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Preface

Diabetic kidney disease is the leading cause of end-stage kidney disease requiring
renal replacement therapy. Nowadays, the circumstances in aging society affect and
alter the clinico-pathological phenotypes and kidney prognosis in diabetic patients.
With these trends, the terms of diabetic kidney disease may be used for clinical
approach for diabetes-related kidney disease, in which further discussion would be
required for pathophysiology, therapy, and prognosis.

The purpose of this book is to provide the latest information on clinico-
pathological features of diabetic kidney disease, especially based on results from a
cohort of biopsy-proven diabetic nephropathy patients with long-term medical
observation and long-term registry for diabetic kidney disease and recent progress
in pathophysiology. Biopsy-proven diabetic nephropathy cohort increases the value
of clinical and experimental settings. Therefore, these will clearly provide the
readers with clinico-pathological axis in clinical and experimental settings,
including differential pathological/clinical diagnoses of chronic kidney disease in
diabetic patients (e.g., the presence of “classical” diabetic nephropathy and/or
nephrosclerosis and/or other primary kidney diseases). Therefore, the description of
this book is very informative for all physicians and researchers all over the world in
this field.

We gratefully thank all contributors for preparing their manuscripts and chapters
for a better understanding of the current status of diabetic kidney disease. We are
further thankful to Springer Nature, especially Vignesh Iyyadurai Suresh and
Sachiko Hayakawa for their patience and invaluable advice.

Kanazawa, Japan Takashi Wada
Kanazawa, Japan Kengo Furuichi
Kurashiki, Japan Naoki Kashihara
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Chapter 1
Clinical Epidemiology

Tadashi Toyama

DKD is a disease concept that has received much attention in recent years. The defi-
nition of DKD is not yet well established and may vary from studies. On the other
hand, the importance of DKD as a risk factor, its high incidence, or a specific condi-
tion such as normoalbuminuric DKD is getting a lot of attention. This chapter out-
lines the definition of DKD, its role as a risk factor, the international incidence of
the disease, and characteristics of normoalbuminuric DKD.

1.1 Definition of DKD

Diabetic nephropathy is clinically diagnosed when the major features of diabetic
nephropathy, albuminuria (>300 mg/24 h or 200 pg/min), and diabetic retinopathy
are found and other kidney diseases are excluded [1]. Studies have revealed that not
only albuminuria but also reduced GFR is a risk factor for ESKD and cardiovascular
diseases (CVD) [2, 3]. Furthermore, in recent years, diabetic patients with reduced
GFR and normoalbuminuria have been increasing [4]. Due to such clinical evidence
and changes in disease structure, the concept of disease called DKD, which is a
CKD with diabetes, has become widespread. There is no widely accepted definition
of DKD, but American Diabetes Association (ADA) said “DKD is usually a clinical
diagnosis made based on the presence of albuminuria and/or reduced eGFR in the
absence of sign or symptoms of other primary causes of kidney damage” [5].

DKD is a major microvascular complication of diabetes. Increasing number of
ESKD requiring dialysis or kidney transplantation is a worldwide burden, and DKD
is a major cause of ESKD in many high-income or upper-middle-income countries.
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4 T. Toyama

1.2 Prevalence of Diabetes

The International Diabetes Federation reported that the prevalence of diabetes in
global estimates was 9.3% (Fig. 1.1), and 463.0 million adults aged 20-79 years are
suffering from diabetes [6]. The total number of diabetes has been increasing
worldwide [7]. Considering the global situation of diabetes, concern about the
future burden of DKD is increasing.

1.3 Incidence of DKD

The United Kingdom Prospective Diabetes Study (UKPDS 64) followed 5097
patients with type 2 diabetes and revealed annual incidence of DKD by its stage [8]
(Fig. 1.2). The incidence rates of normoalbuminuria to microalbuminuria,
microalbuminuria to macroalbuminuria, and macroalbuminuria to ESKD were
2.0%, 2.8%, and 2.3%, respectively. It is noteworthy that the all-cause mortality rate
is equal to or greater than the progression rate of nephropathy. As reported in other
studies, the most common cause of death is cardiovascular disease (CVD), and

m <4%
B 4-<5%
B 5-<7%
7-<9%
W 9-<12%
W >12%
M No estimates made

Fig. 1.1 Estimated age-adjusted prevalence of diabetes in adults (20-79 years), 2019 [7]
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Fig. 1.2 Annual transition rates through the stages of nephropathy and to death from any cause [8,
11]. Figure of UKPDS was partially modified with information of JDCS

albuminuria is considered one of the major risk factors for CVD [2, 9]. In a cohort
study of Taiwan, early DKD (diabetes in CKD stage 1-3) was related to a 16-year
loss in life expectancy compared to diabetes without CKD [10].

The Japan Diabetes Complications Study (JDCS), a study of Japanese patients
with type 2 diabetes with a mean diabetes duration of 10.7 years, reported that
1.85% annual changes from low-microalbuminuria (3.4-17.0 mg/mmol) to
macroalbuminuria and 0.23% annual changes from normoalbuminuria to
macroalbuminuria [11], which is almost the same incidence in UKPDS (Fig. 1.2).

1.4 Incidence of ESRD in DKD Patients

In Japan, where the prevalence of maintenance dialysis patients is secondarily high
followed by Taiwan [12], diabetes has been the most common primary disease for
ESKD in patients requiring dialysis since 1998. Although the rate of diabetes
causing ESKD reached a plateau, 42.3% of those who start dialysis had diabetes as
the primary disease [13] (Fig. 1.3).

Diabetes is the most common primary cause of ESKD in the United States as
well. This rate has not changed significantly over the past 20 years but has been
increasing progressively, and in 2017 it was 48.1% (Fig. 1.4).

In international comparisons, Malaysia, Singapore, and Jalisco (Mexico) were
the countries with the highest rates of diabetes as a cause of ESRD in 2016 at
approximately 66% [12]. Following them, in many high-income countries including
Japan, the United States, South Korea, Israel, Hong Kong, and New Zealand,
approximately 50% of the causes of ESRD are diabetes [12].
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Fig. 1.3 Changes in proportion of primary cause of end-stage kidney disease in patients initiating
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and in no way should be seen as an official policy or interpretation of the JSDT) [13]
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Fig. 1.4 Changes in proportion of primary cause of end-stage kidney disease in patients initiating
dialysis in the United States created from data provided in USRDS [12]
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1.5 Prevalence of DKD

Table 1.1 shows the prevalence of albuminuria and DKD in representative type 2
diabetes cohorts. Prevalence of albuminuria is listed as the main manifestation of
kidney damage in diabetes. The UKPDS study reported that, in patients with type 2
diabetes 10 years after diagnosis, the prevalence of microalbuminuria,
macroalbuminuria, and elevated plasma creatinine or renal replacement therapy
were 24.9%, 5.3%, and 0.8%, respectively [8]. In the analysis of National Health
and Nutrition Examination Survey (NHANES), the cohort study of US population,
the prevalence of DKD (albuminuria and/or reduced eGFR) in NHANES 2009-2014
adults with diabetes was 25% [14].

Asians were reported to have a high incidence of albuminuria. In the
MacroAlbuminuria Prevalence (MAP) study, including Chinese and Filipino, the
mean duration of type 2 diabetes was 6.9 years, the prevalence rate of
microalbuminuria was 39.8%, and the macroalbuminuria was 18.8% [15]. In
Developing Education on Microalbuminuria for Awareness of reNal and
cardiovascular risk in Diabetes (DEMAND), microalbuminuria and DKD showed
prevalence of 38.8% and 57.3%, respectively [16]. In this study, Caucasians, who
accounted for 39% of the participants, had a prevalence of microalbuminuria of
33%, lower than those of other ethnicities [16]. In the Japan Diabetes Clinical Data
Management study (JDDM), the prevalence of DKD in Japanese population was
43.8% [17].

In studies of type 1 diabetes, a cohort study in the Steno Memorial Hospital
reported that camulative prevalence of diabetic nephropathy was 45% after 40 years
of diabetes [18]. The Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications (DCCT/EDIC) reported that the
cumulative incidence of microalbuminuria in 30 years was 25% or 38% for intensive
and conventional diabetes therapy, respectively [19]. The cumulative proportion of
diabetic nephropathy in patients with type 1 diabetes has showed decreasing trend
from 1961 to 1985 [20]. It might be because many patients were treated according
to the evidence of tight glycemic control [21].

To date, many evidence-based treatments for DKD have been clarified and
applied in clinical practice. Poor glucose control has been noted as a major risk
factor for DKD [22, 23], and a number of glucose-lowering agents have been
launched during the several decades. Angiotensin-converting enzyme (ACE)
inhibitors and angiotensin II receptor blockers (ARBs), reported to suppress the
onset and progression of DKD [24-26], are widely used. In addition, studies showed
the effectiveness of sodium-glucose cotransporter-2 (SGLT?2) inhibitors on DKD,
and itis expected to suppress the DKD onset [27-29] and progression [30]. However,
an obvious reduction in the prevalence of DKD was not observed. In the real world,
the effect of treatments in the interventional trials might be attenuated and nearly
50% of diabetic patients achieved HbAlc < 7.0% [31]. In order to reduce the
residual risk, a detailed pathophysiology and a treatment strategy based on this are
required.
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1.6 DKD Without Albuminuria

Albuminuria and reduced GFR are both definition of DKD and risk factors for
ESKD, CVD, and all-cause mortality [2, 3, 9]. In recent years, the prevalance of
albuminuria and reduced GFR has changed. DKD population analysis in NHANES
since 1988 showed a decrease in the proportion of albuminuria and an increase in
the proportion of reduced GFR [4]. The United States Renal Data System
(USRDS) reported that in NHANES participants nearly a quarter of diabetic
patients with CKD had reduced eGFR (<60 mL/min/1.73 m?) without albumin-
uria (Fig. 1.5) [12].

Cohort studies of diabetic patients revealed that reduced GFR without albumin-
uria related increased risks of ESRD or all-cause mortality [2, 3, 9]. It should be
noted when accompanied by albuminuria, even a moderate decline in eGFR
(30-59 mL/min/1.73 m?) significantly increases the risk of kidney events and all-
cause mortality (Table 1.2). Reduced GFR without albuminuria showed a mild trend
toward a risk of all-cause mortality (Table 1.2, Fig. 1.6).

The importance of albuminuria was confirmed in biopsy-proven DKD. In a study
of 82 cases of biopsy-proven DKD, nonproteinuric DKD had less-frequent typical
pathological lesions and a lower risk of CKD progression and mortality compared
to proteinuric DKD [32] (Fig. 1.7).

Other cohort studies have reported that normoalbuminuria is associated with
atherosclerotic lesions rather than diabetes-related renal lesions. In the JDDM,
262 (11.4%) of 2298 Japanese type 2 diabetic patients with normoalbuminuria had
reduced renal function (eGFR <60 mL/min/1.72 m?), and 63.4% of them did not

m ACR 30+
Both
B eGFR <60

Percent

Age 60+ DM HTN SR CVD BMI 30+

Condition

Fig. 1.5 Distribution of markers of CKD in NHANES participants with diabetes, hypertension,
self-reported cardiovascular disease, and obesity, 2011-2014 [12]. Data Source: National Health
and Nutrition Examination Survey (NHANES), 2011-2014 participants age 20 and older. Single-
sample estimates of eGFR and ACR; eGFR calculated using the CKD-EPI equation. Abbreviations:
ACR urine albumin/creatinine ratio, BMI body mass index, CKD chronic kidney disease, SR CVD
self-reported cardiovascular disease, eGFR estimated glomerular filtration rate, HTN hypertension
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Fig. 1.6 Risk ratio for the association of low eGFR with the risk of each outcome according to the
presence of albuminuria, compared with normal eGFR and normoalbuminuria. Albuminuria was
defined as any level of albuminuria or pooled estimate of microalbuminuria and macroalbumin-

uria. Abbreviations: normoalb normoalbuminuria, alb albuminuria [3]
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Fig. 1.7 Renal event-free survival for the 164 patients of propensity-matched DKD cohort. Left:
CKD progression-free survival. Right: death event-free survival [32]

have retinopathy nor neuropathy [33]. In this patient group, arteriosclerotic rather
than diabetic lesion may be the cause of kidney injury. In a study of renal biopsy
in 15 Japanese patients with diabetes who had normoalbuminuria and reduced
eGFR, nine cases showed disproportionately advanced tubulointerstitial lesions,
vascular lesions, and global glomerulosclerosis with minor diabetic glomerular
lesion [34] (Fig. 1.8), which s category III of the patterns proposed by Fioretto [35] .

An autopsy study reported that of 168 people clinically diagnosed diabetes, 106
(63%) of autopsy tissue specimen showed lesions consistent with diabetic nephrop-
athy [36]. Interestingly, 20 of 106 patients with histologically proven diabetic
nephropathy did not show albuminuria in their lifetime [36]. While the clinical diag-
nosis of DKD is important, the clinical implications of the pathological findings of
DKD need to be more clarified in order to provide appropriate prevention and treat-
ment options. Regarding this, the pathological definition has been announced from
Japan [37], and the relation with the prognosis has been studied [38, 39]. For details,
see Chaps. 9-11.
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Fig. 1.8 Representative microscopic findings in type 2 diabetic patients with normoalbuminuria
(normal proteinuria) and low eGFR (<60 mL/min/1.73 m?). (a) Severe diffuse lesions in a patient
classified as typical lesions of diabetic nephropathy (category II) (periodic acid-Schiff (PAS) stain
%x200). (b) Mild diffuse lesions (asterisk) associated with global glomerular sclerosis (arrow) and
disproportionately advanced arteriosclerosis, which denotes the presence of diabetic kidney lesions
as well as nephrosclerosis, in a patient classified as atypical patterns (category III) (PAS stain
x100) [34]

1.7 Conclusion

Epidemiology of DKD is outlined in this chapter. The incidence and prevalence of
DKD varies according to the definition of DKD and requires careful interpretation.
Detailed observation of the pathophysiology of kidney disease associated with dia-
betes will provide evidence that can be used for treatment.
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Chapter 2
The Japanese Registries of Diabetic
Nephropathy/Diabetic Kidney Disease

Miho Shimizu and Takashi Wada

2.1 Introduction

Chronic kidney disease (CKD) is diagnosed by the persistent presence of elevated
urinary albumin excretion (albuminuria), low estimated glomerular filtration rate
(eGFR), or other manifestations of kidney damage [1, 2]. Diabetic kidney disease
(DKD), or CKD attributed to diabetes, occurs in 20-40% patients with diabetes
[2—4]. Diabetic kidney disease is the leading cause of end-stage renal disease
(ESRD) in Japan [5]. Additionally, the presence of CKD markedly increases cardio-
vascular risks in patients with diabetes [6].

Patient registries have great potential for providing data that describe the natural
history, epidemiology, disease burden, treatments, and outcomes [7]. The Japan
Renal Biopsy Registry (J-RBR) was started in 2007 and the Japan Kidney Disease
Registry (J-KDR) was then started in 2009 by the Committee for Standardization of
Renal Pathological Diagnosis and the Committee for the Kidney Disease Registry
of the Japanese Society of Nephrology [8]. Clinical data including age, gender, and
laboratory findings, in addition to histological diagnoses from renal biopsy, were
electronically recorded at each institution and registered on the J-RBR/J-KDR web
page via the Internet Data and Information Center of Medical Research system,
which is part of the University hospital Medical Information Network. The latest
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committee report by the J-RBR/J-KDR indicated that the prevalence of diabetic
nephropathy in the J-RBR was 5.1% [9].

In addition to the J-RBR/J-KDR, the Japan Diabetic Nephropathy Cohort Study
(JDNCS), a nationwide observational study for adult Japanese patients with type 2
diabetes and DKD (clinically suspected diabetic nephropathy), was initiated in
2009 [10, 11]. In the JDNCS, clinical data and urine samples are collected at least
once a year during patient visits.

This review summarizes the clinical and laboratory findings concerning diabetic
nephropathy/DKD using data registered in the J-RBR/J-KDR and the JDNCS.

2.2 Analysis of the J-RBR/J-KDR

Diabetic kidney disease is usually a clinical diagnosis made based on the presence
of albuminuria and/or reduced eGFR in the absence of signs or symptoms of other
primary causes of kidney damage [2]. The typical presentation of DKD is consid-
ered to include a long-standing duration of diabetes, retinopathy, albuminuria with-
out hematuria, and gradually progressive kidney disease [2].

Of the 1591 patients with diabetes registered into the J-RBR from 2007 to 2013,
605 (38%) had a histological diagnosis of “diabetic nephropathy alone,” whereas
986 (62%) had “nondiabetic renal disease (NDRD).” As shown in Table 2.1, patients

Table 2.1 Clinical characteristics of patients with diabetes who registered into the J-RBR by
biopsy diagnosis

Diabetic nephropathy

alone NDRD p

(n =605) (n =986)
Age (year) 59.5+11.8 (n=605) 61.8+12.5 |(n=986) <0.01
Male (%) 70.1 (n=605) 654 (n=986) 0.05
Body mass index (kg/m?) 252 +42 (n=580) |24.7+44 (n=959)  <0.01
Systolic blood pressure (mmHg) | 1442 +21.4 | (n=547) 1353 +£19.9 |(n=944) <0.01
Diastolic blood pressure (mmHg) | 78.8 + 13.3 (n=547) 774+ 128 | (n=943) | <0.05
Antihypertensive agent use (%) 86.6 (n=499) |73.8 (n=866) | <0.01
Urinary protein excretion (g/day) | 4.4 +3.5 (n=441) | 3434 (n=616) | <0.01
UPCR (g/gCr) 6.0x5.1 (n=352)  43+47 (n=615) | <0.01
Nephrotic syndrome (%) 51.1 (n=1605) |33.1 (n=986) | <0.01
Urine occult blood > (+) (%) 49.9 (n=605)  62.6 (n=986)  <0.01
eGFR (mL/min/1.73 m?) 48.1 £24.0 (n=603) |51.5+269 |(n=981) |<0.01
Serum total protein (g/dL) 6.2x1.1 n=599) 6412 (n=971)  <0.01
Serum albumin (g/dL) 3.1+09 n=597) | 32+1.0 (n=966)  <0.01
Serum total cholesterol (mg/dL) | 222.7 +76.5 (n=577) |227.7+£91.5 | (n=936) |0.95
Hemoglobin Alc (%) 72+1.7 n=578) | 6.9=1.1 (n=888) | <0.05

Abbreviations: eGFR estimated glomerular filtration rate, NDRD nondiabetic renal disease, UPCR
urinary protein-to-creatinine ratio
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Table 2.2 Association of clinical predictors and biopsy findings of diabetic nephropathy alone in
the J-RBR

HR (95% CI) P
Antihypertensive agent use (+) 2.166 (1.53-3.07) <0.01
Dipstick proteinuria (>2+) 2.054 (1.45-2.90) <0.01
Dipstick hematuria (—) 1.861 (1.43-2.43) <0.01
Serum total protein (—1 g/dL) 1.263 (1.11-1.44) <0.01
Hemoglobin Alc (+1 %) 1.235 (1.12-1.37) <0.01
Age (—1 year) 1.027 (1.02-1.04) <0.01
Mean blood pressure (+1 mmHg) 1.012 (1.00-1.02) <0.01
eGFR (=1 mL/min/1.73 m?) 1.009 (1.00-1.01) <0.01
Total cholesterol (—1 mg/dL) 1.004 (1.00-1.01) <0.01

Abbreviations: CI confidence intervals, eGFR estimated glomerular filtration rate, HR hazard ratio

with “diabetic nephropathy alone” were significantly younger; had higher levels of
body mass index, systolic and diastolic blood pressure, urinary protein excretion,
and hemoglobin Alc; higher prevalence of antihypertensive agent use and nephrotic
syndrome; lower levels of eGFR, serum total protein, and serum albumin; and lower
prevalence of hematuria than patients with “NDRD.” By multivariate logistic regres-
sion analysis, antihypertensive agent use, severe proteinuria (dipstick proteinuria
>2+), absence of hematuria, low serum total protein, high hemoglobin Alc, young
age, high mean blood pressure, low eGFR, and low total cholesterol were found to
be significantly associated with “diabetic nephropathy alone” (Table 2.2).

2.3 Analysis of the JDNCS

2.3.1 Clinical Characteristics at Enrollment

Glomerular filtration rate and albuminuria are clinical markers of diabetic nephrop-
athy [2—4]. Clinical variables at enrollment were compared among subgroups strati-
fied by eGFR and albuminuria in 567 patients whose eGFR and albuminuria data at
enrollment were available from July 2009 to October 2017 in the JDNCS (Table 2.3).
The median total cohort age was 67 years [interquartile range (IQR), 59-73 years],
and 66.3% patients were male. Variables associated with low eGFR (<60 mL/
min/1.73 m?), regardless of albuminuria, were advanced age, high prevalence of
retinopathy and renin-angiotensin system (RAS) inhibitor use, and low levels of
hemoglobin A lc, serum total cholesterol, and hemoglobin. On the other hand, vari-
ables associated with albuminuria, regardless of eGFR category, were high level of
serum triglyceride and high prevalence of retinopathy and RAS inhibitor use.
Microalbuminuria has been considered the first clinical sign of diabetic nephrop-
athy. However, recent studies demonstrated that reduced eGFR without albuminuria
is frequently reported in patients with type 1 and 2 diabetes [2—4]. The reported
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clinical characteristics of diabetic patients with normoalbuminuric renal insuffi-
ciency included a shorter diabetes duration, higher levels of hemoglobin and high-
density lipoprotein (HDL) cholesterol, higher prevalence of females, lower levels of
hemoglobin Alc and triglyceride, and lower prevalence of hypertension, smoking,
retinopathy, neuropathy, previous cardiovascular disease, and antihypertensive
agent use including RAS inhibitors than patients with albuminuric renal insuffi-
ciency [12-14]. Additionally, compared with patients with normoalbuminuric-
preserved renal function, patients with normoalbuminuric renal insufficiency were
older and had higher level of insulin resistance and higher prevalence of female,
nonsmoker, hypertension, dyslipidemia, metabolic syndrome, and previous cardio-
vascular diseases [12, 15]. In the JDNCS, patients with normoalbuminuria and low
eGFR had significantly higher levels of eGFR and hemoglobin; higher prevalence
of female and oral hypoglycemic agent use; lower levels of serum creatinine, sys-
tolic and diastolic blood pressure, and triglyceride; and lower prevalence of reti-
nopathy and RAS inhibitor use than patients with micro-/macroalbuminuria and
low eGFR (Table 2.3). Furthermore, when compared with patients with normoalbu-
minuria and preserved eGFR, patients with normoalbuminuria and low eGFR were
significantly older and had higher prevalence of retinopathy and RAS inhibitor use
and lower levels of hemoglobin A lc, diastolic blood pressure, total cholesterol, and
hemoglobin (Table 2.3).

Although the pathogenesis of normoalbuminuric renal insufficiency in patients
with diabetes remains inconclusive, several studies, including our prior studies that
evaluated 260 Japanese patients with type 2 diabetes and biopsy-proven diabetic
nephropathy, revealed that disproportionately advanced tubulointerstitial and vascu-
lar lesions, despite minor diabetic glomerular lesions, which denote the presence of
diabetic kidney lesions as well as nephrosclerosis, were likely to be related to the
development of normoalbuminuric renal insufficiency in patients with type 2 diabe-
tes [16-18].

2.3.2 Clinical Variables at Enrollment Associated
with Outcomes

During a median follow-up of 6 years (IQR, 1.8-7 years), a total of 89 cases of
ESRD (requirement of dialysis), 59 cardiovascular events (cardiovascular death,
nonfatal myocardial infarction, coronary interventions, nonfatal stroke, or periph-
eral arterial disease), and 32 deaths were observed. The results of a multivariate Cox
proportional hazards regression analysis are shown in Table 2.4. Macroalbuminuria
(or severe proteinuria defined as urinary protein-to-creatinine (UPCR) > 0.5 g/gCr),
eGFR < 60 mL/min/1.73 m?, male gender, systolic blood pressure > 140 mmHg
and/or diastolic blood pressure > 90 mmHg, low hemoglobin, and young age were
independent risk factors for ESRD. Male gender, low hemoglobin, high hemoglobin
Alc, advanced age, and high total cholesterol were independent risk factors for
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Table 2.4 Variables at enrollment associated with ESRD, cardiovascular events, and all-cause
mortality in the JDNCS

Variables HR [ (95%CD) |p

ESRD

Macroalbuminuria (severe proteinuria) 10.60 | (4.055- <0.01
27.682)

eGFR < 60 mL/min/1.73 m? 5.81 (1.684- |<0.01
20.024)

Male gender 2.48 (1.300- | <0.01
4.740)

Systolic blood pressure > 140 mm Hg and/or diastolic blood 2.25 (1.390- | <0.01

pressure > 90 mmHg 3.642)

Hemoglobin (—1 g/dL) 1.25 (1.104- | <0.01
1.420)

Age (—1 year) 1.03 (1.003— | <0.05
1.047)

Cardiovascular events

Male gender 4.04 (1.870- | <0.01
8.745)

Hemoglobin (-1 g/dL) 1.33 (1.155- | <0.01
1.533)

Hemoglobin Alc (+1 %) 1.24 (1.049- <0.05
1.460)

Age (+1 year) 1.04 (1.006- | <0.05
1.065)

Total cholesterol (+1 mg/dL) 1.01 (1.001- | <0.05
1.013)

All-cause mortality

Macroalbuminuria (severe proteinuria) 5.34 (2.222— <0.01
12.851)

Age (+1 year) 1.09 (1.043- | <0.01
1.137)

Hazard ratio was adjusted for age, gender, eGFR <60 mL/min/1.73 m? macroalbuminuria, hemo-
globin Alc, systolic blood pressure, use of renin-angiotensin system inhibitors, total cholesterol,
body mass index, and hemoglobin

Abbreviations: CI confidence intervals, eGFR estimated glomerular filtration rate, ESRD end-stage
renal disease, HR hazard ratio

cardiovascular events. Macroalbuminuria (or severe proteinuria) and advanced age
were independent risk factors for all-cause mortality.

Although the outcomes of patients with diabetes and normoalbuminuric renal
insufficiency also remain controversial, our previous study revealed that the cumu-
lative incidence of renal composite events (requirement of dialysis, or 50% decline
in eGFR from baseline), cardiovascular events (cardiovascular death, nonfatal myo-
cardial infarction, coronary interventions, and nonfatal stroke), and all-cause mor-
tality in patients with normoalbuminuria was not significantly different among
eGFR categories [16, 17]. In the JDNCS, it was impossible to examine the survival
analysis of patients with normoalbuminuria because of insufficient number of events.
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2.3.3 Transition in eGFR and UACR Categories

The transition in eGFR and urinary albumin-to-creatinine ratio (UACR) categories
during the follow-up were explored based on the new CKD classification [1]. This
analysis was conducted in 456 patients whose data for eGFR and UACR were avail-
able between July 2007 and December 2015 in the JDNCS. The median follow-up
period was 4.2 years (IQR, 2.0-5.0 years). Compared with the eGFR category at
enrollment, 137 of 393 patients (34.9%) with eGFR > 15 mL/min/1.73 m? (catego-
ries G1-4) progressed to a lower eGFR category, and 32 of 388 patients (8.2%) with
eGFR < 90 mL/min/1.73 m? (categories G2-5) regressed to a higher eGFR category
(Fig. 2.1a). Examination of UACR at enrollment revealed that 34 of 151 patients
(22.5%) with normoalbuminuria (<30 mg/gCr [category A1]) and 15 of 79 patients
(19.0%) with microalbuminuria (>30 and <300 mg/gCr [category A2]) progressed
to a higher ACR category. Contrarily, 19 of 79 patients (24.1%) with microalbumin-
uria (A2) and 20 of 132 patients (15.2%) with macroalbuminuria (>300 mg/gCr
[category A3]) regressed to a lower ACR category (Fig. 2.1b).

2.3.4 Percentage Changes in eGFR and ESRD

There is an increased interest in surrogate endpoints for clinical CKD trials. The
established hard endpoints of serum creatinine doubling, renal replacement therapy,
and renal death are late events, requiring long follow-up periods and large sample
sizes. A series of meta-analyses of clinical trials and observational studies have
revealed a relationship between lesser declines than a halving in eGFR and ESRD
[19-24]. However, these large studies were conducted across several CKD causes.
In the JDNCS, the association of ESRD with percentage change in eGFR during
1- and 2-year baseline periods was evaluated among four categories based on per-
centage changes in eGFR: <-50%, >—50 to—30%, >—30 to 0%, and >0%. This
analysis was applied to patients having macroalbuminuria at enrollment and at least

a b
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Fig. 2.1 Proportion of patients who transited in (a) eGFR and (b) UACR categories during the
follow-up in the JDNCS
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two eGFR measurements during a baseline period before reaching ESRD. In the
1-year baseline period analysis, cumulative ESRD incidence in macroalbuminuric
patients with <—50% change was higher than in those with >—50 to—30% change
(p <0.05), >=30 to 0% change (p < 0.01), and >0% change (p < 0.01) (Fig. 2.2a).
Additionally, the cumulative ESRD incidence in macroalbuminuric patients with
changes >—50 to—30% was also higher than in those with>—30 to 0% change
(p < 0.05) and >0% change (p < 0.01) (Fig. 2.2a). In the 2-year baseline period
analysis, the cumulative ESRD incidence in macroalbuminuric patients with
<—50% change was higher than those in patients with —30 to 0% change (p < 0.01)
and >0% change (p < 0.01) (Fig. 2.2b). The cumulative ESRD incidence in macro-
albuminuric patients with changes >—50 to —30% was also higher than in those
with >—30 to 0% change (p < 0.05) and >0% change (p < 0.05) (Fig. 2.2b). In the
2-year analysis, there was no difference in the cumulative ESRD incidence between
patients with changes <—50 and >—50 to —30% (Fig. 2.2b). Compared with patients
with stable eGFR (>—30 to 0% change), the risk of ESRD in patients with <—50%
change increased at the l-year analysis [crude HR 9.16 (95% CI 3.02-27.77,
p <0.01); adjusted HR 16.80 (95% CI 2.19-128.88; p < 0.01)] and the 2-year analy-
sis [crude HR 13.31 (95% CI 2.44-72.66; p < 0.01); adjusted HR 45.73 (95% CI
4.90-426.34; p < 0.01)] (Table 2.5). Although not as much as in patients with
<-50% change, the risk of ESRD in patients with >—50 to—30% change was also

100 A . 100 A

Cumulative Incidence (%)

Time (years) after year 1 Time (years) after year 2

Fig. 2.2 Cumulative incidence of ESRD compared among groups stratified by percentage changes
in eGFR during (a) l-year and (b) 2-year baseline periods in the JDNCS. (a) Black solid line,
<-50% change (n = 7); black dotted line, >—50 to —30% change (n = 21); gray solid line, >—30
to 0% change (n = 168); gray dotted line, >0% change (n = 142) during 1-year baseline period.
Cumulative incidence of ESRD in patients with <—50% change in eGFR was significantly higher
than in those with >—50 to —30% change (p < 0.05), >—30 to 0% change (p < 0.01), and >0%
change (p < 0.01). Cumulative incidence of ESRD in patients with >—50 to —30% change was
significantly higher than in those with >—30 to 0% change (p < 0.05) and >0% change (p < 0.01).
(b) Black solid line, <—50% change (n = 7); black dotted line, >—50 to —30% change (n = 16);
gray solid line, >—30 to 0% change (n = 155); gray dotted line, >0% change (n = 107) during
2-year baseline period. Cumulative incidence of ESRD in patients with <—50% change was sig-
nificantly higher than those in patients with —30 to 0% change (p < 0.01) and >0% change
(p < 0.01). Cumulative incidence of ESRD in patients with >—50 to —30% change was signifi-
cantly higher than in those with >—30 to 0% change (p < 0.05) and >0% change (p < 0.05). There
was no difference between <—50% change and >—50 to —30% change
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increased at the 1-year analysis [crude HR 2.87 (95% CI 1.10-7.47; p < 0.05);
adjusted HR 3.89 (95% CI 1.17-12.92; p < 0.05)] and the 2-year analysis [crude HR
6.20 (95% CI 1.37-28.01; p < 0.05); adjusted HR 15.55 (95% CI 1.76-137.18;
p <0.05)] (Table 2.5). These findings are in line with other recent reports showing

the utility of eGFR slope in type 2 diabetes as a surrogate endpoint for the renal
outcome [25, 26].

