and the 
PTECs in the organoids exhibit some functional features. However, kidney organ-
oids are immature and selective PTEC induction has not been established. In this 
chapter, we discuss the recent findings regarding AKI from the viewpoint of devel-
opmental nephrology and the hurdles to overcome in the treatment of AKI and even-
tual kidney failure.

Keywords iPS cells · Nephron progenitor · Sox9 · Wnt · BMP · Notch

25.1  Introduction: Overview of Kidney Development

Mammalian kidney development involves the formation of three distinct primor-
dia – the pronephros, mesonephros, and metanephros – in an anterior-to-posterior 
direction along the embryonic body trunk. Most of the pro- and mesonephros struc-
tures degenerate during gestation; however, the metanephros differentiates into the 
adult kidney. At the initial stage of metanephros formation, ureteric buds (UBs) 
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invade the metanephric mesenchyme (MM) and a reciprocal inductive interaction 
leads to further branching of the UB and formation of nephrons from the MM [1]. 
The MM contains nephron progenitors, which give rise to the epithelia of the glom-
eruli, proximal tubules, loops of Henle, and distal tubules [2, 3]. The UBs contribute 
to collecting ducts and the ureter. Meanwhile, some nephron progenitors are main-
tained during development and continue to contribute to the formation of new neph-
rons. However, all the nephron progenitors disappear around birth (at approximately 
34 weeks of gestation in humans and within a few days after birth in mice) by ter-
minal differentiation [4]. Therefore, the adult kidney does not contain bona fide 
nephron progenitors, which can explain the poor regenerative capacity of the adult 
kidney. Although proximal tubular epithelial cells (PTECs) regenerate after acute 
kidney injury (AKI), nephron progenitors defined by developmental nephrology are 
unlikely to participate in the recovery processes.

25.2  Nephrogenesis from Nephron Progenitors

In metanephros development, MM secretes glial cell line-derived neurotrophic fac-
tor (GDNF), which attracts UBs toward the MM via signaling through RET recep-
tors on UBs [5]. In turn, UBs secrete Wnt9b, which converts mesenchymal nephron 
progenitors in the MM to epithelial cells (mesenchymal-to-epithelial transition: 
MET) (Fig.  25.1). The cells undergoing MET secrete Wnt4, which further 
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Fig. 25.1 Kidney development from nephron progenitors. Nephron progenitors in the metaneph-
ric mesenchyme (a, b), differentiate into renal vesicles (c), comma-shaped bodies (d), S-shaped 
bodies (e), and finally form nephron epithelia (f). The most proximal end of an S-shaped body 
forms the glomerulus, the proximal/intermediate domain forms the proximal tubule and the loop 
of Henle, and the distal domain forms the distal renal tubule (e, f). Meanwhile, the ureteric bud 
branches to form collecting ducts
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accelerates the MET process, and form epithelial cysts, also called renal vesicles 
(RVs). Subsequently, each RV elongates in a cortico-medullary direction to form an 
S-shaped body; the proximal end becomes the glomerulus, the middle part becomes 
the proximal renal tubule, while the distal end forms the distal renal tubule. The Wnt 
signaling gradient plays an important role in this proximal-distal patterning of neph-
rons [6]. Single-cell RNA sequencing (scRNA-seq) of mouse embryonic kidneys 
showed that the RVs are already specified into proximal-distal domains in terms of 
gene expression [7]. Furthermore, scRNA-seq of human embryonic kidneys com-
bined with temporal analyses of nephrogenic lineages revealed that the timing of 
nephron progenitor recruitment to the vicinity of the Wnt source (UB) directs fate 
along the proximal-distal axis; the early recruited cells differentiate into distal 
tubule cells whereas the last cells to be recruited become glomerular podocytes [8].

Along with canonical Wnt signaling, other signaling pathways, such as Notch, 
play important roles in nephrongenesis [6]. Notch2 deletion in mice leads to 
impaired S-shape body formation and eventually loss of glomeruli and proximal 
tubules [9]. It was also proposed that Notch specifies proximal fate in RVs and 
S-shaped bodies. However, Notch2 activation did not alter cell fate toward proximal 
nephron structures (glomerulus and proximal tubule) but rather resulted in severe 
kidney dysgenesis, probably because of a depletion of nephron progenitor cells 
[10]. More recent studies indicate that Notch signaling primes initial epithelializa-
tion of nephron progenitors, rather than specifying the proximal fate [11, 12].

The transcription factor, HNF1b, is expressed in the proximal/intermediate 
domains of S-shaped bodies and its deletion results in absence of proximal tubules 
and loops of Henle [13, 14]. Expression of Notch pathway components, including 
Dll1, Jag1, and Lfng, is reduced after Hnf1b deletion, indicating that Hnf1b lies 
upstream of the Notch pathway. In contrast, Hnf4a is not required for initial devel-
opment of proximal tubules but is essential for formation of differentiated PTECs 
[15]. Thus, deletion of Hnf4a results in the loss of proximal tubule-specific genes 
and eventually manifests as Fanconi syndrome, which displays excess excretion of 
water, phosphate, and glucose in the urine. These observations are consistent with 
the presence of binding sites for HNF4a in a variety of drug-metabolizing enzymes 
and transporters in proximal tubules [16].

25.3  Proliferation of Resident Tubular Cells Contributes 
to Recovery from AKI

Among the various segments of nephrons, PTECs are the most vulnerable to 
AKI. After ischemia-reperfusion injury (IRI) in mice, tubular proliferation occurs 
within 24–48 h, and the epithelial morphology is restored within 5–7 days, leaving 
almost no evidence of injury. It is controversial whether this prompt and efficient 
tissue repair results from compensation by local or exogenous adult-stage progeni-
tors or from proliferation of the residual tubular epithelial cells. Although adminis-
tration of bone marrow-derived stromal cells in a cisplatin-induced AKI mouse 
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model showed increased proliferation and decreased death of PTECs, the adminis-
tered cells did not contribute to PTECs directly and the effects were likely to be 
mediated by their secreted factors (paracrine effect) [17].

In a study using chimeric mice subjected to IRI, Duffield et al. ruled out a con-
tribution from the bone marrow-derived stem cell population in PTEC repair [18]. 
When all nephron epithelia in mice were genetically labeled with reporter genes, 
extensive proliferation of the labeled cells was observed during recovery from IRI 
[19]. Importantly, there was no dilution of the labeling, indicating that proliferation 
of the surviving labeled PTECs, and not recruitment of non-labeled stem/progenitor 
cells outside of the nephron epithelia, is the predominant mechanism for repair from 
AKI (Fig. 25.2). However, the possibility of the existence of intratubular stem/pro-
genitor cells remained. Thus Kusaba et al. generated mice expressing CreERT2 in 
mature PTECs under the sodium-dependent inorganic phosphate transporter 
(Slc34a1) promoter and confirmed that unlabeled intratubular progenitors do not 
contribute to kidney repair [20]. The labeled mature PTECs proliferated to form 
clones and expressed putative stem cell markers, such as CD24, CD133, vimentin, 
and KIM1, indicating that proliferation of terminally differentiated PTECs is the 
major mechanism for repair and that they simply re-express apparent stem cell 
markers during the repair process. Another independent study using genetic label-
ing also supports this conclusion that regeneration of PTECs after injury occurs 
from any surviving cells and that there are no fixed intratubular progenitors [21].

Proliferation of adjacent cells Involvement of progenitor cells x

Damaged tissue

Injury

Sox9 Sox9

Fig. 25.2 Proliferation of resident tubular cells contributes to recovery from AKI. Mature surviv-
ing PTECs, which express Sox9, and not exogenous progenitors, contribute to repair from 
AKI. BMP signaling supports recovery from AKI, while excessive Wnt and Notch signaling exac-
erbate AKI
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25.4  Excessive Wnt Signaling Exacerbates AKI

Among the many genes induced during injury, some are known to be involved in embry-
onic kidney development. Wnt4 is involved in MET of nephron progenitors in kidney 
development but is also expressed in the medullary stroma and controls smooth muscle 
fate [22]. In a rat AKI model, Wnt4 mRNA levels in the kidney were increased within 
6 h after IRI [23]. By using an anti-Wnt4 antibody, the authors concluded that proximal 
tubules expressed Wnt4. However, this could result from nonspecific staining by the 
antibody. DiRocco et al. used Wnt4 Cre-dependent reporter mice to show that proliferat-
ing medullary interstitial myoblasts, but not PTECs, expressed Wnt4 in two injury mod-
els: IRI and unilateral ureter obstruction. Constitutive activation of Wnt/β-catenin 
signaling in interstitial pericytes and fibroblasts resulted in myofibroblast differentiation 
without injury, indicating the importance of the Wnt pathway in renal fibrosis [24]. 
However, conditional deletion of Wnt4 in interstitial cells did not reduce myofibroblast 
proliferation or gene expression during fibrosis, which may be because of compensation 
from other Wnt ligands. In a recent study, fibroblast-specific beta-catenin knockout mice 
subjected to IRI showed milder kidney symptoms with reduced apoptosis and increased 
cell proliferation. These protective activities may be mediated by hepatocyte growth 
factor [25], but direct in vivo evidence has not been demonstrated. Taken together, inhi-
bition of excessive Wnt signal from interstitial cells is beneficial for recovery from AKI, 
while MET of injured PTECs is unlikely to be involved.

25.5  Excessive Notch Signaling Exacerbates AKI

The necessity of Notch signaling in normal kidney development is described above. 
In a rat IRI model, Notch signaling molecules (Dll1, cleaved Notch2 and Hes1) 
were upregulated in the injured proximal tubules [26]. Conditional activation of 
Notch signaling in proximal tubules aggravated tubular damage, while treatment of 
wild-type mice with the Notch inhibitor reduced the damage [27]. It was reported 
recently that Notch3-deficient mice were protected against IRI compared with con-
trol mice, while Notch3 activation in renal epithelial cells exacerbated infiltration of 
inflammatory cells. The authors argued that Notch3 in the injured renal epithelia 
sustained a proinflammatory environment and attracted activated macrophages to 
the injured sites [28]. While the mechanisms should be examined in more detail, the 
roles of Notch signaling are apparently different from those in kidney development, 
and inhibition of excessive Notch activation is beneficial for recovery from AKI.

25.6  BMP Signaling Supports Recovery from AKI

BMP7 is essential for kidney development but also exerts protective effects in AKI 
or renal fibrosis models [29, 30]. The expression of BMP receptor 1A is elevated 
after AKI injury and its conditional deletion in PTECs results in enhanced 
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TGFβ- Smad3 signaling leading to epithelial damage and fibrosis. Administration of 
a synthetic peptide agonist, THR-123, which functions through BMP receptor 1A, 
resulted in suppressed inflammation, apoptosis, and EMT [31]. Vigolo et al. found 
that canonical BMP-Smad1/5/8 signaling is active in adult renal tubules, transiently 
downregulated upon IRI, and then restored during the recovery phase [32]. Mice 
with renal tubule-specific deletion of BMP receptor 1A in the recovery phase after 
injury failed to phosphorylate Smad1/5/8 or induce their target genes (Id1/2/4), 
resulting in renal fibrosis. Thus canonical BMP signaling in tubular cells is likely to 
repress the pro-fibrotic response during recovery from AKI. However, the BMP7 
agonist, THR-184, was ineffective in preventing postoperative kidney complica-
tions, in a randomized, double-blind, placebo-controlled clinical study of 452 
patients with cardiac injury, who were at risk of AKI [33]. These data indicate that 
activation of BMP signaling alone may not be sufficient for preventing complicated 
AKI cases in humans.

25.7  SOX9 Activation in PTECs Is Required for Recovery 
from AKI

Conditional knockout of transcription factor genes, Sox8 and Sox9, revealed that 
they are required for UB branching, and double Sox8/9 knockout mice showed 
hypoplastic kidneys or renal agenesis [34]. SOX8/9 are required downstream of 
GDNF for the activation of Ret effector genes in UBs. Sox9 is also expressed in the 
S-shaped bodies, and conditional Sox8/9 KO mouse mutants showed a marked 
reduction of proximal and distal nephron segments around birth [35].

Sox9 is highly upregulated within 24  h of AKI model induction in mice and 
SOX9+ cells contribute extensively to the repair of proximal tubules [35]. Surviving 
mature PTECs undergo de novo activation of Sox9 and proliferate rapidly, contrib-
uting majorly to tissue repair (Fig. 25.2). After the recovery of renal functions, some 
regional SOX9 activity in PTECs is observed, displaying long-term repair responses. 
Furthermore, PTEC-specific deletion of Sox9 impairs recovery from AKI. Another 
group also reported that Sox9+ cells contributed to kidney repair and that Sox9 
deletion impairs recovery [36]. Thus Sox9 activation is required for kidney repair. 
Identification of molecular events up and downstream of Sox9 will help elucidate 
the mechanisms underlying recovery from AKI.

25.8  Directed Reprogramming of Renal Tubules

We have discussed involvement of developmental genes in AKI, but cell therapy is 
an alternative strategy to treat AKI. Direct reprograming, which converts fibroblasts 
to nephron epithelial cells, is one option for cell therapy (Fig. 25.3). Forced expres-
sion of four transcription factors – Emx2, Hnf1b, Hnf4a and Pax8, all of which play 
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important roles in renal tubule development – converts mouse fibroblasts into renal 
tubule epithelium-like cells in vitro [37]. These induced cells show similar gene 
expression to renal tubules and exhibit selective sensitivity to nephrotoxic sub-
stances, such as cisplatin. The induced cells participated in tubule formation when 
aggregated with mouse embryonic kidney cells. The same four transcription factors 
also converted human fibroblasts to renal tubule-like cells, and their gene expres-
sion pattern partially resembled that of the in vivo kidney. Nonetheless, the induced 
mouse and human cells appeared to be heterogeneous, thus representing multiple 
renal tubule segments. Different or additional combinations of transcription factors 
may lead to improved reprogramming to specific tubular subtypes. For example, 
omission of Hnf4a reduced the expression of proximal tubule genes; therefore, 
Hnf4a contributes to the induction of PTEC-like cells. Another concern is whether 
this direct reprogramming works in vivo. If administering four transcription factors 
into fibrotic tissues in vivo converts them into renal tubule epithelia, it would be a 
great advance in the field. However, the induced epithelial cells still need to be 
incorporated and connected to the residual nephrons, which remains a challenge.

25.9  Rebuilding the Kidney for Regenerative Medicine

Knowledge of embryonic kidney development has enabled several groups, includ-
ing ours, to succeed in inducing human iPSCs toward nephron progenitors, which 
give rise to glomeruli and renal tubules [38–40] (Fig.  25.3). While these kidney 

iPSCs

Kidney organoid with multiple cell lineages

Transplantation

Cell therapy

Kidney organoid with a specific cell lineage

Patient-derived blood or somatic cells

Fibroblast
Directly reprogrammed cells

Direct reprogramming

In Vivo

Fig. 25.3 Regenerative medicine strategies for renal failure. iPSCs are induced toward kidney 
organoids with multiple lineages and transplanted into patients. When a specific cell type is 
induced, integration into the resident nephrons is necessary. Direct reprogramming of a specific 
cell type in vitro and in vivo are alternative options, but integration into the residual nephrons 
is needed
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organoids are likely to represent the first or at best the second trimester of gestation, 
the proximal tubules in the organoids exhibit some reabsorptive capacity, as well as 
selective sensitivity to nephrotoxic chemicals [39, 40]. When transplanted into mice, 
the glomeruli in the organoids were vascularized with host endothelial cells [41–43]. 
Although some reports claim benefits of human iPSC-derived transplantation in AKI 
models [44], these improvements are likely to be mediated by released soluble factors 
(paracrine effects), and not by nephron differentiation or their incorporation into the 
residual nephrons. In addition, even in transplantation into normal host mice, long-
term transplantation resulted in hydronephrosis because of the lack of a collecting 
duct [41]. We recently reported induction of UBs, the precursor of collecting ducts 
and ureters, from mouse ESCs and human iPSCs [45]. Reconstitution of nephron 
progenitors and UBs from mouse ESCs, along with mouse embryo- derived stromal 
progenitors gives rise to higher order kidney structure in vitro, containing extensively 
branching UBs with multiple nephrons located at UB tips. Because stromal progeni-
tors are required for this process, induction of this cell lineage from human iPSCs is 
necessary to generate an authentic kidney structure in humans. Formation of a single 
ureter, as well as extensive vascularization, is also required to generate fully func-
tional kidney organoids. Furthermore, maturation of these organoids either in vitro or 
in vivo is necessary to treat patients suffering from kidney failure.

The selective induction of nephron lineages from nephron progenitors is also an 
important topic of research (Fig. 25.3). We recently reported a selective induction 
method for podocytes from human iPSCs [46]. This includes transient Wnt stimula-
tion followed by TGFβ inhibition, which at least partially mimics the in vivo podo-
cyte development process. Modulation of this protocol is likely to lead to selective 
induction of proximal or distal renal tubules. However, further maturation, as well 
as strategies for incorporation into the surviving nephrons are necessary before this 
strategy can be applied to the treatment of AKI, similar to the situation with directly 
reprogrammed PTECs.

25.10  Conclusions

Our knowledge of kidney developmental biology, such as of renal progenitors and sig-
naling, and the techniques used for investigation, such as cell lineage tracing, have 
contributed significantly to understanding the mechanisms of AKI. It has now become 
clear that the recovery process from AKI does not recapitulate embryonic kidney devel-
opment, although some developmental genes are upregulated upon AKI. Application 
of scRNA-seq will add new findings regarding AKI. The progress of stem cell biology, 
combined with developmental nephrology, has led to the generation of kidney organ-
oids in vitro. Further development of this organoid technique will accelerate research 
into kidney diseases, including AKI and AKI-induced chronic kidney diseases.
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Chapter 26
Xenotransplanted Embryonic Kidney

Yatsumu Saito, Tsuyoshi Takamura, and Takashi Yokoo

Abstract Acute kidney injury (AKI) is a disease that adversely affects life progno-
sis and increases the risk of cardiovascular disease. Even if renal function recovers 
after AKI, this disease tends to contribute to the onset of chronic kidney disease 
(CKD). Therefore, AKI is one of the reasons for the increase in the number of 
patients with CKD and end-stage renal disease (ESRD). Dialysis therapy is a com-
mon method for treating ESRD but does not replace normal kidney function. 
Although kidney transplantation is another option, many patients cannot receive a 
transplant because of the lack of donor organs. Therefore, alternatives to kidney 
transplantation are needed. In this study, we review recent treatment strategies for 
replacing kidney function, including heterogeneous kidney transplantation, embry-
onic kidney transplantation, and the use of a nephrogenic niche for growing xeno-
embryos (organogenic niche method). Although these strategies require additional 
refinement prior to clinical application, we believe that these treatment strategies 
may help us alleviate patient suffering. We are also hopeful that whole-kidney 
regeneration will be a viable treatment option in the near future.

Keywords Kidney regeneration · Kidney xenotransplantation · Embryonic kidney 
transplantation · Induced pluripotent stem cell · Chimera · Organogenic 
niche method

26.1  Introduction

Acute kidney injury (AKI) is frequently encountered in daily clinical practice. Mild 
acute kidney dysfunction was previously thought to be a transient and reversible 
disease. However, some patients with AKI remain in failure without complete 
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recovery, and other patients eventually require dialysis. The concept of AKI was based 
on the idea that severe renal dysfunction, such as acute renal failure, and mild renal 
dysfunction during early-stage disease should be recognized. The long-term progno-
sis of cardiovascular and renal disorders after AKI is poor [1, 2]. The number of 
patients suffering from CKD is steadily increasing worldwide, and AKI contributes to 
the increase in the prevalence of CKD [3]. Although dialysis therapy is the treatment 
of choice for end-stage renal disease (ESRD), it is not equivalent to full renal function. 
Furthermore, dialysis therapy is associated with a number of complications, such as 
an increased risk of cardiovascular disease and death, decreased quality of life, and 
increased health care costs. Kidney transplantation therapy is the only treatment that 
replaces the function of a whole kidney. However, because of the severe shortage of 
human donor organs, many patients are not able to undergo a kidney transplant. 
Therefore, alternative treatments are urgently needed. To address the shortage of 
donor organs, there are various strategies, such as the use of the bioartificial kidneys 
[4]; decellularized cadaveric kidneys as scaffolds for renal regeneration [5]; the xeno-
transplantation of adult kidneys [6]; embryonic kidney primordia (metanephroi) [7]; 
the blastocyst complementation method [8]; and new whole kidneys created from 
stem cells in vitro [9]. Since the development of induced pluripotent stem cells (iPSCs) 
in recent years, many researchers have attempted to regenerate a whole kidney from 
iPSCs. However, the kidneys have a complicated anatomy and have numerous deli-
cate functions for maintaining homeostasis and producing urine, renin, erythropoietin, 
and vitamin D. Therefore, the regeneration of a whole kidney remains challenging.

We used heterogeneous embryonic kidney primordia (metanephroi) as organ fac-
tory to generate a functional whole kidney. This approach is based on the concept of 
borrowing the kidney developing program of a xenoembryo by injecting stem cells 
into an organ formation niche. After transplanting the metanephros into a patient 
with renal failure, the metanephros will hopefully become a functional whole kid-
ney inside the patient’s body.

26.2  Kidney Xenotransplantation

Kidney xenotransplantation is a potential solution to the shortage of available 
human donor organs for transplantation. In the 1960s, a successful cadaveric renal 
transplant was performed in a human under immunosuppressive therapy with aza-
thioprine [10]. During the same period, a chimpanzee kidney was transplanted into 
a patient with renal failure, and the transplanted kidney functioned for 9 months 
[11]. Chimpanzees are often used as donor animals for kidney transplantation 
because of their genetic similarities to humans. However, nonhuman primates are 
considered unsuitable as a resource for transplantation because of their relative scar-
city. Pigs exist almost indefinitely as a transplant source, and they have kidneys that 
have almost the same size and functions as human kidneys. Therefore, the porcine 
kidney is considered an ideal source for xenografting [12].

However, the use of porcine kidneys in xenotransplantation presents some prob-
lems that need to be addressed. First, there are immunological problems. When a 
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pig kidney is transplanted into a primate, hyperacute vascular rejection occurs, and 
this complication is the most problematic complication of xenotransplantation. 
Natural antibodies in primates bind to the α-galactose-1,3-galactose (Gal) expressed 
on porcine vascular endothelial cells to activate the human complement. This galac-
tose is added to the cell surface sugar by α-1,3-galactosyltransferase (GalT). 
Primates, including humans, do not inherit GalT [12].