2.3.5 Remission of Macroalbuminuria and ESRD

Recent RCT meta-analyses provided empirical evidence for using changes in albu-
minuria as a surrogate marker for ESRD [27]. Several observational studies, in addi-
tion to interventional trials, have shown that remission of macroalbuminuria and/or
reduction in albuminuria predicts better renal outcomes in patients with diabetes
and overt nephropathy [28-32]. In the JDNCS, the association of ESRD with remis-
sion of macroalbuminuria during the 1- and 2-year baseline periods was also evalu-
ated. This analysis was applied to patients having macroalbuminuria at enrollment
and at least two UACR (or UPCR) measurements during a baseline period before
reaching ESRD. Remission was defined as transition from macroalbuminuria to
normo-/microalbuminuria. Macroalbuminuric patients with remission had lower
cumulative ESRD incidences than patients with no remission at the 1-year (p < 0.05,
Fig. 2.3a) and 2-year analysis (p < 0.01, Fig. 2.3b). However, remission was not a
determinant for ESRD independent of initial eGFR and UPCR by multivariate anal-
ysis (Table 2.6). Our results may be explained by the irreversibility of kidney
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Fig. 2.3 Cumulative incidence of ESRD compared among groups with or without remission of
macroalbuminuria during (a) 1-year and (b) 2-year baseline periods in the JDNCS. (a) Solid line,
without remission group (n = 94); dotted line, with remission group (n = 18) after year 1.
Cumulative incidence of ESRD in patients with remission was significantly lower than in those
without remission (p < 0.05). (b) Solid line, without remission group (n = 90); dotted line, with
remission group (n = 23) after year 2. Cumulative incidence of ESRD in patients with remission
was significantly lower than in those without remission (p < 0.01)
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lesions. In our prior study regarding biopsy-proven diabetic nephropathy with type
2 diabetes, the characteristic pathological lesions (glomerular lesions, interstitial
fibrosis and tubular atrophy, and arteriosclerosis) as well as clinical factors includ-
ing macroalbuminuria and reduced eGFR were independent determinants of renal
composite events [16]. Analyses addressing the relationships between pathological
information related to changes in albuminuria and renal outcomes would advance
our understanding of albuminuria as a surrogate endpoint for determining outcomes
in patients with diabetic nephropathy. Additionally, several studies have reported a
high relapse rate in patients with diabetes who achieved remission of macroalbu-
minuria [29, 33].

2.4 Conclusion

The J-RBR/J-KDR and the JDCNS developed by the Japanese Society of Nephrology
provide nationwide cohort data for epidemiological studies of diabetic nephropathy/
DKD. Additionally, the Japanese Society of Nephrology and the Japan Association
for Medical Informatics have constructed a comprehensive clinical database of
CKD patients called the Japan Chronic Kidney Disease Database (J-CKD-DB)
based on advanced electronic health record systems to automatically extract data
using the Standardized Structured Medical Information eXchange (SS-MIX2) [34].
These registries included patients who received treatment according to national
guidelines by nephrologist, supporting high external validity and generalizability to
other population with type 2 diabetes.
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Chapter 3
Diabetic Kidney Disease
and Cardiovascular Disease

Kumiko Muta, Yoko Obata, and Tomoya Nishino

3.1 Introduction

It has been known that diabetes is associated with a high risk of cardiovascular dis-
ease (CVD) [1]. The hazard ratio (HR) among individuals with diabetes as com-
pared to those without diabetes was 2.32 for deaths from vascular causes after
adjustment for baseline age, sex, smoking status, and body mass index in an indi-
vidual participant meta-analysis of data over 1.1 million participants from 104
cohorts in predominantly Western populations by the independent academic coordi-
nating center of the Emerging Risk Factors Collaboration [2]. It has been reported
that CVD is also frequently associated with chronic kidney disease (CKD) [3]. In a
study involving patients with CKD stage 3 (estimated glomerular filtration rate
(eGFR) between 30 and 59 mL/min/1.73 m?), the number of deaths was more than
that from end-stage renal disease (ESRD) [4]. Based on these reports, it is naturally
thought that diabetic kidney disease (DKD), which refers to kidney disease that is
specific to diabetes, may also be associated with CVD. For the risk of CVD, in both
diabetes and CKD, there are some referenced studies regarding the impact of kidney
disease on mortality in diabetic patients. The Finnish Diabetic Nephropathy Study
was a nationwide prospective study of 4201 adults with type 1 diabetes [5]. In this
study, during a median 7 years of follow-up, overall mortality rate was 3.6 times
higher than that in the age- and sex-matched general population, and the presence
and severity of CKD were the major predictors of all-cause mortality [5]. In the
Pittsburgh Epidemiology of Diabetes Complications Study, 658 patients with type 1
diabetes were evaluated [6]. During a median 20-year follow-up period, mortality
was 6.2 (95% confidence interval (CI); 5.2-7.2) times higher than that in the age-
and sex-matched general population, with standardized mortality ratios of 2.0 (95%
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CI; 1.2-2.8) for normoalbuminuria, 6.4 (95% CI; 4.4-8.4) for microalbuminuria
(20-200 pg/min), 12.5 (95% CI; 9.5-15.4) for overt nephropathy (>200 pg/min),
and 29.8 (95% CI; 16.8-42.9) for ESRD (dialysis or renal transplantation) [6]. In
the Third National Health and Nutrition Examination Survey (NHANES III) includ-
ing 15,046 participants with type 2 diabetes, among individuals with both diabetes
and kidney disease, the standardized 10-year cumulative mortality rate was 31.1%
(95% CI, 24.7-37.5), representing an absolute risk difference consisting of people
with no diabetes or kidney disease of 23.4% (95% CI; 14.7-29.6) after adjusting for
age, sex, race, smoking, blood pressure, and cholesterol [7]. Among patients with
diabetes and no kidney disease, no significant difference was observed in standard-
ized mortality compared to the reference group consisting of people with no diabe-
tes or kidney disease [7]. Thus, these studies showed that mortality is more strongly
associated with the presence of kidney disease in patients with diabetes.

It has been recognized that albuminuria and reduced GFR are each associated
with the development of CVD in patients with diabetes. The urinary albumin-to-
creatinine ratio (UACR) levels increased the adjusted HR for cardiovascular events
and all-cause mortality in a historical cohort study of 4328 Japanese participants
with type 2 diabetes from ten centers [8]. Also in a meta-analysis of 31 cohort stud-
ies including diabetic patients, microalbuminuria (relative risk 1.76, 95% CI;
1.38-2.25) and macroalbuminuria (relative risk 2.96, 95% CI; 2.44-3.60) were sig-
nificant risk factors of cardiovascular mortality compared to normoalbuminuria [9].
In a multicenter, large-scale cohort including 3002 Japanese patients with type 2
diabetes without macroalbuminuria, patients with an eGFR reduction without
microalbuminuria had a twofold higher prevalence of CVD compared to patients
without reduced eGFR and microalbuminuria (odds ratio 1.97) and similarly higher
in those with microalbuminuria without reduced eGFR (odds ratio 1.85) [10]. In the
Action in Diabetes and Vascular disease, the preterAx and diamicroN-MR Controlled
Evaluation (ADVANCE) study, the effects of the UACR and eGFR on the risk for
cardiovascular events in patients with type 2 diabetes were investigated [11]. During
a median 4.3-year follow-up period, the multivariable-adjusted HR for cardiovascu-
lar events was 2.48 (95% CI; 1.74-3.52) for every tenfold increase in baseline
UACR and 2.20 (95% CI; 1.09-4.43) for every half of baseline eGFR [11].
Therefore, it has been shown that albuminuria and eGFR are independently associ-
ated with the development of CVD in patients with diabetes.

3.2 Risk Factors and Mechanisms of CVD in DKD

The risk factors for the development of CVD in patients with diabetes and CKD
have been variably discussed. In the cross-sectional study of 1041 dialysis patients
compared to the general population from the NHANES III, derived from baseline
data of the Choices for Healthy Outcomes in Caring for ESRD (CHOICE), the
prevalent risk factors for atherosclerotic CVD are diabetes, hypertension, left ven-
tricular hypertrophy by electrocardiogram, low physical activity, low HDL
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cholesterol, and hypertriglyceridemia [12]. These are so-called traditional risk fac-
tors for CVD. However, some traditional risk factors, for example, hypertension,
obesity, and hyperlipidemia, were inversely associated with mortality in patients
with CKD [13].

In addition, nontraditional risk factors contribute to CVD in patients with CKD. It
was shown that hyperphosphatemia was associated with CVD among patients with
and without CKD because vascular calcification could be caused due to hyperphos-
phatemia [14]. Higher plasma [, microglobulin levels, which were elevated in
patients with kidney failure, were independently associated with overall and cardio-
vascular mortality and cardiovascular events [15]. The increase of other uremic tox-
ins, like indoxyl sulfate and p-cresyl sulfate, was associated with coronary
atherosclerosis in patients with type 2 diabetes [16]. As some other risk factors,
increased artery stiffness was a predictor of CVD mortality and was associated with
CKD in patients with type 2 diabetes [17, 18]. In another study of patients with
diabetes, anemia was also shown as a risk factor for CVD in individuals with CKD,
but not without CKD [19]. High C-reactive protein (CRP) and hypoalbuminemia,
which are inflammation factors, were independently associated with all-cause mor-
tality and high CRP, but not serum albumin, which was an independent predictor for
CVD mortality in CKD [20]. Vascular endothelial dysfunction can be also defined a
risk factor of CVD [21]. Diabetic patients could obtain a hypercoagulable state by
the elevation of many clotting factors and the inhibition of the fibrinolytic system
and can be associated with the risk of CVD [22]. Cardiac valve calcification is also
a predictor of an increased all-cause mortality and cardiovascular death in dialysis
patients [23]. It was reported that mitral annulus calcification was associated with
chronic kidney disease in the Cardiovascular Health Study, a community-based
cohort of adults > age 65, a total of 3929 individuals [24]. Diabetes was associated
with aortic valve calcification in 6780 people of Multi-Ethnic Study of Atherosclerosis
[25]. Aortic and mitral valve calcification was highly prevalent among individuals
with diabetic kidney disease (UACR > 30 pg/min) compared to nondiabetic controls
in a cross-sectional, case-control study of 32 individuals with type 2 diabetes and
diabetic kidney disease [26]. From the above studies, cardiac valve calcification can
be an important factor of increased CVD risk in patients with diabetes and/or
CKD. We show risk factors of CVD in DKD patients in Table 3.1.

The mechanisms of CVD development in patients with DKD have remained
unknown. Oxidative stress could be an important factor. Increased glucose and free

Table 3.1 Risk factors of cardiovascular disease in diabetic kidney disease patients

Diabetes Stiffness of artery

Hypertension Anemia

Dyslipidemia High C-reactive protein

Left ventricular hypertrophy Hypoalbuminemia

Low physical activity Vascular endothelial dysfunction
Hyperphosphatemia Hypercoagulable state

Uremic toxins Cardiac valve calcification
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fatty acids in diabetes increase free radical generation (oxidative stress), and oxida-
tive stress induces endothelial dysfunction and insulin resistance, which may lead to
CVD [27]. Inflammation can also be a key role to CVD contribution. In diabetes,
the release of cytokines may be greater by activating macrophage, and cytokines
increase the synthesis of the platelet-activating factor and stimulate the expression
of adhesion molecules, inducing atherosclerosis [28]. It has also been reported that
immune complexes with modified lipoproteins induce a large amount of cytokines
and stimulate the expression of matrix metalloproteinase-1 and are associated with
the development of CVD in diabetes [28]. Uremia can also increase oxidative stress
and inflammation and contribute to an increased risk of CVD [29]. Uremic solutes,
such as 3, microglobulins, homocysteine, and cysteine, may become substrates for
oxidative injury [29]. As the mechanism for the hypercoagulable state that contrib-
utes to CVD in diabetes, it was reported that increases in factor VII activity are
related to increases in postprandial hyperlipidemia, and plasminogen activator
inhibitor-1 overexpression may occur due to the effects of insulin and proinsu-
lin [28].

Vascular calcification is an important pathological condition that contributes to
the risk of CVD [30]. As the process to contribute to CVD in patients with CKD,
endogenous inhibitors of calcification may be lacking in the uremic state [30].
Fibroblast growth factor 23 (FGF23), a phosphaturic hormone, might play a key
role to contribute to the development of CVD in patients with CKD, because FGF23
enhances phosphate-induced vascular calcification by promoting osteoblastic dif-
ferentiation [31]. In addition, uremia may impair cardiovascular repair mechanisms
in patients with advanced renal failure [32].

3.3 Manifestation of CVD in DKD

CVD generally includes underlying diseases such as coronary artery disease and
myocardial infarction, congestive heart failure, stroke, atrial fibrillation, peripheral
arterial disease, and sudden cardiac death. The association between these diseases,
diabetes and CKD, was verified. For example, incidence of myocardial infarction,
stroke, and cardiovascular death was 25.0%, and incidence of chronic heart failure
hospitalization was 8.5% among individuals with a history of diabetes mellitus and
microalbuminuria in the Heart Outcomes Prevention Evaluation Study, a cohort
study of participants aged 55 years or more with a history of CVD (n = 5545) or
diabetes mellitus and at least one cardiovascular risk factor (n = 3498) with a median
4.5 years of follow-up [33]. Sudden cardiac death was the most common cause of
death, accounting for 25% in 1255 patients with type 2 diabetes mellitus receiving
maintenance hemodialysis who were randomly assigned to receive atorvastatin or
placebo in a multicenter, randomized, double-blind, prospective study [34]. Diabetes
was also one of the risk factors for cerebrovascular disease in dialysis patients [35].
Likewise, some cardiovascular complications can be developed in patients with dia-
betes and CKD.
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3.4 Prevention and Management to Reduce CVD Risk

To prevent the development of CVD in patients with diabetes and CKD, multifacto-
rial therapy is important to control the related factors, for example, hypertension,
albuminuria, hyperglycemia, and dyslipidemia. We show management of CVD risk
factors in DKD based on some guidelines in Table 3.2.

3.4.1 Management of Hyperglycemia

Hyperglycemia is the most important therapeutic target in patients with diabetes. In
Standards of Medical Care in Diabetes by the American Diabetes Association, a
glycosylated hemoglobin (HbAlc) of <7.0% is recommended to reduce the inci-
dence of microvascular diseases [36]. Further, more stringent HbAlc targets
(<6.5%) are considered in selected patients, if possible without significant hypo-
glycemia or other adverse effects of treatment [36]. Less stringent HbAlc goals
(<8.0%) are appropriate for patients with a history of severe hypoglycemia, limited
life expectancy, advanced complications, extensive comorbid conditions, and those
where the goal is difficult to achieve despite diabetes self-management education,

Table 3.2 Management of CVD risk factors in DKD based on guidelines

Risk factor Guideline | Management recommendation

Poor control of | ADA [36] | HbAlc <7.0% to reduce the incidence of microvascular

blood glucose diseases

* More stringent HbA I ¢ targets (<6.5%) in patients without
significant hypoglycemia or other adverse effects of treatment

* Less stringent HbAlc goals (<8.0%) for patients with a history
of severe hypoglycemia, limited life expectancy, advanced
complications, extensive comorbid conditions, and those in
whom the goal is difficult to achieve

AACE/ HbAIC level <6.5% for most nonpregnant adults

ACE [37]
Hypertension KDGIO e Less than 140/90 mmHg in adults with diabetes and CKD
[38] without albuminuria
* Less than 130/80 mmHg in those with albuminuria
* Recommendation of the use of angiotensin receptor blocker
and ACE inhibitor in adults with diabetes and CKD with
albuminuria
ADA [36] | Less than 140/90 mmHg in patients with diabetes and
hypertension

* Lower blood pressure targets (130/80 mmHg) for individuals
at high risk of cardiovascular disease

* First-line recommendation of an ACE inhibitor or angiotensin
receptor blocker, at the maximum tolerated dose in patients
with diabetes and albuminuria

(continued)
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Table 3.2 (continued)

Risk factor Guideline | Management recommendation
Albuminuria KDOQI * Recommendation of using an ACE inhibitor or an angiotensin
[39] receptor blocker in normotensive patients with diabetes and

albuminuria levels >30 mg/g who are at high risk of DKD or

its progression

Dyslipidemia AACE/ * LDL cholesterol goal <130 mg/dL at lower risk, <100 mg/dL

ACE [40] at moderate risk and high risk, <75 mg/dL at very high risk,
and <55 mg/dL at extreme risk

* Triglyceride goal <150 mg/dL and HDL cholesterol >40 mg/
dL

KDIGO No recommendation of specific serum LDL cholesterol level for

[41] lipid-lowering therapy with statin

ACC/AHA

[42]

Salt intake WHO [43] | Reduce salt intake by 5 g/day to prevent CVD in adults and

children

ADA [36] | Sodium consumption to 2300 mg/day in patients with diabetes
and hypertension

Protein intake ADA [36] | Dietary protein at 0.8 g/kg body weight/day for people with
diabetic kidney disease

Smoking ADA [36] | Not to use cigarettes and other tobacco products or e-cigarettes

Alcohol ADA [36] | No major detrimental effects of moderate alcohol consumption
on long-term blood glucose control in people with diabetes

AACE/ACE American Association of Clinical Endocrinologists and American College of
Endocrinology, ACC/AHA American College of Cardiology and American Heart Association, ACE
angiotensin-converting enzyme, ADA American Diabetes Association, CKD chronic kidney dis-
ease, CVD cardiovascular disease, DKD diabetic kidney disease, HbAIc hemoglobin Alc, HDL
high-density lipoprotein, KDIGO Kidney Disease: Improving Global Outcomes, KDOQI Kidney
Disease Outcomes Quality Initiative, LDL low-density lipoprotein, WHO World Health
Organization

appropriate glucose monitoring, and effective doses of multiple glucose-lowering
agents including insulin [36]. However, the effect of glycemic control on the inhi-
bition of CVD risk has not been clearly proven. In the Diabetes Control and
Complications Trial, a multicenter, randomized clinical trial designed to compare
intensive and conventional diabetes therapies, intensive therapy reduced the risk of
macrovascular events by 41%, although not significantly, in patients with type 1
diabetes [44]. In the Steno-2 study, a randomized controlled trial that evaluated
patients with type 2 diabetes and albuminuria, the effect of a targeted, intensified,
multifactorial intervention with that of conventional treatment on risk factors of
CVD was compared [45]. In the end of this study, intensive therapy significantly
reduced HbA 1c values compared to conventional therapy (HbA Ic values in the end
of study; intensive therapy 7.9%, conventional therapy 9.0%, p < 0.001) [45]. In
addition, the risk of CVD development was significantly lower when patients
underwent intensive therapy [45]. However, the rate that achieved an HbAlc of
6.5%, the goal of this study, was very low in the intensive therapy patients.
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Therefore, we cannot conclude that the effect of glycemic control on the inhibition
of CVD risk was shown [45].

Regarding the effect of glycemic control on the inhibition of CVD risk, the
reduction in albuminuria by glycemic control may be associated. In a prospective
observational study of 216 Japanese patients with type 2 diabetes and microalbu-
minuria, reductions in the urinary albumin excretion rate were frequent, with a
6-year cumulative incidence of 51% (95% CI; 42—60) for remission and 54% (95%
CI; 45-63) for regression, whereas the frequency of progression to overt proteinuria
was 28% (95% CI; 19-37) [46]. Lower tertiles for HbAlc (<6.95%) were indepen-
dently associated with remission or regression of microalbuminuria in the pooled
logistic regression analysis [46]. In another 2-year follow-up of this study, the
cumulative incidence of CVD was significantly lower in the microalbuminuria
remission group at least once during the follow-up period than in the non-remission
group [47].

From the above observations, although the effect of glycemic control on the inhi-
bition of CVD development has remained unknown, glycemic control can play a
key contributing role to reduce CVD risk as a central factor for intensified, multifac-
torial therapy of diabetes and CKD and as a factor of remission of albuminuria.

3.4.2 New Glucose-Lowering Therapies and CVD

Recently numerous large randomized controlled cardiovascular outcome trials have
been published in type 2 diabetes with CVD or at high risk of CVD using new
glucose-lowering therapies such as sodium-glucose cotransporter 2 (SGLT2) inhibi-
tors, glucagon-like peptidase 1 (GLP-1) receptor agonists, and dipeptidyl peptidase
4 inhibitors. Especially, the results from trials using SGLT?2 inhibitors and GLP-1
receptor agonists have shown beneficial effects of these drugs to cardiovascular
outcome in patients with type 2 diabetes and CKD.

First, as a famous SGLT?2 inhibitor trial, Empagliflozin Cardiovascular Outcome
Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG OUTCOME) was a
randomized, double-blind, placebo-controlled trial to assess the effect of empa-
gliflozin versus placebo on cardiovascular events in adults with type 2 diabetes at
high cardiovascular risk against a background of standard care [48]. In a post hoc
analysis of this trial, empagliflozin reduced the risk of cardiovascular death by 29%
in patients with prevalent kidney disease at baseline (defined as eGFR <60 mL/
min/1.73 m? and/or urine albumin-creatinine ratio > 300 mg/g) compared with pla-
cebo (HR, 0.71; 95% CI, 0.52-0.98) and the risk of hospitalization for heart failure
by 39% (HR, 0.61; 95% CI, 0.42-0.87) [49]. Even in a post hoc analysis of data
from CANagliflozin cardioVascular Assessment Study (CANVAS) that is a double-
blind comparison of the effects of canagliflozin versus placebo, the effect of cana-
gliflozin on the composite of cardiovascular death, nonfatal myocardial infarction,
or nonfatal stroke, with other cardiovascular, renal, and safety outcomes was similar
in people with CKD (eGFR < 60 mL/min/1.73 m?) (HR, 0.70; 95% CI, 0.55-0.90)



38 K. Muta et al.

and those with preserved kidney function (>60 mL/min/1.73 m?) (HR, 0.92; 95%
CI, 0.79-1.07; p heterogeneity = 0.08) [50]. Furthermore, Canagliflozin and Renal
Events in Diabetes with Established Nephropathy Clinical Evaluation (CREDENCE)
trial was a double-blind, randomized trial in patients with type 2 diabetes and albu-
minuric CKD (eGFR of 30 to <90 mL/min/1.73 m? and albuminuria (>300-5000 mg/
2Cr) and treated with renin-angiotensin system blockade) to receive canagliflozin or
placebo [51]. The canagliflozin group had a lower risk of cardiovascular death,
myocardial infarction, or stroke (HR, 0.80; 95% CI, 0.67-0.95; p = 0.01) and hos-
pitalization for heart failure (HR, 0.61; 95% CI, 0.47-0.80; p < 0.001) compared to
those of placebo group [51]. The results of these three trials showed that SGLT2
inhibitors could be beneficial in patients with diabetes and CKD to inhibit CVD.

Next, as for GLP-1 receptor agonist, Liraglutide Effect and Action in Diabetes:
Evaluation of CV Outcome Results (LEADER) trial was a multicenter, double-
blind, placebo-controlled trial that patients were randomized (1:1) to liraglutide or
placebo, both in addition to standard of care [52]. In a post hoc analysis of this trial,
these analyses assessed outcomes stratified by baseline eGFR (eGFR; <60 versus
>60 mL/min/1.73 m?) and baseline albuminuria [53]. In patients with eGFR
<60 mL/min/1.73 m?, risk reduction for the primary composite cardiovascular out-
come with liraglutide was greater (HR, 0.69; 95% CI, 0.57-0.85) versus those with
eGFR > 60 mL/min/1.73 m? (HR, 0.94; 95% CI, 0.83-1.07; interaction p = 0.01).
Risk reduction for the primary composite cardiovascular outcome was not different
for those with versus without baseline albuminuria (HR, 0.83; 95% CI, 0.71-0.97;
and HR, 0.92; 95% CI, 0.79-1.07, respectively; interaction p = 0.36) [53].

These analyses showed that SGLT2 inhibitors and GLP-1 agonists in patients
with type 2 diabetes and CKD might lead to a reduction of CV outcomes.

3.4.3 Management of Hypertension

In general, the risk of CVD is reduced by the treatment for hypertension. In a pro-
spective observational study for patients with type 2 diabetes, each 10 mmHg
decrease in mean systolic blood pressure was associated with the reduction of CVD
and mortality [54]. On the other hand, in the Irbesartan Diabetic Nephropathy Trial
(IDNT), a randomized, double-blind, placebo-controlled trial using data from 1590
hypertensive patients with type 2 diabetes, the relative risk of all-cause mortality
was the lowest in patients with an average follow-up blood pressure of
121-130mmHg [55]. In IDNT, patients with the lowest follow-up SBP (<120 mmHg)
had sharply higher mortality [55]. In the Action to Control Cardiovascular Risk in
Diabetes, a randomized trial including 4733 participants with type 2 diabetes, the
rate of composite outcomes of fatal and nonfatal major cardiovascular events did
not decrease in the intensive therapy targeting a systolic pressure of less than 120
mmHg, compared to standard therapy targeting a systolic pressure of less than
140 mmHg [56]. However, the annual stroke rate significantly decreased in inten-
sive therapy compared to standard therapy [56]. In regard to strokes, intensive blood
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pressure control (<130 mmHg) was associated with a greater reduction in strokes
from a meta-regression analysis [30].

Based on the data from studies, including the ones mentioned above, Kidney
Disease: Improving Global Outcomes Blood Pressure (KDIGO-BP) guideline rec-
ommends a blood pressure of less than 140/90 mmHg in adults with diabetes and
CKD without albuminuria [38].

3.4.4 Management of Albuminuria

As another role of blood pressure control to prohibit CVD risk, lowering blood pres-
sure reduces the rate of urinary albumin excretion [38]. Albuminuria is associated
with the development of CVD in patients with diabetes [8—11].

In the KDIGO-BP guideline, the goal is less than 130/80 mmHg in adults with
diabetes and CKD with albuminuria [38]. The use of angiotensin receptor blockers
and angiotensin-converting enzyme inhibitors is recommended to control hyperten-
sion and albuminuria in those people [38].

3.4.5 Management of Dyslipidemia

Dyslipidemia is an important factor for CVD risk in the general population and is
common in patients with diabetes and CKD. A condition of diabetes-related dyslip-
idemia includes hypertriglyceridemia, low high-density lipoprotein (HDL) levels,
and increases in small and dense low-density lipoprotein (LDL) particles [57].
These lipid abnormalities can induce the development of CVD [57]. Related to
CKD, from the data in the population-based Atherosclerosis Risk in Communities
Study, a population-based prospective cohort study of 807 participants with CKD,
higher levels of total cholesterol and triglycerides were associated with an increased
coronary heart disease risk [58]. In an observational study with 45,390 hemodialy-
sis patients, incident myocardial infarction was positively associated with non-HDL
cholesterol and inversely with HDL cholesterol [59].

Lowering cholesterol using statin treatment is useful to inhibit CVD risk. In the
Collaborative Atorvastatin Diabetes Study, a randomized placebo-controlled trial of
2838 patients with type 2 diabetes, it was showed that lowering LDL cholesterol
reduced cardiovascular events in those with and without a moderately decreased
eGFR [60]. The Study of Heart and Renal Protection trial, a randomized double-
blind trial including 9270 patients with CKD (3023 on dialysis and 6247 not on
dialysis), with allocation to receive simvastatin and ezetimibe, produced a 17% pro-
portion reduction in major atherosclerotic events during a median follow-up of 4.9
years (526 [11.3%] simvastatin plus ezetimibe versus 619 [13.4%] placebo; rate
ratio 0.83, 95% CI; 0.74-0.94; log-rank p = 0.0021) [61]. However, there was no
significant reduction in major atherosclerotic events in patients on dialysis [61].
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Similarly, the administration of statins did not significantly reduce the risk of CVD
in patients on dialysis in two other randomized controlled trials [34, 62]. Conversely,
some randomized controlled trials showed that CVD risk significantly decreased
using statin treatment in patients with CKD stage G3 (eGFR 30-60 mL/min/1.73 m?)
[63—65]. Therefore, it is better that treatment with statin is initiated in patients with
predialysis CKD to inhibit the risk of CVD.

The treatment goal for dyslipidemia in patients at risk for atherosclerotic CVD is
personalized according to levels of risk according to the American Association of
Clinical Endocrinologists and American College of Endocrinology Management of
Dyslipidemia and Prevention of Cardiovascular Disease Writing Committee [40].
An LDL cholesterol goal is recommended at <130 mg/dL for those with a lower
risk, <100 mg/dL for those with a moderate or high risk, <75 mg/dL for those with
a very high risk, and <55 mg/dL for extreme risk patients [40]. A triglyceride goal
of <150 mg/dL and HDL cholesterol goal of >40 mg/dL are recommended [40]. On
the other hand, specific serum LDL cholesterol levels have not been recommended
for lipid-lowering therapies with statin in guidelines like the KDIGO 2013 Clinical
Practice Guidelines and American College of Cardiology and American Heart
Association Guideline [41, 42]. This is because the association with LDL choles-
terol and coronary risk was weaker and potentially misleading among patients with
lower levels of kidney function [41]. Statin treatment should be considered in most
patients with diabetes and CKD to prevent or inhibit CVD development.

3.4.6 Multifactorial Therapy

To reduce the risk of CVD, an intensified, multifactorial intervention that targets
hyperglycemia, hypertension, and dyslipidemia is recommended in patients with
diabetes and CKD, as shown in the above Steno-2 study [45].

3.4.7 Lifestyle

To prevent and inhibit CVD risk, lifestyle changes are recommended in patients
with diabetes and CKD. Decreasing salt intake reduces the long-term risk of CVD
[43]. In a meta-analysis of 19 prospective cohorts with 177,025 participants, a
higher salt intake was associated with an increased risk of stroke and CVD [66]. The
World Health Organization (WHO) recommends to reduce salt intake by 5 g/day to
prevent CVD in adults and children [43]. However, a multicenter study with 2807
patients with type 1 diabetes showed that salt intake estimated by urinary sodium
excretion was nonlinearly associated with all-cause mortality, that is, both individu-
als with the highest and lowest daily urinary sodium excretion had reduced survival
[67]. Therefore, not only a higher salt intake but also an excessive lower salt intake
should be avoided to reduce mortality and development of CVD.
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For people with DKD, dietary protein is recommended to be maintained at 0.8 g/
kg body weight/day [36]. Reducing the amount of dietary protein below the recom-
mended daily allowance is not recommended because it does not alter cardiovascu-
lar risk measures [36].

Smoking is related to the risk of CVD. In a meta-analysis of 34 cohorts involving
16,492 participants with diabetes and 188,897 participants without diabetes, smok-
ing cessation reduced 19% of the CV risk [68]. Therefore, smoking cessation is
recommended to prevent CVD risk.

Excess alcohol intake is associated with liver disease, cancer, suicide, and so on
[69]. A J-shaped relationship was shown between alcohol consumption and CV
mortality, which was maximal in the range of 5-10 g/day and was significant up to
approximately 26 g/day, in a meta-analysis including 16,351 patients with a history
of CVD [70]. Whereas, in an Australian population-representative study of 6259
adults >25 years of age, alcohol intake of >30 g/day was associated with an
increased risk of albuminuria after adjustment for age, sex, and baseline kidney
function (odds ratio 1.59, 95% CI; 1.07-2.36), but alcohol intake of >30 g/day
reduced risk of eGFR <60 (odds ratio 0.59, 95% CI; 0.37-0.95), compared with
consumption of <10 g/day [71]. In another cohort study including 4,343 participants
aged >65 from US communities, there was no association between alcohol use and
kidney function decline [72]. Therefore, little or moderate alcohol intake may affect
kidney function preservation and reduce the development of CVD.

3.4.8 Management of CVD

Cardiovascular complications are widely observed in patients with CKD. A report
on conference proceedings and recommendations about CVD in CKD was pub-
lished from KDIGO in 2011 [73]. Epidemiology, pathology, diagnosis, prevention,
and treatment of CVD, including coronary artery disease and myocardial infarction,
congestive heart failure, cerebrovascular disease, atrial fibrillation, peripheral arte-
rial disease, and sudden cardiac death, were described in patients with CKD in the
report [73]. Optimized strategies of prevention, diagnosis, and management of CVD
should be determined by more future trials.

3.5 Conclusion

The presence of DKD is strongly associated with the development of CVD. However,
the mechanism of why CVD risk is elevated in patients with diabetes and CKD
should be further investigated, and the management of patients with diabetes and
CKD should be continued more carefully and widely to prevent and inhibit the
development of CVD.
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Chapter 4
Possible Biomarkers for Diabetic Kidney
Disease

Check for
updates

Yukio Yuzawa and Daijo Inaguma

4.1 Introduction

The prevalence of diabetes is increasing worldwide and is the highest in the
Western Pacific region, which includes Japan. The number of patients who require
dialysis because of diabetic kidney disease (DKD) continues to increase. This
warrants efforts to prevent the progression of DKD. Under these circumstances,
there is an urgent need for the development of new DKD biomarkers, in addition
to those currently available, for use in all phases of the disease, from early diag-
nosis and specific detection to prognostic prediction and assessment of treatment
response.

Here, we describe biomarkers established using previously reported analytical
methods and report on exploratory biomarkers and omics analyses for the develop-
ment of novel biomarkers.