There are several strategies for preventing rejection. Aphaeresis can remove anti- 
Gal antibodies from the circulation of the recipient [13]. This therapy reduces the 
serum levels of anti-Gal antibodies, albeit temporarily. The kidneys of transgenic 
animals expressing human complement regulatory proteins (human CD55) have 
been previously transplanted [14]. In this study, the researchers were able to sup-
press human complement activation. Furthermore, GalT-knockout pigs have been 
developed [15]. Considering that these transgenic pigs do not express Gal, the anti- 
Gal antibody will not react with Gal. The GalT-knockout pig kidneys were trans-
planted into baboons under immunosuppressant agents, and the graft survived for 
3  months [16]. The transplantation of the Gal-knockout pigs expressing human 
CD55 extended xenograft survival by several months [17]. However, it is impossi-
ble to completely suppress vascular rejection because of the influence of anti-non- 
Gal antibodies [18]. Furthermore, the adaptive immune system seems to react to the 
xenografts as equally or as strongly as it does to the allografts. In both xenografts 
and allografts, T cells can interact with antigen-presenting cells (APCs) from the 
donor and host, who posts donor antigens [19]. In 2018, Langin et  al. [20] con-
ducted an orthotopic transplantation of the Gal-KO porcine heart expressing a 
human membrane cofactor protein and thrombomodulin into baboons under safe 
immunosuppression and the grafts could survive for 195 days. Further development 
is expected in the transplantation therapy with genetically modified pigs.

There is also the additional problem of infection. Given that pigs can be kept in 
pathogen-free environments, they have a lower risk of acquiring zoonotic infections 
than primates. However, there is a porcine endogenous retrovirus (PERV) that can-
not be removed by using a pathogen-free environment. Previous studies found that 
PERV cannot infect human cells in vivo and cause disease; however, it can infect 
humans in vitro [21, 22]. In 2015, Yang et al. [23] succeeded in knocking out 62 
copies of PERV pol gene in porcine cells using the CRISPR/Cas9. Further studies 
may make it possible to create PERV-free porcine kidneys to be available for use 
during kidney transplantation.

26.3  Embryonic Kidney Transplantation

The transplantation of embryonic kidney primordia seeks to regenerate a whole 
kidney. Chan et al. [24] reported the first transplantation of a functional kidney pri-
mordia. They induced pronephros-like transplantable structures from animal caps 
in Xenopus laevis, and these structures were transplanted into bilaterally nephrec-
tomized tadpoles. The transplantation of pronephros-like structures reduced swell-
ing and improved the survival of nephrectomized tadpoles. For clinical applications, 
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the transplantation of metanephros, which is further developed than pronephros (i.e., 
the metanephros is already committed to becoming a kidney), has been reported. 
When it is transplanted into a recipient, it differentiates and eventually matures into 
a kidney. The transplanted metanephros attracts angiogenesis in the recipient ani-
mals, thus allowing glomerulus formation, including recipient-derived vasculature 
[25]. When the ureter of the transplanted metanephros is anastomosed to the ureter 
of an anephric rat, the developed metanephros could produce urine, and the survival 
times of the rats were prolonged [26]. Furthermore, the transplanted metanephros 
also acquires endocrine function, such as erythropoietin and renin production [27, 
28]. The location where the metanephros is transplanted also affects endocrine func-
tion. Erythropoietin production did not differ, but renin production was better when 
the transplant was located in the para-aortic region than in other regions. Therefore, 
embryonic kidney transplantation can reproduce a functional kidney.

One advantage of metanephric transplantation is the lower likelihood of immuno-
logic rejection than adult kidney transplantation. The organ primordia of the earlier 
stage are avascular; thus, they induce blood vessels from the recipient. By contrast, 
adult transplanted organs already feature vessels developed by the donor. Therefore, 
humoral immunity to vascular endothelial cells is less likely to occur following the 
transplant of organ primordia than the transplant of an adult organ [29]. Furthermore, 
the embryonic organ grafts obtained during the early developmental stages are less 
likely to be rejected by cellular immunity. It is possible that human leukocyte anti-
gen (HLA) and APCs are less expressed in the embryonic organ. Foglia et al. [30] 
transplanted the metanephroi of 15- to 21-day-old rat embryos under the kidney 
capsule of outbred adult rats. If the pregnancy-dated age of the metanephros was 
younger, the transplanted metanephros will have a bigger volume and may engraft 
without immune suppression. Statter et  al. [31] transplanted mice metanephros 
under the kidney capsule of mice. HLA transcripts were progressively lower in the 
metanephros from younger mice. Furthermore, there was no expression of HLA 
protein in the kidney primordia graft compared with the adult kidney graft. Velasco 
et al. [32] transplanted the liver primordia and metanephroi of 15- to 19-day-old rat 
embryos under the renal capsule of adult rat without immunosuppression. All liver 
primordia were rejected by posttransplantation day 10. On the contrary, there was a 
mild degree of rejection in the case of kidney primordia for 15-day-old embryos, and 
rejection has become strong enough to increase the pregnancy age. Furthermore, 
when both kidney and liver primordia were simultaneously implanted, severe rejec-
tion occurred compared with the implantation of the metanephros alone. According 
to the authors, fetal liver primordia contained the APCs from the donor, which held 
donor antigens to host T cells. By contrast, the metanephros did not contain APCs.

When the metanephros of a large animal was transplanted into a small animal 
recipient, the weight and volume of the grafted metanephros became larger than the 
recipient [33]. Similar to adult kidney xenotransplantation, the pig is considered 
suitable for human clinical application as a resource for metanephric transplants. 
In the case of swine embryonic organ allografts, the metanephros of a 28-day-old 
porcine embryo was transplanted into an outbred pig, and the graft differentiated 
without rejection and under no immunosuppression [34]. However, regarding xeno-
transplantation from pigs to rodents, immunosuppression is necessary [33, 35]. 
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Dekel et al. [35] transplanted the metanephroi of porcine embryos from E20–E21 to 
E27–E28 under the kidney capsule of an immunodeficient mouse. Metanephroi 
from 20- to 21-day-old embryos were not fully developed and differentiated into 
blood vessels, cartilage, and bone and not into glomeruli and tubules. Furthermore, 
E24–E28 metanephros grafts contained nonrenal cells or tissues. The metanephroi 
of E27–E28 grew in the renal tubules or glomeruli. Furthermore, for the immunoge-
nicity evaluation of the metanephros, they transplanted an adult porcine kidney and 
embryonic kidney tissue from E27–E28 donors into immunocompetent mice. Both 
groups experienced rejection after 2 weeks. Thus, the authors performed short-term 
immunosuppression with CTLA4-Ig. As a result, all adult grafts were rejected, but 
the embryonic tissues differentiated up to a mature kidney. In pigs and other ani-
mals, embryonic kidney primordia are less immunogenic than adult kidney tissues.

26.4  Stepwise Peristaltic Ureter System

Although the size of the metanephric graft is defined by the species of the donor, the 
growth of transplanted porcine metanephros into small animals, such as rodents, 
was clearly limited. Therefore, we used pigs as recipients. To eliminate the effect of 
rejection, porcine metanephros was transplanted into syngeneic cloned pigs. All 
porcine metanephroi differentiated into mature kidneys. Three weeks after trans-
plantation, the metanephroi grew to a size of 5–7 mm. After 5 weeks, they grew to 
1 cm, and urine began to accumulate in the ureter. After 8 weeks, they were 3 cm. 
However, the pigs developed hydronephrosis owing to urinary retention [36]. 
Peristalsis starts in the urinary tract during the embryonic period, and urine needs to 
be excreted into the bladder. Therefore, to prevent hydronephrosis, the urinary tract 
of the grafts needs to start peristaltic activity immediately after transplantation. We 
transplanted metanephroi with bladder (MNB) to recipient animals. When MNB or 
metanephros alone was transplanted, urine was produced 3 weeks after transplanta-
tion in both groups. After 4 weeks, hydronephrosis occurred in the metanephros 
transplantation group but not in the MNB group. The volume of urine and the levels 
of UN and Cr were higher in the MNB group than in the metanephros group [36]. 
Furthermore, we developed a stepwise peristaltic ureter (SWPU) system to promote 
sustainable urine excretion. After the transplanted MNB sufficiently developed in 
the recipients, we connected the host ureter to the bladder of the developed 
MNB. This approach enabled the urine produced from MNB to continuously flow 
in the host ureter. After the administration of the contrast medium, we observed that 
urine continuously passed from the bladder of the MNB to the host ureter. Even 
8 weeks after transplantation, we did not observe hydronephrosis and instead noted 
mature glomeruli and tubules. The levels of BUN and Cr from urine in the MNB 
group were higher than that of the host serum. Furthermore, the SWPU system sig-
nificantly prolonged survival in the MNB group compared with the control group in 
nonrenal rats [36]. In a previous research, the ureter of the transplanted metanephros 
was directly connected to the host ureter (ureteroureterostomy), and the survival 
period was slightly extended [26]. However, the SWPU system is better at 
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preventing hydronephrosis than ureteroureterostomy. The anastomosis of the MNB 
to the host ureter is a simpler procedure than ureteroureterostomy. Considering that 
the urine is retained in the MNB and the bladder swells, it is easy to anastomose 
with the host ureter. Furthermore, although it is very difficult to connect two meta-
nephroi to the host urinary tract, they can be transplanted at once by using the 
SWPU system. In previous studies, larger volumes of metanephroi corresponded 
with longer survival periods in nonrenal rats [37].

We assume that pluripotent stem cells are transplanted in the metanephros and 
are used as a niche of kidney regeneration in patients with renal failure. We have 
examined uremic conditions to determine how human mesenchymal stem cells 
(hMSCs) and iPSCs influence kidney regeneration [38, 39]. Thus, we investigated 
whether host uremic conditions affected the structure and function of the MNB 
[40]. We used a 5/6 renal infarction rat model. Two MNBs from a Lewis rat fetus 
were transplanted into the para-aorta area of another Lewis rat. After 4 weeks, the 
left kidney was removed to make a uremic condition, and the branches of the right 
kidney artery were ligated. One MNB bladder was connected to the left ureter of the 
host, and the other MNB was not connected. After 8 weeks, the MNBs were har-
vested. The MNB that was not connected to the host’s urinary tract developed 
hydronephrosis. However, the connected MNB continued to grow. Pathological 
analysis showed the devastation of the glomeruli and tubules, expansion of the col-
lecting duct, and interstitial fibrosis in the nonconnected group. On the contrary, the 
connected group showed a mature renal pathological image. PCR was used to ana-
lyze gene expression, and the expressions of Na–K–Cl cotransporter 2 and AQP2 
were observed in both groups. However, 25-hydroxyvitamin D3 1-α-hydroxylate, 
which is important for vitamin D metabolism, was expressed only in the anastomo-
sis group. Therefore, in the uremic condition, the SWPU system promoted the mat-
uration of metanephros not only in a pathological aspect but also with regard to 
endocrine function. Furthermore, we made a diuretic load test to evaluate the tubu-
lar function of transplanted MNB under uremia. The group that received furosemide 
showed increased urine volume from the MNB compared with the control group. 
We also evaluated the relationship between survival rate and the SWPU system in 
uremic conditions. The MNB group that developed in uremic conditions had a simi-
lar mean survival rate as the MNB group that developed under nonuremic condi-
tions [40]. This suggested that MNB grew functionally in renal failure conditions. 
In the future, the use of metanephros for kidney regeneration may offer an addi-
tional treatment option to patients with renal failure.