4.2 Biomarkers Currently Established Through the Use
of Previously Reported Analytical Methods

Multiple biomarkers for DKD, including urine and serum biomarkers, have been
described and validated [1] (Table 4.1).
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Table 4.1 Characteristics of classical markers of DKD onset and progression

Marker Sample

Characteristics

Glomerular injury markers

Albumin Urine | Urinary albumin levels during the microalbuminuria
stage are used to predict end-stage renal failure. Since
there are wide variations in the data, there is low
specificity for DKD
AAER # AGFR during the spontaneous regression and
microalbuminuria stages

Type IV collagen Urine | * Observed from the early stages of DKD. Consistent
with tissue changes

Ceruloplasmin Urine |« Urinary excretion increases prior to the appearance of
albuminuria

GFR * Best indicator of kidney function. There is currently no
accurate method of estimating GFR levels that are
within high normal range

Tubular injury markers

NGAL Urine | * Increased urinary excretion observed before the
appearance of albuminuria

ol-MG Urine | Relatively inexpensive to measure

KIM-1 Urine | * Increased urinary excretion, even in cases of glomerular
hyperfiltration, which is seen in early DKD

L-FABP Urine « Testing is covered by insurance, which has allowed its
general use in clinical settings. Increased urinary
excretion is observed in diabetes patients with normal
urinary albumin levels

Angiotensinogen Urine |« Increased urinary excretion is observed in diabetes
patients with normal urinary albumin levels

Cystatin C Urine | * Used in clinical settings as a marker for early kidney
dysfunction as it is unaffected by muscle mass, age, or
sex

NAG Urine | Commonly used in clinical settings to differentiate
nephropathies

Inflammatory markers

Inflammatory | IL-6 Blood/ |—

cytokines Urine

IL-8 Blood/
Urine
IL-18 Blood/
Urine . .
* Increased serum levels and urinary excretion levels
IP-10 Blood/ prior to DKD onset or during early DKD
Urine
TNF-a Blood/
Urine
TNF-a Blood
receptor —
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Table 4.1 (continued)

Marker Sample Characteristics
Growth factors | TGF-p Urine | » Therapy leads to decreased urinary excretion
CTGF Blood/ | Related to urinary excretion of albumin and
Urine GFR. Related to end-stage renal failure and mortality
Adhesive ICAM-1 |Blood | Related to albuminuria or microalbuminuria onset
factors VCAM-1 | Blood
Fetuin-A Blood/ |« Related to albuminuria and decreased GFR
Urine
Soluble CD40 ligands Blood/ |« Elevated levels before sDKD onset
Urine
Human al acidic Urine | Increased urinary excretion during normal urinary
glycoprotein albumin stage in diabetes patients
Oxidative stress markers
8-OHdG Urine | ¢ Related to DKD progression
Pentosidine Blood | Related to microvascular lesions
Uric acid Blood | Can be a therapeutic target. Interventional study of
kidney disease outcomes according to uric acid levels is
necessary

4.2.1 Urine Biomarkers
4.2.1.1 Urine Albumin

In early DKD, glomerular endothelial cell proliferation is promoted by vascular
endothelial growth factor (VEGF)-A. This results in capillary expansion and leads
to glomerular hypertrophy [2]. The onset of glomerular epithelial cell damage even-
tually progresses to glomerulosclerosis. Similarly, hyperglycemia, advanced glyca-
tion end products, hypoxia, inflammation, and oxidative stress have all been reported
to cause tubular disorders [3].

Under physiological conditions, albumin filtered by the glomerulus is reabsorbed
in the tubules and urine albumin is detected at levels of 20 mg/g creatinine or less.
In early DKD, however, tubular damage as well as glomerular damage cause
increased urine albumin excretion, and this increase is used in clinical settings as the
gold standard biomarker. Many observational studies have reported an association
between albumin excreted in the urine and decreased glomerular filtration rate
(GFR) [4, 5]. In the first half of the 1980s, 60-80% of diabetes patients with trace
amounts of albumin in their urine had marked proteinuria after 6-14 years. However,
recent research has found that 21-64% of these patients had gone into remission [6].
Thus, urine albumin cannot be used as a prognostic predictor for many DKD
patients. These findings reflect the aggressive use of renin-angiotensin system
inhibitors.

Nevertheless, there are reports that approximately 30% of type 2 diabetes patients
with renal dysfunction do not have albuminuria [7] and that progressive glomerulo-
sclerosis is detected on kidney biopsy in type 2 diabetes patients who do not have
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albuminuria [8]. Therefore, albuminuria and decreased kidney function are not nec-
essarily correlated in at least some cases. Thus, there is a need for the development
of a marker better than albuminuria for prognostic prediction and therapeutic
response.

4.2.1.2 Tubular Damage Biomarkers
Urinary Neutrophil Gelatinase-Associated Lipocalin

Neutrophil gelatinase-associated lipocalin (NGAL) is a small molecule (25-kDa)
that is released from tubular cells into the urine. This protein has been used in
research as a biomarker for acute kidney injury [9-11]. In DKD, it is excreted in
increasing amounts in urine before the advent of albuminuria. A concurrent increase
in NGAL excretion and kidney injury molecule (KIM)-1 is reportedly associated
with progressive pathology [12].

Urinary a-1-Microglobulin

a-1-Microglobulin (MG) is filtered by the glomerular bodies and reabsorbed by the
proximal tubules, where it is metabolized. Thus, the amount excreted in urine
increases with glomerular cell damage. Several studies on diabetes patients with
normal levels of albumin in the urine have reported the use of al-MG as a bio-
marker of early nephropathy [13, 14]. This biomarker is distinctive in being a rela-
tively inexpensive option.

Urinary Kidney Injury Molecule-1

KIM-1 is a membrane protein located in proximal tubule cells. It is excreted in
higher amounts in tubule cell injury and has been studied as a biomarker of acute
kidney injury [15, 16]. Increased KIM-1 excretion in urine and decreased GFR are
reportedly related, and KIM-1 is even excreted in higher amounts in the presence of
glomerular hyperfiltration, which reflects the early pathophysiology of DKD
[17,18].

Urinary L-Type Fatty Acid Binding Protein

L-type fatty acid binding protein (L-FABP) is a carrier protein present in the proxi-
mal tubular cytoplasm. It is used as a biomarker of tubule injury and simultaneous
acute kidney injury [19]. It can also be used as a predictive factor for progression to
end-stage kidney failure and cardiovascular disease in chronic kidney disease
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patients. In Japan, L-FABP measurements are covered by insurance, making it a
commonly used clinical test. As with the aforementioned biomarkers, L-FABP is
excreted in higher amounts in diabetic urine despite normal albumin levels and is
reportedly associated with DKD progression [20, 21].

Urinary Angiotensinogen

Urinary angiotensinogen reflects activation of the renin-angiotensin system local-
ized in the kidneys. It is reportedly found in increased amounts in the urine of dia-
betes patients with normal urine albumin levels [22].

Urinary Cystatin C

Cystatin C (CysC) is a low-molecular-weight protein that is produced by all nucle-
ated cells throughout the body. After filtration by the glomerular bodies, it is reab-
sorbed in the tubules. Urinary CysC is a biomarker of early nephropathy and is
reportedly associated with simultaneous decline in renal function [23, 24]. Serum
CysC is not affected by muscle mass, age, or sex and is used in clinical settings as a
marker of early kidney dysfunction.

Urinary N-Acetyl-Glucosaminidase

N-Acetyl-glucosaminidase (NAG), an enzyme present in the proximal tubules,
is a biomarker used to identify tubular disorders [25]. It is frequently used in
clinical settings to differentiate nephropathy patients. Type 1 diabetes patients,
who were the subjects of the Diabetes Control and Complications Trial, showed
elevated urinary NAG at baseline. This elevated urinary NAG was found to be
an independent risk factor for albuminuria during the 9-year observation
period [26].

4.2.1.3 Glomerular Injury Biomarkers
Urinary Type IV Collagen

Type IV collagen is a constituent of the glomerular basement membrane and mesan-
gial matrix. Increased excretion of type IV collagen in the urine is seen in early
DKD and reflects structural changes in the glomerular bodies that are consistent
with tissue changes [27]. Collagen excretion in the urine has a relatively high degree
of specificity for DKD and thus is used to differentiate DKD from other forms of
nephropathy.
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Urinary Ceruloplasmin

Ceruloplasmin is a serum protein used in the transport of copper. As ceruloplasmin
has a negative charge, it is not normally filtered by the glomerular bodies; as a
result, it is utilized as a biomarker of glomerular disorders. It is reportedly found in
increased levels in urine prior to the appearance of albuminuria [28].

Others

Other urinary substances that may have use as biomarkers of early DKD include
transferrin, IgG, laminin, glycosaminoglycan, and lipocalin-type prostaglandin-D
synthase.

4.2.2 Urinary and Serum Inflammatory Biomarkers
4.2.2.1 Inflammatory Cytokines

A variety of factors have been shown to contribute to the progression of DKD [29].
As chronic inflammation is one of these factors, all inflammatory cytokines can be
used as biomarkers of DKD. Studies have reported that serum interleukin (IL)-6
levels become elevated in conjunction with increased excretion of albumin in the
urine [30]. Baseline levels of IL-6, IL-8, monocyte chemoattractant protein
(MCP)-1, and interferon-inducible protein (IP-10) in type 1 diabetes patients are
reportedly higher in the urine of patients with early kidney damage [31].

Serum IL-18 levels are elevated from the early stage of DKD and studies have
reported an association with cardiovascular death [32, 33].

Serum and urinary tumor necrosis factor-oa (TNF-a) is reportedly elevated from
the early stage of DKD [34], but serum TNF-a receptors may be more reflective of
the pathophysiology of nephropathy [35].

4.2.2.2 Growth Factors

Transforming growth factor (TGF)-f regulates cell proliferation and differentiation
and is one of the cytokines that is important for the maintenance of physiological
homeostasis. Urinary TGF- levels are elevated in DKD patients [36]. Recent study
of type 2 diabetes patients has reported that the use of angiotensin-converting
enzyme inhibitors or vitamin D causes urinary TGF-f levels to fall [37].
Connective tissue growth factor (CTGF) plays an important role in the body,
similar to that of TGF. Urinary CTGF is closely associated with the excretion of
albumin in the urine [38]. In type I diabetes patients, urinary CTGF is reportedly
associated with both albuminuria and GFR [39]. Serum CTGF levels in type I
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diabetes patients are reportedly associated with end-stage kidney failure or mortal-
ity [40].

4.2.2.3 Adhesion Molecules

Elevated levels of serum intercellular adhesion molecule (ICAM)-1 are reportedly
associated with albuminuria or the onset of trace amounts of albumin in the urine
[41]. Serum vascular cell adhesion protein (VCAM)-1 and selectin have reportedly
been associated with the pathophysiology of DKD [42], but as the data are conflict-
ing, the use of these substances for assessment has not been established.

4.2.2.4 Other Factors

Fetuin-A is a vascular calcification inhibitor that is secreted by the liver. As kidney
dysfunction progresses, serum levels decrease. In their study using a lectin microar-
ray on urine samples from type 2 diabetes patients, Inoue et al. reported that fetuin-
A could be used as a marker for microalbuminuria and decreased GFR [43].

CD40 ligands are expressed in B cells, antigen-presenting cells, and vascular
endothelial cells. The soluble CD40 ligand is released during the activation of plate-
lets, which allows its use as a marker for acute coronary syndrome. Serum soluble
CDA40 ligand is reportedly elevated before the onset of nephropathy [44].

Human al acid glycoprotein (orosomucoid), an acute reactant, is secreted in
large amounts in the urine in nephrotic syndrome. This indicates the transition in
diabetes patients from normal albumin levels in the urine to elevated urinary albu-
min levels [45].

4.2.3 Serum and Urinary Oxidative Stress Biomarkers

In both type 1 and type 2 diabetes patients, serum reactive oxygen species (e.g.,
oxidized low-density lipoprotein) levels are elevated, and antioxidant (e.g., super-
oxide dismutase, antioxidative vitamins, and bilirubin) levels are decreased [46,
47]. Urinary 8-oxo-7 and 8-dihydro-2’-deoxyguanosine (8-OHdG) are often used as
oxidative stress markers. Patients with high amounts of urinary 8-OHdG reportedly
have progressive DKD [48], but other reports have shown no association between
the two; therefore, this substance has not been established for use in assessment.
Pentosidine, a serum marker of oxidative stress, is reportedly an independent marker
of microvascular lesions in type 2 diabetes patients [49]. By elevating oxidative
stress levels and accelerating the renin-angiotensin system, uric acid promotes the
progression of diabetic complications [50]. Therefore, this marker that can be uti-
lized to evaluate pathophysiology and the therapeutic target.
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4.2.4 Development of Novel Biomarkers

4.2.4.1 Integrated Omics Analysis in the Development
of Comprehensive Biomarkers

Analytical Methods Using Metabolomics

The estimated number of metabolites in the human body ranges between 3000 and
8000. This number is vastly smaller than the approximate numbers of other omics
in the body (genomics, 22,000; transcriptomics, 100,000; proteomics, 1 million).

However, there is no definitive method that can be used to analyze these metabo-
lites simultaneously, as they all have differing chemical and physical properties. For
example, it is almost impossible to simultaneously measure both hydrophilic metab-
olites, such as organic acids and nucleic acid bases, and hydrophobic metabolites
such as fatty acids and phospholipids in a single analysis. In addition, as the number
of possible metabolites ranges on the order of 10’-10°, collective analysis is even
more unlikely. Therefore, metabolites are currently analyzed by first focusing only
on those in the same metabolite group.

4.2.4.2 Application of Omics Analysis to the Development of Urinary
Biomarkers of DKD (Table 4.2)

Proteomic Analysis

The Steno Diabetes Center reported on the results of urinary proteomic analysis
using capillary electrophoresis coupled to mass spectrometry, which is highly

Table 4.2 Candidate biomarkers of diabetic nephropathy obtained from omics analysis

Integrated omics
Omics analysis | Metabolome miRNA analysis
Biomarker 3-Indoxylsulfuric acid | Increase | miRNA-377 MDM?2 (MDM2
candidate Glycerophospholipids miRNA-192 proto-oncogene, E3
molecule Free fatty acids miRNA-216/217 | ubiquitin protein
Tryptophan miRNA-144 ligase)
Uric acid has-miR-453
Bile acids has-miR-221
Organic anion has-miR-524-5p
transporters (OKT1, has-miR-188-3p
OKT3) Decrease | miRNA-21
Markers of miRNA-375
mitochondrial metabolic has-miR-214
dysfunction (PGCla) has-miR-92b
has-miR-765
has-miR-492
has-miR-373
has-miR-1913
has-miR-638
References [46,47] [48, 49] [51-53]
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reproducible. They could distinguish healthy individuals from diabetics by using 40
types of urinary peptide panels. Using an additional 65 types of peptides, they could
also distinguish DKD as it progressed from the microalbuminuria phase to the overt
proteinuria phase, which takes at least 3 years. Many of these were type 1 fragments
[51]. In addition, the amounts of some of the 65 peptides that are excreted in the
urine are known to decrease before the appearance of albuminuria, which makes
them likely candidates for application in earlier diagnosis of DKD [52]. We believe
that conducting comparisons of proteomic analysis profiles using the previously
reported urinary biomarkers and panels shown in Fig. 4.1 is important.

Metabolomic Analysis

A number of molecules have been reported to be candidates for use in metabolomic
analysis methods for DKD [53]. These are also important to the elucidation of the
mechanism of DKD onset, but there are great hopes that they can additionally be
used as biomarkers. Determining their clinical usefulness, however, remains a topic
for future study.

Urinary metabolomic analysis using gas chromatography and mass spectrometry
in combination has allowed researchers to identify profiles showing that decreases
in the amounts of organic acids excreted in the urine, due to abnormalities in OKT1,
OKT3, and other organic anion transporters, are more likely to occur in patients
with DKD rather than in those without DKD [54]. We have also conducted metabo-
lomic analyses using capillary electrophoresis-time-of-flight mass spectrometry on
serum and urine samples collected from DKD patients at all stages of the disease.

We conducted statistical analysis of all peaks obtained. The results of principle
component analysis, using all peaks found to have a significant difference from
blood serum, indicated that although the separation of stage I and stage II was
unclear, the results did allow us to determine that as the disease stages progressed,
all sample plots showed a forward shift in the principle component. This suggests
that the disease stage can be inferred from metabolomics data [55]. We obtained
urinary metabolites with a positive or inverse correlation with albuminuria and
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Fig. 4.1 Flowchart of development of diabetic nephropathy biomarkers
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kidney function and are currently conducting assessments of unidentified and iden-
tified peaks, using these metabolites as biomarkers.

miRNA

Yang et al. confirmed that certain miRNAs (miRNA-377, miRNA-192,
miRNA-216/217, miRNA-144) increase in the blood of DKD patients while others
(miRNA-21, miRNA-375) decrease [56]. However, they found no correlation with
kidney-specific urinary miRNAs. Argyropoulos et al. reported on urinary miRNA
profiles that showed promise for use in the early diagnosis and prognostic prediction
of nephropathy in type 1 diabetes patients [57]. These data may be useful in the
further development of DKD urinary biomarker research.

4.2.4.3 Exploratory Biomarkers Identified by Research Performed by
the Ministry of Health, Labour and Welfare (MHLW)/AMED
Team (Representative: Takashi Wada)

The team led by Dr. Wada compiled the “Guide to Pathological Diagnosis of
Diabetic Nephropathy” in 2015 and proposed the definition and scoring of patho-
logical characteristics. This clarified the relationship between pathological findings
characteristic of diabetic nephropathy and renal prognosis [58].

In meetings of the biomarker subcommittee, biomarkers in blood and urine,
including known markers (L-FABP) approved domestically, have been proposed as
exploratory markers (Fig. 4.2). The team has evaluated the utility of these biomark-
ers by analyzing their characteristics and forming panels. The team is working on
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Fig. 4.2 Clinical significance of exploratory diabetic nephropathy biomarkers
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the development of a diagnostic method that integrates pathological findings and
biomarkers at each stage of diabetic nephropathy.

Metabolomic analysis has identified several metabolites in blood (e.g., aspartic
acid, SMDA, azelaic acid, galactaric acid, tryptophan metabolites) and urine (e.g.,
L-FABP, C-megalin, and WT-1) as biomarkers for the early diagnosis of diabetic
nephropathy.

Urinary metabolites (X, Y, and Z; patent pending) have been shown to diagnose
for specific stages of diabetic nephropathy.

Several biomarkers were found to be prognostic of outcomes in patients with
diabetic nephropathy. These include anti-erythropoietin receptor antibody and
metabolites (e.g., tryptophan metabolites) in blood and L-FABP, A-megalin, WT-1,
and metabolites in urine.

Analysis of the relationships between these biomarkers and characteristic patho-
logical findings in patients with diabetic nephropathy utilized pathological speci-
mens and urine samples collected by the Wada team. These analyses showed
relationships between anti-erythropoietin receptor antibody and stromal cell inva-
sion/interstitial fibrosis, between L-FABP and interstitial fibrosis and between tryp-
tophan metabolites and stromal cell infiltration/full nodal sclerosis.

Testing of L-FABP is already covered by insurance. Assays for other biomarkers,
including metabolites (e.g., aspartic acid, SMDA, azelaic acid, and galactaric acid),
A-megalin and C-megalin, WT-1, and anti-erythropoietin receptor antibody, have
been patented. WT-1 and anti-erythropoietin receptor antibodies are being prepared
for clinical application, including their performance as in vitro diagnostic agents.
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Chapter 5
Blood Pressure Management in Diabetic
Kidney Disease

Naoki Kashihara

5.1 Introduction

Kidney disease is associated with a high risk of stroke and cardiovascular disease
(CVD) prior to progression into end-stage kidney disease (ESKD) over many years.
A disease concept known as chronic kidney disease (CKD) has been proposed con-
sidering the importance of early detection of kidney disease, which allows its early
prevention and treatment.

In 2017 and 2018, major hypertension guidelines were revised worldwide. The
latest guidelines in Japan are the Antihypertensive Therapy Guidelines 2019 (JSH
2019) issued by the Japanese Society of Hypertension [1] and the Evidence-Based
CKD Treatment Guidelines 2018 (CKD Treatment GL 2018) of the Japanese
Society of Nephrology [2]. Both were released around the same time. At a consen-
sus conference held by the guideline committees of both societies, no conflicts arose
regarding their frameworks. Consequently, they were able to maintain a high degree
of consistency between the two sets of guidelines (Table 5.1).

From the early stage of the disease, patients with diabetic kidney disease (DKD)
are at a high risk of CVD, which is a leading cause of ESKD in many countries.

Generally, the presence of microalbuminuria is an indicator to diagnose early-
stage DKD. However, the risk of CVD is increased within the lower limit of the
definition of microalbuminuria. The general rules for its prevention and treatment
are (1) strict blood glucose level control, (2) strict blood pressure (BP) control, (3)
optimization of abnormal metabolism such as lipid metabolism, and (4) optimiza-
tion of body weight. If the appropriate treatment is provided, the onset and
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Table 5.1 JSH 2019 and CKD diagnostic and treatment guidelines

Evidence-based CKD diagnosis and treatment guidelines
JSH 2019 2018
Diabetes (+) | BP under Diabetes complicating | BP under 130/80 mmHg is
130/80 mmHg CKD recommended
All A classifications
Diabetes (—) | BP under Diabetes non- Maintenance of BP under
No 140/90 mmHg complicating CKD 140/90 mmHg is recommended
proteinuria All A classifications
Proteinuria | BP under In classifications A2 Target BP under 130/80 mmHg is
130/80 mmHg and A3 recommended

Proteinuria in JSH 2014: Proteinuria/urine creatinine ratio of at least 0.15 g/gCr

CKD diagnostic and treatment guidelines 2013, classification A2: Proteinuria/urine creatinine
ratio of at least 0.15-0.49 g/gCr

Classification A3: Proteinuria/urine creatinine ratio of at least 0.5 g/gCr

BP blood pressure, CKD chronic kidney disease, JSH 2019 Antihypertensive Therapy Guidelines
2019 issued by the Japanese Society of Hypertension

progression of DKD can be suppressed if optimal treatment is performed suffi-
ciently. Remission and regression can be expected. Early diagnosis is crucial; there-
fore, measurement of microalbuminuria is essential.

5.2 Basic Strategy for CKD Treatment

The goal of CKD treatment, including that of DKD, is the prevention of stroke and
CVD and the suppression of ESKD.

The three principles of antihypertensive therapy in CKD/DKD are (1) strict BP
control over a 24-h period, (2) proper selection of antihypertensive drugs, and (3)
reduction of albuminuria and proteinuria as much as possible.

It is important to understand the pathophysiology of DKD to implement appro-
priate antihypertensive therapy.

5.3 Basic Pathophysiology of DKD

5.3.1 Alterations in Microhemodynamics in the Kidney

Microhemodynamic changes and metabolic disorders in the kidney are involved in
the development of DKD. The kidney is equipped with mechanisms that regulate
the BP and microhemodynamics in the kidney to maintain homeostasis. In diabetes,
this autoregulatory mechanism is impaired. Elevated intra-glomerular pressure
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(glomerular hypertension) is the characteristic change occurring in this condition.
Since renal function (glomerular filtration ratio; GFR) is primarily determined by
glomerular BP, it leads to an increase in GFR (hyperfiltration) [3]. Hyperfiltration is
postulated to be the major mechanism for the development and progression of DKD
(Fig. 5.1) [4]. Hyperfiltration can be treated in the early stage of DKD; however, it
becomes more difficult to treat as the disease progresses.

Diabetes disrupts this homeostatic mechanism through multiple mechanisms: (1)
tubuloglomerular feedback (TGF) mechanism, in which sodium resorption is
increased via sodium-glucose co-transporter (SGLT), which is associated with
increased resorption of glucose in the proximal tubules, followed by weakened
afferent arteriole vascular resistance; (2) deterioration of the myogenic reaction
caused by abnormalities in the functioning of the membrane-potential-dependent
Ca channel; and (3) activation of the renin-angiotensin system [5]. Although diabe-
tes is associated with a low renin state, the tissue renin-angiotensin system in the
renal tissue is paradoxically promoted [6]. This activation of the RA system leads to
a convergence of insulin resistance and activation of the sympathetic nervous sys-
tem (Fig. 5.2).

Control

Fig. 5.1 Structural changes in the glomeruli in diabetes. Streptozotocin-induced diabetes rat
model after 4 weeks, 50x magnification. In the early stages of diabetes, the afferent arterioles
dilate, the efferent arterioles contract, and the glomeruli enlarge. When FITC-labeled dextran is
administered to diabetic rats, the blood flow becomes visible, and the use of a two-photon laser
microscope has allowed observation of the glomeruli in living kidneys in real time [4]. Af afferent
arterioles, Ef efferent arterioles, STZ-DM streptozotocin-induced diabetes mellitus. Using this
method, we investigated the structural changes in diabetic glomeruli. The image shown here is of
a STZ-DM onset glomerulus at 5 weeks and the control glomerulus. Compared to the glomerulus
of the control rat, The STZ-DM rat glomerulus shows increased overall size. In addition, compared
to the efferent artery of the STZ-DM rat, the afferent artery is relatively dilated
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Fig. 5.2 The mechanism of diabetic kidney disease onset and progression. The pathophysiology
of the onset and progression of diabetic kidney disease involves two basic mechanisms: (1) abnor-
mal intra-renal hemodynamics (intra-glomerular hypertension) and (2) metabolic abnormalities
caused by hyperglycemia. Once the autoregulation function of the afferent arterioles breaks down,
intra-glomerular pressure becomes dependent upon systemic BP; consequently, it becomes neces-
sary to reduce BP to under 130/80 mmHg. When glomerular hypertension and endothelial (func-
tional) disorder occur concurrently, albuminuria develops. This then progresses into proteinuria,
which in turn leads to renal failure. Initially, the “functional” glomerular hypertension is highly
reversible, but as structural changes in the glomeruli progress, there is a shift to “structural” glo-
merular hypertension, which is more difficult to treat

5.3.2 Vascular Endothelial Dysfunction

In diabetes, vascular endothelial dysfunction develops during the early stages of the
disease. Nitric oxide synthase (NOS), which is an NO-producing enzyme, exhibits
both oxidation and reduction ability. When coenzyme BH4 is insufficient, the elec-
trons produced by NADPH oxidation are provided to the oxygen molecules, follow-
ing which NOS starts to produce O~ (uncoupling). Satoh et al. observed that in the
glomeruli of diabetic mice, O%*~ is produced not only by NAD(P)H oxidase but also
by NOS [7, 8]. They determined that this was caused by eNOS uncoupling caused
by a decrease in coenzyme BH4. Additionally, the administration of BH4 has been
shown to ameliorate urinary excretion of albumin [9].

5.4 BP Management in DKD

In the presence or absence of kidney complications, the BP for diabetes patients is
recommended to be maintained under 130/80 mmHg. Most clinical studies that
investigated the effectiveness of antihypertension therapies for patients with diabe-
tes have not shown actual achievement of the target BP under 130/80 mmHg;
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therefore, there is little basis for the effectiveness of strictly lowering the BP to
this extent.

The ACCORD-BP trial [10] demonstrated no effectiveness in the prevention of
CVDinthe group with strictly lowered BP (mean BP achieved was 119.3/64.4 mmHg)
compared to that in the group with conventionally lowered BP (133.5/70.5 mmHg);
however, there was an increase in serious adverse events. There was, however, a
significantly lower incidence of stroke—which is common in Japan—in the group
with strictly lowered BP. Additionally, this group exhibited significantly lower pro-
teinuria levels. The impetus for the present study was the results from a meta-study
of 13 trials indicating that patients with diabetes were successful in lowering BP to
below 135/80 mmHg, which was consistent with this result [11]. Additionally, anal-
ysis of decreased proteinuria determined that strictly lowering BP was effective in
this regard. Based on these results, the guidelines recently released in Europe and
the United States were revised so that they now recommend the BP target to be
under 140/80-85 mmHg.

Nevertheless, unlike Europe and the United States, it has been shown by the
Hisayamamachi Study [12] and the Suita Study [13] that, in Japan, stroke onset is
far more prevalent than ischemic heart disease or myocardial infarction. In consid-
eration of these differences, the target BP in patients with diabetes in Japan is deter-
mined by JSH 2019 to be under 130/80 mmHg.

The JSH 2019 and the CKD treatment GL 2018 recommend the following BP
targets:

1. In cases of diabetes:
(a) Under 130/80 mmHg, regardless of whether albuminuria is present or not
2. In cases of CKD without diabetes:

(a) Proteinuria (—): Under 140/90 mmHg
(b) Proteinuria (+): Under 130/80 mmHg

In cases of CKD without diabetes, when the proteinuria status is (—) according
to the dipstick test, there is little evidence indicating the effectiveness of strict BP
control under 130/80 mmHg for the prevention of CVD and ESKD [14].

5.5 First-Line Treatment for DKD

In cases of diabetic hypertension, the recommended first-line antihypertensive drug
treatment was previously RA inhibitors, regardless of whether DKD is present or
not. RA inhibitors are also recommended for patients with hypertension due to their
possible inhibitory effect on the development of type 2 diabetes in these patients.
These recommendations were primarily based on a sub-analysis of clinical trials
and preclinical studies [15].

However, recent analyses showed no difference in efficacy among the three
classes of antihypertensive drugs, RA inhibitors, Ca channel blockers, and diuretics,
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in populations with diabetes. Thus, the latest guidelines recommend these three
classes equally for the first-line treatment of hypertensive patients with diabetes.

In cases complicated with DKD, RA inhibitors are recommended as the first-line
drug, at least at the microalbuminuria stage (recommendation grade of A).

5.5.1 Effectiveness of RA Inhibitors in Inhibiting
Progression of DKD

Multiple clinical studies have shown that RA inhibitors are effective in the inhibi-
tion of DKD progression in both type 1 and type 2 diabetes.

The following results are obtained from a typical large-scale clinical study tar-
geting early nephropathy due to type 2 diabetes (second stage).

In the IRMA-2 study, the angiotensin II receptor blocker (ARB) irbesartan sig-
nificantly suppressed urinary albumin excretion (UAE) [16]. Forty-nine patients in
the placebo group progressed from microalbuminuria to overt nephropathy with
proteinuria, while in the irbesartan 150 mg group and 300 mg group, this ratio was
suppressed to 9.7% and 5.2%, respectively. Progression was suppressed in a dose-
dependent manner. Additionally, the INNOVATION study focused on early-stage
nephropathy; it included Japanese subjects with normal BP. In contrast to the pla-
cebo group, in which 44.2% patients transitioned to overt proteinuria, in the telmis-
artan 40 mg and 80 mg groups, this percentage was suppressed to 21.0% (NNT
3.66) and 11.9% (NNT 3.01), respectively [17].

Even in the overt proteinuria stage (third stage), the renal protective action of RA
inhibitors has been verified. The RENAAL study targets advanced diabetic nephrop-
athy with serum creatinine 1.9 mg/dL. Compared to the placebo, the losartan group
exhibited a 16% reduction in the composite endpoint, which consisted of doubling
of serum creatinine, end-stage renal failure, and death. Sub-analyses have also
shown a positive correlation between the rate of urinary protein decrease and renal
prognosis [18]. In the IDNT study, irbesartan suppressed the progression of renal
damage. The ORIENT study using olmesartan showed that the rate of GFR decline
was delayed; simultaneously, it demonstrated the inhibitory effect of olmesartan on
cardiovascular events [19].

Furthermore, there are racial differences in the effects of RA inhibitors; these
effects become apparent in Asians, especially the Japanese [20].

5.5.2 Preventive Effect of RA Inhibitors Against DKD

It has been suggested that RA inhibitors may suppress not only the progression of
nephropathy but also the onset. The BENEDICT study, which targeted patients with
type 2 diabetes along with hypertension, demonstrated that the angiotensin-
converting enzyme (ACE) inhibitor trandolapril was able to inhibit the onset of
microalbuminuria [16].
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In contrast, in studies on normotensive type 1 diabetes, losartan administration
accelerated the onset of microalbuminuria [21]. The average HbAlc in this study
was high at 8.6%, indicating poor glycemic control. However, the BP was normal at
120/70 mmHg. ARB could not suppress the onset of nephropathy in normotensive
type 1 diabetes, where blood sugar control is poor. Contrarily, in the BENEDICT
study, which targeted patients with type 2 diabetes and hypertension (average BP of
150/87 mmHg), the average HbAlc was 5.8%, indicating good blood glucose
control.

There are two explanations for the contrast between these results. RA system
inhibitors dilate the afferent arterioles and increase renal blood flow; however, this
effect is often overlooked because their effect on efferent arterioles is emphasized.
As a result, the GFR increases in healthy individuals [22]. Type 1 diabetes does not
involve insulin resistance. The afferent arterioles dilate in a blood-glucose-dependent
manner in the early stage of diabetes. Therefore, RA inhibitors may increase albu-
minuria in type 1 diabetes. In addition to the difference between type 1 and type 2
diabetes, differences in the control status for blood glucose and BP in these studies
may contribute to the difference in these results.

5.6 Antihypertensive Drug Combination Therapy

RA inhibitors are utilized as the first-line drug for hypertension; however, when
they do not sufficiently lower of BP, combination therapy with second-line drugs
such as long-acting Ca antagonist, thiazide diuretics (including thiazide-like
drugs such as CKD G1-G3), and loop diuretics (CKD G4-G5) is considered.
Combination therapy with RA inhibitors and small doses of diuretics may achieve
a major decrease in proteinuria; however, decreased GFR is also common. If the
decrease in GFR is less than 30% of the previous value, the long-term prognosis
of renal function is good. In fact, in clinical trials of RA inhibitors for DKD,
most patients were administered RA inhibitors in combination with small doses
of diuretics [23].