26.5  Organogenic Niche Method Using iPSCs and Cell 
Removal Systems with Drugs

Regenerative medicine using embryonic stem cells and iPSCs is evolving very rap-
idly. However, the kidney is a complicated organ both structurally and functionally. 
It is also embryologically complicated. During development, the metanephric 
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mesenchyme of the kidney is derived from the caudal portion of the nephrogenic 
cord and produces glial cell line-derived neurotrophic factor (GDNF). GDNF 
induces the Wolffian duct (WD) to become a germinating ureteric bud (UB). 
Thereafter, the kidney is generated by the interaction between the metanephric mes-
enchyme and UB. In recent years, Taguchi et al. [9, 41] succeeded in differentiating 
human iPSCs into nephron progenitor cells (NPCs) and UB. Takasato et al. [42] 
successfully and simultaneously induced metanephric mesenchyme and ureteral 
buds from pluripotent stem cells to produce kidney organoids, including blood ves-
sels and interstitium. However, the ureteral bud of the kidney organoid did not have 
the same branching ability as the living body. In 2017, the stromal progenitor cells 
of a mouse embryo were combined with the NPCs and the UB derived from human 
iPSCs; the higher order structure of the kidney, including the collecting duct and 
nephron, was then reproduced [41]. However, a method for differentiating human 
iPSCs into stromal progenitor cells is yet to be established. Therefore, it is currently 
difficult to differentiate iPSCs into kidneys that can excrete urine.

One solution to this problem is the use of a developmental program from other 
fertilized eggs to individuals. Chimera refers to individual organisms made from 
cells of two or more different genotypes or different species. It is classified between 
xenogeneic and allogeneic. Chimera can be classified according to the developmen-
tal stage in which the recipient becomes a chimera. For convenience, they are 
referred to as embryonic, fetal, and postnatal chimera (Table 26.1). The postnatal 
chimeras are used for organ transplantation, bone marrow transplantation, blood 
transfusion, etc. The embryonic chimeras include the blastocyst complementation 
utilizing the blastocyst stage development program. When pluripotent stem cells are 

Table 26.1 Summary of chimeras

Classification Donor Recipient
Published 
year Author

Embryonic 
chimera

Allo Mice ESCs Mice Blastocyst 1993 Chen J

Mice iPSCs Mice Blastocyst 2012 Usui J
Pig Blastomere Pig Blastomere 2013 Matsunari H

Xeno Rat iPSCs Mice Blastocyst 2010 Kobayashi T
Rat ESCs Mice Blastocyst 2011 Isotani A
Human iPSCs Pig Blastocyst 2017 Wu J

Fetal chimera Allo Sheep HSCs Sheep E55-62 1986 Fake AW
Xeno Human MSCs Rat E11 2005 Yokoo T

Rat NPCs Mice E13 2017 Yamanaka S
Postnatal 
chimera

Allo Human Kidney Human Adult 1963 Merrill JP

Xeno Pig Kidney Baboon Adult 2005 Yamada K

The table summarizes the typical chimera that has been classified by the developmental period in 
which the recipient became a chimera. Allo allogeneic, xeno xenogeneic, ESCs embryonic stem 
cells, iPSCs induced pluripotent stem cells, HSCs hematopoietic stem cells, MSCs mesenchymal 
stem cells, NPCs nephron progenitor cells
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transplanted into blastocysts, which are the early embryos of animals, chimeras 
containing cells of blastocysts and cells of pluripotent stem cells are formed. In 
1993, Chen et al. [43] successfully regenerated lymphocytes by transplanting wild- 
type mouse ES cells into the blastocysts of lymphocyte-deficient mice. Kobayashi 
et al. [44] successfully reproduced the whole pancreas by transplanting rat iPSCs 
into blastocysts of pancreas-deficient mice. Furthermore, Isotani et al. [45] success-
fully regenerated the thymus by implanting rat ES cells into athymic mice embryos. 
Therefore, the generation mechanism appears compatible between species. By 
applying the blastocyst complementation method to kidneys, kidneys derived from 
mouse iPSCs were regenerated into kidney-deficient mice [8]. The size of the regen-
erated organ was affected by the size of the host. For example, when mouse stem 
cells are transplanted into rat blastocysts, rat-sized organs are formed instead of 
mouse-sized organs. To produce human organs in the animal body, the blastocyst 
complementation method must be performed with large animals. Therefore, pigs 
are seen as a potential source of organs for transplantation into humans, and the 
pancreas has been successfully regenerated by performing allogeneic blastocyst 
complementation in pancreas-deficient pigs [46]. In 2017, a human-to-pig chimera 
was created by transplanting human iPSCs into porcine blastocysts [47]. Pig kidney 
is close in size to human kidney; therefore, if a kidney-deficient pig is invented, it 
may be possible to prepare a kidney composed of human-derived pluripotent stem 
cells in the porcine body.

Blastocyst complementation has many problems, including the preparation of 
organ-deficient animals, rejection reactions, and ethical concerns. A method that 
can produce organs that can function in vivo will be significant.

Another method of utilizing an animal development program is the organogenic 
niche method (classified as fetal chimera). In the organogenic niche method, foreign 
organ progenitor cells are transplanted to a site where an animal fetus develops. In 
1986, Flake et al. [48] transplanted allogeneic fetal hematopoietic stem cells into 
sheep fetuses and successfully achieved long-term engraftment. In the renal field, 
we transplanted hMSCs, which express GDNF, into the site of UB branching. 
Thereafter, we cultured the recipient embryo in a whole-embryo culture system, and 
the metanephros removed from the embryo was grown in an organ culture. 
Transplanted hMSCs were integrated into the metanephros and differentiated to 
morphologically tubular cells, interstitial cells, and glomerular epithelial cells [49]. 
When the metanephros was transplanted into the recipient omentum, it integrated 
with blood vessels from the recipient, and the nephrons derived from hMSCs were 
regenerated [50]. The neo-kidney produced urine by filtering the host blood, and the 
level of urea and Cr in the urine was higher than that of the host serum. Furthermore, 
the neo-kidney derived from hMSCs produced EPO in response to the anemia of the 
host [51]. Considering that the use of viruses in GDNF gene transfer presents safety 
concerns, we successfully performed a virus-free introduction of GDNF by using a 
thermoreversible polymer [52]. However, this system was not able to regenerate the 
collecting tubules and urinary tract derived from the UB. To determine if hMSCs 
can differentiate into UB progenitor cells, we injected hMSCs expressing Pax2 into 
the chicken UB progenitor region. The transplanted cells migrated with the 
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elongating WD, merged with the WD epithelia, and expressed Lim1 [53]. This dem-
onstrated that hMSC could differentiate into WD by heterologous signals. In the 
organogenic niche method, it is necessary to inject outside organ progenitor cells 
into the site where the target organ develops. Furthermore, the differentiation stages 
of the organ progenitor cells of the host and the external organ progenitor cells must 
be combined. For the kidney, we need to transplant NPCs into the caudal portion of 
the nephrogenic cord, which is the main kidney development area. However, it is 
not enough to transplant NPCs from the outside into animal fetuses. The host 
embryo also has NPCs, and the host NPC occupies a place. By merely transplanting 
external NPCs, these external NPCs will form a chimera with host-derived NPCs or 
fail to grow [54]. Therefore, a system that eliminates only host NPCs is required. 
This system should also be capable of selectively causing apoptosis by using diph-
theria toxin (DT). Rodents such as mice and rats do not have DT receptors (DTRs). 
If DTRs are specifically expressed by altering the genes of the host mouse, it is 
possible to induce apoptosis only into target cells by incorporating DT. By combin-
ing Six2, which is a transcription factor expressed on NPCs, with the DTR, we can 
remove host NPCs; that is, it is possible to form a nephron consisting entirely of 
exogenous NPCs by injecting NPCs into the genetically modified mouse and by 
using DT (Fig. 26.1) [54]. When the NPCs from a heterologous animal were trans-
planted, a chimeric kidney can be formed with nephrons derived from the heter-
ologous animal, followed by collecting ducts derived from the host animal. As 
shown in the hourglass model of vertebrate evolution, the early and late embryonic 
development stages diverge between species, but the mid-embryonic stage of 

donor NPCs

DT

host NPCs
expressing DTR

DT

host NPCs

donor NPCs

Fig. 26.1 Regeneration of nephrons derived from donor NPCs using drug-induced cell elimina-
tion system. DT induces apoptosis in the host NPCs, which are genetically modified to express 
DTRs. The system allows the replacement of host NPCs with donor NPCs and regeneration of 
nephrons derived from 100% donor NPCs. DT diphtheria toxin, DTR diphtheria toxin receptor, 
host NPCs nephron progenitor cells derived from host, donor NPCs nephron progenitor cells 
derived from donor
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organogenesis is comparatively conserved [55, 56]. Accordingly, the embryonic 
chimera in the early embryonic stage, such as blastocyst complementation, might 
readily lead to low chimerism or to fetal death from systemic chimerism (Fig. 26.2a). 
However, a fetal chimera in the mid-embryonic stage, such as this organogenic 
niche method, can lead to locally higher chimerism and prevent the transition to 
reproductive and nerve cells because of lower systemic chimerism (Fig. 26.2b) [55, 
56]. Given that human cells generally express DTR (human heparin-binding epider-
mal growth factor)-like growth factor, this system cannot be used when injecting 
NPCs prepared from human iPSCs; however, we are investigating if we can replace 
it with a similar system that does not affect human cells with other drugs.

In clinical settings, we may be able to avoid the rejection of neo-kidneys by using 
NPCs into which patient-derived iPSCs differentiated as resources for transplanted 
cells. However, the use of stem cells derived from patients in renal failure can be 
problematic. Uremia may reduce the function of stem cells. We found that uremia 
reduced the gene expression of p300/CBP-associated factor and angiogenesis 
in  vivo among hMSCs [38]. However, we do not fully understand how uremia 
affects iPSCs. We reported that iPSCs from patients with ESRD were equivalent to 
iPSCs from healthy individuals in terms of their ability to differentiate into NPC, 
the expression levels of nephron progenitor marker, and the angiogenic function of 
the glomeruli [39]. These findings suggest that iPSCs derived from patients with 
ESRD are useful for kidney regeneration.

We are working on introducing the NPC removal system into larger animals, 
such as pigs. We are hopeful that when we transplant NPCs derived from human 
iPSCs into the nephron progenitor region of transgenic pigs in combination with the 
SWPU system, we will create a functional neo-kidney that is approximately the 
same size as a human kidney and with nephrons derived from humans.
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Fig. 26.2 Hourglass model of vertebrate development. The model shows that early and late 
embryonic development stages diverge between species, while the mid-embryonic stage is con-
served [55, 56]. The embryonic chimera in the early embryonic stage might readily result in low 
chimerism of the target organ and in systemic chimerism leading to fetal death (a). The fetal chi-
mera in the mid-embryonic stage can result in locally higher chimerism and lower systemic chi-
merism (b)
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26.6  Conclusion

In this chapter, we summarized recent progress toward whole-kidney regeneration 
by using heterologous embryonic kidney primordia. Despite the rapid technological 
development of regenerative medicine, we are still not able to reconstruct a whole 
kidney, and there are several problems that must be overcome. By using a heterolo-
gous embryo, we face problems with regard to ethical concerns and the formation 
of a chimeric structure. On the contrary, when a kidney is reproduced from iPSCs 
in vitro, we face other problems, such as the induction of stromal progenitor cells 
and ureter generation. However, we hope that further research can solve these prob-
lems and that neo-kidneys will be delivered to patients with renal failure as soon as 
possible.

References

 1. Sawhney S, Mitchell M, Marks A, Fluck N, Black C. Long-term prognosis after acute kidney 
injury (AKI): what is the role of baseline kidney function and recovery? A systematic review. 
BMJ Open. 2015;5(1):e006497. https://doi.org/10.1136/bmjopen-2014-006497.

 2. Pickering JW, James MT, Palmer SC. Acute kidney injury and prognosis after cardiopulmo-
nary bypass: a meta-analysis of cohort studies. Am J Kidney Dis. 2015;65(2):283–93. https://
doi.org/10.1053/j.ajkd.2014.09.008.

 3. Chawla LS, Eggers PW, Star RA, Kimmel PL. Acute kidney injury and chronic kidney dis-
ease as interconnected syndromes. N Engl J Med. 2014;371(1):58–66. https://doi.org/10.1056/
NEJMra1214243.

 4. Kim S, Feinberg B, Kant R, Chui B, Goldman K, Park J, Moses W, Blaha C, Iqbal Z, Chow 
C, Wright N, Fissell WH, Zydney A, Roy S. Diffusive silicon nanopore membranes for hemo-
dialysis applications. PLoS One. 2016;11(7):e0159526. https://doi.org/10.1371/journal.
pone.0159526.

 5. Song JJ, Guyette JP, Gilpin SE, Gonzalez G, Vacanti JP, Ott HC. Regeneration and experimen-
tal orthotopic transplantation of a bioengineered kidney. Nat Med. 2013;19(5):646–51. https://
doi.org/10.1038/nm.3154.

 6. Cowan PJ, Cooper DK, d’Apice AJ.  Kidney xenotransplantation. Kidney Int. 
2014;85(2):265–75. https://doi.org/10.1038/ki.2013.381.

 7. Hammerman MR. Classic and current opinion in embryonic organ transplantation. Curr Opin 
Organ Transplant. 2014;19(2):133–9. https://doi.org/10.1097/MOT.0000000000000054.

 8. Usui J, Kobayashi T, Yamaguchi T, Knisely AS, Nishinakamura R, Nakauchi H. Generation 
of kidney from pluripotent stem cells via blastocyst complementation. Am J Pathol. 
2012;180(6):2417–26. https://doi.org/10.1016/j.ajpath.2012.03.007.

 9. Taguchi A, Kaku Y, Ohmori T, Sharmin S, Ogawa M, Sasaki H, Nishinakamura R. Redefining 
the in  vivo origin of metanephric nephron progenitors enables generation of complex kid-
ney structures from pluripotent stem cells. Cell Stem Cell. 2014;14(1):53–67. https://doi.
org/10.1016/j.stem.2013.11.010.

 10. Merill JP, Murray JE, Takacs FJ, Hager EB, Wilson RE, Dammin GJ. Successful transplanta-
tion of kidney from a human cadaver. JAMA. 1963;185:347–53.

 11. Reemtsma K, Mccracken BH, Schlegel JU, Pearl MA, Pearce CW, Dewitt CW, Smith 
PE, Hewitt RL, Flinner RL, Creech OJ.  Renal Heterotransplantation in man. Ann Surg. 
1964;160:384–410.

 12. Yamada K, Griesemer A, Okumi M.  Pigs as xenogeneic donors. Transplant Rev. 
2005;19(3):164–77. https://doi.org/10.1016/j.trre.2005.10.004.

26 Xenotransplanted Embryonic Kidney

https://doi.org/10.1136/bmjopen-2014-006497
https://doi.org/10.1053/j.ajkd.2014.09.008
https://doi.org/10.1053/j.ajkd.2014.09.008
https://doi.org/10.1056/NEJMra1214243
https://doi.org/10.1056/NEJMra1214243
https://doi.org/10.1371/journal.pone.0159526
https://doi.org/10.1371/journal.pone.0159526
https://doi.org/10.1038/nm.3154
https://doi.org/10.1038/nm.3154
https://doi.org/10.1038/ki.2013.381
https://doi.org/10.1097/MOT.0000000000000054
https://doi.org/10.1016/j.ajpath.2012.03.007
https://doi.org/10.1016/j.stem.2013.11.010
https://doi.org/10.1016/j.stem.2013.11.010
https://doi.org/10.1016/j.trre.2005.10.004


394

 13. Watts A, Foley A, Awwad M, Treter S, Oravec G, Buhler L, Alwayn IP, Kozlowski T, Lambrigts 
D, Gojo S, Basker M, White-Scharf ME, Andrews D, Sachs DH, Cooper DK. Plasma perfu-
sion by apheresis through a Gal immunoaffinity column successfully depletes anti-Gal anti-
body: experience with 320 aphereses in baboons. Xenotransplantation. 2000;7(3):181–5.

 14. Shimizu A, Yamada K, Yamamoto S, Lavelle JM, Barth RN, Robson SC, Sachs DH, Colvin 
RB.  Thrombotic microangiopathic glomerulopathy in human decay accelerating factor- 
transgenic swine-to-baboon kidney xenografts. J Am Soc Nephrol. 2005;16(9):2732–45. 
https://doi.org/10.1681/ASN.2004121148.

 15. Lai L, Kolber-Simonds D, Park KW, Cheong HT, Greenstein JL, Im GS, Samuel M, 
Bonk A, Rieke A, Day BN, Murphy CN, Carter DB, Hawley RJ, Prather RS.  Production 
of alpha-1,3-galactosyltransferase knockout pigs by nuclear transfer cloning. Science. 
2002;295(5557):1089–92.

 16. Yamada K, Yazawa K, Shimizu A, Iwanaga T, Hisashi Y, Nuhn M, O’Malley P, Nobori S, 
Vagefi PA, Patience C, Fishman J, Cooper DK, Hawley RJ, Greenstein J, Schuurman HJ, 
Awwad M, Sykes M, Sachs DH.  Marked prolongation of porcine renal xenograft survival 
in baboons through the use of alpha1,3-galactosyltransferase gene-knockout donors and 
the cotransplantation of vascularized thymic tissue. Nat Med. 2005;11(1):32–4. https://doi.
org/10.1038/nm1172.

 17. Higginbotham L, Mathews D, Breeden CA, Song M, Farris AB, Larsen CP, Ford ML, Lutz 
AJ, Tector M, Newell KA, Tector AJ, Adams AB. Pre-transplant antibody screening and anti-
 CD154 costimulation blockade promote long-term xenograft survival in a pig-to-primate 
kidney transplant model. Xenotransplantation. 2015;22(3):221–30. https://doi.org/10.1111/
xen.12166.

 18. Chen G, Qian H, Starzl T, Sun H, Garcia B, Wang X, Wise Y, Liu Y, Xiang Y, Copeman L, Liu 
W, Jevnikar A, Wall W, Cooper DK, Murase N, Dai Y, Wang W, Xiong Y, White DJ, Zhong 
R. Acute rejection is associated with antibodies to non-Gal antigens in baboons using Gal- 
knockout pig kidneys. Nat Med. 2005;11(12):1295–8. https://doi.org/10.1038/nm1330.

 19. Yamada K, Sachs DH, DerSimonian H.  Human anti-porcine xenogeneic T cell response. 
Evidence for allelic specificity of mixed leukocyte reaction and for both direct and indirect 
pathways of recognition. J Immunol. 1995;155(11):5249–56.

 20. Langin M, Mayr T, Reichart B, Michel S, Buchholz S, Guethoff S, Dashkevich A, Baehr A, 
Egerer S, Bauer A, Mihalj M, Panelli A, Issl L, Ying J, Fresch AK, Buttgereit I, Mokelke M, 
Radan J, Werner F, Lutzmann I, Steen S, Sjoberg T, Paskevicius A, Qiuming L, Sfriso R, 
Rieben R, Dahlhoff M, Kessler B, Kemter E, Klett K, Hinkel R, Kupatt C, Falkenau A, Reu 
S, Ellgass R, Herzog R, Binder U, Wich G, Skerra A, Ayares D, Kind A, Schonmann U, Kaup 
FJ, Hagl C, Wolf E, Klymiuk N, Brenner P, Abicht JM. Consistent success in life-supporting 
porcine cardiac xenotransplantation. Nature. 2018;564(7736):430–3. https://doi.org/10.1038/
s41586-018-0765-z.

 21. Fishman JA, Patience C.  Xenotransplantation: infectious risk revisited. Am J Transplant. 
2004;4(9):1383–90. https://doi.org/10.1111/j.1600-6143.2004.00542.x.

 22. Paradis K, Langford G, Long Z, Heneine W, Sandstrom P, Switzer WM, Chapman LE, 
Lockey C, Onions D, Otto E. Search for cross-species transmission of porcine endogenous 
retrovirus in patients treated with living pig tissue. The XEN 111 Study Group. Science. 
1999;285(5431):1236–41.

 23. Yang L, Güell M, Niu D, George H, Lesha E, Grishin D, Aach J, Shrock E, Xu W, Poci 
J, Cortazio R, Wilkinson RA, Fishman JA, Church G. Genome-wide inactivation of porcine 
endogenous retroviruses (PERVs). Science. 2015;350(6264):1101–4.

 24. Chan TC, Ariizumi T, Asashima M. A model system for organ engineering: transplantation of 
in vitro induced embryonic kidney. Naturwissenschaften. 1999;86(5):224–7.

 25. Rogers SA, Lowell JA, Hammerman NAH, M. R. Transplantation of developing metanephroi into 
adult rats. Kidney Int. 1998;54(1):27–37. https://doi.org/10.1046/j.1523-1755.1998.00971.x.

 26. Rogers SA, Hammerman MR. Prolongation of life in anephric rats following de novo renal 
organogenesis. Organogenesis. 2004;1(1):22–5.

Y. Saito et al.

https://doi.org/10.1681/ASN.2004121148
https://doi.org/10.1038/nm1172
https://doi.org/10.1038/nm1172
https://doi.org/10.1111/xen.12166
https://doi.org/10.1111/xen.12166
https://doi.org/10.1038/nm1330
https://doi.org/10.1038/s41586-018-0765-z
https://doi.org/10.1038/s41586-018-0765-z
https://doi.org/10.1111/j.1600-6143.2004.00542.x
https://doi.org/10.1046/j.1523-1755.1998.00971.x


395

 27. Yokote S, Yokoo T, Matsumoto K, Utsunomiya Y, Kawamura T, Hosoya T. The effect of meta-
nephros transplantation on blood pressure in anephric rats with induced acute hypotension. 
Nephrol Dial Transplant. 2012;27(9):3449–55. https://doi.org/10.1093/ndt/gfs006.

 28. Matsumoto K, Yokoo T, Yokote S, Utsunomiya Y, Ohashi T, Hosoya T. Functional development 
of a transplanted embryonic kidney: effect of transplantation site. J Nephrol. 2012;25(1):50–5. 
https://doi.org/10.5301/jn.2011.7426.