5.6.1 The Advantages of Combination Therapy with an RA
Inhibitor and Diuretic

Patients with DKD often present salt-sensitive hypertension. Salt sensitivity is a
cause of nocturnal hypertension (such as in a non-dipper). Nocturnal BP is usually
10-20% lower than daytime, waking BP (dipper). The risk of stroke, CVD, and
cognitive impairment is higher in the riser type, which is associated with an increase
in nocturnal BP, and the non-dipper type. Additionally, non-dipper type nocturnal
hypertension is a risk factor for developing albuminuria. Diuretics are excellent in
correcting nocturnal BP abnormalities.
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Since diuretics reduce the renal blood flow, they activate the RA system. This
promotes the vascular resistance of the efferent arterioles, which in turn function as
a “safety valve” that maintains intra-glomerular pressure and preserves the GFR. In
cases in which diuretics and RA inhibitors are used in combination, the RA system
does not function as a safety valve when the amount of body fluid decreases. This
subsequently makes it difficult to maintain the GFR. Although the combination of
RA inhibitors and diuretics increases the effectiveness of proteinuria suppression,
the GFR is considerably decreased for this reason. In elderly individuals and others,
the risk of hyponatremia is increased.

Additionally, limiting salt intake enhances the organ-protective effects of RA
inhibitors. Among the participants in the RENAAL and IDNT trials, results have
been reported from the analyses of patients who were able to undergo 24-h urine
collection. When the salt intake values were divided into three quartiles, the ARB-
treated group exhibited the lowest incidence of renal and cardiovascular events in
the group with the lowest salt intake.

The GUARD study compared the effects of the combination of the ACE inhibi-
tor benazepril + amlodipine with the combination of benazepril + hydrochloro-
thiazide in patients with type 2 diabetes exhibiting hypertension and albuminuria.
The patients were randomly assigned to two groups in a double-blind fashion. The
primary endpoint was albuminuria after 52 weeks. The observation period
was 1 year.

The observed antihypertensive effect was the same in both groups. Although in
both groups, the urinary albumin excretion compared with the baseline value sig-
nificantly decreased, it was —72.1% in the hydrochlorothiazide combination group
and 40.5% in the amlodipine combination group. The former group exhibited a
greater reduction in albuminuria (P < 0.0001) [24].

Changes in the eGFR, which were analyzed as a secondary outcome, were
—2.03 = 14.2 mL/min/1.73 m? in the amlodipine combination group and
—13.64 = 16.1 mL/min/1.73 m? in the hydrochlorothiazide combination group
(P < 0.0001); the eGFR was significantly maintained in the amlodipine combina-
tion group.

Conflicting results were obtained between the two groups, with respect to the
proteinuria reduction effect and the GFR retention ability. It remains unclear
whether the combinations of RA inhibitors with diuretics and RA inhibitors with Ca
antagonists can improve the prognosis of renal function.

5.6.2 The Advantages of Combination Therapy
with Ca Antagonist

The L-type Ca channel is widely distributed in the intra-renal vascular system up to
the efferent arterioles. Generally, dihydropyridine Ca antagonists (calcium channel
blocker; CCB), all of which act on the L-type Ca channel, are used. CCBs increase
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the renal blood flow and increase the effective glomerular filtration area. Since they
increase the blood flow in the peritubular capillaries, they act to suppress Na resorp-
tion (diuretic effect) and relieve interstitial ischemia. These effects are beneficial as
they protect the kidneys.

However, some clinical studies have reported that they are weaker at reducing
proteinuria than RA inhibitors or that they increase proteinuria. In contrast, CCB
administration in non-CKD hypertension patients does not cause proteinuria.
Additionally, in the elderly, it has been shown to gradually improve the GFR [25].
The clinical studies that found that CCB administration is not beneficial in terms of
renal protection have one point in common; in all of them, the subjects were CKD
patients who presented a minimum level of proteinuria. Specifically, in cases with
glomerular hypertension (proteinuria), the results suggest that CCB administration
may further increase proteinuria.

Therefore, when CCBs are used in CKD patients who present proteinuria at a
certain level or higher, then the following conditions should be met: (1) a long-
acting CCB should be selected (low activation of the sympathetic nervous system),
(2) sufficient lowering of the BP should be achieved (arterial pressure is more easily
transmitted to intra-glomerular pressure), and (3) a subclass (T-type, N-type, types
that do not markedly activate the sympathetic nervous system) that can be expected
to dilate the efferent arterioles should be selected.

In case of patients such as the elderly (low renal blood flow) and patients with
arteriosclerotic nephrosis, CCBs are the first-line drug as their advantages are
mostly manifested in such cases. CCBs are an extremely safe option for the kidneys
because, when they are used on the types of cases indicated above, they are not
associated with unexpected acute renal dysfunction.

5.6.3 Combination Therapy with RA Inhibitors

It has been established that RA inhibitors possess an excellent ability to reduce
proteinuria. Indeed, that effectiveness has been shown to be considerably more
dependent upon the dose of the RA inhibitor than the degree to which the BP is
lowered; thus, sufficient doses (high doses) are recommended when the goal is to
reduce proteinuria.

The combined use of RA inhibitors with different mechanisms of action (double
blockade) can be expected to produce, in theory, a comprehensive RA inhibitory
effect and, therefore, a more additive and synergistic organ-protective effect.

To conclusively verify the efficacy of the combination therapy, large-scale,
international, multicenter, joint, double-blind studies have been conducted.
However, contrary to the expectations, these extensive studies did not show that
combined therapy was effective. Besides, they showed an increased risk of adverse
events [26, 27].
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5.7 Conclusion

Hypertension in DKD patients is an important factor that determines prognosis.
Appropriate BP management—specifically, the setting of appropriate BP targets
and the selection of appropriate antihypertensive drugs—is important. It has been
shown that if strict BP management and sufficient blood glucose management can
be utilized at least until the microalbuminuria stage, remission induction can be
expectantly achieved without nephropathy onset or progression. However, nephrop-
athy experienced as a complication in patients with diabetes has various clinical
presentations, all of which fall under the rubric of DKD. In addition to following the
guidelines, individualized medical care should be implemented.
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Chapter 6
Glycemic Control and Future Perspectives
for Treatment

Satoshi Miyamoto and Kenichi Shikata

6.1 Glycemic Control

6.1.1 Introduction

Diabetic kidney disease (DKD) is a well-known chronic pathological condition that
develops and progresses as a result of long-term changes in glucose metabolism.
DKD is one of the three major complications of diabetes, together with retinopathy
and neuropathy.

Several factors are involved in the development of DKD, including increased
polyol pathway flux, activation of protein kinase C, oxidative stress, accumulation
of advanced glycation end products, glomerular hyperfiltration, overexpression of
transforming growth factor-p (TGF-f), followed by increase of extracellular matri-
ces. These mechanisms can act independently or in combination, leading to func-
tional and histological abnormalities of the kidney in DKD patients. Chronic
inflammation induced by the above mechanisms also plays a crucial role in the
progression of DKD [1]. Since hyperglycemia is the most important contributing
factor for DKD, glycemic control is important for suppression of the progression of
nephropathy, improvement of patient prognosis, and reduction of medical costs.

In DKD patients, the mortality associated with cardiovascular diseases increases
with an increase in albuminuria and deterioration of renal function (cardiorenal con-
nection) [2]. American Diabetes Association’s Standards of Medical Care in
Diabetes (2020) [3] recommends that urinary albumin to creatinine ratio and eGFR
should be measured at least once per year for patients with at least 5 years of type 1
diabetes and all patients with type 2 diabetes. The prognosis of DKD patients devel-
oping ESRD and requiring dialysis is poor. Therefore, in clinical practice, regular
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screening of renal function is important because early diagnosis and appropriate
early treatment of DKD are essential for preventing the progression of nephropathy
in diabetes.

This chapter reviews evidences suggesting the effects of glycemic control on the
prevention of the development and progression of DKD.

6.1.2 Glycemic Control and Prevention of Development
and Progression of DKD

The following six randomized controlled trials (RCTs) examining the effects of
strict glycemic control on the clinical outcomes, including subanalyses and follow-
up analyses after trial completion, were reviewed: the Diabetes Control and
Complications Trial (DCCT) [4-6] for type 1 diabetes patients, UK Prospective
Diabetes Study (UKPDS) for type 2 diabetes patients, Kumamoto study [7], Action
to Control Cardiovascular Risk in Diabetes (ACCORD) trial [8, 9], Action in
Diabetes and Vascular Disease: Preterax and Diamicron Modified Release
Controlled Evaluation (ADVANCE) trial [10-12], and Veterans Affairs Diabetes
Trial (VADT) [13, 14].

DCCT [4] was an RCT involving 1441 patients with type 1 diabetes and a mean
observation period of 6.5 years. The patients were randomly assigned to either an
intensive insulin therapy group (target HbAlc < 6.05%, receiving insulin injections
at least three times a day or use of an insulin pump) or a conventional therapy group.
The results showed that intensive therapy reduced the risk of microalbuminuria
(defined as urinary albumin excretion > 40 mg/24 h) by 39% and that of albumin-
uria (defined as urinary albumin excretion > 300 mg/24 h) by 54%. The Epidemiology
of Diabetes Interventions and Complications (EDIC) study was conducted as a fol-
low-up of DCCT. In EDIC, both groups received intensive insulin therapy. The
results showed that despite the HbA lc levels were similar between the two groups,
the rates of progression of albuminuria [15] and decrease in glomerular filtration
rate (GFR) [5] were significantly lower in the group which had previously received
the intensive insulin therapy with strict glycemic control, suggesting the importance
of early strict glycemic control.

Besides DCCT and EDIC, the Kumamoto study [7], ADVANCE trial [10],
ACCORD trial [8], and VADT [13] reported that strict glycemic control signifi-
cantly prevented the development of microalbuminuria. The DCCT [4], Kumamoto
study [7], ADVANCE trial [10], and ACCORD trial [8] reported that strict glycemic
control significantly prevented the progression to macroalbuminuria. Furthermore,
the ADVANCE trial [10] reported that strict glycemic control significantly reduced
albuminuria and increased the rate of regression to normoalbuminuria (urinary
albumin-creatinine ratio < 30 pg/mg). A meta-analysis of RCTs involving type 2
diabetes patients aged 19 years or older also revealed that compared to standard
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therapy, intensive therapy (median HbAIc during the study period was 6.4—7.4%)
decreased the risks of both microalbuminuria and macroalbuminuria [16]. Thus, the
results of multiple RTCs and meta-analysis suggest that strict glycemic control is
effective for preventing the development and progression of DKD.

However, the results of RCTs suggesting the effects of strict glycemic control on
prevention of the progression to ESRD remain controversial. The ADVANCE trial
investigated type 2 diabetes patients with cardiovascular risk factors and reported
that compared to standard therapy, intensive therapy (target HbAlc < 6.5%) signifi-
cantly reduced the risk of ESRD (requiring renal replacement therapy) by 65% [10].
On the other hand, DCCT/EDIC [5], ACCORD [8], and UKPDS33 [17] reported no
significant difference in the risk of ESRD between the intensive therapy and stan-
dard therapy groups.

6.1.3 Relationship Between Strict Glycemic Control
and Cardiovascular Events and Mortality

The ACCORD trial investigated type 2 diabetes patients with cardiovascular disease
or cardiovascular risk factors and reported in 2008 that intensive therapy (target
HbAlc < 6%) significantly increased mortality compared to the standard therapy
(target HbAlc 7-7.9%) [18]. Subsequent analyses were conducted by dividing the
subjects into those with and without CKD [CKD was defined as any of the follow-
ing: (1) eGFR > 90 mL/min/1.73 m? and urinary albumin/Cr ratio > 30 pg/mg, (2)
60 < eGFR < 89 mL/min/1.73 m? and urinary albumin/Cr ratio > 30 pg/mg, or (3)
30 < eGFR £ 59 mL/min/1.73 m?] [9]. The results of the analyses showed that
intensive therapy significantly decreased the incidence of nonfatal myocardial
infarction (hazard ratio [HR] = 0.74, 95% confidence interval [CI] = 0.59-0.93,
p = 0.009) but significantly increased all-cause mortality (HR = 1.306; 95%
CI = 1.065-1.600, p = 0.01) and cardiovascular death (HR = 1.412, 95%
CI =1.052-1.892, p = 0.02) in CKD patients; however, non-CKD patients showed
no significant differences in all-cause mortality or cardiovascular death between the
two groups.

On the other hand, results of the ADVANCE trial [11] (target HbAlc < 6.5%)
showed no significant difference in mortality between the two therapy groups, based
on the analysis using the following two different cutoff points for CKD: (1)
eGFR > 60 and UACR > 30 mg/g Cr and (2) eGFR < 60. The UKPDS post-trial
monitoring study [19] (UKPDS80; median follow-up period, 16.8 years) and
DCCT/EDIC [6] (mean follow-up period, 27 years) reported that the risk of all-
cause mortality significantly decreased during the follow-up period in patients who
had been treated with strict glycemic control; however, the subanalysis of CKD or
DKD patients was not performed. On the other hand, the follow-up study of the
VADT [14] (median follow-up period, 9.8 years) reported that strict glycemic
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control decreased the risk of major cardiovascular events, but there was no signifi-
cant effect on all-cause mortality. Furthermore, a meta-analysis, involving the
ACCORD trial, reported no significant difference in mortality between the standard
and intensive therapy groups [20].

Thus, findings regarding the effect of strict glycemic control on all-cause mortal-
ity and cardiovascular events are inconsistent. Currently, the evidence is insufficient
for the effect of glycemic control, especially in DKD patients.

6.1.4 Target Level of Glycemic Control and Points of Attention

Based on the findings of the Kumamoto study [21] and other RCTs [4, 12, 17], a
target HbAlc level of <7% is recommended for prevention of the development and
progression of microvascular complications including DKD. The Standards of
Medical Care in Diabetes (2020) [22] recommends a target HbA 1c level of <7% for
diabetes patients and also proposes a target HbAlc level of <6.5% for preventing
microvascular complications in patients whose blood glucose levels can be con-
trolled without complications such as hypoglycemia. It is also suggested that the
target HbAlc level can be set at <8% in patients with a history of severe hypoglyce-
mia, limited life expectancy, and/or advanced micro- or macrovascular complica-
tions [23].

The DCCT [4], ADVANCE trial [12], VADT [13], and UKPDS33 [17] reported
that strict glycemic control increased the incidence of severe hypoglycemia.
Subanalysis of the ACCORD trial [9] results involving diabetes patients with CKD
reported that the incidence of hypoglycemia requiring assistance was significantly
higher in CKD patients than in non-CKD patients, and the annual incidence was
5.3% in CKD patients receiving intensive therapy, 2.0% in CKD patients receiving
standard therapy, 3.5% in the non-CKD patients receiving intensive therapy, and
1.1% in the non-CKD patients receiving standard therapy. Therefore, careful blood
glucose management considering the patient background and risks of hypoglycemia
is needed, especially for patients with DKD with decreased eGFR because they are
susceptible to hypoglycemia.

Furthermore, elderly patients tend to experience few symptoms at the time of
hypoglycemia and, therefore, are susceptible to severe hypoglycemia due to
strict glycemic control depending on the drugs used. In addition, patients with
dementia and/or those with impaired activities of daily living may have prob-
lems such as difficulty in self-management. Thus, the target HbAlc level for
each patient should be determined after a comprehensive assessment including
risk of hypoglycemia, life expectancy, severity of vascular complications, and
compliance [24].

DKD patients often have diabetic retinopathy. Assessment of retinopathy is
mandatory when treatment for glycemic control is initiated. Treatment for reti-
nopathy should be performed in parallel with that for glycemic control and in
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collaboration with ophthalmologists, if needed. Caution should be exercised
while initiating treatment without confirming the presence of retinopathy, since
there is a risk of exacerbating retinopathy if rapid glycemic control is performed
[25]. DCCT [26] showed that progression of retinopathy was more common in
the strict glycemic control group than in the standard therapy group at 6 and 12
months of the study; however, a reverse result was obtained thereafter. After 3.5
years, the development and progression of retinopathy was less common in the
intensive insulin therapy group.

6.1.5 Glycemic Control in Patients with Renal Dysfunction

The importance of glycemic control in DKD patients with renal dysfunction has
not been clearly established due to lack of sufficient evidence. Compared to
patients with normal renal function, those with renal dysfunction have various
problems including decreased gluconeogenesis in the kidney, decreased metabo-
lism and excretion of insulin due to renal dysfunction, increased insulin resis-
tance due to uremia, and other pharmacokinetic changes. In general, HbAlc is
used as an index of glycemic control. However, besides HbAlc, glycoalbumin
and blood glucose levels should also be used as glycemic control indices because
patients with renal dysfunction may require treatment for renal anemia with
erythropoietin, iron supplements, and/or infusion, all of which can reduce the red
blood cell life span and increase immature erythrocytes, thereby reducing the
HbA1c levels [27].

There is insufficient evidence related to the efficacy of glycemic control in pre-
venting the progression of DKD. A study on diabetes patients with stage G3 and G4
CKD reported that mortality and the incidence of end-stage renal failure and cardio-
vascular events increased with an increase in HbAlc levels and that mortality
increased even in patients with HbAlc levels <6.5% [28].

A study of glycemic control in patients on hemodialysis reported that those with
HbA 1c levels >8.5% had higher mortality [23].

6.1.6 Intensive Therapy

The effects of intensive therapy on prevention of cardiovascular complications were
demonstrated by the Steno-2 study conducted at the Steno Diabetes Center in
Denmark. The Steno-2 study was an RCT examining the effects of multifactorial
intensive therapy consisting of strict glycemic control and lifestyle intervention by
a multidisciplinary team comprising physicians, nurses, and dieticians in 160
patients with type 2 diabetes and microalbuminuria. The intensive therapy group
received comprehensive treatment including lifestyle intervention, strict glycemic
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and blood pressure control, serum lipid control, administration of angiotensin-
converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB), admin-
istration of supplements such vitamins C and E, and administration of aspirin. The
progression of diabetic vascular complications, including DKD, was compared
between the intensive therapy and standard therapy groups.

After a mean of 3.8 years of intervention, compared to the standard therapy
group, the rate of progression of nephropathy (urinary albumin > 300 mg/24 h) was
reduced by 73%, and the rates of retinopathy and autonomic disorder were reduced
by 55% and 68%, respectively, in the intensive therapy group [29]. After a mean of
7.8 years of intervention, the incidence of composite cardiovascular events was sig-
nificantly reduced by 53% in the intensive therapy group compared to the standard
group [30]. During the observation period after completion of the trial, the prior
standard therapy group also received intensive therapy. At a mean follow-up of 13.3
years, risk factors such as HbAlc level, low-density lipoprotein cholesterol level,
and systolic blood pressure were not significantly different between the two groups;
however, all-cause mortality and risks of cardiovascular death and cardiovascular
events were reduced by 46%, 57%, and 59%, respectively, in the intensive therapy
group [31]. The incidence of end-stage renal disease was also significantly decreased
in the intensive therapy group compared to the standard group [31].

After a mean follow-up of 21.2 years [32], all-cause mortality was reduced by
approximately 45% in the intensive therapy group, and the difference in median
survival time was 7.9 years. In addition, the time to onset of first cardiovascular
event was 8.1 years longer in the intensive therapy group. In the intensive therapy
group, the rates of progression of diabetic microvascular complications (except
peripheral neuropathy) were reduced, and the rate of progression of nephropathy
was reduced by 48%.

Thus, while treating DKD, multifactorial intensive intervention including glyce-
mic control, blood pressure control using the renin—angiotensin system inhibitor,
lipid management, and diet therapy is considered important for the prevention of
cardiovascular events, reduction of all-cause mortality, and prevention of end-stage
renal disease. In order to effectively perform such intensive therapies in clinical
practice, a multidisciplinary team comprising physicians, nurses, pharmacists, and
dieticians is extremely important.

6.1.7 Conclusion

In clinical practice, maintaining appropriate blood glucose levels in diabetes is
important for the prevention of neuropathy, and regular monitoring of urinary albu-
min and eGFR levels is important for the early diagnosis and treatment of nephropa-
thy. Intensive therapy is necessary for DKD patients to not only prevent the
progression of nephropathy and end-stage renal disease but also to reduce cardio-
vascular events and all-cause mortality.
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6.2 Future Perspectives for Treatment

6.2.1 Introduction

Treatment of diabetic kidney disease (DKD) mainly consists of glycemic control,
blood pressure control including suppression of the renin—angiotensin system
(RAS), lipid control, and dietary therapy. Until recently, the angiotensin-converting
enzyme (ACE) inhibitor and angiotensin receptor blocker (ARB) are the only drugs
that had been proven to be effective for treating DKD. Since DKD is the most com-
mon cause of end-stage renal disease (ESRD), development of new drugs for DKD
is an urgent need.

Hyperglycemia is the most important contributing factor in the progression of
DKD. Besides hyperglycemia, hypertension and dyslipidemia are also involved in
the development and progression of DKD. Furthermore, multiple downstream
mechanisms are considered to be involved in the development of DKD, and these
mechanisms are of special interest in the development of new drugs.

This chapter reviews recent developments related to DKD therapeutics and
focuses on new drugs which have been developed based on the factors involved in
the pathogenesis of DKD.

6.2.2 Pathogenetic Factors for DKD

DKD is arenal disease induced by chronic hyperglycemia. Many factors are consid-
ered to be involved in the disease progression/pathogenesis from the onset of hyper-
glycemia to development of glomerular sclerosis and interstitial fibrosis. There are
several mechanisms downstream of hyperglycemia. These include activation of
RAS and changes in glomerular hemodynamics, increased levels of cytokines (such
as TGF-p), oxidative stress, accumulation of advanced glycation end products
(AGESs) due to increased Maillard reaction, increased activation of protein kinase C
(PKC) via abnormal intracellular metabolism (such as polyol metabolism abnor-
malities), and cell cycle abnormalities. In addition, chronic low-grade inflammation
(microinflammation) in the renal tissue plays an important role as an accelerating
factor for DKD.

6.2.2.1 Glycation Reaction

In diabetic patients, the non-enzymatic glycation reaction (Maillard reaction) is
activated and AGEs accumulate in the body. As a result, macrophage activation and
increased production of extracellular matrix from mesangial cells are induced via
receptors for advanced glycation end products (RAGE) on macrophages and
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mesangial cells. In addition, accumulation of extracellular matrix is accelerated
because it becomes resistant to enzymatic degradation after modification by AGEs.
Recently, a trial of pyridoxamine, an AGE inhibitor, for DKD treatment was
conducted.

6.2.2.2 Activation of RAS and Changes in Glomerular Hemodynamics

In diabetic patients, the afferent and efferent glomerular arterioles are dilated. It is
assumed that intraglomerular pressure increases because the dilatation of afferent
glomerular arterioles is greater than that of efferent glomerular arterioles. The RAS
in the kidney is activated in diabetic patients, and angiotensin II induces glomerular
hypertension by contracting the efferent glomerular arterioles.

It is also known that angiotensin II promotes proliferation of mesangial cells and
proximal tubular cells and stimulates the production of TGF-f. It also stimulates
macrophage accumulation and promotes inflammation via the production of che-
mokines such as monocyte chemoattractant protein-1 (MCP-1). Thus, activation of
RAS in the kidney induces glomerular sclerosis and interstitial fibrosis via various
mechanisms.

At present, the endothelin A receptor antagonist [33, 34] and mineralocorticoid
receptor antagonist (described later) are under development for the treatment of DKD.

6.2.2.3 Abnormal Intracellular Metabolism

When a large amount of glucose is transported into the cells in a hyperglycemic
state, the amount of glucose processed via the glucose metabolism pathways (polyol
pathway, diacylglycerol [DAG] signaling pathway, and hexosamine biosynthetic
pathway), except for the glycolytic pathways, increases, leading to sorbitol and
DAG accumulation in the cells. Increased renal DAG content activates PKC, further
leading to the activation of MAP kinase followed by increase in TGF-f expression.
In an experiment using an animal model, a PKC-f inhibitor was reported to be
effective in preventing the progression of DKD [35].

6.2.2.4 Oxidative Stress

Hyperglycemia promotes oxidative stress through increased activation of nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase and decreased activation
of superoxide dismutase (SOD) which scavenges reactive oxygen species. In addi-
tion, the formation of Amadori rearrangement products and AGEs due to glycation
leads to the generation of many reactive oxygen species. Furthermore, macrophages
infiltrating the renal tissue generate free radicals. A trial of bardoxolone methyl, an
antioxidant, for DKD treatment is currently underway (described later).
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6.2.2.5 Inflammation

The expression of intercellular adhesion molecule-1 (ICAM-1) and chemokines
(such as monocyte chemoattractant protein-1, MCP-1) and macrophage infiltration
increase in the renal tissue of diabetic patients in a similar manner as that in the arte-
rial sclerotic lesions [1]. In addition, the concentrations of various pro-inflammatory
cytokines increase in the blood and urine of type 2 diabetes patients. The blood and
urine concentrations of interleukin-18 (IL-18, a pro-inflammatory cytokine) posi-
tively correlate with urine albumin excretion [36]. The blood concentration of IL-18
also positively correlates with intima—media thickness (IMT) and brachial-ankle
pulse wave velocity (baPWYV), which are indices of arteriosclerosis [36]. Thus,
recent studies validated that microinflammation, mainly caused by infiltrated mac-
rophages, plays an important role in the pathogenesis of DKD. Recently, it was
suggested that microinflammation is induced by the activation of inflammasome. It
is also known that inflammation of visceral fat plays a role in the pathogenesis of
insulin resistance associated with obesity, the central component of metabolic syn-
drome [37, 38].

Studies investigating the efficacy of DKD treatment by targeting inflammation
have been performed. We conducted a study for examining the effects of statins and
pioglitazone using a diabetic rat model and reported that these drugs were effective
in suppressing macrophage infiltration and urinary albumin excretion and prevent-
ing the progression of glomerular fibrosis without influencing glucose metabolism
and hemodynamics [1]. As described later, the GLP-1 receptor agonist, an incretin-
related drug, has renal protective as well as antihyperglycemic effect.

6.2.3 Therapeutics for DKD
6.2.3.1 GLP-1 Receptor Antagonist

The GLP-1 receptor antagonist exerts an antihyperglycemic effect by promoting
insulin secretion from pancreatic beta cells and suppressing glucagon secretion
from pancreatic alpha cells. Given that GLP-1 receptors are expressed in various
organs other than the pancreas, there is a possibility that the GLP-1 receptor agonist
binds to these receptors to mediate this effect. Although there is no firm consensus
about the sites of expression of GLP-1 receptor, recent studies have demonstrated
that GLP-1 has various effects, including the vasodilatory and anti-inflammatory
effects, besides the antihyperglycemic effect. We demonstrated in vitro that exena-
tide exerts an anti-inflammatory effect by decreasing the expression of ICAM-1 in
glomerular endothelial cells [39]. We also conducted a study using type 1 diabetes
model rats and reported that administration of exenatide improved oxidative stress,
inflammation, and glomerular hyperfiltration in the renal tissue and reduced albu-
minuria and histological damage [39]. In the Liraglutide Effect and Action In
Diabetes: Evaluation of Cardiovascular Outcome Results (LEADER) trial [40],
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administration of liraglutide significantly suppressed the nephropathy-related out-
comes (onset of macroalbuminuria, doubling of the serum creatinine level and
eGFR < 45 mL/min/1.73 m? need for continuous renal replacement therapy, or
death from renal disease) and has received much attention. The Trial to Evaluate
Cardiovascular and Other Long-term Outcomes with Semaglutide in Subjects with
Type 2 Diabetes (SUSTAIN-6) [41] also reported that administration of semaglutide
significantly suppressed the nephropathy-related outcomes (persistent macroalbu-
minuria, persistent doubling of the serum creatinine level and a creatinine clearance
of <45 mL/min/1.73 m? of body surface area, or need for continuous renal replace-
ment therapy).

6.2.3.2 SGLT?2 Inhibitor

SGLT?2 inhibitors show hypoglycemic effects by increasing glucose excretion from
the kidney. The Empagliflozin Cardiovascular Outcome Event Trial in Type 2
Diabetes Mellitus Patients-Removing Excess Glucose (EMPA-REG OUTCOME)
[42, 43] trial examined the effects of empagliflozin on cardiovascular outcomes in
type 2 diabetes patients with a history of cardiovascular disease. The results showed
that empagliflozin significantly reduced cardiovascular endpoints. Notably, the
treatment also reduced renal events (secondary endpoints). Furthermore, the
Canagliflozin Cardiovascular Assessment Study (CANVAS) program [44] recently
reported that compared to placebo, canagliflozin treatment significantly reduced the
composite cardiovascular outcome (cardiovascular death, nonfatal myocardial
infarction, or nonfatal stroke; primary outcome) in type 2 diabetes patients with
cardiovascular disease or cardiovascular risk factors. In addition, canagliflozin also
prevented the progression of albuminuria (increase of >30% or progression of dis-
ease stage) and composite renal outcome (40% decrease in eGFR, renal replace-
ment therapy or renal disease-related death). Dapagliflozin is also reported to reduce
the kidney events in DECLARE-TIMI 58 randomized trial [45].

A global clinical trial of canagliflozin for DKD treatment (Canagliflozin and
Renal Endpoints in Diabetes with Established Nephropathy Clinical Evaluation;
CREDENCE) [46] has been conducted. In this trial, canagliflozin reduced the rela-
tive risk of the renal-specific composite of end-stage kidney disease, a doubling of
the creatinine level, or death from renal causes was lower by 34% [47]. These results
suggest that SGLT2 inhibitor is beneficial for DKD.

6.2.3.3 Bardoxolone Methyl

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that con-
trols the expression of genes that modulate oxidative stress. The transcription of
N1f2 is controlled by Keapl, a sensor molecule. The Nrf2—Keapl pathway is
involved in maintaining homeostasis by sensing oxidative stress in the body and
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inducing defense reactions. Nrf2 plays an extremely important role in reducing oxi-
dative stress and chronic inflammation. Regulating the defense mechanism against
oxidative stress via Nrf2 activation is important for renal protection [48].

Bardoxolone methyl is a compound developed as a small molecule Nrf2 activa-
tor. It binds to Keap1 and facilitates nuclear translocation of Nrf2 by releasing the
inhibition of Keap1 on Nrf2 [49]. In addition, it suppresses the activation of NF-xB
by binding to IkB kinase [50]. The renal protective effect of bardoxolone methyl
was observed when the drug was under development as an anticancer drug. Since
then, the drug has been studied as a potent therapeutic agent for treating renal dys-
function. In the Bardoxolone Methyl Treatment: Renal Function in CKD/Type 2
Diabetes (BEAM) trial (phase II trial), 227 patients with type 2 diabetes and eGFR
level of 20-45 mL/min/1.73 m? were treated with bardoxolone methyl or placebo
for 52 weeks. A significant increase in eGFR was observed, as compared with pla-
cebo, at 24 and 52 weeks after treatment [51]. In the subsequent Bardoxolone
Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes
Mellitus: the Occurrence of Renal Events (BEACON) trial (phase III trial), 2185
type 2 diabetes patients with eGFR level of 15-30 mL/min/1.73 m? were treated
with bardoxolone methyl (20 mg/day) or placebo, and ESRD and death from car-
diovascular causes were employed as the primary endpoints. However, the trial was
discontinued after 9 months because of safety concerns, driven primarily by an
increase in cardiovascular events [52].

In Japan, a phase II trial of bardoxolone methyl for DKD patients (the Phase II
Study of Bardoxolone Methyl in Patients with Chronic Kidney Disease and Type 2
Diabetes; TSUBAKI trial) reported that a significant increase in GFR measured by
inulin clearance was observed in the treatment group (according to the report
released by Kyowa Hakko Kirin Co., Ltd. in May 2016). The drug is expected to
have a renal protective effect that is different from those of conventional drugs,
since it does not improve albuminuria. The results of clinical studies are awaited.

6.2.3.4 Mineralocorticoid Receptor Antagonist

Aldosterone is secreted by the adrenal gland in response to stimulation by angioten-
sin II. Therefore, aldosterone secretion can be suppressed by ACE inhibitor or
ARB. However, long-term use of ACE inhibitor or ARB leads to a failure to sup-
press aldosterone levels in some patients (aldosterone breakthrough). The aldoste-
rone breakthrough can be corrected by administration of spironolactone, a
mineralocorticoid receptor (MR) antagonist, by which albuminuria is reduced.

A clinical trial of finerenone, a nonsteroidal MR antagonist, for DKD was con-
ducted [53]. This double-blind trial examined the combinational effect of finere-
none in DKD patients receiving ACE inhibitor or ARB. The results showed that
additional administration of finerenone significantly reduced albuminuria, and there
was no significant change in eGFR, with lower incidence of hyperkalemia. The
systolic blood pressure was reduced by only approximately 5 mmHg even at the
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maximum dose of finerenone, suggesting that the effect of finerenone on albumin-
uria reduction was not associated with any hypotensive effect. Recently, it has been
reported that adding esaxerenone on RAS inhibitor reduces urinary albumin-to-
creatinine ratio in Japanese patients with type 2 diabetes and microalbuminuria [54].

6.2.4 Conclusions

This chapter reviewed therapeutic strategies for DKD treatment based on its patho-
genesis and current status of new drug development for DKD. The prognosis and
quality of life of diabetes patients can be improved by prevention of renal failure
and cardiovascular death. This is achieved by preventing the development and pro-
gression of DKD with reduction or remission of albuminuria. In order to accom-
plish this, early diagnosis and treatment of albuminuria is important. Further,
development of new drugs for treating early nephropathy in patients with microal-
buminuria is urgent.
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Chapter 7
Nutrition and Diet Therapy for DKD

Check for
updates

Shinji Kume

7.1 Introduction

Comprehensive therapy focusing on managing blood glucose levels, blood pressure,
and the lipid profile is the most recommended therapeutic approach for diabetic kid-
ney disease (DKD). This therapy aims to manage progression toward end-stage kid-
ney disease and cardiovascular disease. Comprehensive therapy involves various
approaches, such as improving lifestyle habits (diet and exercise therapies) and phar-
macotherapy. Therefore, sharing of information and collaboration within a medical
team, including a physician, nursing staff, and nutritionist, in planning and perform-
ing treatment and education of patients, are important for promoting better clinical
outcomes in DKD. Among these approaches, diet therapy is an essential part of com-
prehensive therapy, and it needs to be tailored to suit the stage of DKD. In diet ther-
apy, there are no clear guidelines on protein restriction, which is important because it
depends on factors, such as age, nutritional status, adherence, and risk of cardiovas-
cular disease. In this section, we outline some salient points and issues of diet therapy
according to the stages of DKD and discuss remaining issues in diet therapy in DKD.

7.2 Diet Therapy for DKD

An overview of diet therapy for DKD is shown in Table 7.1. This overview was
modified from a clinical guideline published from the Japan Diabetes Society. A
limitation is that standardizing dietary therapy worldwide is difficult because the
cause of diabetes is slightly different among countries. In the United States, the
main cause of diabetes is severe insulin resistance due to obesity and relatively
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Table 7.1 Nutritional considerations for patients with diabetic kidney disease (DKD) based on the
clinical guideline provided from the Japan Diabetes Society

Total
energy
(kcal/IBW
DKD stage kg/day) Protein Salt Potassium
No albuminuria 25-30 <20% (% | <6.0 (g/day) Not restricted
(<30 mg/gCre) of total Individualized
calorie) restriction if
hypertension
presents
Microalbuminuria 25-30 <20% (% | <6.0 (g/day) Not restricted
(30-300 mg/gCre) of total Individualized
calorie) restriction if
hypertension
presents
Macroalbuminuria 25-30 0.8-1.0 (g/ | <6.0 (g/day) <2000 (mg/day)
(30-300 mg/gCre) IBW kg/ Individualized
(eGFR245 ml/ day) restriction if
min/1.73 m?) hyperkalemia presents
Macroalbuminuria 25-35 0.6-0.8 (g/ | <6.0 (g/day) <2000 (mg/day)
(30-300 mg/gCre) IBW kg/ Individualized
(30 £ eGFR < 45 ml/ day) restriction if
min/1.73 m?) hyperkalemia presents
Renal failure 25-35 0.6-0.8 (g/ | <6.0 (g/day) <1500 (mg/day)
(eGFR £ 30) IBW kg/ Individualized
day) restriction if
hyperkalemia presents

Cre creatinine, eGFR estimated glomerular filtration rate, /BW ideal body weight

insufficient insulin secretion. However, in some Asian countries including Japan,
the cause of diabetes is commonly due to insufficient insulin secretion in addition to
mild insulin resistance. Therefore, the dietary amount of each nutrient should be
optimized and modified according to the health problem and situation in the indi-
vidual country. Additionally, if available, diet therapy should be conducted accord-
ing to a clinical guideline supplied in each country [1].

7.2.1 Diet Therapy in Chronic Kidney Disease Stages GIAI-2
and G2A1-2

7.2.1.1 Caloric Intake

The recommended caloric intake, taking into account the degree of obesity and
degree of activity, is 25-30 kcal/ideal body weight (IBW) kg/day with a goal of a
body mass index (BMI) <25 kg/m?. Several studies have reported that decreasing
the caloric intake in patients with diabetes and obesity results in decreased
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albuminuria, as well as improved control of blood glucose levels [2, 3]. Therefore,
in patients with severe obesity, the caloric intake can be decreased to 20-25 kcal/
IBW kg/day.

7.2.1.2 Protein Intake

Protein intake depends on people’s habits in various countries. The diet of a person
with diabetes should ideally comprise 50-60% carbohydrates, with 1-1.2 g of pro-
tein/kg of IBW per day, and lipids should comprise the rest of the diet. An excessive
protein consumption of >1.3 g/IBW kg/day should be avoided for preventing initia-
tion and progression of DKD.

However, when the proportion of energy from carbohydrates is 50-60% of the
total energy, the quantity of proteins is generally 15-20%. Consequently, based on
the total energy intake, protein intake is 1-1.5 g/IBW kg/day and can become
greater than 1.3 g/IBW kg/day (Fig. 7.1). In particular, when the proportion of car-
bohydrates is 50-55%, provided that the proportion of lipids is less than 30%, the
proportion of protein will increase, as well as intake of protein (Fig. 7.1). This situ-
ation raises the question of whether a high protein intake is harmful. A high protein
intake might damage organs, including the kidneys. Halbesma et al. reported the
possibility of an increased incidence of cardiovascular events in a group with high
protein intake (1.38-3.27 g/kg/day) compared with a group with protein consump-
tion of 1.10-1.26 g/kg/day [4]. The risk of kidney damage in healthy older subjects
secondary to a high protein intake of 2.0 g/kg/day has been reported previously [5].
A long-term study over 11 years reported that in women with a slightly decreased

—| Carbohydrate: 50-60% . Protein: 1.0-1.2g/IBW-kg/day. Lipids: the rest I—

Carbohydrate : 60% 60% 55% 50%

Energy
i Lipids 0 25% 23% 27% 30%
ratio

Proteins 0 15% 17% 18% 20%

1111

In a case of 25 kcal/kg/day  0.94 1.06  1.13 1.25| g/kg/day

In a case of 28 kcal/kg/day 1.05 1.16 1.26 1.4 g/kg/day

In a case of 30 kcal/kg/day 1.13 |1.28 1.35 1.5 g/kg/day

Fig. 7.1 The amount of protein intake in diet therapy for diabetic patients. Recommended protein
intake in dietary therapy for diabetic patients is 15-20% of total energy or 1.0-1.5 g/IBW kg/day
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renal function (estimated glomerular filtration rate [eGFR] of 55-88 ml/
min/1.73 m?), protein intake of >1.3 g/kg/day was associated with a progressive
decrease in renal function (10 g/day increase in protein intake was associated with
a decrease in eGFR of 7.72 ml/min/1.73 m?) [5]. Therefore, even at this stage of
DKD, when there is no clearly noticeable decrease in renal function, excessive pro-
tein intake of >1.3 g/IBW kg/day should be avoided because of the high risk of
developing or worsening DKD and the risk of developing cardiovascular events.

Therefore, when prescribing low-carbohydrate diet therapy to decrease intake or
improve blood glucose levels at this stage of DKD, restricting carbohydrates to less
than 50% of the energy requirement should be avoided because of the risks associ-
ated with excess protein intake. An increase in protein intake should also be consid-
ered when prescribing diet therapy with a carbohydrate intake of 50-55%, and
patients should be closely monitored in the long term.

7.2.1.3 Salt Restriction

Hypertension is a major concomitant disorder in diabetic patients. Especially,
masked hypertension is a common feature in type 2 diabetic patients being treated
for hypertension, and high sodium intake is associated with this type of hyperten-
sion [6]. In case of hypertension, regardless of causes, salt intake should be less than
6 g/day. Salt restriction is recommended because it has an independent depressor
effect. When salt restriction is combined with medications, along with the depressor
effect, an effect on improving proteinuria and renal function decline can be observed
[7, 8]. However, excessive restriction of salt intake lowers appetite (especially in
older subjects) and can also cause a deterioration in renal function secondary to
dehydration. Therefore, careful monitoring is necessary in this situation.
Additionally, there are varying views regarding the association between salt restric-
tion and long-term prognosis or cardiovascular events [9]. Future prospective, long-
term, intervention studies can help establish guidelines for this issue. In the diagnosis
and treatment guide of chronic kidney disease (CKD) of 2012, which was provided
by the Japanese Society of Nephrology, a daily salt intake of at least 3 or <6 g is
recommended in cases of CKD, including DKD.

7.2.1.4 Potassium Intake

A high potassium intake, especially potassium citrate, stimulates sodium excretion
into urine, leading to better blood pressure control. A recent observational study
showed that higher urinary potassium excretion, which might reflect the daily potas-
sium intake, was associated with the slower decline of renal function and the lower
incidence of cardiovascular complications in type 2 diabetic patients with normal
renal function [10]. Therefore, as long as patients do not have hyperkalemia or take
a renin—angiotensin system inhibitor that elevates serum potassium levels as an
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adverse effect, potassium intake from fresh vegetables or fruits is recommended. To
conclude the effectiveness of high potassium intake on DKD, interventional trials
are necessary.

7.2.2 Diet Therapy in CKD Stages G1-2A3 and G3-4

In addition to the issue regarding calorie intake, the requirement for and practice of
protein restriction from the macroalbuminuria stage onward is discussed in this
section.

7.2.2.1 Caloric Intake

In the macroalbuminuria stage with an eGFR 2 45 ml/min/1.73 m? (CKD stage
G1-2A3), the recommended caloric intake is 25-30 kcal/IBW kg/day (or 25-35 kcal/
IBW kg/day depending on the degree of protein restriction) depending on the degree
of obesity and degree of activity, with a goal of maintaining a BMI < 25 kg/m?. In
the patients with an eGFR < 45 ml/min/1.73 m?, the recommended caloric intake is
25-35 kcal/IBW kg/day.

7.2.2.2 Restriction of Protein Intake

At present, protein restriction of 0.8—1.0 g/IBW kg/day should be performed from
the stage of macroalbuminuria in DKD. Additionally, protein restriction to 0.6—0.8 g/
IBW kg/day should be performed during the stage of renal dysfunction. Notably,
protein restriction to 0.6-0.8 g/IBW kg/day should be considered even at the stage
of macroalbuminuria from a GFR < 45 ml/min/1.73 m?.

Protein restriction has been recommended because it is expected to improve glo-
merular hypertension/hyperfiltration and control progression of DKD by reducing
the phosphorus and acid loads and reduce uremic toxicity and the need for dialysis.
However, meta-analyses, systematic reviews, and randomized, controlled trials
regarding the renoprotective effects of protein restriction in patients with DKD have
shown controversial results [11-14]. Currently, evidence on this issue is unclear.

Consequently, various guidelines from countries, including the current American
Diabetes Association guidelines, do not positively recommend protein restriction as
diet therapy for DKD. Some of the reasons for unclear results regarding the reno-
protective effect of protein restriction probably include problems with adherence to
protein-restricted food, and the problem of which protein intake shows a renopro-
tective effect. A randomized, controlled trial with a duration of 5 years was carried
out in Japan to determine the renoprotective effect of protein restriction in patients
with type 2 diabetes with macroalbuminuria [12]. This trial did not show any
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obvious renoprotective effect of protein restriction [12]. This study also highlighted
the difficulty of maintaining protein restriction over a long time. However, Nezu
et al. reported the results of their meta-analysis, which indicated that GFR can be
improved if protein restriction can be maintained [13]. Therefore, protein restriction
can be expected to result in a consistent effect if it can be sustained. Consequently,
renoprotective effects can be expected if there is clear adherence to the currently
recommended protein restriction of 0.6-0.8 g/IBW kg/day. To achieve this goal,
collaboration within a medical team is required.

Various researchers have investigated whether 0.6-0.8 g/IBW kg/day protein
restriction is sufficient to demonstrate a renoprotective effect. Ideura et al. reported
that in a clinical study on patients with glomerular nephritis (serum creatinine levels
>6 mg/dL), a renoprotective effect was not observed with 0.6 g/IBW kg/day with
protein restriction, but was observed with a higher degree of protein restriction
(<0.5 g/IBW kg/day) [15]. Furthermore, Shimai et al. evaluated diabetic patients
with severe renal dysfunction with serum creatinine levels >3.0 mg/dL and reported
that a protein-restricted diet with 0.5 g/IBW kg/day resulted in a decrease in urine
protein and delayed the need for dialysis treatment. However, these effects were not
observed with a protein intake of >0.6 g/IBW kg/day. These results suggest that a
more efficacious degree of protein restriction needs to be established to produce its
renoprotective effects. Carrying out a high degree of protein restriction under cur-
rent conditions in anticipation of renoprotective effects should be performed by
using special low-protein food, with detailed physical evaluations by an experi-
enced physician and nutritionist. This should be performed to avoid nutritional defi-
ciencies such as those described below.

Protein restriction can be expected to have a consistent effect in protecting the
kidneys, but more studies are required to establish the final guidelines. Furthermore,
the quantity of protein required differs according to the age of an individual and
individual nutritional status. Therefore, there is no single universal recommenda-
tion, and protein restriction should only be implemented after comprehensive evalu-
ation of factors, such as age, pathology, risk, and compliance.

7.2.2.3 Issues of Performing Protein Restriction

After protein restriction is initiated, the nutritional status of the patient, including
sarcopenia and frailty, as well as the course of proteinuria and renal function, should
be evaluated. Although there are differences between reports on this issue depend-
ing on the method used to diagnose or evaluate nutritional disorders and the stage of
CKD, protein—energy malnutrition (PEM) is found in approximately 20-50% of
patients with CKD [16, 17]. Moreover, this state of malnutrition occurs during treat-
ment prior to dialysis and the stage of dialysis and can contribute to an increased
risk of cardiovascular disease and associated mortality rates via physical factors,
such as chronic inflammation or increased oxidative stress. If adequate energy
intake cannot be ensured when carrying out protein restriction, the protein con-
sumed may not be efficiently used for protein synthesis, thus resulting in
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PEM. Therefore, when performing protein restriction from the stage of severe kid-
ney dysfunction, an energy intake of at least 30-35 kcal per kg of ideal or actual
body weight (when BMI is <18.5 kg/m?) is necessary. Additionally, 25 kcal per kg
of ideal or actual body weight is possible in cases of obese subjects even before the
stage of dialysis. Although increasing the intake of carbohydrate to ensure adequate
energy intake during protein restriction is possible, this may lead to poorer control
of blood glucose levels. Therefore, careful monitoring is necessary.

7.2.2.4 Restriction of Salt Intake

From this stage onward, salt restriction to 6 g/day is recommended, irrespective of
the presence of concurrent hypertension. Salt restriction is especially recommended
for patients with edema due to nephrotic-range proteinuria or cardiac dysfunction
because uncontrollable fluid accumulation leads to early induction of dialysis ther-
apy. However, as in the case of pre-DKD to microalbuminuria stages, careful moni-
toring is required to identify dehydration and a decrease in renal function due to
excessive restriction of salt intake (especially when combined with renin—angioten-
sin system inhibitors and diuretics).

7.2.2.5 Potassium Restriction

Because many patients in this stage of DKD will be on renin—angiotensin system
inhibitors for the expected renoprotective effect of these drugs, serum potassium
levels should be monitored along with blood pressure. While potassium restriction
is usually not necessary for all patients in the stage of macroalbuminuria, in the
event of concurrent hyperkalemia, potassium should be restricted to <2 g/day, with
restriction to <1.5 g/day in the stage of renal failure. Serum potassium levels should
be managed within the range of 4.0-5.4 mEq/L.

7.2.2.6 Phosphorus Restriction

An elevation in serum phosphorus levels is thought to be strongly associated with
CKD-mineral and bone disorder and secondary hyperparathyroidism in chronic
renal failure and with ectopic calcification, including calcification of blood vessels.
Additionally, a meta-analysis showed that elevation of serum phosphorus levels in
patients with CKD is an independent risk factor for progression toward renal failure
and an increased mortality rate [18]. Therefore, management of serum phosphorus
levels is critically important to extend a healthy life span in patients with DKD.
Consequently, serum phosphorus should be maintained within the normal range
(approximately 2.5-4.5 mg/dL) until initiation of renal replacement therapy.
Additionally, phosphorus restriction should be included in diet therapy to avoid
elevated serum phosphorus levels in the stage of renal failure when there is
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concurrent hyperphosphatemia. However, because there is an association of ele-
vated serum phosphorus levels with protein intake, phosphorus restriction should be
introduced in association with protein restriction. Phosphorus is present in cellular
components, and therefore, nearly all foods contain phosphorus. Approximately all
of the phosphorus is bound to proteins. Consequently, excess protein intake leads to
an increased intake of phosphorus. However, in particular, foods with a high phos-
phorus/protein ratio, such as some dairy products, liver, small fish such as dried
whitebait and shishamo smelt (Spirinchus lanceolatus), and other dried whole fish,
should be avoided. Although phosphorus in food is organic phosphorus, many food
additives include inorganic phosphorus. While only approximately half of the
organic phosphorus ingested is absorbed, approximately 90% of inorganic phos-
phorus consumed is absorbed. Therefore, excessive consumption of fast foods,
instant foods, soft drinks, snacks, and confectioneries, which contain a large amount
of food additives, should be avoided to prevent excess ingestion of inorganic phos-
phorus and the resulting accumulation of phosphorus.

7.2.3  Other Issues in Diet Therapy of Clinical DKD

Quality control of each nutrient should be performed. Over the decades, many clini-
cal studies have been conducted to identify the optimal amount of nutrients to pre-
vent DKD. However, carbohydrates, proteins, and lipids include several types of
nutrients in each of them. In foods, glucose and fructose are mainly contained.
Fructose has been focused on as a poor food for DKD [19]. High level of serum uric
acid is associated with progression of DKD and cardiovascular events in diabetic
patients [20, 21]. High fructose intake stimulates uric acid production, resulting in
progression of DKD [19, 22]. In a study, consumption of fructose-containing bever-
ages representing 25% of energy requirements for 10 weeks significantly raised
serum uric acid level, compared with the glucose-containing beverages [23]. In the
National Health and Nutrition Examination Survey (NHANES), the consumption of
sugar-sweetened soft drinks was positively associated with serum uric acid levels,
suggesting that the fructose in soft drinks could increase uric acid levels [24].
Because soft drinks contain fructose as well as much inorganic phosphorus, for
diabetic patients these sugar-sweetened soft drinks should not be recommended.

Dietary fatty acids consist of saturated and unsaturated fatty acids. Many clinical
guidelines suggest that saturated fatty acids should be avoided, but unsaturated fatty
acids, particularly omega-3 polyunsaturated fatty acid, are recommended for pre-
venting vascular complications in diabetes [25].

Furthermore, some recent reports, including the Dietary Approaches to Stop
Hypertension (DASH) Trial, have shown that a high intake of plant-based proteins
has a benefit for controlling blood pressure and preventing CKD progression [26].
However, animal-based proteins are associated with progression of CKD [27, 28].
Collectively, we need to identify an optimal dietary therapy in DKD that is based on
quality control of each nutrient, as well as quantity controls.
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Hypoglycemia must be avoided, especially in patients who are treated with an
insulin analog or oral agents that stimulate insulin secretion independently to blood
glucose levels. Symptomatic hypoglycemia is associated with a higher mortality
risk [29]. In diabetic patients with renal dysfunction, a hypoglycemic event fre-
quently occurs, which must be prevented. Excess fluid intake also must be avoided
for patients who have cardiac failure, renal failure, or nephrotic syndrome. Therefore,
fasting carbohydrates that are suitable for patients with renal impairment include
dextrose tablets, hard candy, honey, and non-cola regular pop instead of the gener-
ally recommended strategy with juice or cola beverages.

Increased proteinuria is a critical prognostic factor for developing CKD, regard-
less of kidney disease. Most diabetic patients with a CKD stage below G3 showed
macroalbuminuria in the 1900s [30]. In contrast, recently, but the number of dia-
betic patients who have albuminuria has been decreasing, but the number of diabetic
patients with a lower eGFR (<60 ml/min/1.73 m?), even without albuminuria, has
been increasing [30]. Currently, there is no clinical evidence of diet therapy for
diabetic patients who have an early decline in the eGFR. In the future, an optimal
dietary strategy for these patients should be provided.

7.2.4 Mechanisms Behind Dietary Therapy-Related
Renoprotection in Experimental Diabetic Kidney Disease
and Vascular Damage

Glomerular hypertension related to hyperactivation of the renin—angiotensin system
(RAS) and intra- and extracellular metabolic alterations due to hyperglycemia and
dyslipidemia are considered typical and classical aspects of the pathogenesis of
DKD. Both of these factors lead to increased albuminuria and cell damage in a vari-
ety of cells including vascular endothelial cells, mesangial cells, podocytes, and
tubular cells. These events synergistically injure the kidney, leading to progression
of the stage of DKD.

Among dietary regimens, the mechanism behind protein restriction-mediated
renoprotection has been the most extensively examined. Protein levels are linked
to the activity of the RAS. Protein overload activates the RAS, whereas protein
restriction suppresses the intrarenal RAS activation [31-33]. Peters et al. reported
that RAS blockade and a low protein diet have additive effects on disease reduc-
tion in nephritic rats [34], suggesting that protein restriction exerts an additional
mechanism to halt progression of kidney disease beyond RAS inhibitors.
Furthermore, dietary protein overload increases the excretion of amino acids
from the glomerulus, which leads to the increased reabsorption of amino acids,
sodium, and chloride in the proximal tubules, resulting in a deficiency in the
chloride levels achieved in the juxtaglomerular apparatus [35]. Subsequently, the
tubular glomerular feedback system is activated. Then, the glomerular filtration
rate is increased by protein overload [36]. Therefore, the modulation of
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intraglomerular pressure achieved with a protein restriction theoretically protects
against the progression of DKD.

In addition to protein restriction, salt restriction also reduces hyperfiltration [37].
Thus, improvement of hemodynamic changes, particularly glomerular hyperfiltra-
tion, should be involved in the renoprotective mechanism of protein and salt restric-
tion, possibly via reducing protein permeability of glomeruli.

Alterations of intra- and extracellular metabolism, such as oxidative stress, acti-
vation of PKC signaling, the polyol and hexosamine pathways, and excess accumu-
lation of advanced glycated end products are classical ideas in DKD pathogenesis
[38]. All these changes are due to hyperglycemia and dyslipidemia. Thus, ameliora-
tion of these pathogenic signals should be involved in the renoprotective mechanism
of reducing calorie intake and resultant better body weight, glycemic, and lipid
controls.

In addition to the traditional models of the pathogenesis of DKD, novel models
of pathogenesis have been proposed experimentally. Vascular calcification is often
observed in DKD patients and is associated with higher cardiovascular events and
CKD progression [39]. Phosphorus metabolism is also strongly associated with
these events. Experimentally, phosphorus toxicity caused vascular calcification-
related endothelial dysfunction and CKD progression [40]. Thus, the restriction of
dietary phosphorus should receive more attention to prevent vascular injury-related
CVD events and DKD progression.

Intracellular nutrient sensing systems are currently being focused on as
another promising model for the pathogenesis of DKD [41]. Nutrient-sensing
signals and their related intracellular machinery have evolved to combat pro-
longed periods of starvation in mammals; and these systems are conserved in the
kidney. Recent studies have suggested that the activity of three nutrient-sensing
signals, mechanistic target of rapamycin complex 1 (mTORC1), AMP-activated
protein kinase (AMPK) and mammalian homolog of sirtuin 1 (Sirtl), is altered
in the diabetic kidney. In animal models of experimental DKD, hyperactivation
of mMTORCI caused severe podocyte injury and obesity-related proximal tubular
cell damage [42, 43]. A diabetes-related decrease in AMPK activity is also asso-
ciated with DKD [44]. Furthermore, Sirtl activity in proximal tubular cells and
podocytes decreased in streptozotocin-induced diabetic mice, which was associ-
ated with increased proteinuria [45]. Interestingly, protein restriction suppressed
mTORCI signaling in diabetic kidneys of rats [46] and calorie restriction pre-
served both Sirtl and AMPK activation [47]. Thus, normalization of all these
signals may be involved in protein restriction- and calorie restriction-mediated
renoprotection in DKD.

Furthermore, autophagy activity, which is regulated by the abovementioned
nutrient-sensing signals, is also altered in both podocytes and proximal tubular cells
under diabetic conditions [43, 48]. Under diabetic conditions, an altered nutritional
state owing to nutrient excess may disturb cellular homeostasis regulated by
nutrient-sensitive systems, leading to exacerbation of organelle dysfunction and
DKD. Interestingly, in diabetic rats, decreased autophagy activity in diabetes was
reversed upon protein restriction, which resulted in maintenance of normal
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mitochondrial morphology and function [46]. Interestingly, excess phosphorus is
also likely to weaken autophagy activity. Thus, reactivation of autophagy may play
a central role in renoprotection due to protein restriction, calorie restriction, and
phosphorus restriction in DKD.

7.3 Conclusion

This section outlined diet therapy in DKD according to the stages of this disease
from the pre-DKD stage to the stage of renal failure. Important questions to con-
sider regarding diet therapy in DKD in the pre-dialysis stages are whether protein
restriction should be implemented, and if it should, at what stage and to what
degree? However, there are numerous issues that remain to be studied, such as the
degree of protein restriction, quality of protein required (animal or plant), and the
balance between amino acids to achieve a renoprotective effect.

In routine diagnosis and treatment, a diabetic diet based on energy restriction
should be switched to a diet for DKD based on protein restriction with an adequate
energy intake to prevent PEM. However, depending on the individual patient’s char-
acteristics, the results can be ambiguous. To avoid this situation, microalbuminuria
needs to be correctly diagnosed, and the patient should be educated from this stage
of the disease to avoid future development toward renal failure. At any stage of
DKD, the type of diet therapy should be tailored to each individual after considering
age, compliance, and overall physical condition. Additionally, after introducing diet
therapy, the efficacy of the diet needs to be evaluated by monitoring body weight,
performing a nutritional evaluation, conducting a physical examination, and com-
pliance over time.
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Chapter 8

Renal Structural-Functional Relationships
at the Early Stage of Diabetic Nephropathy
Among Types 1 and 2 Diabetes: Similarity

and Difference

Tatsumi Moriya

8.1 Renal Histological Changes and Clinical Manifestations
of Diabetic Nephropathy in Type 1 and Type 2 Diabetes

In types 1 and 2 diabetes, the clinical manifestations of diabetic nephropathy include
an increase in albuminuria or a decline in the renal function. Once clinical findings,
i.e., macroalbuminuria, are apparently manifest, there are already severe histologi-
cal changes and renal function decline often progresses. Therefore, we need to con-
firm early renal structural-functional relationships before clinical parameters
become obvious.

8.2 Renal Pathological Findings in Types 1 and 2 Patients

8.2.1 Typical Renal Histological Findings
as Diabetic Glomerulosclerosis

Typical pathological findings are glomerular basement membrane (GBM) thicken-
ing, mesangial expansion, tubular atrophy, tubulointersitial expansion or fibrosis,
and arteriolar hyalinosis in both types 1 and 2 diabetes (Figs. 8.1a, b and 8.2). These
changes are well known both in types 1 and 2 diabetic patients with macroalbumin-
uria; however, we can see some of these histological changes even in diabetic
patients at the normoalbuminuric stage (Table 8.1). Although a persistent increase
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Fig. 8.1 Light
microscopic micrographs
show that mesangial
expansion (a; arrows) and
nodular glomerulosclerosis
(b; arrow) can be seen in
normoalbuminuric diabetic
patients (PAS stain)

Fig. 8.2 Electron
microscopic micrograph
shows a part of glomerulus
in normoalbuminuric type
2 diabetic patients. GBM
thickening (arrows) and
mesangial expansion
(arrowheads) have already
been present in this case

T. Moriya

in the levels of urinary albumin excretion in the microalbuminuria range is currently
the best early biomarker for the risk of diabetic nephropathy, histological lesions in
types 1 and 2 diabetes may be quite advanced before microalbuminuria devel-

ops [1, 2].
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Table 8.1 Histological
findings of diabetic
nephropathy

—

. Glomerular change
GBM thickening®
Mesangial expansion®

Diffuse lesion

Nodular lesion
Podocyte loss and foot process width enlargement

Decrease in endothelial fenestration®

2. Tubulointerstitial change
TBM thickening®
Interstitial expansion or fibrosis®

3. Vascular change
Arteriolar hyalinosis®

Atherosclerosis

Neovascularization at the vascular pore
4. Changes in JGA

JGA enlargement®

T cell infiltration to the JGA®
5. Others

JGA juxtaglomerular apparatus
*Can be seen in normoalbuminuric stage

8.2.2 Morphometric Analysis of Renal Biopsies

Stereological morphometry should be performed to evaluate quantitatively renal
structural changes using both light and electron microscopic materials. It is very
important to obtain the systematic unbiased and efficient number of samples from
the reference areas in the materials. It is suggested to refer the previous papers [3—6]
regarding the detail of morphometric analysis. Brief description regarding method-
ology of morphometric analysis in our institute is described as below.

8.2.2.1 Light Microscopic (LM) Morphometric Analysis

Renal biopsy tissue was fixed in 10% buffered formalin and stained with periodic
acid-Schiff stain. The mean glomerular volume (MGV) was determined from the
LM sections at an approximate magnification of x150 using the point counting
method of Weibel and Gomez [7]. Percent global glomerular sclerosis (%GS) was
measured as described previously [8]. At least 15 glomerular profiles for each
patient were measured for MGV and %GS. Interstitial volume fraction [Vv(Int/
cortex)] was determined from the LM sections at an approximate magnification of
%300 by point-counting images projected onto a white surface using a projection
microscope [4]. The index of arteriolar hyalinosis (IAH) score was obtained by the
estimation of the fraction of each arteriolar wall replaced by hyaline in one com-
plete LM section [9, 10].
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In addition, the renal injury patterns of the LM tissues are categorized according
to the previous study by Fioretto et al. [11]:

» Category I (CI): normal or near normal renal structure. These patients had biop-
sies that were normal or showed very mild mesangial expansion, tubulointersti-
tial changes, or arteriolar hyalinosis in any combination.

» Category II (CII): typical diabetic glomerulopathy with parallel changes in the
tubulointerstitium and vessels. These patients had established diabetic lesions
with balanced severity of glomerular, tubulointerstitial, and arteriolar changes.

e Category III (CIII): atypical injury patterns, absent or mild diabetic glomeru-
lopathy associated with disproportionately severe tubulointerstitial injury, and/or
arteriolar hyalinosis, and/or global glomerular sclerosis.

8.2.2.2 Electron Microscopic (EM) Morphometry

All specimens were cut into thick and 80-90 nm ultrathin sections and studied using
a JEOL CX 100 transmission electron microscope (JEOL, Tokyo, Japan) in the
Kitasato Bio-Imaging Center. Kidney tissues were cut into 1 mm? cubes, fixed in
2.5% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.4), and post-fixed in osmium
tetroxide. These specimens were dehydrated in a graded ethanol series and embed-
ded in Quetol 812 (Nissin EM Inc., Tokyo, Japan). All specimens were cut into thick
and 80-90 nm ultrathin sections. At least two and usually three non-sclerosed glom-
eruli per biopsy were measured. The centermost glomerulus from each block was
selected. Globally sclerosed glomeruli were excluded. Routine stereologic tech-
niques, which have been previously described [3, 5, 6, 12], were used to measure the
GBM width, mesangial fractional volume [Vv(Mes/glom)], and the surface density
of the peripheral GBM [Sv(PGBM/glom)]. Briefly, the GBM width was measured
using the orthogonal intercept method [5], Vv(Mes/glom) was measured by point
counting, and Sv(PGBM/glom) was measured using the line-intercept method [3, 6,
12]. The number of measurements performed in each biopsy to estimate GBM
width was usually over 100.

8.3 Renal Structural-Functional Relationships at the Early
Stage of Diabetic Nephropathy in Types 1 and 2
Diabetic Patients

8.3.1 Cross-Sectional Studies
8.3.1.1 Renal Structure and Albuminuria
Previous studies have shown that urinary albumin excretion increases in paral-

lel with GBM thickening and mesangial expansion in patients with type 1 dia-
betes [6, 13]. Caramori et al. [14] showed that the severity of glomerular
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Fig. 8.3 (a) Individual values of GBM width among the three groups without retinopathy (closed
circle) and with background (open circle) or preproliferative or proliferative (open diamond) reti-
nopathy. The shaded area represents the mean + 2 SD for GBM width in normal Japanese subjects.
The dashed lines show the boundaries between normoalbuminuria (NA) and microalbuminuria
(MA) and between MA and macroalbuminuria (ON). The GBM width overlapped completely
among the three clinical categories. (b) Individual values of Vv(Mes/glom) among three groups
without retinopathy (closed circle) and with background (open circle) or preproliferative or prolif-
erative (open diamond) retinopathy. The shaded area represents the mean = 2 SD for Vv(Mes/
glom) in normal Japanese subjects. The dashed lines show the boundaries between NA and MA
and between MA and ON. Vv(Mes/glom) overlapped completely among NA and MA patients,
while the ON patients had higher Vv(Mes/glom) values than NA and MA patients

lesions, such as GBM thickening and mesangial expansion, increased signifi-
cantly in patients with type 1 diabetes who had normo-, micro-, or macroalbu-
minuria. However, there was considerable overlap in these structural parameters
between these categories of urinary albumin excretion. On the other hand,
GBM thickness and mesangial expanded degree are not different between nor-
moalbuminuria and microalbuminuria in type 2 diabetic patients [12] although
these two histological parameters significantly increased in macroalbuminuric
patients (Fig. 8.3a, b).