 29. Hammerman MR. Transplantation of renal primordia: renal organogenesis. Pediatr Nephrol. 
2007;22(12):1991–8. https://doi.org/10.1007/s00467-007-0554-7.

 30. Foglia RP, DiPreta J, Statter MB, Donahoe PK. Fetal allograft survival in immunocompetent 
recipients is age dependent and organ specific. Ann Surg. 1986;204(4):402–10.

 31. Statter MB, Fahrner KJ, Barksdale EM Jr, Parks DE, Flavell RA, Donahoe PK. Correlation of 
fetal kidney and testis congenic graft survival with reduced major histocompatibility complex 
burden. Transplantation. 1989;47(4):651–60.

 32. Velasco AL, Hegre OD. Decreased immunogenicity of fetal kidneys: the role of passenger 
leukocytes. J Pediatr Surg. 1989;24(1):59–63.

 33. Rogers SA, Liapis H, Hammerman MR. Normalization of glucose post-transplantation of pig 
pancreatic anlagen into non-immunosuppressed diabetic rats depends on obtaining anlagen 
prior to embryonic day 35. Transpl Immunol. 2005;14(2):67–75. https://doi.org/10.1016/j.
trim.2005.02.004.

 34. Rogers SA, Talcott M, Hammerman MR.  Transplantation of pig metanephroi. ASAIO 
J. 2003;49(1):48–52. https://doi.org/10.1097/01.MAT.0000044737.04648.F5.

 35. Dekel B, Burakova T, Arditti FD, Reich-Zeliger S, Milstein O, Aviel-Ronen S, Rechavi G, 
Friedman N, Kaminski N, Passwell JH, Reisner Y. Human and porcine early kidney precursors 
as a new source for transplantation. Nat Med. 2003;9(1):53–60. https://doi.org/10.1038/nm812.

 36. Yokote S, Matsunari H, Iwai S, Yamanaka S, Uchikura A, Fujimoto E, Matsumoto K, 
Nagashima H, Kobayashi E, Yokoo T. Urine excretion strategy for stem cell-generated embry-
onic kidneys. Proc Natl Acad Sci U S A. 2015;112(42):12980–5. https://doi.org/10.1073/
pnas.1507803112.

 37. Marshall D, Dilworth MR, Clancy M, Bravery CA, Ashton N.  Increasing renal mass 
improves survival in anephric rats following metanephros transplantation. Exp Physiol. 
2007;92(1):263–71. https://doi.org/10.1113/expphysiol.2006.036319.

 38. Yamanaka S, Yokote S, Yamada A, Katsuoka Y, Izuhara L, Shimada Y, Omura N, Okano 
HJ, Ohki T, Yokoo T. Adipose tissue-derived mesenchymal stem cells in long-term dialysis 
patients display downregulation of PCAF expression and poor angiogenesis activation. PLoS 
One. 2014;9(7):e102311. https://doi.org/10.1371/journal.pone.0102311.

 39. Tajiri S, Yamanaka S, Fujimoto T, Matsumoto K, Taguchi A, Nishinakamura R, Okano HJ, 
Yokoo T.  Regenerative potential of induced pluripotent stem cells derived from patients 
undergoing haemodialysis in kidney regeneration. Sci Rep. 2018;8(1):14919. https://doi.
org/10.1038/s41598-018-33256-7.

 40. Fujimoto E, Yamanaka S, Kurihara S, Tajiri S, Izuhara L, Katsuoka Y, Yokote S, Matsumoto 
K, Kobayashi E, Okano HJ, Chikaraishi T, Yokoo T. Embryonic kidney function in a chronic 
renal failure model in rodents. Clin Exp Nephrol. 2017;21(4):579–88. https://doi.org/10.1007/
s10157-016-1337-x.

 41. Taguchi A, Nishinakamura R. Higher-order kidney organogenesis from pluripotent stem cells. 
Cell Stem Cell. 2017;21(6):730–746.e736. https://doi.org/10.1016/j.stem.2017.10.011.

 42. Takasato M, Er PX, Chiu HS, Maier B, Baillie GJ, Ferguson C, Parton RG, Wolvetang EJ, 
Roost MS, Chuva de Sousa Lopes SM, Little MH. Kidney organoids from human iPS cells 
contain multiple lineages and model human nephrogenesis. Nature. 2015;526(7574):564–8. 
https://doi.org/10.1038/nature15695.

 43. Chen J, Lansford R, Stewart V, Young F, Alt FW.  RAG-2-deficient blastocyst complemen-
tation: an assay of gene function in lymphocyte development. Proc Natl Acad Sci U S 
A. 1993;90(10):4528–32.

26 Xenotransplanted Embryonic Kidney

https://doi.org/10.1093/ndt/gfs006
https://doi.org/10.5301/jn.2011.7426
https://doi.org/10.1007/s00467-007-0554-7
https://doi.org/10.1016/j.trim.2005.02.004
https://doi.org/10.1016/j.trim.2005.02.004
https://doi.org/10.1097/01.MAT.0000044737.04648.F5
https://doi.org/10.1038/nm812
https://doi.org/10.1073/pnas.1507803112
https://doi.org/10.1073/pnas.1507803112
https://doi.org/10.1113/expphysiol.2006.036319
https://doi.org/10.1371/journal.pone.0102311
https://doi.org/10.1038/s41598-018-33256-7
https://doi.org/10.1038/s41598-018-33256-7
https://doi.org/10.1007/s10157-016-1337-x
https://doi.org/10.1007/s10157-016-1337-x
https://doi.org/10.1016/j.stem.2017.10.011
https://doi.org/10.1038/nature15695


396

 44. Kobayashi T, Yamaguchi T, Hamanaka S, Kato-Itoh M, Yamazaki Y, Ibata M, Sato H, Lee 
YS, Usui J, Knisely AS, Hirabayashi M, Nakauchi H. Generation of rat pancreas in mouse by 
interspecific blastocyst injection of pluripotent stem cells. Cell. 2010;142(5):787–99. https://
doi.org/10.1016/j.cell.2010.07.039.

 45. Isotani A, Hatayama H, Kaseda K, Ikawa M, Okabe M. Formation of a thymus from rat ES 
cells in xenogeneic nude mouse↔rat ES chimeras. Genes Cells. 2011;16(4):397–405. https://
doi.org/10.1111/j.1365-2443.2011.01495.x.

 46. Matsunari H, Nagashima H, Watanabe M, Umeyama K, Nakano K, Nagaya M, Kobayashi 
T, Yamaguchi T, Sumazaki R, Herzenberg LA, Nakauchi H.  Blastocyst complementation 
generates exogenic pancreas in  vivo in apancreatic cloned pigs. Proc Natl Acad Sci U S 
A. 2013;110(12):4557–62. https://doi.org/10.1073/pnas.1222902110.

 47. Wu J, Platero-Luengo A, Sakurai M, Sugawara A, Gil MA, Yamauchi T, Suzuki K, Bogliotti 
YS, Cuello C, Morales Valencia M, Okumura D, Luo J, Vilarino M, Parrilla I, Soto DA, 
Martinez CA, Hishida T, Sanchez-Bautista S, Martinez-Martinez ML, Wang H, Nohalez 
A, Aizawa E, Martinez-Redondo P, Ocampo A, Reddy P, Roca J, Maga EA, Esteban CR, 
Berggren WT, Nunez Delicado E, Lajara J, Guillen I, Guillen P, Campistol JM, Martinez EA, 
Ross PJ, Izpisua Belmonte JC. Interspecies chimerism with mammalian pluripotent stem cells. 
Cell. 2017;168(3):473–486.e415. https://doi.org/10.1016/j.cell.2016.12.036.

 48. Flake AW, Harrison MR, Adzick NS, Zanjani ED. Transplantation of fetal hematopoietic stem 
cells in utero: the creation of hematopoietic chimeras. Science. 1986;233(4765):776–8.

 49. Yokoo T, Ohashi T, Shen JS, Sakurai K, Miyazaki Y, Utsunomiya Y, Takahashi M, Terada Y, 
Eto Y, Kawamura T, Osumi N, Hosoya T. Human mesenchymal stem cells in rodent whole- 
embryo culture are reprogrammed to contribute to kidney tissues. Proc Natl Acad Sci U S 
A. 2005;102(9):3296–300. https://doi.org/10.1073/pnas.0406878102.

 50. Yokoo T, Fukui A, Ohashi T, Miyazaki Y, Utsunomiya Y, Kawamura T, Hosoya T, Okabe M, 
Kobayashi E. Xenobiotic kidney organogenesis from human mesenchymal stem cells using 
a growing rodent embryo. J Am Soc Nephrol. 2006;17(4):1026–34. https://doi.org/10.1681/
ASN.2005101043.

 51. Yokoo T, Fukui A, Matsumoto K, Ohashi T, Sado Y, Suzuki H, Kawamura T, Okabe M, Hosoya 
T, Kobayashi E. Generation of a transplantable erythropoietin-producer derived from human 
mesenchymal stem cells. Transplantation. 2008;85(11):1654–8. https://doi.org/10.1097/
TP.0b013e318173a35d.

 52. Gheisari Y, Yokoo T, Matsumoto K, Fukui A, Sugimoto N, Ohashi T, Kawamura T, Hosoya T, 
Kobayashi E. A thermoreversible polymer mediates controlled release of glial cell line-derived 
neurotrophic factor to enhance kidney regeneration. Artif Organs. 2010;34(8):642–7. https://
doi.org/10.1111/j.1525-1594.2009.00928.x.

 53. Fukui A, Yokoo T, Matsumoto K, Kawamura T, Hosoya T, Okabe M. Integration of human 
mesenchymal stem cells into the Wolffian duct in chicken embryos. Biochem Biophys Res 
Commun. 2009;385(3):330–5. https://doi.org/10.1016/j.bbrc.2009.05.052.

 54. Yamanaka S, Tajiri S, Fujimoto T, Matsumoto K, Fukunaga S, Kim BS, Okano HJ, Yokoo 
T.  Generation of interspecies limited chimeric nephrons using a conditional nephron pro-
genitor cell replacement system. Nat Commun. 2017;8(1):1719. https://doi.org/10.1038/
s41467-017-01922-5.

 55. Irie N. Remaining questions related to the hourglass model in vertebrate evolution. Curr Opin 
Genet Dev. 2017;45:103–7. https://doi.org/10.1016/j.gde.2017.04.004.

 56. Suchy F, Nakauchi H. Interspecies chimeras. Curr Opin Genet Dev. 2018;52:36–41. https://
doi.org/10.1016/j.gde.2018.05.007.