8.3.1.2 Renal Structure and Glomerular Filtration Rate (GFR)

The cross-sectional studies showed that the GFR was associated with the glo-
merular surface area in patients with types 1 and 2 diabetes [15—-17] (Fig. 8.4).
However, it is not fully elucidated that GFR decline occurred according to glo-
merular surface volume decreases during long time observation both in types 1
and 2 diabetes.
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Fig. 8.4 The surface density of the peripheral glomerular basement membrane [Sv(PGBM/glom)]
(a) and the volume fraction of the mesangium [Vv(Mes/glom)] (b) were compared with the base-
line GFR data. The straight line in A indicates a statistically significant linear regression line
(GFR =449.2 x Sv(PGBM/glom) + 68.6, r = 0.54, P < 0.01)

8.3.2 Longitudinal Studies

8.3.2.1 Renal Histological Findings as Predictors for Renal Functional
Decline in Types 1 and 2 Diabetic Patients

It is difficult to identify patients with type 2 diabetes who are at risk of developing
progressive diabetic nephropathy because of a lack of sensitivity in the commonly
used measurements of GFR and urinary albumin excretion. This has led to the
exploration of renal histological changes as a measure of susceptibility to diabetic
nephropathy. Various longitudinal studies have shown that histological parame-
ters can be used to predict a decline in the renal function or an increase in albu-
minuria in patients with type 1 and 2 diabetes [14, 18]. In fact, it was shown that
GBM thickening was a risk factor for the development of macroalbuminuria or
end-stage kidney disease in normoalbuminuric patients with type 1 diabetes [14].
In Japanese patients with type 2 diabetes, GBM thickening and mesangial expan-
sion predicted an increase in albuminuria after 6 years of follow-up [18].
Regarding the course of the renal function, in a study using research biopsies,
GBM thickening and mesangial expansion were shown to predict a decline in the
GFR in micro- and macroalbuminuric patients with type 2 diabetes [19] during
2.0-6.0 follow-up years. Moreover, several recent reports showed structural
parameters indicating a loss of renal function in Pima Indian [20], Japanese [21,
22], and Chinese [23] patients with type 2 diabetes. However, most of the patients
in these studies were macroalbuminuric.
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8.3.2.2 Renal Histological Heterogeneity and Renal Functional Changes

Currently, there are insufficient longitudinal data to show which structural changes
predict the slope of GFR decline in types 1 and 2 diabetic patients including those
in the normoalbuminuric stage. Therefore, normotensive type 2 diabetic patients
without macroalbuminuria, hematuria, or renal dysfunction and without any evi-
dence suggesting atherosclerotic diseases were analyzed at the outpatient clinics of
Akita, Nara, Niigata, and Kitasato University Hospitals in Japan in the previous
study [24]. These renal tissues were divided into three histological categories
according to the previous study [11]. Baseline and follow-up urinary albumin excre-
tion were not different among the three groups. However, urinary albumin excretion
was significantly increased in the CII group at the follow-up, and initial and final
albuminuria stages were significantly different in the CII group. The eGFR among
the groups did not differ at the baseline or the follow-up. However, the eGFRs in the
CII and CIII patients were significantly decreased during the 11-year follow-up.
The decrease of eGFR in the CI group was slightly greater than age-related renal
function loss [25], which was under 1.0 ml/min/1.73 m? per year with no change
between baseline and follow-up. Therefore, renal function in patients with normal
or near normal renal structure remained unchanged, during this 11-year follow-up.
However, the slope of eGFR decline was significantly greater among the CII patients
than in the CI patients, while the urinary albumin excretion and the proportion of
macroalbuminuria increased significantly in the CII patients at the follow-up
(Table 8.2).

Table 8.2 Renal function at the initial and final stages and its change during the 11-year
observation period

Characteristic Cl(n=12) CII (n=14) CII (n=11) | ANOVA

Initial eGFR (ml/min/1.73 m?) | 88.0 = 14.9 93.9 +£26.1 93.9+17.2 NS

Final eGFR (ml/min/1.73 m?) 76.5+24.4 599 +21.5 76.6 = 13.1 NS

(0.07)

Slope of eGFR decline (ml/ —-1.08 £1.23 —4.11£3.99 —-1.69+1.96 0.02

min/1.73 m?/year)

P-value (initial vs. final eGFR) | NS 0.0001 0.0058 -

Initial ACR (mg/gCr) 25.9 50.9 15.8 NS
(2.2-277.1) (7.4-169.8) (5.6-251.0)

Final ACR (mg/gCr) 16.2 162.8 44.9 NS
(0.2-1403.2) (2.4-4135.9) (3.1-367.2)

P-value (initial vs. final ACR) NS <0.05 NS —

Initial albuminuria stage (NA/ 7/5/0 5/9/0 7/4/0 NS

MA/ON)

Final albuminuria stage (NA/ /312 4/4/6 5/5/1 NS

MA/ON)

P-value (initial vs. final NS P <0.05 NS -

albuminuria stage) (¥*=8.0)
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8.3.2.3 Arteriolar Hyalinosis and Renal Functional Changes

Another LM finding, arteriolar hyalinosis, is not a specific histological finding in
diabetic nephropathy (Fig. 8.5). However, it is a common finding and its severity
can easily be estimated using LM. Moreover, the presence of both afferent and
efferent glomerular arteriolar hyalinosis is virtually diagnostic of diabetic nephrop-
athy. In our previous study, arteriolar hyalinosis was increased in patients with type
2 diabetes who were microalbuminuric compared to those with normoalbuminuria
[24]. In type 1 diabetes, a cross-sectional study showed that arteriolar hyalinosis
was related to global glomerular sclerosis and to both creatinine clearance and uri-
nary albumin excretion [8]. However, there are no studies in the literature on the
predictive value of arteriolar hyalinosis on the changes in GFR and urinary albumin
excretion in type 2 diabetes. Although two recent reports investigated the relation-
ship between renal structural parameters and renal functional loss in Pima Indians
[20] and Japanese patients [21], the first report did not examine arteriolar hyalinosis
[20], and the second report focused almost exclusively on macroalbuminuric
patients [21]. Another study in Japanese patients with type 2 diabetes showed that
arteriolar hyalinosis was associated with a low estimated GFR (eGFR), but, again,
mainly focused on macroalbuminuric patients [22]. Renal survival was not related
to arteriolar hyalinosis in Chinese patients with type 2 diabetes also mainly with
macroalbuminuria [26].

In the previous study [10], Vv(Mes/glom) was negatively correlated with follow-
up GFR (r=—-0.401, P = 0.033) but did not correlate with UAE. On the other hand,
the index of arteriolar hyalinosis (IAH) score was negatively correlated with GFR
(r=-0.491, P = 0.008) (Fig. 8.6a) and positively correlated with UAE (r = 0.420,
P =0.007) (Fig. 8.6b) at follow-up. The IAH score was <2.0 in 22 patients and
>2.0 in seven patients (Table 8.3). There were no significant differences in age,
known duration of diabetes, HbA,., UAE at baseline, GFR at baseline, MGV,

Fig. 8.5 Light
microscopic findings show
interstitial expansion and
arteriolar hyalinosis
(arrows) in
normoalbuminuric type 2
diabetic patients
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Fig. 8.6 The relationship of the index of arteriolar hyalinosis (IAH) score with glomerular filtra-
tion rate (GFR) (a) and urinary albumin excretion rate (UAE) (b) at follow-up. The IAH score was
significantly and negatively correlated with GFR at the final observation (r = —0.491, P = 0.008).
The TAH score was significantly and positively correlated with UAE at the final observation
(r=0.420, P =0.007)

Vv(Int/cortex), %GS, GBM width, Vv(Mes/glom), or Sv(PGBM/glom) between
patients with IAH scores <2.0 and >2.0. However, GFR at follow-up in patients
with IAH scores >2.0 significantly decreased from baseline (P = 0.025) and was
significantly lower than that of the patients with IAH scores <2.0 (P = 0.005), which
did not decrease significantly from baseline (Table 8.3). The stepwise regression
analysis showed that only the IAH score significantly affected GFR at the final
observation (F = 5.20, P = 0.036) (Table 8.4). Other histological findings including
mesangial expansion did not affect the final GFR.

Therefore, from above information, there are several histological parameters,
which were associated with renal functional changes. Further longitudinal studies,
which handle larger cohorts of types 1 and 2 diabetes, are necessary to elucidate
histological changes as cause or result for the renal functional changes.

8.4 The Importance of Serial Renal Biopsy

In fact, we need to perform research-related serial renal biopsy to elucidate what
histological factors affect on renal functional changes (cause or results?). However,
it is difficult to perform research-related serial renal biopsy, both in types 1 and 2
diabetes. Previously, in 11 normo- and microalbuminuric patients with type 1 diabe-
tes, the urinary albumin excretion was found to increase in parallel with mesangial
expansion over an interval of 5.6 + 1.6 years [13] using serial renal biopsy. However,
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Table 8.3 Clinical characteristics, renal function, and morphometric data in patients with

IAH > 2.0 and IAH < 2.0

IAH > 2.0 IAH < 2.0 P-value
Sex (M/F) 7 (5/2) 22 (17/5) ND
Age (years) 48 £ 12 49+ 10 0.765
Known duration of diabetes (years) 12+£8 12+7 0.955
HbA . (%) [mmol/mol] 8.2+1.7 83x20 0.924
[66.0 + 8.1] [66.9 + 4.6]

UAE at baseline (pg/min) 48.6 (7.3-82.4) 12.2 (0.0-180.2) 0.161
UAE at follow-up (pg/min) 93.1 (3.4-1180.3) 14.0 (1.3-442.2) 0.208
P-value (UAE at baseline vs. follow-up) | 0.157 0.231 -
Tohexol-GFR at baseline (ml/min/1.73 m?) | 122.6 = 28.1 117.3 £27.1 0.657
Iohexol-GFR at follow-up (ml/ 772 £36.2 1129 +£21.8 0.005
min/1.73 m?)

P-value (GFR at baseline vs. follow-up) | 0.025 0.443 -
MGV (x10° pm?®) 2.6+04 33+0.8 0.091
Vv(Int/cortex) 0.20 £ 0.05 0.21 £0.04 0.600
%GS 8.1+134 39+9.6 0.488
GBM width (nm) 721 127 708 £ 112 0.823
Vv(Mes/glom) 0.27 £0.07 0.24 +0.07 0.302
Sv(PGBM/glom) (pm?/pum?) 0.10 £0.02 0.11 £0.04 0.370
Total Mes/glom (x10° um?) 0.71 £0.34 0.77 £ 0.26 0.638
Filtration S/G (pm?) 0.26 £ 0.04 0.37 £0.15 0.124

Data are n, median (interquartile range), or means + SD

UAE urinary albumin excretion rate, GFR glomerular filtration rate, MGV mean glomerular vol-
ume, Vv(Int/cortex) volume fraction of cortical interstitium, %GS percent of global glomerular
sclerosis, GBM glomerular basement membrane width, Vv(Mes/glom) volume fraction of mesan-
gium, Sv(PGBM/glom) surface density of peripheral GBM per glomerulus, Total Mes/glom total
mesangium per glomerulus; Filtration S/G filtration surface per glomerulus, ND not done for

selection criterion

Table 8.4 Stepwise

regression analysis

(dependent variable:
final GFR)

Independent variables F P

MGV 2.31 0.147
Vv(Int/cortex) 1.60 0.223
%GS 1.68 0.211
IAH 5.20 0.036
GBM width 0.24 0.629
Vv(Mes/glom) 2.78 0.113
Sv(PGBM/glom) 1.58 0.226

GFR glomerular filtration rate, MGV mean glomerular
volume, Wv(Int/cortex) interstitial volume fraction,
9%GS percent global glomerular sclerosis, JAH index of
arteriolar hyalinosis, GBM glomerular basement mem-

brane,

Vv(Mes/glom) mesangial volume fraction,

SW(PGBM/glom) surface density of peripheral GBM
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that study did not describe relationships between the renal histological parameters
and the decline in the renal function over the long term. Another report on 18 micro-
albuminuric patients with type 1 diabetes showed that urinary albumin excretion
was correlated with the mesangial matrix/glomerular volume fraction in the follow-
up biopsy, but no changes in the renal function were described during 2-3 years of
follow-up [27]. A longer observational study showed that only the mean of HbAlc
value affected the GFR at the end of the 8-year study, while no histological param-
eters had any effect [28]. Another study noted that a change in renal interstitial
fibrosis was a risk factor for a loss of renal function during 4 years of follow-up
[29]; however, that study only examined diabetic patients with macroalbuminuria
(type 1 diabetes, n = 29; type 2 diabetes, n = 19) and did not include any patients
with normoalbuminuria or microalbuminuria. A very old Japanese study [30]
revealed relationships between glycemic control and changes in the renal histology
using serial renal biopsy. However, the study [30] did not describe the type of dia-
betes or provide details about the renal function at the follow-up examination. Thus,
to the best of our knowledge, although research regarding the course of the renal
structural-functional relationships was planned in order to elucidate the natural his-
tory of diabetic nephropathy in type 1 diabetes [31], there is little information
regarding the relationships between the changes in the renal histology and the func-
tional changes that occur in diabetes patients over the long-term period. The effects
of renin-angiotensin-aldosterone blockade on retinal and renal changes have been
shown by serial biopsy [32]; however, that report did not show the detailed relation-
ships between the changes in the renal histology and function over a long observa-
tional period. Recently, research-related serial renal biopsies were performed in
normo- and microalbuminuric Japanese type 2 diabetic patients [33]. The study
revealed that the decreases in the GFR in patients with type 2 diabetes with normo-
or microalbuminuria at baseline were associated with a decreased glomerular filtra-
tion surface, as a result of mesangial expansion during a mean 6 years of observation
(Fig. 8.7a, b). However, the phenomenon should be examined in larger number of
patients with longer duration. Thus, the histological findings that cause a decline in
the renal function or an increase in albuminuria in patients with types 1 and 2 dia-
betes remain unknown.

8.5 The Relationships Between Diabetic Nephropathy
Lesions and Retinopathy

A classical diagnosis of diabetic nephropathy without renal biopsy is made as the
following criteria: (1) A patient has diabetes with at least 5-year duration. (2)
Microalbuminuria or macroalbuminuria is present. (3) No massive hematuria or
bacteriuria is present. (4) A patient has diabetic retinopathy. (5) A patient has no
history of other renal disease than diabetic nephropathy. Therefore, information
regarding diabetic retinopathy is clinically very important to diagnose diabetic
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Fig. 8.7 The relationship of change in Sv(PGBM/glom) with change in Vv(Mes/glom) (a) and
change in GFR (b). The annual change in the Sv(PGBM/glom) was negatively correlated with that
of the Vv(Mes/glom) (r = 0.68, P = 0.030) during 6 years of follow-up (a). In addition, the annual
decrease in the Sv(PGBM/glom) was positively correlated with the decrease in the GFR over the 6
years after the initial renal biopsy (r = 0.79, P = 0.006) (b)

nephropathy since there may be a relationship between diabetic retinopathy and
nephropathy. In fact, the patients with diabetic retinopathy had significant increases
in the mesangial volume fraction as revealed by electron microscopic morphometry
compared with that in patients without diabetic retinopathy [34]. In addition, clear
relationship between diabetic retinopathy and urinary albumin excretion has been
described in Caucasian type 2 diabetic patients [35, 36]. These data suggested that
typical diabetic glomerulosclerosis and renal histological severity related to diabetic
retinopathy in patients with type 2 diabetes and were compatible with that seen in
patients with type 1 diabetes with diabetic retinopathy.

On the other hand, Chavers et al. [37] also indicated that severity of diabetic reti-
nopathy is concordant with increased Vv(Mes/glom) and decreased Sv(PGBM/
glom) in Caucasian type 1 diabetic patients. However, they also showed that 27% of
these patients had advanced diabetic retinopathy with normal Vv(Mes/glom).
Recently, it has been shown that severity of diabetic nephropathy lesions might be
in part discordant to diabetic retinopathy grade [38, 39]. Kanauchi et al. [38] per-
formed renal biopsy in 221 Japanese type 2 diabetic patients to examine the rela-
tionship between diabetic nephropathy and retinopathy. In that study, five patients
had advanced diabetic glomerulosclerosis without diabetic retinopathy although
concordance between diabetic nephropathy and retinopathy was shown in these
Japanese patients as a group. The study showed that there were some patients with
diabetic nephropathy without diabetic retinopathy although proteinuria in diabetic
patients without diabetic retinopathy was usually thought to be nondiabetic origins.
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In another report [39], renal biopsy was performed in 36 type 2 diabetic patients
with clinical proteinuria to examine the relationships between diabetic nephropathy
and retinopathy. The report described that diabetic patients with nodular glomerulo-
sclerosis had more severe diabetic retinopathy than those with mesangial sclerosis
alone. However, almost half of the patients with mesangial sclerosis alone had no
diabetic retinopathy in the study. Thus, the authors suggested that nodular lesions
and mesangial expansion be caused by different pathogenesis. These results suggest
that there is discordance between diabetic nephropathy and retinopathy in type 2
diabetes. However, one of these reports [39] used only overt nephropathic patients,
and there is no description of albuminuria in another [38]. Previous reports [11],
which showed structural heterogeneity in Caucasian microalbuminuric type 2 dia-
betes, indicated that proliferative diabetic retinopathy was seen only in the patients
with typical diabetic glomerulosclerosis.

Previously, it was shown that the type 2 diabetic patients with concomitant
microalbuminuria and diabetic retinopathy had progressive renal function decline
[40]. However, it is still unknown whether or not the CII pattern, the presence of
diabetic retinopathy, and microalbuminuria are related to each other and which
combinations affect renal function decline. Therefore, we analyzed the course of
renal function in normoalbuminuric and microalbuminuric patients with the CII pat-
tern and diabetic retinopathy (Table 8.5) [41]. Noteworthy, all of the normoalbumin-
uric patients and seven of eight microalbuminuric patients with the CII pattern had
diabetic retinopathy among all the patients (Table 8.5). There were no significant
differences in any of the morphometric data between the two groups, and baseline
GFR did not differ between the two groups. After 7.1 + 3.8 years of follow-up,

Table 8.5 Follow-up data of renal function between normoalbuminuria and microalbuminuria
with typical histological injury patterns and diabetic retinopathy

Normoalbuminuria with Microalbuminuria with

CII Cl P-value
Number 5 7 ND
DR 5 7 ND
UAE at baseline (pg/min) 5.4 (5.1-14.6) 48.6 (28.3-52.0) ND
UAE at follow-up (pg/min) 15.4 (4.6-244.0) 71.9 (24.4-428.3) ND
P-value 0.834 0.848
(UAE at baseline vs.
follow-up)
Tohexol-GFR at baseline 107.3 +£19.8 130.6 £ 54.7 0.925
(ml/min/1.73 m?)
Iohexol-GFR at follow-up 120.6 +23.4 80.9 £42.0 0.309
(ml/min/1.73 m?)
P-value 0.821 0.048
(GFR at baseline vs.
follow-up)

Data are n, median (interquartile range), or means + SD
UAE urinary albumin excretion, GFR glomerular filtration rate, ND not done for selection criterion
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Table 8.6 Stepwise Independent variables (Final GFR) | F-value | P-value

regression analysis Vv(Mes/glom) 3360 |0.08
DR only 0.708 0.41
Microalbuminuria only 2.766 0.11
Histological injury pattern only 1.934 0.18
DR and microalbuminuria 7.240 0.01

GFR glomerular filtration rate, Vv(Mes/glom) volume
fraction of mesangium, DR diabetic retinopathy

urinary albumin excretion did not change from baseline to follow-up in either group.
However, GFR in microalbuminuria with CII had significantly decreased compared
to the baseline, while GFR did not change from baseline to follow-up in normoal-
buminuria with the CII pattern (Table 8.5).

The stepwise regression analysis showed that the categorization using both dia-
betic retinopathy and microalbuminuria mostly affected GFR at the final observa-
tion (Table 8.6). The categorization of the presence of only diabetic retinopathy, or
only microalbuminuria, or mesangial expansion, did not significantly affect the final
GFR (Table 8.6).

We need to perform careful longitudinal study to elucidate the course and rela-
tionships between diabetic nephropathy and retinopathy both in types 1 and 2
diabetes.

8.6 Similarity or Difference of Diabetic Nephropathy
Between Types 1 and 2 Diabetes

Table 8.7 shows the similarity or difference of diabetic nephropathy lesions and
association with clinical parameters between types 1 and 2 diabetic patients espe-
cially at early stage (normo-microalbuminuria) of diabetic nephropathy. Basic his-
tological findings of glomerulus, tubulointerstitium, and arterioles are almost same
between 2 types of diabetes. The most important difference is that there is histologi-
cal heterogeneity of renal tissues at early stage of diabetic nephropathy [11, 24].
This phenomenon might be one of the causes of the lack of renal structural-
functional relationships especially with albuminuria in type 2 diabetic patients. The
detailed relationships of diabetic nephropathy lesions with other diabetic complica-
tions, i.e., diabetic retinopathy, are still unknown.

In conclusion, we need to elucidate histological parameters, which predict renal
function loss, and further longitudinal study using serial biopsy is needed to eluci-
date detailed renal structural-functional relationships at early stage of diabetic
nephropathy in both types of diabetes.
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Table 8.7 Similarity or difference of diabetic nephropathy between types 1 and 2 diabetes

Characteristic of
histology

Type 1 diabetes

Type 2 diabetes

Basic histological
findings

GBM thickening, mesangial
expansion, tubulointerstitial
expansion, TBM thickening,
arteriolar hyalinosis

Same as left

Histological Almost absent Striking

heterogeneity

Renal structural- Vs. Present Absent at early stage of
functional albuminuria albuminuria
relationships vs. GFR Glomerular filtration surface Almost same as left

shows positive correlation

Predictors for renal
functional decline

GBM thickening, mesangial
expansion

GBM thickening,
Mesangial expansion,
Arteriolar hyalinosis

Association with
diabetic
retinopathy lesions

Mesangial expansion degree
associated with diabetic
retinopathy severity

Might be present under
typical diabetic
glomerulosclerosis

Serial biopsy Present for albuminuria Might be present, should

findings with renal be clarified in large

function number of cases
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Chapter 9
Study at AMED Collecting 600
Biopsy-Proven Diabetic Nephropathies

Kengo Furuichi

9.1 Clinical and Pathological Backgrounds
of Diabetic Nephropathy

Diabetic nephropathy (DN) is one of the three major complications of diabetes; it is
a microangiopathy caused by hyperglycemia. In a typical case, it begins with micro-
albuminuria and then progresses to end-stage kidney failure after exacerbation of
proteinuria and reduction in kidney function. Until now, DN, particularly early
nephropathy, is diagnosed with the detection of microalbuminuria. Therefore, detec-
tion of small amount of albuminuria is important for an early diagnosis. Urine albu-
min should be measured in protein-negative or slightly protein-positive cases.

In general, it would be acceptable that the major characteristic pathological
changes in the kidneys in diabetic patients are observed in the glomeruli. Moreover,
diffuse lesions can be observed as initial changes, and the characteristic nodular
lesion, Kimmelstiel-Wilson lesion, is detected in advanced cases. Finally, the path-
ological changes end with glomerulosclerosis. However, the onset and progression
pattern of kidney dysfunction and proteinuria greatly vary with each case [1-3].
Classification of the risks involved in the development and progression of kidney
disease is therefore crucial. Additionally, improvement in blood glucose control, use
of renin—angiotensin blockers, and an increase in the aging population have changed
the clinical manifestation of kidney disease in diabetic patients. Therefore, the path-
ological changes of each diabetic case should greatly vary, and it would be impor-
tant to evaluate the pathological changes of each case.

For a therapeutic approach toward diabetes with kidney disease cases, risk clas-
sification with clinical and pathological findings would be beneficial. The Japanese
classification of DN is a clinical classification based on albuminuria and estimated
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glomerular filtration rate (éGFR) [4, 5]. Along with this clinical classification, path-
ological findings are also important prognostic factors for kidney diseases [6].
Moreover, kidney biopsy must be performed to exclude other kidney diseases
besides diabetes. Recent meta-analysis on studies of kidney biopsies in diabetic
cases revealed an extremely variable change of kidney diseases [7]. Furthermore,
recent autopsy studies revealed that pathological changes of DN developed before
the onset of clinical findings such as albuminuria and decreasing eGFR [8—11].
Accordingly, evaluation of pathological changes of kidney disease in diabetic cases
becomes clinically important. However, in general clinical practice, a kidney biopsy
is rarely performed in diabetic cases demonstrating a typical diabetic clinical course
of proteinuria and kidney dysfunction.

9.2 Importance of Pathological Findings
in Diabetic Nephropathy

As described in previous section, the pathological manifestations of DN in type 2
diabetes are diverse [12, 13]. Therefore, precise evaluation of pathological evalua-
tion for each case is required. A previous study indicated that some pathological
findings were good predictors of kidney events, cardiovascular events, and all-cause
mortality [6, 14]. Nodular lesions and mesangiolysis were characteristic pathologi-
cal findings of DN and have been reported as predictive markers of improper renal
function [6, 15, 16]. An exudative lesion is also a typical pathological change in
DN. A previous study indicated that patients without exudative lesions had a signifi-
cantly better renal survival rate than those with such lesions [17]. However, it is also
reported that advanced diabetic kidney lesions were incidentally detected even in
normoalbuminuric cases [15]. These pathological observations of heterogeneity in
diabetic kidney disease indicated that evaluating pathological findings and clinical
categorization could assist in predicting kidney prognosis, cardiovascular events,
and all-cause mortality in DN patients.

9.3 A Pathological Classification by the Renal Pathology
Society of the United States for Diabetic Nephropathy

A set of definitions and classifications of pathological findings for DN was pub-
lished by the Renal Pathology Society of the United States [18], and the classifica-
tion of a glomerular lesion is mainly based on the mesangial expansion of DN
(Table 9.1). Other pathological findings such as thickening of the glomerular base-
ment membrane, nodular lesion, and glomerulosclerosis are additional grading fac-
tors. This classification of a glomerular lesion is classified into five grades: I, I1A,
IIB, III, and IV. There is no evacuation for each glomerular pathological lesion, such
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Table 9.1 The pathological classification system of Renal Pathological Society

Glomerular GScl > 50% (class IV)
lesions d
Nodular (class I1I)
J

Mesangial expansion > 50%
(Diffuse)(class IIB,IIA )

Glomerular basement membrane thickening by electron microscopy (class I)

Interstitial Interstitial fibrosis and 0 (no IFTA)
lesions tubular atrophy 1 (<25%)
2 (25-50%)
3 (250%)

Interstitial cell infiltration | O (no infiltration), 1 (infiltration only in relation to
IFTA), 2 (infiltration in areas without IFTA)
Vascular Arteriolar hyalinosis 0 (no hyalinosis)

lesions 1 (at least one area of arteriolar hyalinosis)

2 (more than one area of arteriolar hyalinosis)

Arteriosclerosis Intimal thickening greater than thickness of media
0 (no intimal thickening)

1 (intimal thickening less than thickness of media)
2 (intimal thickening greater than thickness of
media)

GScl global glomerulosclerosis, /FTA interstitial fibrosis and tubular atrophy

as nodular lesion, exudative lesion, mesangiolysis etc. Conversely, interstitial and
vascular pathological lesions are evaluated individually. Interstitial fibrosis and
renal tubular atrophy (IFTA), interstitial cell infiltration, arteriolar hyalinosis, and
arteriosclerosis are individually assessed (Table 9.1). The pathological classification
of DN by the Renal Pathology Society of the United States is systematic and orga-
nized, predicting renal outcomes in DN patients [17—19]. However, this classifica-
tion omitted some important pathological findings, particularly regarding glomerular
lesions.

9.4 A New Pathological Classification
for Diabetic Nephropathy

A new pathological classification for DN is published under support from the
Ministry of Health, Labor and Welfare of Japan and AMED [20-22] (Table 9.2). In
contrast to the classification by the Renal Pathology Society of the United States,
this new classification has nine glomerular lesions: diffuse lesion (mesangial
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Table 9.2 A new pathological classification for DN in AMED study

Glomerular | Diffuse 0 normal or mild mesangial expansion

lesions 1 mesangial expansion < capillary lumen
2 mesangial expansion = capillary lumen
3 mesangial expansion 2 capillary lumen

Nodular 0 (no nodular lesion), 1 (one or more nodular lesions in all biopsy
specimens, not care of nodular size)

SubendW Double contour of basement membrane (%)

0 (<10%), 1 (10-25%), 2 (25-50%), 3 (=50%)
Exudative 0 (not detected)

1 (detected one or more lesions in all biopsy specimens)

MesLy 0 (not detected)
1 (detected one or more lesions in all biopsy specimens)
PVas 0 (not detected)
1 (detected one or more lesions in all biopsy specimens)
GScl (number of global glomerulosclerosis and collapsing
glomerulopathy -« ischemic nephropathy)/number of all glomeruli
(%)
SScl Number of segmental glomerulosclerosis/number of all glomerulus
(%)
GMeg More than 250 pm in glomerular diameter
0 (not detected), 1 (detected)
Interstitial | IFTA 0 (no IFTA), 1 (<25%), 2 (25-50%), 3 (250%)
lesions ICell 0 (no cell infiltration), 1 (<25%), 2 (25-50%),
3 (250%)
Vascular Hyalin 0 (no hyalinosis)
lesions 1 (one or more partial arterioral hyalinosis)

2 (around 50% hyalinosis)
3 (more than 50% hyalinosis or penetrating hyalinosis)

Arterio 0 (no intimal thickening)

1 (intimal thickness/media thickness < 1)

2 (intimal thickening and intimal thickness/media thickness 2 1)
EVG staining is helpful for determination

Diffuse: diffuse lesion (mesangial expansion), Nodular: nodular lesion (nodular sclerosis),
SubendW: subendothelial space widening (double contour of basement membrane), Exudative:
exudative lesion, MesLy: mesangiolysis/microaneurysm, PVas: peri-hilar neovascularization
(polar vasculosis), GScl: global glomerulosclerosis/collapsing glomerular change - ischemic glo-
merular change, SScl: segmental glomerulosclerosis, GMeg: glomerulomegaly, IFTA: interstitial
fibrosis and tubular atrophy, ICell: interstitial cell infiltration, Hyalin: arteriolar hyalinosis, Arterio:
arteriosclerosis with intimal thickening

expansion), nodular lesion (nodular sclerosis), subendothelial space widening (dou-
ble contour of basement membrane), exudative lesion, mesangiolysis/microaneu-
rysm, peri-hilar neovascularization (polar vasculosis), global glomerulosclerosis/
collapsing glomerular change, ischemic glomerular change, and segmental glomer-
ulosclerosis. Regarding interstitial lesions, this new classification is similar to the
classification of the Renal Pathology Society of the United States. These are four
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interstitial and vascular lesions: IFTA, interstitial cell infiltration, arteriolar hyalino-
sis, and arteriosclerosis with intimal thickening.

9.5 Definition of Each Pathological Finding and Score

The detailed points on each definition and score were published as a handbook [20].
Following is a simple summary of the definition of each finding, and the scores are
shown in Table 9.2.

Diffuse Lesion (Mesangial Expansion)

A diffuse lesion is defined as mesangial matrix expansion that is double the width
of the nucleus of a mesangial cell. The lesion should be detected in at least two
peripheral lobules in one glomerulus.

Nodular Lesion (Nodular Sclerosis)
A nodular lesion is defined as a rounded mesangial matrix expansion where no nor-
mal capillary is present.

Supportive findings: A typical nodular lesion exhibits low PAM and periodic
acid—Schiff (PAS) staining. Uptake with PAM and PAS should be standardized by
arterial media. A low PAM and PAS staining area is usually blue with Masson’s
trichrome staining. The difference between diffuse and nodular lesions is the pres-
ence of normal capillaries around a diffuse lesion and the absence of normal capil-
laries around a nodular lesion.

Subendothelial Space Widening
Edematous widening of the subendothelial space indicated subendothelial space
widening.

Exudative Lesion
An exudative lesion is defined by serum amorphous protein deposits in the suben-
dothelial space (fibrin cap) or Bowman’s capsule wall (capsular drop).

Mesangiolysis/Microaneurysm
Mesangiolysis is defined as dissolution or attenuation of the mesangial matrix and
degeneration of mesangial cells.

Peri-Hilar Neovascularization
There is neovascularization in the glomerular hilar region around the afferent and
efferent arterioles, and the vascular wall often has hyalinosis.

Global Glomerulosclerosis, Collapsing Glomerulopathy, and Ischemic
Nephropathy

All the glomerulocapillaries are sclerosed, the capillary lumen is not detected, and
the glomerulocapillaries are collapsing.

Segmental Glomerulosclerosis
In segmental glomerulosclerosis, part of the glomerulocapillaries is sclerosed.
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Glomerulomegaly

In glomerulomegaly, one or more glomerular diameter is greater than 250 pm in all
biopsy specimens. In 400x visual field microscopy, the glomerular diameter is usu-
ally around 500 pm.

Interstitial Fibrosis, IFTA

Interstitial fibrosis is defined as the accumulation of collagen and related molecules
in the interstitium. Tubular atrophy is defined as a decrease in tubular diameter
and number.

Interstitial Cell Infiltration
Interstitial cell infiltration is defined as the accumulation of inflammatory cell infil-
tration the interstitium.

Arteriolar Hyalinosis

This is the ratio of hyaline thickness to whole arteriolar wall thickness expressed as
a percentage. A totally occluded artery and an artery connecting to a globally scle-
rotic glomerulus are shown for comparison.

Intimal Thickening

Fibrous intimal thickening of an arteriole or larger artery (interlobular artery arcuate
artery) should be evaluated together with the symmetrical wall. Advanced intimal
thickening is dominant in some patients and the media is hard to detect. The branch-
ing artery is not evaluated.

9.6 Pathological Findings Based on the Classification
of Diabetic Nephropathy in Japan

9.6.1 The Classification of Diabetic Nephropathy in Japan

The Japanese classification of DN was published in 2014 by the Joint Committee on
Diabetes Nephropathy (Japanese Society of Nephrology, Japan Diabetes Society,
Japanese Society for Dialysis Therapy, and Japan Society of Metabolism and
Clinical Nutrition) [4, 5] (Table 9.3). DN was classified according to the levels of
albuminuria and eGFR, because these determine kidney prognosis, cardiovascular
events, and all-cause mortality in Japanese diabetic kidney disease patients.

9.6.2 Kidney Biopsy Cohort in Japan

With support from the Ministry of Health, Labour and Welfare in Japan and the
Japan Agency for Medical Research and Development (AMED), 600 kidney biop-
sies from diabetic cases were collected from 13 facilities throughout Japan and ana-
lyzed [22]. A median observation period is 70.4 months. The mean age was 57.8
years old, and 67% of the patients were male. The mean systolic and diastolic BP
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Table 9.3 Classification of diabetic nephropathy 2014 in Japan

Urinary albumin (mg/g Cr) or urinary GFR (eGFR) (mL/
Stage protein (g/g Cr) min/1.73 m?)
Stage 1 Normoalbuminuria (<30) >30*
(pre-nephropathy)
Stage 2 (incipient Microalbuminuria (30-299)° >30
nephropathy)
Stage 3 (overt Macroalbuminuria (>300) or Persistent >30°¢
nephropathy) proteinuria (>0.5)
Stage 4 (kidney failure) | Any albuminuria/proteinuria status? <30
Stage 5 (dialysis Any status on continued dialysis therapy
therapy)

“While a GFR of less than 60 mL/min/1.73 m? is consistent with the diagnosis of CKD, underlying
causes other than diabetic nephropathy may be involved in patients with a GFR below 60 mL/
min/1.73 m?, thus calling for the differential diagnosis between diabetic nephropathy and any other
potential nondiabetic kidney diseases

"Patients with microalbuminuria are to be diagnosed as incipient nephropathy after the differential
diagnosis based on the criteria for an early diagnosis of diabetic nephropathy

‘Precautions are required in patients with macroalbuminuria, in whom renal events (e.g., a decrease
in eGFR to half its baseline value, the need for dialysis) have been shown to increase as the GFR
decreases below 60 mL/min/1.73 m?

4All patients with a GFR of less than 30 mL/min/1.73 m? are classified as exhibiting kidney failure,
regardless of their urinary albumin/protein values. However, in those with normoalbuminuria and
microalbuminuria, the differential diagnosis is required between diabetic nephropathy and any
other potential nondiabetic kidney diseases

were 144.5 and 78.9 mmHg, respectively. The mean serum Alb was 3.3 mg/dL, and
HbAlc was 7.6%. This is one of the biggest biopsy cohort with long observation
clinical data of diabetic nephropathy in the world.

9.7 Characteristic Pathological Findings Based
on the Classification of Diabetic Nephropathy in Japan

In the overall analysis, the pathological scores for glomerular, interstitial, and vas-
cular lesions were higher in the higher stages and were the highest in stage 4
(Table 9.4, Fig. 9.1). The scores of each pathological finding correlated strongly
with that of other pathological findings. These findings indicate that pathological
changes of diabetic nephropathy progress in accordance with the progression of
clinical manifestation in analysis of mass study. Moreover, each pathological change
progresses in a parallel with other pathological changes in accordance with the pro-
gression of clinical stages. Although these findings are speculative, this study clearly
showed the data.

In addition to this overall analysis, subanalysis based on similar clinical manifesta-
tion is valuable and important. In an analysis based on DN classification in Japan, each
stage had specific characteristic pathological findings. Even in stage 1, 78% of the
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Table 9.4 Mean score of each pathological findings

Stage 1 Stage 2 Stage 3 Stage 4 Total
Diffuse 1.2 1.5 22 2.5 2.1
Nodular 0.1 0.2 0.5 0.6 0.4
SubendW 0.4 0.7 1.1 1.4 1.0
Exudative 0.1 0.2 0.5 0.6 0.5
MesLy 0.1 0.2 0.5 0.5 0.4
PVas 0.2 0.7 0.8 0.8 0.7
GScl (%) 7.9 13.0 25.0 40.0 244
SScl (%) 3.0 1.6 3.8 5.7 3.8
GMeg 0.1 0.3 0.4 0.4 0.4
IFTA 0.8 1.1 1.9 24 1.8
ICell 0.9 0.9 1.3 1.8 1.3
Hyalin 1.4 1.9 22 2.5 2.1
IntThic 0.8 1.2 1.2 1.5 1.2

Diffuse: diffuse lesion (mesangial expansion), Nodular: nodular lesion (nodular sclerosis),
SubendW: subendothelial space widening (double contour of basement membrane), Exudative:
exudative lesion, MesLy: mesangiolysis/microaneurysm, PVas: peri-hilar neovascularization
(polar vasculosis), GScl: global glomerulosclerosis/collapsing glomerular change - ischemic glo-
merular change, SScl: segmental glomerulosclerosis, GMeg: glomerulomegaly, IFTA: interstitial
fibrosis and tubular atrophy, ICell: interstitial cell infiltration, Hyalin: arteriolar hyalinosis, Arterio:
arteriosclerosis with intimal thickening

cases exhibited diffuse lesions. In addition, more than half of the cases exhibited IFTA,
interstitial cell infiltration, arteriolar hyalinosis, and intimal thickening. These findings
indicated that interstitial and vascular changes as well as glomerular change are prog-
ress even in the early clinical stage of diabetic nephropathy. Moreover, these findings
indicate that progression of various pathological changes of diabetic nephropathy
might be progress even before clinically confirmed diabetic nephropathy. Similar find-
ing has been reported that pathological changes in DN can progress in patients with
normal albuminuria [23]. Moreover, a high frequency of global glomerular sclerosis in
normoalbuminuric and microalbuminuric patients with type 2 diabetes would partici-
pate in a loss of GFR [10]. These pathological findings are not recognized as DN in
current clinical practice; therefore, pathological evaluation has not sufficiently pro-
gressed. However, an early intervention for DN should be an important step toward
preventing and slowing disease progression [2]. Therefore, development of pathologi-
cal change-specific biomarkers to identify the progression of diffuse, interstitial, and
vascular lesions at an earlier stage is required [24].

In stage 2, more than half of the cases had polar vasculosis. This finding would
be reasonable, because new generated vessels of polar vasculosis connect glomeru-
lar capillaries and peritubular capillaries. This connection might reduce the glo-
merular hyperfiltration of diabetic kidney in early clinical stage.

In stage 3, approximately half of the cases had subendothelial space widening,
exudative lesions, nodular lesions, and mesangiolysis. These glomerular pathologi-
cal changes were previously reported as typical pathological changes in diabetic
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Fig. 9.1 The percent of each histological score in clinical stage of Japanese DN. Diffuse: diffuse
lesion (mesangial expansion), Nodular: nodular lesion (nodular sclerosis), SubendW: subendothe-
lial space widening (double contour of basement membrane), Exudative: exudative lesion, MesLy:
mesangiolysis/microaneurysm, PVas: peri-hilar neovascularization (polar vasculosis), GMeg: glo-
merulomegaly, IFTA: interstitial fibrosis and tubular atrophy, ICell: interstitial cell infiltration,
Hyalin: arteriolar hyalinosis, Arterio: arteriosclerosis with intimal thickening

nephropathy and reported as predictors of kidney dysfunction. It is easy to speculate
that stage 3 should be good indication for kidney biopsy for diabetic cases in gen-
eral condition, and these pathological findings were classically reported as a charac-
teristic pathological changes and prognostic pathological changes. In contrast,
glomerulomegaly was a minor pathological finding and reached 44% in stage 4.
Each clinical stage demonstrates characteristic pathological changes.

9.8 Impacts of Pathological Findings on Clinical Outcomes

In the analysis of all 600 cases, all 13 types of pathological findings could clearly
predict the occurrence of composite kidney events (dialysis, halving of eGFR, or
doubling of serum Cr) (Table 9.5). This is very valuable findings. Previous many
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Table 9.5 HRs for composite kidney event
Stage 1 Stage 2 Stage 3 Stage 4 All
Haz. Ratio Haz. Ratio Haz. Ratio Haz. Ratio Haz. Ratio
Diffuse >500 2.1 2.6 39 2.7
Nodular 355 3.9 1.8 2.0 24
SubendW 7.5 39 1.9 33 2.8
Exudative 355 1.8 2.1 1.4 2.7
MesLy 35.5 2.7 2.0 1.6 2.6
PVas 1.1 14 1.6 1.4 1.6
GScl (%) 1.2 1.1 1.1 1.1 1.2
SScl (%) 1.0 1.7 1.3 1.3 1.4
GMeg 4.4 1.6 1.0 0.9 1.3
IFTA 0.7 2.2 3.1 0.3 35
ICell 0.9 2.3 33 2.8 37
Hyalin 1.2 >500 2.0 1.6 2.3
IntThic 1.2 2.9 1.6 2.4 24
Bold; p < 0.05

Diffuse: diffuse lesion (mesangial expansion), Nodular: nodular lesion (nodular sclerosis),
SubendW: subendothelial space widening (double contour of basement membrane), Exudative:
exudative lesion, MesLy: mesangiolysis/microaneurysm, PVas: peri-hilar neovascularization
(polar vasculosis), GScl: global glomerulosclerosis/collapsing glomerular change - ischemic glo-
merular change, SScl: segmental glomerulosclerosis, GMeg: glomerulomegaly, IFTA: interstitial
fibrosis and tubular atrophy, ICell: interstitial cell infiltration, Hyalin: arteriolar hyalinosis, Arterio:
arteriosclerosis with intimal thickening

studies showed that some pathological changes, such as nodular lesions or intersti-
tial fibrosis and tubular atrophy, were kidney prognosis predictors. However, our
large number and long observation period study indicates that only limited factors
were prognostic risk because of the statistical limitation due to the small number of
cases. As describe in previous section, the scores of each pathological finding cor-
related strongly with that of other pathological findings. And, all 13 types of patho-
logical findings could clearly predict the occurrence of composite kidney events.

After adjustments for age and gender, each pathological finding showed charac-
teristic hazard ratios (HRs) for the composite kidney events in each clinical stage.
Nodular lesions and mesangiolysis had high HRs in stages 1 and 2 (stage 1; 35.5,
35.5, stage 2; 3.9, 2.7, respectively). Exudative lesions had a high HR in stage 1
(7.5), and subendothelial space widening had a high HR in stages 2 and 4 (3.9 and
3.3, respectively). In stage 3, IFTA and interstitial cell infiltration had high HRs (3.1
and 3.3, respectively).

However, each pathological finding had different impacts on all-cause mortality.
In the analysis of all cases, nodular lesions, subendothelial space widening, exuda-
tive lesions, mesangiolysis, IFTA and interstitial cell infiltration, and intimal thick-
ening could clearly predict the occurrence of all-cause mortality (HR for each
pathological finding: 2.4, 2.8, 2.1, 2.2, 2.6, 4.8, and 3.5, respectively; Table 9.6).
Moreover, nodular lesions, subendothelial space widening, exudative lesions, and
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Table 9.6 HRs for all-cause mortality
Stage 1 Stage 2 Stage 3 Stage 4 All
Haz. Ratio Haz. Ratio Haz. Ratio Haz. Ratio Haz. Ratio
Diffuse 1.0 >500 2.7 0.3 14
Nodular 0.0 2.0 2.1 1.6 24
SubendW 2.7 2.3 2.7 0.7 2.8
Exudative 0.0 34 2.0 0.5 2.1
MesLy 0.0 1.4 2.7 2.3 2.2
PVas 2.3 0.5 1.5 0.6 1.3
GScl (%) 1.2 0.8 1.0 1.0 1.1
SScl (%) >500 1.1 1.2 1.2 1.1
GMeg >500 4.6 0.6 0.6 0.7
IFTA 0.3 29 39 0.9 2.6
ICell 0.2 >500 4.0 0.8 4.8
Hyalin 1.8 1.0 2.1 >500 33
IntThic 2.0 >500 1.7 >500 35
Bold; p < 0.05

Diffuse: diffuse lesion (mesangial expansion), Nodular: nodular lesion (nodular sclerosis),
SubendW: subendothelial space widening (double contour of basement membrane), Exudative:
exudative lesion, MesLy: mesangiolysis/microaneurysm, PVas: peri-hilar neovascularization
(polar vasculosis), GScl: global glomerulosclerosis/collapsing glomerular change - ischemic glo-
merular change, SScl: segmental glomerulosclerosis, GMeg: glomerulomegaly, IFTA: interstitial
fibrosis and tubular atrophy, ICell: interstitial cell infiltration, Hyalin: arteriolar hyalinosis, Arterio:
arteriosclerosis with intimal thickening

mesangiolysis had a high impact on all-cause mortality in stage 3 (HR for each
pathological finding: 2.1, 2.7, 2.0, and 2.7, respectively).

The significance of pathological findings that have been reported as prognostic
predictors may be affected by differences in the clinical stage. This study found that
notable pathological findings progressed according to progression of clinical stages.
The evaluation of adequate pathological findings at appropriate stages was effective
for predicting prognosis and assessing the risk that could not be stratified by clinical
stage. These results indicated that pathological findings classified the risk of kidney
dysfunction and all-cause mortality in addition to the Japanese clinical classifica-
tion of DN.

9.9 Summary

» Diffuse lesions were observed in many DN cases, even at the stage of normal
albuminuria.

e Pathological findings such as nodular lesions and mesangiolysis were also
observed in some cases at this stage. Interstitial lesions, such as interstitial cell
infiltration and interstitial fibrosis or tubular atrophy, and vascular diseases, such
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as arteriolar hyalinosis, arteriosclerosis, and vascular hyperplasia, are also
observed in biopsy specimens of early stage diabetes cases.

e Cases with nodular lesions and mesangiolysis in the early stages had a particu-
larly poor prognosis of kidney disease.

e It is impossible to predict the pathological findings using clinical parameters.
Therefore, pathological evaluation by kidney biopsy is crucially important in
clinical practice for kidney disease of diabetic patients.

9.10 Indication of Kidney Biopsy

Indication of kidney biopsy in diabetic cases is a very important issue. Although the
pathological evaluation of kidney biopsy specimens for DN has various benefits,
there is no clear indication for kidney biopsy so far. Particularly, in the case of nor-
moalbuminuria or microalbuminuria, assessment of pathological findings is clini-
cally valuable [21, 22]. However, kidney biopsy has some risks including bleeding
and infection. Therefore, kidney biopsy for diabetic cases can be performed after
obtaining informed consents and informing the patients of the benefits of biopsy.
Cases with an atypical clinical course, such as a rapid increase of albuminuria and
progressive eGFR decline, would be candidates for kidney biopsy. Accumulating
the biopsy cases of diabetic patients should be considered important to verify the
findings and prognosis. After accumulating knowledge of kidney biopsy value in
diabetic cases, the additional discussions will be necessary to reach a consensus of
kidney biopsy indication for diabetic cases.
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Chapter 10
Evaluation of Diabetic Kidney Lesions

Junichi Hoshino

10.1 Patients Characteristics of Diabetic Nephropathy (DN):
Clinical Perspectives

Clinical and pathological findings of diabetic kidney disease (DKD) are diverse.
The clinical diagnosis of diabetic nephropathy (DN) in patients with diabetes mel-
litus usually depends on the detection of microalbuminuria (albumin excretion of
more than 30 mg/g of creatinine in two out of three random urine samples collected
within 6-month period) [1, 2]. A subset of diabetic patients with microalbuminuria
will develop advanced DN, referred as overt nephropathy, clinical nephropathy, pro-
teinuria, or macroalbuminuria with progressive decline in the glomerular filtration
rate [2, 3]. In clinical practice, DN is often diagnosed after diagnosis of diabetic reti-
nopathy. However, the sensitivity and specificity of diabetic retinopathy to predict
diabetic nephropathy were only 0.65 (95% confidence interval (CI) 0.62, 0.68) and
0.75 (0.73, 0.78), respectively [4]. The most accurate diagnosis of DN is made by
pathological evaluation of renal biopsy specimen. Nonetheless, the typical clinical
indications for renal biopsy included proteinuria without diabetic retinopathy,
hematuria, rapid decline in eGFR, or massive proteinuria in patients with short
duration of diabetes, which is different from “typical” clinical diagnostic criteria of
DN [5]. Indeed, it was reported that the prevalence of diabetic retinopathy and
hematuria in a biopsy cohort was 11% and 69%, respectively [6]. Therefore as
shown in the Fig. 10.1, we need to keep in mind that patient’s characteristics between
biopsy-proven DN cohort and DKD cohort are not identical [7].
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Fig. 10.1 Conceptual
diagram of diabetic kidney
disease, chronic kidney
disease, and diabetic
nephropathy (biopsy
proven) [7] Diabetic Nephropathy (DN)

(biopsy proven)

DN + Other kidney diseases

10.2 Diagnosis of DN: Pathological Perspective

It is essential to evaluate renal tissue with appropriate universal standards for
renal biopsy. In 1959, Gellman et al. first reported clinical correlation of renal
biopsy findings [8]. Thereafter, Gambara et al. and Fioretto et al. made basic dis-
tinctions between typical and atypical DN as well as other glomerular diseases
superimposed on DN [9, 10]. They defined typical DN as glomerular, tubulointer-
stitial, and arteriolar changes occurring in parallel. Although they are useful for
research biopsies, there were some opinions that it was not practical for clinical
use [11]. In 2006, the Research Committee of the Renal Pathology Society was
launched and developed an international consensus classification combining type
1 and type 2 diabetic nephropathies in 2010, aiming easy to use internationally in
clinical practice [11]. Their standards include hematoxylin and eosin, periodic
acid-Schiff (PAS), Masson’s trichrome, and periodic acid-methenamine silver
stains for light microscopy. It is preferable to evaluate biopsy specimens contain-
ing at least ten glomeruli. Immunofluorescence requires the use of antibodies
against IgA, IgG, IgM, C3, Clq, and kappa and lambda light chains to rule out
other renal diseases. Electron microscopy must be performed as well [11].
Likewise, Wada et al. launched a Japanese nationwide study group for diabetic
nephropathy with the support of the Ministry of Health, Labour and Welfare of
Japan in 2009. After experience of heterogeneity of DN, including the detection
of advanced DN lesions even in normoalbuminuria patients [12], they were
planned to evaluate as many pathologic parameters as possible with clear defini-
tions and standardized scores for each. Accordingly, a new pathological classifi-
cation was proposed by the Japanese Renal Pathological Society (JRPS) in 2017
[5]. The details of pathological aspects of DN are also described previously
(Chaps. 8 and 9).
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10.3 Purposes of Renal Biopsy

In general, there are two main reasons performing renal biopsy to DKD patients—
for accurate diagnosis and for outcome prediction. Because it is known that earlier
intensive treatments can prevent progression of DN [13, 14], it is essential to diag-
nose DN accurately and start treatment earlier for better renal outcome. As described
above, clinicians often choose to perform renal biopsy when patients have “atypi-
cal” clinical findings as DN, such as short duration of diabetes mellitus history (e.g.,
less than 5 years), without diabetic retinopathy or neuropathy, or having massive
hematuria. Although the severity of diabetic retinopathy, an independent predictor
for end-stage renal disease (ESRD), is highly correlated with changes in renal
pathology [15], it is often difficult to suspect renal changes only from clinical fea-
tures. Of 310 biopsy-proven DN patients in our hospital, 23% of them coexisted
with other renal diseases except for nephrosclerosis [6]. Similar findings were
reported from Colombia University. In 611 diabetic patients assessed through renal
biopsy specimen in 2011, only 37% of them had “typical” diabetic nephropathy
(DN) findings, with 27% of them had diagnosed coexistence of DN with nondia-
betic renal disease [16]. It was reported that longer duration of diabetes (=12 years)
was associated with a greater likelihood of DN, but the sensitivity and specificity
were only 58% and 73% [16]. Therefore, we should keep in mind that the pure DN
could be expected just in three-quarter of the biopsy indication cohort of DN.

10.4 Pathological Changes in Early Stage of DN

It is important to know that DN pathological changes are common even in patient
with early stage of DN. At earlier stage, glomerular volume is enlarged 70% as
compared with the glomerular of nondiabetic subjects [17]. It was reported that in
patients with type 1 diabetes with normoalbuminuric renal insufficiency, the expan-
sion of mesangium, glomerular basement membrane (GBM) thickening, advanced
arteriolar hyalinosis, and global sclerosis were prominent [18, 19]. On the other
hand, in patients with type 2 diabetes with normoalbuminuric renal insufficiency,
Shimizu et al. reported that diffuse lesions, nodular lesions, tubulointerstitial lesions,
and vascular lesions were more advanced compared to those with preserved eGFR
[12, 20]. In addition, a Japanese nationwide biopsy cohort study revealed that pro-
portion of DN pathological changes in patients with lower-risk CKD heatmap cat-
egories (green or yellow) were, respectively, diffuse lesions, 81.6%; polar vasculosis,
42.6%; subendothelial space widening 35.1%; interstitial fibrosis and tubular atro-
phy (IFTA) (score 2 2), 21.3%; arteriolar hyalinosis (score 2 2), 45.7%; and arte-
riosclerosis (score = 2), 24.2% [5]. Moreover, a recent analysis suggested these
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pathological changes in patients of low-risk CKD heatmap categories were associ-
ated with worse renal outcome [21], suggesting importance of early detection of
pathological changes even in early clinical stage of DN. Of course, renal biopsy is a
kind of invasive examination. Thus, it is inarguable the importance of careful evalu-
ation of indication for renal biopsy. However, at this point, renal biopsy is consid-
ered as the only tool for accurate diagnosis of DN, although utility of serum or urine
biomarkers has been recently reported.

10.5 Typical Pathological Findings of DN

The typical pathological findings of DN include a diffuse form with mesangial scle-
rosis accompanied with increase of mesangial matrix, uniform thickening of capil-
lary walls, a nodular lesion sometimes combined with microaneurysms, and
hyalinosis lesions [22]. The nodular lesion—one of the most representative findings
of DN—is the type of change as first reported by Kimmelstiel and Wilson in 1936
[23], which is considered to arise from focal mesangiolysis due to mesangial and/or
endothelial injury [24]. Sometimes close observation should be needed to distin-
guish small nodular lesion from severe diffuse lesion, since both lesions were com-
posed of mesangial extracellular matrix. The JRPS classification defined it as a
nodular expansion of mesangial extracellular matrix with loss of original capillary
loop structure, while diffuse lesion remains capillary loop structure [5]. The nodular
lesion is PAS-positive, green with Masson’s trichrome, and black with silver stains,
which is similar to the staining of diffuse lesion. However, the dyeability of PAS and
PAM staining in the nodular lesion is usually weaker than that in diffuse lesion. It
was reported an increase in mesangial staining for type IV and V collagen in early
and moderately advanced mesangial lesions, whereas an increase only for type V
and VI collagen in late nodules [25, 26], and the switch of matrix protein production
might be associated with development of nodular lesions in DN [27]. PAS and PAM
staining are faint at sites where type I'V collagen is decreased and type VI collagen
is increased in nodular lesions of human [28], and this characteristic change of col-
lagen production—named faintly-stained nodular lesion (FASL)—was a predictor
of ESRD in diabetic patients with nodular glomerulosclerosis that was independent
of known indicators of renal progression [29]. The nodular lesion is also observed
in membranoproliferative glomerulonephritis, amyloidosis, light-chain deposition
diseases, fibrillary glomerulonephritis, immunotactoid glomerulopathy, idiopathic
nodular sclerosis, etc. [30].

Mesangiolysis is an injurious glomerular process that primarily affects the
mesangium. It is manifested by attenuation or dissolution of the matrix and degen-
eration of mesangial cells and is often observed in patients with DN [26]. Three
types of mesangiolysis were proposed: (1) mesangiolysis manifested by glomerular
mesangial cystic lesions, followed by features resembling proliferative glomerulo-
nephritis, (2) mesangiolysis associated with extensive widening of the
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subendothelial space, and (3) mesangiolysis with lamellated mesangial nodules
associated with repeated mesangial or endothelial damage [26]. It is considered as
the initial lesion occurring in glomeruli in the process of diabetic nodule formation,
and disturbed blood flow into glomeruli, caused by diabetic arteriosclerosis, may be
implicated in the development of the mesangiolysis [28].

Hyalinosis lesion is a famous finding in glomeruli in DN as well and also called
exudative lesion or “fibrin cap” [22]. This lesion is the accumulation of hyaline
eosinophilic homogeneous materials between endothelial cells and the GBM of the
capillary walls. However, recently “fibrin cap” is not widely used frequently because
it does not contain fibrin [11, 31]. Exudative lesion in glomeruli is not a typical find-
ing of DN, since it is often observed in other kidney diseases such as hypertensive
nephrosclerosis or focal segmental glomerulosclerosis [11]. The pathogenesis of the
lesion has been associated with endothelial injury and possible hemodynamic altera-
tions [22] and could be associated with creation of mesangiolysis and nodular lesion.
Therefore, subendothelial space widening in the glomeruli could be important pre-
dictor of disease progression. In addition, Stout et al. reported that insudative lesions
were not only observed within the glomerular capillaries and Bowman’s capsule but
also in the renal arteries and the proximal convoluted tubules [32]. Recent studies of
biopsy-proven DN have clearly demonstrated that glomerular and arteriolar insuda-
tive lesions show a higher frequency in patients with more advanced DN [6, 20].
Moreover, it was reported that severity of the insudative lesions of the proximal
tubules—named paratubular basement membrane insudative lesions (PTBMIL)—
was associated with poor renal outcome even after adjusting other factors and pos-
sible new predictor for renal outcome especially in early stage of DN [33].

Perihilar neovascularization, also known as polar vasculosis, is often an observed
finding in patients with DN even in the early stage of DN [34]. In 1956, Smith et al.
reported anatomical features of the human renal glomerular efferent vessel [35], and
thereafter three-dimensional analysis revealed increase of vasculature around the
glomerular vascular pole [36]. It is a significant, possibly hemodynamically induced,
remodeling process of the glomeruli, is associated with mesangium expansion, and
is suggested to serve for preservation of glomerular function [34].

Tubulointerstitial changes are also major findings of DN, described as IFTA and
interstitial inflammation. The tubules were thought to show changes that reflect the
degree of glomerular alterations [22]. However, as described above, severity of glo-
merular lesions and tubulointerstitial lesions are usually not parallel. Fioretto et al.
reported that the balanced severity of glomerular, tubulointerstitial, and arteriolar
changes was observed only in 30 % of patients with microalbuminuria and 50% of
those with proteinuria [37], which may be influenced by the presence of cardiovas-
cular complications and/or drug use. The presence of these lesions is not specific
findings of DN. Therefore, the evaluation of tubulointerstitial disease is often com-
parable to other renal diseases, such as renal transplantation and nephrosclerosis
[38, 39].

Arteriolar hyalinosis is a common finding in DN as well. The clinical importance
in advanced DN is not large, as discussed above; however, in patients with early



140 J. Hoshino

DN—patients with normoalbuminuria or microalbuminuria—it is reported that
index of arteriolar hyalinosis (IAH) is a possible predictor for future renal dysfunc-
tion or increase of albuminuria [40].

Most of the recent classifications, such as the RPS classification and the JRPS
classification, can be detected by light microscopy, for GBM thickening that is con-
firmed by electron microscopy. On the other hand, the occurrence of linear immu-
nofluorescent staining for immunoglobulin G along the glomerular capillary walls
is a typical finding of DN, too. The mechanism of this staining has not been clari-
fied, but it is considered that the main mechanism of linear IgG staining in DN could
be penetration of serum proteins into the basement membrane secondary to charge
and size selectivity impairment with consequent GBM thickening [41-43]. Westberg
et al. concluded that the consistent presence of albumin and the frequent absence of
complement components at the sites of staining provided evidence against an immu-
nologic mechanism for this immunofluorescent staining [41]. Another hypothesis of
the mechanism for the IgG staining is formation of immune complexes between
insulin and anti-insulin antibodies [44, 45]. Importantly, more intense linear immu-
noglobulin G staining is associated with worse renal outcome after adjusting pos-
sible clinical and pathological confounders [46].

10.6 Evaluation of DN by RPS and JRPS

The RPS classification published in 2010 is based on glomerular lesions, with a
separate evaluation for interstitial and vascular lesions [11]. The glomerular scores
were classified as follows: class I, glomerular basement membrane thickening
(>395 nm in females, >430 nm in males) by EM without any of the other glomerular
criteria detailed below for classes II, III, and I'V; class IIa, mild mesangial expansion
(the expanded mesangial area is smaller than the mean area of capillary lumen) in
>25% of the observed mesangial areas; class IIb, severe mesangial expansion (the
expanded mesangial area is larger than the mean area of capillary lumen) in >25%
of the total observed mesangial areas; class III, nodular sclerosis known as
Kimmelstiel-Wilson lesion and <50% global glomerulosclerosis; and class IV,
>50% global glomerulosclerosis. The IFTA scores were classified as follows: 0,
absent; 1 (mild), <25%; 2 (moderate), 25-50%; and 3 (severe), >50% of the total
area. Interstitial inflammation was scored as follows: 0, absent; 1 (mild), inflamma-
tion related only to IFTA; and 2 (advanced), inflammation in areas without
IFTA. Arteriolar hyalinosis was scored as follows: 0, absent; 1 (mild), hyalinosis of,
at least, one arteriole; and 2 (advanced), hyalinosis of more than one arteriole.
Arteriosclerosis was scored in the most severely affected artery as follows: 0, no
intimal thickening; 1 (mild), intimal thickening that was less than the medial thick-
ness; and 2 (advanced), intimal thickening that was greater than the medial thick-
ness (Table 10.1).

On the other hand, the JRPS classification, published in 2017, is evaluated based
on nine glomerular lesions, two interstitial lesions, and two vascular lesions [5]. The
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Table 10.1 Comparison of pathological evaluation by RPS and JRPS

141

Pathological Definition of
findings RPS (score) score JRPS (score) Definition of score
Glomerular | Class I GBM > 395 nm | *Diffuse lesion 0 normal or mild
lesions Nonspecific in female (mesangial mesangial expansion
change in LM GBM > 430 nm | expansion) 1 mesangial
in male (0-3) expansion < capillary
lumen
2 mesangial
expansion = capillary
lumen
3 mesangial
expansion 2 capillary
lumen
Class Ila Mild mesangial | Nodular lesion 0 (note detected), 1
Mild mesangial expansion in 0/1) (detected)
expansion >25% of the *Subendothelial Double contour
observed space widening basement membrane
mesangium (double contour of | (%) (determined in
basement peripheral capillary of
membrane) (0-3) | the most severe
glomerulus)
0 (<10%), 1
(10-25%), 2
(25-50%), 3 (250%)
Class IIb Severe Exudative lesion 0 (not detected), 1
Severe mesangial | mesangial O/1) (detected)
expansion expansion in PPolar vasculosis | 0 (not detected), 1
>25% of the (0/1) (detected)
obseweq Global Number of
mesangium glomerulosclerosis | glomerulosclerosis/all
(%) glomeruli
Class 111 Nodular Segmental Number of
Nodular sclerosis | sclerosis glomerulosclerosis | glomerulosclerosis/all
(%) glomeruli
Class IV Global *Glomerulomegaly | Glomeruli >250 pm
Advanced diabetic | glomerular O/1) in diameter
glomerulosclerosis | sclerosis in 0 (not detected), 1
>50% of (detected)
glomeruli
Interstitial | Interstitial fibrosis | O (no IFTA), 1 | Interstitial fibrosis | Same as RPS
lesions and tubular (<25%), 2 and tubular
atrophy (IFTA) (25-50%), 3 atrophy (IFTA)
(0-3) (250%) (0-3)

Interstitial
inflammation
(0-2)

0 (absent), 1
(infiltration only
in relation to
IFTA), 2
(infiltration in
areas without
IFTA)

“Interstitial
inflammation
(0-3)

0 (no cell infiltration),
1 (<25%), 2
(25-50%), 3 (Z50%)

(continued)
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Table 10.1 (continued)

Pathological Definition of

findings RPS (score) score JRPS (score) Definition of score

Vascular Arteriolar 0 (absent), 1 (at | *Arteriolar 0 (no hyalinosis), 1

lesions hyalinosis (0-2) least one area of | hyalinosis (0-3) (one or more partial
arteriolar arteriolar hyalinosis),
hyalinosis), 2 2 (approximately 50%
(>1 area of hyalinosis), 3 (more
arteriolar than 50% hyalinosis,
hyalinosis) or penetrating

hyalinosis)
Intimal thickening | O (no intimal Intimal thickening | Same as RPS
(0-2) thickening), 1 (0-2)

(intimal
thickness/media
thickness < 1), 2
(intimal
thickening and
intimal
thickness/media
thickness 2 1)

“More detailed definition in the JRPS classification than those in the RPS classification
"Newly proposed definitions in the JRPS classification

nine glomerular lesions comprised a diffuse lesion (score 0-3), nodular lesion
(score 0/1), subendothelial space widening or duplication of the basement mem-
brane (subendothelial widening) (score 0-3), exudative lesion (score 0/1), mesan-
giolysis  (microaneurysm) (score 0/1), polar vasculosis (or perihilar
neovascularization) (score 0/1), global glomerulosclerosis/collapsing glomerular
change and ischemic glomerular change (%), segmental glomerulosclerosis (%),
and glomerulomegaly (score 0/1). There is a slight change in the interstitial lesions
and vascular lesions, with four classes of evaluation of interstitial inflammation
score and arteriolar hyalinosis (0-3), while 3 classes of evaluations in RPS classifi-
cation. The evaluation system in IFTA and intimal thickening was identical in both
classifications. In short, compared to RPS classification, this classification com-
prises four new more detailed pathological features, subendothelial widening, polar
vasculosis, mesangiolysis, and glomerulomegaly, as well as three other features
increasing the number of grade from 3 to 4 in mesangial expansion, interstitial
inflammation, and arteriolar hyalinosis. And recent study suggested that presence of
polar vasculosis and/or subendothelial space widening, which are newly proposed
by the JRPS classification, should be important findings for diagnosis of DN [5].