Y. Saito et al.

https://doi.org/10.1016/j.cell.2010.07.039
https://doi.org/10.1016/j.cell.2010.07.039
https://doi.org/10.1111/j.1365-2443.2011.01495.x
https://doi.org/10.1111/j.1365-2443.2011.01495.x
https://doi.org/10.1073/pnas.1222902110
https://doi.org/10.1016/j.cell.2016.12.036
https://doi.org/10.1073/pnas.0406878102
https://doi.org/10.1681/ASN.2005101043
https://doi.org/10.1681/ASN.2005101043
https://doi.org/10.1097/TP.0b013e318173a35d
https://doi.org/10.1097/TP.0b013e318173a35d
https://doi.org/10.1111/j.1525-1594.2009.00928.x
https://doi.org/10.1111/j.1525-1594.2009.00928.x
https://doi.org/10.1016/j.bbrc.2009.05.052
https://doi.org/10.1038/s41467-017-01922-5
https://doi.org/10.1038/s41467-017-01922-5
https://doi.org/10.1016/j.gde.2017.04.004
https://doi.org/10.1016/j.gde.2018.05.007
https://doi.org/10.1016/j.gde.2018.05.007

	Preface
	Contents
	Part I: Diagnosis and Risk Factors of AKI
	Chapter 1: Acute Kidney Injury: Definition and Epidemiology
	1.1 Introduction
	1.2 Definitions of AKI
	1.2.1 RIFLE Criteria
	1.2.2 AKIN Criteria
	1.2.3 KDIGO Criteria

	1.3 Etiology of AKI
	1.4 Epidemiology
	1.4.1 Hospitalized Patients
	1.4.2 Pediatric Patients
	1.4.3 Elderly Patients
	1.4.4 Critically Ill Patients
	1.4.5 Sepsis
	1.4.6 Cardiac Surgery
	1.4.7 Contrast Administration
	1.4.8 AKI in Developing Countries

	1.5 Long-Term Outcomes
	1.6 Conclusions
	References

	Chapter 2: Causes of AKI (Prerenal, Intrarenal, Postrenal)
	2.1 Prerenal AKI
	2.1.1 Cardiorenal Syndrome

	2.2 Intrarenal AKI
	2.2.1 Large Vessels
	2.2.1.1 Renal Artery Stenosis
	2.2.1.2 Atheroembolism
	2.2.1.3 Renal Artery Thrombosis
	2.2.1.4 Renal Vein Thrombosis

	2.2.2 Renal Microvasculature and Glomeruli
	2.2.2.1 TMA (Table 2.1)

	2.2.3 Tubulointerstitial Nephritis
	2.2.4 Acute Tubular Injury (ATI)
	2.2.4.1 Extrinsic Causes
	NSAIDs
	Contrast-Induced Nephropathy (CIN)

	2.2.4.2 Intrinsic Causes
	Myoglobin
	Hemoglobin
	Monoclonal Gammopathy of Renal Significance (MGRS)
	Tumor Lysis Syndrome (TLS)



	2.3 Postrenal AKI
	References

	Chapter 3: Pathophysiology of AKI
	3.1 Introduction
	3.2 Hemodynamics
	3.3 Renal Tubule Damage
	3.3.1 Cell Death
	3.3.2 Autophagy
	3.3.3 Backleak
	3.3.4 Renal Tubular Obstruction
	3.3.5 Renal Tubular Injury in Sepsis

	3.4 Renal Congestion
	3.5 Inflammatory Cells
	3.5.1 Neutrophils
	3.5.2 Macrophages
	3.5.3 Lymphocytes

	3.6 Innate Immunity in Septic AKI
	References

	Chapter 4: Diagnosis of AKI: Clinical Assessment, Novel Biomarkers, History, and Perspectives
	4.1 Historical Changes in the Concept of AKI
	4.2 Which Were Earlier, Human Studies or Rodent Studies of Urinary AKI Biomarkers?
	4.3 Prediction of AKI by Novel Biomarkers
	4.4 Clinical Use of Novel AKI Biomarkers
	4.5 Novel Classification of AKI Biomarkers: Tubular Dysfunction Biomarkers and Tubular Regeneration Biomarkers
	4.6 Future Perspective
	References

	Chapter 5: Risk Factors for AKI Development in Surgery (Non-cardiac Surgery)
	5.1 Introduction
	5.2 Incidence Rate
	5.3 Onset Risk Factors
	5.3.1 Onset Risk Factors for AKI in Non-cardiac Surgery
	5.3.2 Liver Transplant
	5.3.3 Lung Surgery
	5.3.4 Bariatric Surgery

	5.4 Measures for Preventing AKI Onset
	5.4.1 Intraoperative Hemodynamics and Transfusion Management
	5.4.2 Decision to Transfuse
	5.4.3 Red Blood Cell Transfusion
	5.4.4 Others

	5.5 Clinical Effects of AKI
	5.6 Conclusion
	References

	Chapter 6: Risk Factors for AKI Development in Acute Decompensated Heart Failure
	6.1 Introduction
	6.2 Cardiorenal Syndrome
	6.3 Acute Kidney Injury in Acute Decompensated Heart Failure
	6.3.1 Prevalence of Acute Kidney Injury in Acute Decompensated Heart Failure
	6.3.2 Definition of Renal Failure in the Past
	6.3.3 Worsening Renal Function and Acute Kidney Injury

	6.4 Potential Mechanism of Acute Kidney Injury in Acute Decompensated Heart Failure
	6.4.1 Low Cardiac Output and Low Renal Perfusion
	6.4.2 Volume Overload and Renal Venous Congestion
	6.4.3 Sympathetic and Neurohormonal Activities
	6.4.4 Inflammatory Response
	6.4.5 Iatrogenic Factors
	6.4.5.1 Loop Diuretics
	6.4.5.2 Ultrafiltration
	6.4.5.3 Renin-Angiotensin-Aldosterone System Inhibitor


	6.5 Risk Factors
	6.5.1 Unmodifiable Factors
	6.5.2 Diabetes
	6.5.3 Chronic Kidney Disease
	6.5.4 Albumin
	6.5.5 Heart Failure with Preserved Ejection Fraction or Heart Failure with Reduced Ejection Fraction

	6.6 Summary
	References

	Chapter 7: Contrast-Induced Acute Kidney Injury
	7.1 Introduction
	7.2 Manifestations of CI-AKI
	7.3 Definition of CI-AKI
	7.4 Differential Diagnosis
	7.5 Incidence
	7.6 Prognosis
	7.7 Mechanisms
	7.8 Risk Factors
	7.8.1 Patient-Related Risk Factors
	7.8.2 CM- or Procedure-Related Risk Factors

	7.9 Route of CM Administration
	7.9.1 Intra-arterial CM Administration
	7.9.2 Intravenous CM Administration

	7.10 Prevention and Treatment
	7.11 Perspective
	References

	Chapter 8: Antibiotics- and Immunosuppressants-Related AKI
	8.1 Introduction
	8.2 Epidemiology of DI-AKI
	8.3 Risk Factors for DI-AKI
	8.3.1 Drug Metabolism and Excretion
	8.3.2 Patient Factors Associated with DI-AKI

	8.4 Pathophysiology of Drug-Induced AKI
	8.4.1 AIN Due to a Toxic Mechanism
	8.4.2 AIN Due to an Allergic Mechanism
	8.4.3 Indirect Toxicity
	8.4.4 Obstruction of the Urinary Tract

	8.5 Drugs Causing Kidney Injury
	8.5.1 Antibacterial Agents
	8.5.2 Vancomycin Hydrochloride
	8.5.3 Aminoglycosides
	8.5.4 Trimethoprim/Sulfamethoxazole
	8.5.5 Amphotericin B
	8.5.6 Antiviral Drugs
	8.5.7 Antituberculosis Drugs
	8.5.8 Kidney Injury Due to Immunosuppressive Drugs
	8.5.9 Methotrexate

	8.6 Diagnosis of DI-AKI
	8.6.1 Kidney Biopsy

	8.7 Prevention and Treatment of DI-AKI
	8.7.1 Treatment

	References

	Chapter 9: AKI in Setting of Cancer
	9.1 Introduction
	9.2 Pre-renal Causes of AKI
	9.2.1 Hypercalcemia
	9.2.2 Hepatic Sinusoidal Obstruction Syndrome
	9.2.3 Capillary Leak Syndrome

	9.3 Intrinsic Causes of AKI
	9.3.1 Cast Nephropathy
	9.3.2 Tumor Lysis Syndrome
	9.3.3 Lymphomatous Infiltration of the Kidney
	9.3.4 Cancer-Associated Thrombotic Microangiopathy
	9.3.5 HCT-Associated TMA
	9.3.6 Chemotherapy-Associated Kidney Injury
	9.3.6.1 Acute Tubular Necrosis
	9.3.6.2 Crystal Nephropathy
	9.3.6.3 Chemotherapy-Associated TMA
	9.3.6.4 Interferon-Associated Nephrotic Syndrome
	9.3.6.5 Acute Interstitial Nephritis

	9.3.7 Paraneoplastic Glomerulopathy
	9.3.7.1 Solid Malignancy-Associated Membranous Nephropathy
	9.3.7.2 Hematologic Malignancy-Associated MCD


	9.4 Post-renal Causes of AKI
	9.4.1 Extra-renal Obstruction Due to Malignancies and Retroperitoneal Fibrosis

	9.5 Summary
	References

	Chapter 10: Community- and Hospital-Acquired Acute Kidney Injury
	10.1 Introduction
	10.2 Definitions
	10.3 Epidemiology of CA-AKI and HA-AKI
	10.4 High-Income Countries
	10.5 Low- and Middle-Income Countries
	10.6 Demographic Differences Between CA-AKI and HA-AKI
	10.7 Difference in Recognition Patterns Between CA-AKI and HA-AKI
	10.8 Comparison of Risk Factors of CA-AKI and HA-AKI
	10.9 Specific Etiologies of CA-AKI
	10.10 Comparison of Outcomes Between CA-AKI and HA-AKI
	10.10.1 Short-Term Outcomes
	10.10.1.1 Renal Outcomes
	10.10.1.2 Morbidity and Mortality (Less Than 3 Months)

	10.10.2 Long-Term Outcomes
	10.10.2.1 Renal Outcomes
	10.10.2.2 Long-Term Mortality (More Than 1 Year)


	10.11 Conclusion
	References


	Part II: Complication of AKI
	Chapter 11: Complication of Homeostasis (Electrolytes and Acid-Base)
	11.1 Introduction
	11.2 Metabolic Acidosis
	11.2.1 Pathophysiology
	11.2.2 Clinical Consequences
	11.2.3 Treatment

	11.3 Metabolic Alkalosis
	11.3.1 Pathophysiology
	11.3.2 Clinical Consequences
	11.3.3 Treatment

	11.4 Hyperkalemia
	11.4.1 Pathophysiology
	11.4.2 Clinical Consequences
	11.4.3 Treatment

	11.5 Hypokalemia
	11.5.1 Pathophysiology
	11.5.2 Clinical Consequences
	11.5.3 Treatment

	11.6 Hypocalcemia
	11.6.1 Pathophysiology
	11.6.2 Clinical Consequences
	11.6.3 Treatment

	11.7 Hypercalcemia
	11.7.1 Pathophysiology
	11.7.2 Clinical Consequences
	11.7.3 Treatment

	11.8 Hyperphosphatemia
	11.8.1 Pathophysiology
	11.8.2 Clinical Consequences
	11.8.3 Treatment

	References

	Chapter 12: Volume Overload and Pulmonary Complications
	12.1 Introduction
	12.2 Proposed Mechanism of Remote Organ Injury from Injured Kidneys
	12.3 Pathogenesis of AKI-Related Acute Lung Injury (ALI)
	12.3.1 Cardiogenic Pulmonary Edema
	12.3.2 Noncardiogenic Pulmonary Edema

	12.4 Experimental Evidence in Animal Models with Ischemic AKI and Bilateral Nephrectomy
	12.4.1 IL-6
	12.4.2 IL-8
	12.4.2.1 TNFR1- and Caspase-3-Dependent Apoptosis

	12.4.3 Neutrophils
	12.4.4 T Lymphocytes
	12.4.5 Sodium/Water Channels or Transporters

	12.5 Pulmonary Complications with AKI Are Associated with Patient Mortality
	12.6 Pathogenesis of ALI-Mediated AKI
	12.7 Mechanical Ventilation in AKI-Related ALI
	12.7.1 Involvement of Positive Pressure Ventilation in Renal Hemodynamics
	12.7.2 Involvement of Positive Pressure Ventilation in the Neuroendocrine System
	12.7.3 Involvement of Lung-Derived Inflammatory Mediators in AKI

	12.8 Association of Other Pulmonary Disorders with Kidney Injury
	12.8.1 Chronic Obstructive Pulmonary Disease (COPD)
	12.8.2 Obstructive Sleep Apnea

	12.9 Conclusion
	References


	Part III: Prevention and Management of AKI
	Chapter 13: Prophylaxis and Management of Acute Kidney Injury
	13.1 Introduction
	13.2 Prevention and Treatment: General Principle
	13.3 Treatment for Prerenal AKI
	13.3.1 Fluid Therapy: Maintenance of Effective Arterial Blood Volume to Preserve Renal Perfusion
	13.3.2 Vasopressors

	13.4 Prevention and Treatment for Specific Conditions
	13.4.1 Sepsis
	13.4.2 Heart Failure
	13.4.3 Cardiac Surgery
	13.4.4 Hepatorenal Syndrome
	13.4.5 Treatment for Renal AKI

	13.5 Non-dialytic Supportive Therapy for AKI
	13.5.1 Volume Overload
	13.5.2 Hyperkalemia
	13.5.3 Metabolic Acidosis
	13.5.4 Nutrition
	13.5.5 Medication Dosage Adjustment

	References

	Chapter 14: Postrenal AKI
	14.1 Epidemiology
	14.2 Etiology
	14.2.1 Anatomical Classification
	14.2.1.1 Obstruction of the Kidney, Renal Pelvis, or Ureter
	14.2.1.2 Bladder and Urethral Obstruction
	14.2.1.3 Ureteral Obstruction in the Transplanted Kidney


	14.3 Clinical Findings
	14.3.1 Pain/Fever
	14.3.2 Decreased Urine Output
	14.3.3 Hypertension

	14.4 Laboratory Findings
	14.4.1 Blood Tests
	14.4.2 Urinalysis

	14.5 Diagnosis
	14.5.1 Ultrasonography
	14.5.2 CT
	14.5.3 Magnetic Resonance Urography (MRU)
	14.5.4 Urography
	14.5.5 Classification of Hydronephrosis
	14.5.6 Differential Diagnosis

	14.6 Treatment Method
	14.6.1 Ureteric Stenting
	14.6.2 PCN
	14.6.3 Ileal Conduit Urinary Diversion and Ureterocutaneous Fistula

	14.7 Mechanisms and Prognosis of Postrenal AKI
	References

	Chapter 15: Acute Kidney Injury in Intensive Care Medicine
	15.1 Acute Kidney Injury
	15.2 Sepsis
	15.3 Septic AKI
	15.4 Prevalence of AKI
	15.5 Dialysis-Requiring AKI
	15.6 Pharmacological Treatment Against Septic AKI
	15.7 Renal Replacement Therapy Initiation
	15.8 Removal of Inflammatory Mediators
	15.9 Endotoxin Adsorption Therapy Against Septic AKI
	15.10 Evidence on PMX-DHP from Japan
	15.11 Conclusion
	References

	Chapter 16: Nondialytic Supportive Management of AKI
	16.1 Introduction
	16.2 General Management of AKI
	16.2.1 Identifying the Cause of AKI
	16.2.2 Resolution of Cause and Monitoring
	16.2.3 Maintaining Renal Perfusion
	16.2.4 Checking Nephrotoxic Drug and Dose Adjustment

	16.3 Pharmacological and Non-pharmacological Interventions
	16.3.1 Diuretics
	16.3.2 Dopamine
	16.3.3 Fenoldopam
	16.3.4 Natriuretic Peptide
	16.3.5 Remote Ischemic Preconditioning
	16.3.6 Statin

	References

	Chapter 17: Renal Replacement Therapy in AKI
	17.1 Introduction
	17.2 When to Start and Stop RRT in Critically Ill Patients with AKI
	17.3 Dose of RRT in Patients with AKI
	17.4 Large Variations in CRRT Dose
	17.5 RRT Modality for AKI
	17.6 What Dialysis Membrane Should Be Used for RRT in Patients with AKI?
	17.7 Conclusion
	References

	Chapter 18: Short-Term and Long-Term Outcomes of AKI Patients
	18.1 Introduction
	18.2 Epidemiology
	18.2.1 AKI, CKD, and ESRD
	18.2.2 AKI and Cardiovascular Events

	18.3 Prognostic Factors for Long-Term Outcomes After AKI
	18.3.1 Type of Renal Replacement Therapy
	18.3.2 Age
	18.3.3 CKD Before AKI Onset
	18.3.4 AKI Severity
	18.3.5 Duration of AKI
	18.3.6 Need for Dialysis
	18.3.7 Limitation on Assessment of Risk Factors

	18.4 Recovery from AKI
	18.5 AKI and Quality of Life
	18.6 Follow-Up After AKI
	References

	Chapter 19: Management of Pediatric AKI
	19.1 Introduction
	19.2 Diagnosis of Pediatric AKI
	19.3 Biomarkers of Pediatric AKI
	19.4 Causes of Pediatric AKI
	19.5 Indication of Blood Purification for Pediatric AKI
	19.6 Management of Blood Purification for Pediatric AKI
	19.6.1 Vascular Access
	19.6.2 Blood Purification Device
	19.6.3 Sedation
	19.6.4 Prevention of Initial Hypotension

	19.7 Indication of Blood Purification for Children with Serious Impairments and Poor Survival Prognoses
	19.8 Prognosis of Pediatric AKI
	References


	Part IV: Experimental Novel Findings
	Chapter 20: AKI-to-CKD Transition
	20.1 Clinical Importance of the AKI-to-CKD Transition
	20.2 Animal Models of the AKI-to-CKD Transition
	20.2.1 Bilateral Ischemia-Reperfusion Injury (bIRI) Model of the AKI-to-CKD Transition
	20.2.2 Unilateral Ischemia-Reperfusion Injury (uIRI) Model of the AKI-to-CKD Transition
	20.2.3 Unilateral Ischemia-Reperfusion Injury (uIRI) with Contralateral Nephrectomy (uIRIx) Model of AKI-to-CKD Transition
	20.2.4 Repeated IRI Model of the AKI-to-CKD Transition
	20.2.5 Repeated Low-dose Cisplatin Model of the AKI-to-CKD Transition
	20.2.6 Repeated Diphtheria Toxin (DT) Model of the AKI-to-CKD Transition
	20.2.7 Aristolochic Acid Nephropathy (AAN) Model of the AKI-to-CKD Transition
	20.2.8 Folic Acid (FA) Model of the AKI-to-CKD Transition

	20.3 Reliable Methods of Monitoring Rodent Renal Function
	20.4 Comparison of Two Representative Rodent Models of the AKI-to-CKD Transition
	20.5 Proposed Mechanisms of the AKI-to-CKD Transition
	20.5.1 Hypoxia as a Key Player in the AKI-to-CKD Transition
	20.5.2 Microvasculature Rarefaction
	20.5.3 Incomplete Recovery of Tubular Cells
	20.5.4 Epigenetic Modification in Fibroblasts
	20.5.5 Chronic Inflammation

	References

	Chapter 21: Role of the Nervous System in Acute Kidney Injury
	21.1 Introduction
	21.2 Innervation of the Kidney
	21.2.1 Sympathetic Nervous System
	21.2.2 Parasympathetic Nervous System
	21.2.3 Renal Denervation for Hypertension
	21.2.4 Denervation for Kidney Disease

	21.3 Nervous System–Immune System Interaction
	21.3.1 Inflammatory Reflex

	21.4 Cholinergic Anti-inflammatory Pathway (CAP)
	21.4.1 CAP in the Kidney
	21.4.2 Ultrasound Stimulation
	21.4.3 Vagus Nerve Stimulation (VNS)
	21.4.4 Optogenetics

	21.5 Conclusion
	References

	Chapter 22: AKI and Immune System
	22.1 Introduction
	22.2 Immune System in Healthy Kidneys
	22.3 Role of Endothelial Cells in Inflammation
	22.4 Role of Danger Associated Molecular Patterns (DAMPs)-Pattern Recognition Receptors (PRRs) as Triggers of Inflammation
	22.5 Role of Tubular Epithelial Cells in Inflammation
	22.6 Neutrophils
	22.7 Macrophages/Dendritic Cells
	22.8 Lymphocytes
	22.9 Natural Killer Cells
	22.10 Natural Killer T Cells
	22.11 Regulatory T Cells
	22.12 Complement System
	22.13 Conclusion
	References

	Chapter 23: Acute Kidney Injury and Cytokines
	23.1 Introduction
	23.2 Macrophage-Related Cytokine and Chemokine Portfolio
	23.3 Cytokines and Chemokines Derived from Infiltrating Inflammatory Cells and TECs
	23.3.1 Midkine
	23.3.2 CD147/Basigin

	23.4 Extracellular Vesicles (EVs)
	23.4.1 EV-Related Pathogenesis of AKI
	23.4.2 EVs as a Promising Biomarker of AKI
	23.4.3 The Utility of EVs for AKI Therapy

	23.5 Conclusion
	References


	Part V: AKI and Regenerative Medicine
	Chapter 24: iPS Cell and Renal Regenerative Medicine
	24.1 Introduction
	24.2 iPS Cells
	24.3 Differentiation from Human iPS Cells to Kidney Lineages
	24.4 Therapeutic Effects of Human iPS Cell-Derived NPCs on AKI
	24.5 Expansion Culture of NPCs Derived from Mouse and Human Fetal Kidneys
	24.6 Expansion Culture of Human iPS Cell-Derived NPCs
	24.7 Therapeutic Effects on AKI by Paracrine Factors Secreted from NPCs
	24.8 Purification of Human iPS Cell-Derived NPCs
	24.9 Discussion
	References

	Chapter 25: Kidney Development and Injury: A Road to Regeneration
	25.1 Introduction: Overview of Kidney Development
	25.2 Nephrogenesis from Nephron Progenitors
	25.3 Proliferation of Resident Tubular Cells Contributes to Recovery from AKI
	25.4 Excessive Wnt Signaling Exacerbates AKI
	25.5 Excessive Notch Signaling Exacerbates AKI
	25.6 BMP Signaling Supports Recovery from AKI
	25.7 SOX9 Activation in PTECs Is Required for Recovery from AKI
	25.8 Directed Reprogramming of Renal Tubules
	25.9 Rebuilding the Kidney for Regenerative Medicine
	25.10 Conclusions
	References

	Chapter 26: Xenotransplanted Embryonic Kidney
	26.1 Introduction
	26.2 Kidney Xenotransplantation
	26.3 Embryonic Kidney Transplantation
	26.4 Stepwise Peristaltic Ureter System
	26.5 Organogenic Niche Method Using iPSCs and Cell Removal Systems with Drugs
	26.6 Conclusion
	References