10.7 Renal Biopsy Findings and Renal Prognosis

The second reason for renal biopsy is a prognostic purpose. After establishment of
the pathological classification by RPS and JRPS, the next question should be who
needs to be treated and how. In order to clarify the impact of each pathological
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Table 10.2 The RPS pathological scoring system (D-score)

Variables Grade Score Variables Grade Score
Glomerular 1 0 Interstitial inflammation 0 0

Ila 3 1 3

b 4 2 4

101, IV 6 Hyalinosis 0,1 0
IFTA 0 0 2 3

1 7 Arteriosclerosis 0,1 0

2 9 2 1

3 11 Total 25

Table 10.3 The JRPS pathological scoring system (J-score)

Variables Grade Score Variables Grade Score
Diffuse 0,1 0 Interstitial inflammation 0 0

2,3 1 1,2 5
Double 0-2 0 3 4

3 2 Hyalinosis 0 0
Mesangiolysis 4 1-3 2
Polar vasculosis 1 Total 19
IFTA 1 0

2 3

3,4 4

change on renal outcome, new pathological scoring systems for predicting renal
outcome by using RPS and JRPS classifications were proposed [21, 47] (Tables
10.2 and 10.3). Although it is unknown whether these scores are useful in other DN
biopsy cohorts, it was reported that prediction of DN patients’ renal outcome was
better with either the D-scores by RPS classification or the J-scores by JRPS clas-
sification than without it. And the expected renal outcomes were >18 years in
patients with J-score 0-5, 12.5 (interquartile range, 4.8, 22.3) years in those with
J-score 6-10, 4.0 (1.9, 9.9) years in those with J-score 11-15, and 1.7 (1.0, 2.4)
years in those with J-score 16-19, respectively (Figs. 10.2 and 10.3). Importantly,
both scoring systems have higher scores in tubulointerstitial lesions compared to
scores in glomerular lesions. The highest score of glomerular lesion was 6, whereas
that of IFTA was 11 in the D-score and that of glomerular lesion was 4, whereas
those of IFTA and interstitial inflammation were 4 and 5 in the J-score. These data
suggest that, even after adjustment for urinary protein and other confounders, IFTA
and interstitial inflammation are stronger factors associated with worse renal out-
come than glomerular lesions, which need to be focused on. Recently, the impor-
tance of tubulointerstitial lesions was reported not only in patients with DN but also
those with other renal diseases [48-51]. In addition, diabetic patients with “atypi-
cal” DN are increasing in the modern era, having mild changes in glomerulus but
severe changes in tubulointerstitial lesions [52]. And as a result, crude renal out-
come in the modern era was not dramatically improved from that of the older era
(unpublished data). Therefore, it is desirable to find more accurate biomarkers of
tubulointerstitial injury and inflammation. A study from the Joslin Diabetes Center
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showed that urinary NAG and kidney injury molecule 1 (KIM-1) were markers of
renal tubular injury that could predict regression of microalbuminuria in patients
with type 1 diabetes [53]. Clinical utility for prediction of renal prognosis in patients
with type 2 diabetes by serum levels of tumor necrosis factor-alpha (TNFa) recep-
tors 1 and 2, the urinary concentrations of neutrophil gelatinase-associated lipocalin
(NGAL), and liver fatty acid-binding protein (L-FABP) were reported as well [54—
56]. Although urinary-NAG excretion was significantly correlated with the severity
of tubulointerstitial injury, there was a distinct difference of predictive power
between actual tubulointerstitial injury and the urinary marker. It was reported that
the IFTA score was a better predictive marker for renal prognosis than urinary-NAG
excretion [50]. It is still a big challenging problem in front of us to treat these tubu-
lointerstitial lesions. In addition, the J-score system suggested the importance of the
presence of mesangiolysis, which is a new glomerular parameter proposed by JRPS,
for prediction of worse renal outcome [21]. Evaluation of mesangiolysis, which is
newly proposed by the JRPS classification, should be important for prediction of
renal outcome and/or assessment of drug efficacy.

In addition, pathological information may have some advantage for prediction of
renal outcome, regardless of scoring systems for RPS and JRPS [21, 47], though
improvement of clinical prediction system and/or utility of serum/urinary biomark-
ers may minimize the possible advantage in the near future. With recent advance in
modern epidemiology, clinical prediction models themselves are improving their
prediction ability, too. In 2011, Tangri et al. created the Kidney Failure Risk
Equation (KFRE) for predicting risk of ESRD in patients with CKD stages 3-5,
using Cox proportional hazards regression models [57]. The KFRE with only four
clinical variables (age, gender, eGFR, and urinary albumin-to-creatinine ratio) pre-
dicted those at high risk of ESRD with excellent performance (KFRE index = (age/10)
*1n(0.84) + gender * In(0.93) + (eGFR/5) * In(0.80) + In(ACR) * In(1.17)) [57, 58].
However, evaluation of pathological lesions of DN is still essential for accurate
diagnosis, choice of the treatment, outcome prediction, and improving understand-
ing of the mechanism of the disease.
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11.1 Nephrosclerosis

People with nephrosclerosis are one of the fastest growing demographic groups in
all developed countries and many developing countries as a consequence of the
increasing number of elderly people as well as those with hyperglycemia, hyperten-
sion, obesity, and/or dyslipidemia [1]. Nephrosclerosis is now a major cause of
ESRD, along with diabetic kidney disease and glomerulonephritis, in the USA,
Europe, and Japan [2—4]. Despite attracting more attention recently, nephrosclerosis
remains poorly understood, especially with regard to its pathological features and
their association with progression of CKD [5-7]. This is mostly because there is a
lack of kidney biopsy data from people with suspected nephrosclerosis, who are
older and have hyperglycemia, hypertension, obesity, and/or dyslipidemia.
Nephrosclerosis is defined pathologically by an increase of segmental or global
sclerosis, interstitial fibrosis, tubular atrophy, and arteriosclerosis [8], although it
has also been diagnosed clinically on the basis of albuminuria and renal impairment
in older persons and patients with chronic lifestyle-related diseases. However, even
data on the influence of clinical features on the renal prognosis in patients with
nephrosclerosis are limited and inconsistent [9—15]. Most studies have shown that
albuminuria and a decline of the glomerular filtration rate are independent risk fac-
tors for ESRD in people with nephrosclerosis, but the results for other clinical fac-
tors (age, gender, race, hyperuricemia, serum albumin, hemoglobin, BMI, and
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systolic blood pressure) have been inconsistent. Again, this is possibly due to the
limited number of biopsy-based studies on nephrosclerosis, since many patients
with a clinical diagnosis of nephrosclerosis may actually have a different kidney
disease or a concomitant kidney disease.

Against this background, the present study was performed with two objectives:
(1) to examine clinicopathological features in patients with biopsy-proven nephro-
sclerosis and (2) to assess the association these features with CKD progression.

This is a retrospective study of 184 patients who underwent clinical, renal biopsy
performed in 13 centers across Japan and had a pathological diagnosis of nephro-
sclerosis [16]. Table 11.1 shows the clinical characteristics of the study group at the
time of biopsy corresponding to CKD heat map categorization [17], in which
patients with CKD were categorized into four groups: green, low risk; yellow, mod-
erately increased risk; orange, high risk; and red, very high risk. Owing to the lim-
ited number of cases, the green and yellow groups were combined into one group
(G&Y) for the purposes of this study. The mean age was 55.5 + 12.0 years, and 66%
of the patients were male. The mean BP was 139.6 = 21.2/83.9 + 16.9 mmHg. Age
was significantly higher and BMI was lower in the red group compared with the
orange group. In contrast, gender, systolic BP, diastolic BP, total cholesterol, urinary
occult blood, usage of RAS, CCB, and lipid-lowering drugs exhibited no significant
differences among the groups.

Pathological features were also evaluated according to the following criteria.

Global Glomerulosclerosis/Collapsing Glomerular Change and Ischemic
Glomerular Change (GScle) All capillaries are sclerosed, the capillary lumen is
not detected, and the capillaries are collapsing.

Table 11.1 Clinical characteristics of the study group at the time of biopsy corresponding to CKD
heat map categorization

Heat map Green & Yellow (n =36) | Orange (n=57) |Red (n=91) Total (n = 184)
Age (years old) | 53.17 + 12.86 53.60+10.84 |57.62+12.18" |55.50 = 12.04
Gender (Male) |61% 70% 56% 66%

BMI 26.05 = 3.56 26.61 +£9.21 2422 +3.65" 2531 £6.01
SysBP (mmHg) | 142.30 + 16.22 134.95 +16.07 | 141.65 £25.21 | 139.59 + 21.18
DiaBP (mmHg) | 81.55 +9.89 81.58+12.42 |86.37+21.08 |83.89+16.94
Cr (mg/dL) 0.82 +£0.21 0.94 +0.24 1.69 = 1.03" 1.29 +£0.84
Tcho (mg/dL) |234.44 + 183.23 220.85 + 146.62 | 213.64 £ 48.71 |220.33 +122.23
Ualb (g/day) 0.13 +£0.08 0.93 +£3.54 0.76 = 1.05 0.69 +2.13
UOB 0.00, 0.00-0.50 0.00, 0.00-1.00 | 0.00, 0.00-0.50 | 0.00, 0.00-0.50
RAS 37% 37% 47% 42%

CCB 34% 46% 49% 45%

LipidDrg 9% 19% 24% 20%

BMI body mass index, sysBP systolic blood pressure, diaBP diastolic blood pressure, Cr creati-
nine, Tcho total cholesterol, UAIb urinary levels of albumin, UOB occult blood in urine (UOB was
converted into scores as follows: (=) to 0, (x) to 0.5, (1+) to 1, (2+) to 2, and (3+) to 3), RAS: use
of renin-angiotensin system inhibitor, CCB: use of calcium channel blocker, LipidDrug: use of
lipid-lowering drug

“p < 0.05 to G&Y, and orange, “p < 0.05 to orange, mean = SD or median, IQR [16]
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Segmental Glomerulosclerosis (SSCle) In segmental glomerulosclerosis, a por-
tion of the glomerulocapillaries is sclerosed.

Glomerulomegaly (GMeg) In glomerulomegaly, the diameter of one or more
glomerulus in all biopsy specimens is more than 250 Im.

Interstitial Fibrosis and Tubular Atrophy (IFTA) Interstitial fibrosis is defined
by the accumulation of collagen and related molecules in the interstitium. Tubular
atrophy is defined by a decrease in tubular diameter and number.

Interstitial Cell Infiltration (ICell) Inflammatory cell infiltration into the tubu-
lointerstitial area.

Arteriolar hyalinosis (Hyali): This is the percentage of hyaline thickness of the
whole arteriolar wall thickness. A totally occluded artery and an artery connecting
to a globally sclerotic glomerulus are shown for comparison.

Intimal Thickening of Atherosclerosis (Athero) Fibrous intimal thickening of an
arteriole or larger artery (interlobular artery, arcuate artery) together with the sym-
metrical wall should be evaluated. The branching artery is not assessed.

Figures 11.1 and 11.2 show the baseline pathological characteristics of the study
group. GScle, IFTA, Hyali in red exhibited higher scores than those in G&Y and

GMeg IFTA ICell
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Fig. 11.1 The percent of each histological score in CKD heat map categories. GMeg: glomerulo-
megaly, IFTA: interstitial fibrosis and tubular atrophy, ICell: interstitial cell infiltration, Hyalin:
arteriolar hyalinosis, Arterio: arteriosclerosis with intimal thickening. p was calculated by one-way
ANOVA test [16]
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Fig. 11.2 Histogram of glomerular sclerosis in CKD heat map categories. GScl global glomeru-
losclerosis/collapsing glomerular change and ischemic glomerular change. SScle segmental glo-
merulosclerosis [16]

orange. Moreover, the scores of ICell and Athero in red and orange were also higher
than those in G&Y. IFTA and Arterio lesions were observed in more than 70% of
cases, even in the G&Y group. ICell and Hyali also progressed consistently with the
progression of the heat map categories.

Then we checked the correlation between pathological findings and clinical find-
ings (Table 11.2). GScle, IFTA, and Hyali were correlated with age. Aging leads to
various anatomical and physiological changes of the kidney [18-20]. BMI, systolic
BP, and diastolic BP were not correlated with pathologic factors.

Additionally, we looked at the association between clinicopathological features
and several outcomes—commencement of dialysis, composite kidney events (com-
mencement of dialysis, decrease of eGFR by >50%, or doubling of serum creati-
nine), cardiovascular events (cardiovascular death, nonfatal myocardial infarction,
coronary interventions, or nonfatal stroke), and all-cause mortality. The incident
rate of each outcome was reported with 95% confidence interval (CI).

Table 11.3 shows the incident rate of each outcome/100 person-years. The inci-
dences of the composite kidney end points, dialysis, and all-cause mortality were
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Table 11.2 Correlation between pathological findings and clinical findings

GScle SScle GMega IFTA ICell Hyali Athero
Age 0.27 0.14 0.14 0.19" 0.07 0.17" 0.12
BMI —-0.06 —-0.03 0.07 0.01 0.00 0.00 —-0.08
SysBP 0.04 0.10 0.10 0.05 0.06 0.08 0.07
DiaBP 0.02 —-0.02 0.15 0.01 0.08 0.06 0.09
Cr 0.13 0.01 0.00 0.07 0.13 0.15 —0.04
Tcho —-0.13 —0.05 —-0.08 —0.05 —0.06 —0.03 0.01
UAlb —-0.03 0.12 —-0.03 —-0.06 —-0.03 —-0.04 0.02
UOB 0.19" -0.10 0.12 0.15" 0.06 0.09 —-0.13

The number shown in the table is a correlation coefficient

BMI body mass index, sysBP systolic blood pressure, diaBP diastolic blood pressure, Cr creati-
nine, Tcho total cholesterol, UAID urinary levels of albumin, UOB occult blood in urine

“p <0.05[16]

Table 11.3 Incidence rates of each outcome/100 person-years

HeatMapGY | Green & Yellow | Orange Red Total

(95% Contf. (95% Conf. (95% Conf. (95% Conf.

Rate |Interval) Rate | Interval) Rate | Interval) Rate Interval)

Composite 1.42 10.53 [3.79/2.16 | 1.03 |4.54|3.98 2.69 |5.89|2.92 2.11 14.05
kidney event
Kidney death |0.00 0.00 0.61 10.20 |1.90|0.31 0.10 |0.95
CV event 1.64 1041 |6.56/0.97 |10.14 691 1.49|0.56 |3.96 1.42 0.68 |2.97
All cause 0.34 10.05 |2.4410.00 0.30 10.08 | 1.20/0.23 0.07 |0.70
mortality

The composite kidney end point is defined as dialysis, doubling of Cr or halving of eGFR. Kidney
death is defined as dialysis or kidney transplantation
CV event cardiovascular event [16]

significantly higher in higher-risk categories. Although the composite kidney end
points (dialysis, doubling of Cr, or halving of eGFR) were observed in 36 patients,
kidney death (dialysis or kidney transplantation), cardiovascular events, and death
were only observed in three, seven, and three patients throughout the observation
period, respectively.

Finally, the hazard ratio (HR) with 95% confidence interval (CI) for composite
kidney end point was determined for various clinical and histological characteristics
by Cox regression analysis.

Table 11.4 shows the results of the predictors in Cox analysis. In the univariate
Cox analysis for the composite kidney end points, glomerular sclerosis, [FTA, and
interstitial cell infiltration exhibited statistically significant high hazard ratios (1.18,
1.84, 1.69, respectively); placement in the red group of the CKD heat map catego-
ries also indicated a high hazard ratio (HR 2.85, p = 0.053). After adjustment for
clinical and medication data, however, the association of glomerular sclerosis,
IFTA, and interstitial cell infiltration with the composite kidney outcome did not
remain significant in the multivariable Cox model. Only placement in the red group
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Table 11.4 Cox analysis

Univariate Model 1 Model 2

HR |95%CI |p HR |95% CI P HR |95% CI P
Age 1.02 10.99-1.05 | 0.147 |1.03 |0.98-1.07 |0.239 |1.02 1 0.97-1.07 |0.381
Gender 0.98 10.50-1.90 1 0.942 |0.54 | 0.20-1.47 ]0.229 1 0.30 1 0.10-0.97 |0.044
BMI 0.90 10.79-1.01 1 0.075 |1.07 | 0.88-1.30 |0.475 1.06 0.86-1.31 |0.562
SysBP 1.01 10.99-1.02 1 0.450 1.03 |1.00-1.05 |0.068 |1.02 |0.99-1.05 |0.130
Tcho 1.00 | 1.00-1.00 10.720 | 1.00 |1.00-1.00 |0.896 |1.00 |1.00-1.00 |0.754
UOB 1.35 10.90-2.04 1 0.152 | 1.26 |0.67-2.37 |0.466 |1.41 |0.75-2.66 |0.286
eGFR 0.97 10.95-0.99 | 0.005
Ualb 1.03 |0.95-1.12 | 0.483
HeatMapGY
G&Y Ref Ref Ref
Orange 1.37 10.404.74 10.619 | 5.48 |0.51-58.88 | 0.160 |4.77 |0.43-52.78 | 0.203
Red 2.85 10.99-8.24 1 0.053 |9.58 | 1.08-84.55 |0.042 1 9.51 | 1.03-87.96 | 0.047
RASI 1.72 10.76-3.91 1 0.195 1.22 10.27-5.46 |0.793
LipidDrug | 1.93 | 0.97-3.84 | 0.061 0.23 10.03-1.76 | 0.157
CCB 1.58 10.53-4.72 10413 3.60 0.95-13.67 | 0.060
GScle/10% | 1.18 | 1.04-1.33 1 0.010 | 1.04 |0.83-1.30 |0.730 1 0.98 |0.78-1.23 | 0.847
SScle/10% | 1.28 | 0.84-1.95 |0.249
GMega 1.63 |0.76-3.48 |0.210
IFTA 1.84 |1.22-2.77 10.004 | 1.92 |0.74-4.99 |0.178 |2.03 |0.76-5.40 |0.155
ICell 1.69 | 1.12-2.56 10.013 | 0.83 |0.32-2.15 |0.705 1 0.88 |0.32-2.37 |0.794
Hyali 1.30 |0.91-1.85 |0.145
Athero 1.39 10.82-2.36 | 0.222

Model 1; Adjusted by age, gender, body mass index, systolic blood pressure, serum levels of total
cholesterol, urinary occult blood, NSGScle, NSIFTA, NSICell, and HeatMapG&Y. Model 2;
adjusted by Model 1 + RAS3, LipidDrug, and CCB [16]

was a statistically significant risk factor for the composite kidney end points
(HR 9.51).

In summary, although some pathological findings, such as IFTA and atheroscle-
rosis, were observed even in cases with preserved eGFR and a small amount of
albuminuria (G&Y categories), pathological findings had minor impacts on predic-
tion of the composite kidney outcomes in this study.

11.2 Nephrosclerosis and Diabetic Nephropathy

It is well known that the hallmarks of typical diabetic nephropathy are basement
thickening and nodular lesion in mesangial matrix (Kimmelstiel-Wilson lesion) [21,
22]. Both are featured by the accumulation of extracellular matrix, which has been
considered as a consequence of long-standing diabetes. These lesions cannot be
usually seen in nephrosclerosis. On the other hand, it is considered that
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nephrosclerosis and diabetic nephropathy share various pathological features, since
both are chronic lifestyle-related diseases that affect elderly people as well as those
with hyperglycemia, hypertension, obesity, and/or dyslipidemia. However, this has
not been confirmed. Indeed, the biopsy-based studies comparing nephrosclerosis
and diabetic nephropathy are lacking.

Against this background, the present study was performed to examine similari-
ties and differences in pathological lesions between nephrosclerosis and diabetic
nephropathy.

We present the data in which obtained from the two retrospective studies done
with 184 patients with biopsy-proven nephrosclerosis and 600 patients with biopsy-
proven diabetic nephropathy, in 13 centers across Japan [17, 23].

Table 11.5 shows the pathological findings of nephrosclerosis and diabetic
nephropathy. We found that nephrosclerosis and diabetic nephropathy share patho-
logical features in interstitial and vascular lesions but not in all glomerular lesions.
In glomerular lesions, several lesions such as diffuse lesion (mesangial lesion),
nodular lesion (nodular sclerosis), subendothelial space widening (double contour
of exudative lesion), mesangiolysis/microaneurysm, and peri-hilar neovasculariza-
tion (polar vasculosis) can be seen only in diabetic nephropathy.

Table 11.6 shows the pathological score of nephrosclerosis and diabetic nephrop-
athy. The severity of IFTA, interstitial inflammation, and arteriolar sclerosis was
higher in diabetic nephropathy compared to nephrosclerosis as the CKD heat map
categorization goes up.

Table 11.5 Pathological findings of diabetic nephropathy and nephrosclerosis

Pathological findings of
diabetic nephropathy and nephrosclerosis

Pathologic findings

Diffuse lesion (mesangial expansion)

Nodular lesion (nodular sclerosis)

Subendothelial space widening (double contour of |  L__ P.ath()l?gical findings of
basement membrane) diabetic nephropathy
Exudative lesion

Glomerular i —

lesi Mesangiolysis/microaneurysm

esions

Peri-hilar neo-vascularization (polar vasculosis)

Global glomerulosclerosis/collapsing
glomerulopathy-ischemic nephropathy

Pathological findings of
~ nephrosclerosis

Segmental glomerulosclerosis
Glomerulomegaly
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In summary, although nephrosclerosis and diabetic nephropathy share various

pathological features, several glomerular lesions such as diffuse lesion (mesangial
lesion), nodular lesion (nodular sclerosis), subendothelial space widening (double
contour of exudative lesion), mesangiolysis/microaneurysm, and peri-hilar neovas-
cularization (polar vasculosis) can be seen only in diabetic nephropathy.
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Chapter 12
Nondiabetic Renal Disease (NDRD)
and Diabetic Kidney Disease (DKD)

Check for
updates

Koki Mise

Background
More Heterogeneous DKD Leads to Difficulty in Differentiating DN Alone
from NDRD Superimposed on DN

Diabetes mellitus (DM) remains the primary cause of end-stage renal disease
(ESRD) requiring renal replacement therapy in many parts of the world, and the
coexistence of DM and kidney disease amplifies the risk of mortality and
cardiovascular disease [1, 2]. Among the US adults, the prevalence of chronic
kidney disease (CKD) in patients with type 2 diabetes mellitus (T2DM) was reported
to be three times higher than in the nondiabetic population [3]. Unlike clinical
course of diabetic kidney disease (DKD) in patients with type 1 diabetes mellitus
(T1DM), that in patients with T2DM appears to be more complicated and
heterogeneous [4, 5]. This is because patients with T2DM tend to have more
metabolic complications compared to those with TIDM, and the clinical
manifestations of patients with T2DM vary in different countries and races [6, 7], as
well as the treatments for T2DM can influence clinical course of DKD [8-11].

Scheme of relationships among CKD with diabetes, DKD, and diabetic nephrop-
athy (DN; which was defined as diabetes-induced renal disease confirmed histologi-
cally) in patients with diabetes and/or CKD is shown in Fig. 12.1a, b. Actual size of
each disease category remains unclear because of the recent heterogeneous mani-
festations of DKD and DN. The group of CKD with diabetes includes not only
DKD/DN but also nondiabetic renal disease (NDRD), and DKD often coexists with
nephrosclerosis (Fig. 12.1a) [12]. Basically, Fig. 12.1a shows the true relationship
among groups since the definition of CKD includes structural change or abnormal-
ity, suggesting histologically confirmed renal disease [13]. However, in the clinical
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| Diabetic patients with renal biopsy |

a
I CKD with diabetes I
| Including any primary secondary kidney disease |
/ —_— DKD —_— \
T
(Diabetic nephropathy)
L Ry e B
: | Nephrosclerosis (Nephrosclerotic change) |
| Patients with diabetes/CKD in the clinical envoronment
b

CKD with diabetes

Diabetes CKD

Unrecognized DKD DN + NDRD

Fig. 12.1 (a) Scheme of the relationships CKD with diabetes, DKD, and DN in patients who
underwent renal biopsy, modified from Furuichi et al. [12]. (b) Scheme of the relationships among
diabetes, CKD, DKD, and DN in the clinical environment. The definition of “DKD” is still
controversial, but it seems that most nephrologists regard DKD as chronic kidney diseases whose
etiology is diabetes and its related factors. DN classically implicates histologically confirmed renal
disease induced by diabetes. In clinical practice, there is a selection bias in diabetic patients who
undergo renal biopsy, and the indication of renal biopsy in patients with diabetes varies among
institutions. In addition, clinical manifestations of DKD are becoming more heterogeneous than
before. Recently, nephrosclerosis (nephrosclerotic changes) on renal tissue of DKD is often
observed. Thus, the true scheme size of each category remains unknown and might be variable in
countries and races. Abbreviations: CKD chronic kidney disease, DKD diabetic kidney disease,
DN diabetic nephropathy

environment, a part of DKD is unrecognized because it has not been confirmed by
renal biopsy and is not classified into CKD (Fig. 12.1b). Clinically, most renal
biopsy in patients with DM is performed to differentiate from NDRD [14, 15]. We
usually consider the renal biopsy in patients with DM and atypical clinical course or
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manifestation, and the “atypical” or “typical” is left to the judgment of each physi-
cian. Because of the unstandardized indication of renal biopsy in patients with DM,
little is unknown about what NDRDs are likely superimposed on DN and what kind
of clinical manifestations are actually useful to differentiate NDRDs and to consider
subsequent renal biopsy. Research renal biopsy in patients with DM is needed to
answer these clinical questions, whereas evidences for the clinical questions are
limited to the studies based on clinical biopsy in each institution, except for few
studies of research biopsy with small number of diabetic patients.

In this section, (1) NDRD superimposed on DN and (2) predictors for differenti-
ating among DN alone, coexistence of NDRD, and NDRD alone are summarized in
terms of the clinicopathologic results from recent studies in which clinical biopsy
was performed in patients with DM, especially T2DM.

12.1 NDRD Superimposed on DN

12.1.1 Prevalence and the Most Common NDRD

Recently, ERA-EDTA Immunonephrology Working Group performed systematic
review and meta-analysis of 48 studies (4876 diabetic patients) for clarifying the
potential usefulness of renal biopsy in patients with diabetes [2]. The characteristic
of this meta-analysis was that the most studies were retrospective in design (75%),
were performed in Asian countries (27/48 studies, 46% of total patients), and had
patients with T2DM (83%). More importantly, only 3% of diabetic patients included
in this analysis underwent research renal biopsy. In the present study, the prevalence
of DN, NDRD, and mixed forms (DN + NDRD) was extremely variable, ranging
from 6.5 to 94%, 3 to 82.9%, and 4 to 45.5% of the overall diagnosis, respectively.

Immunoglobulin A (IgA) nephropathy was the most frequent NDRD in 16 stud-
ies, followed by membranous nephropathy (MN) in nine studies [2], and the two
renal diseases were the majority of NDRD in other studies and a review published
after the meta-analysis [16—18]. However, high prevalence of Asian populations in
the meta-analysis could influence these results as discussed in the article [2].
Intriguingly, among 2619 patients enrolled in 19 studies except for studies from
Asian countries, focal-segmental glomerulosclerosis (FSGS) was the most frequent
NDRD (11%), followed by IgA nephropathy (9%), and MN (8%). Especially, FSGS
was predominant in the studies from the USA. Similarly, in another study from New
Zealand, FSGS was the most common NDRD in patients with T2DM (78 patients
(46%) out of 169 patients with NDRD or mixed forms), and the 66% of participants
included in the study were Maori and Pasifika patients [19].

Therefore, the most common NDRD in patients with diabetes (especially T2DM)
who clinically need renal biopsy might be IgA nephropathy in Asian countries and
FSGS in other countries, although it could vary in areas and races.
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12.1.2 Renal Prognosis and Mortality Among DN, NDRD,
and Mixed Forms

There have been few studies in which renal prognosis of DN alone, NDRD super-
imposed on DN (mixed forms), and NDRD alone was directly compared. Oh et al.
reported that the renal prognosis was the worst in the group of patients with DN
alone among the three groups (Fig. 12.2a) [20]. The estimated renal survival rate at
5 years after renal biopsy was 61.7% in patients with DN alone, 81.8% in those with
mixed forms, and 89.2% in those with NDRD. In this study, IgA nephropathy was

a
NDRD alone

§ Mixed forms
1S
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§ Lt"r—«—o—-
5] L e e S Y
5 DN alone
>
= 049
Keo)
®©
Ke)
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0.24 Log rank test, p=0.029
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0 24 48 72 96 120 144

Follow-up period (months)

Fig. 12.2 (a—c) Renal survival rate among patients with DN alone, mixed forms, and NDRD
alone. (a) Modified from Oh et al. [20]. (b) Modified from Chang et al. [21]. (¢) Modified from Tan
etal. [19]. (d) Modified from Wang et al. [17]. Endpoint was end-stage renal disease in all analyses.
In the analysis of (c¢), renal survival estimates were adjusted for age, ethnicity, body mass index,
gender, proteinuria, and estimated glomerular filtration rate at the time of renal biopsy. Overall,
patients with DN alone had worse renal prognosis compared with those with NDRD alone. On the
other hand, the renal prognosis in patients with mixed forms varies among studies, which might
result from the different severity of DN superimposed on NDRD and different clinical parameters
at baseline. (e¢) Cumulative overall survival rates among patients with DN alone, mixed forms, and
NDRD alone. Modified from Tan et al. [19]. In this analysis, overall survival rates were adjusted
for age, ethnicity, body mass index, gender, proteinuria, and estimated glomerular filtration rate at
the time of renal biopsy. During the median follow-up of 3.6 years, the overall survival was
significantly poorer in patients with DN alone than in patients with NDRD (NDRD alone and
mixed forms) (P = 0.025)
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the most frequent coexisting NDRD, and it was present in nine patients with NDRD
alone and in seven patients with mixed forms. The second common NDRD was
MN, and it was found in 13 patients with NDRD alone and in two patients with
mixed forms.

Meanwhile, another Korean study revealed that there was not significant differ-
ence of renal prognosis between DN alone and mixed forms (Fig. 12.2b) [21]. MN
was the most frequent kidney disease except for DN in the study, and it was observed
in 19 patients with NDRD alone and in six patients with mixed forms. Minimal
change disease which was the second dominant NDRD was observed in 12 patients
with sole NDRD. IgA nephropathy was found in eight patients with NDRD alone
and in one patient with mixed forms.

Similar results were observed in the other cohort study from New Zealand
(Fig. 12.2¢) [19]. The median rate of eGFR slope in the NDRD group was signifi-
cantly slower at 2.2 (interquartile range [IQR] —0.1-5.8) mL/min/1.73 m*/year than
the DN alone group and mixed form group (8.3 [IQR 3.0-17.2] and 6.9 [IQR
2.0-12.4] mL/min/1.73 m?/year, respectively, P < 0.001). In addition to the results
of renal prognosis, all-cause mortality was compared among these three groups
[19]. As well as the renal prognosis, the overall survival was poorest in patients with
DN alone during median 3.6 years of follow-up (log-rank test, P = 0.025, Fig. 12.2¢).
The characteristic finding of this study was that the most common NDRD was
FSGS (46% in patients with NDRD or mixed forms) and the second one was inter-
stitial nephritis (24%).

In the more recent study with large number of T2DM patients, the renal progno-
sis was compared between the group of 302 patients with DN alone and the group
of 174 patients with NDRD alone [17]. The renal prognosis defined as ESRD was
significantly worse in patients with DN alone (P < 0.001, Fig. 12.2d). Importantly,
in all of the abovementioned studies, baseline renal function such as eGFR and
creatinine clearance rate was already lower in DN alone group compared with
NDRD group [17, 19-21]. Nevertheless, intriguingly, DN alone was significantly
associated with ESRD independent of baseline eGFR and proteinuria in the latest
study (Hazard ratio for DN alone 6.687, 95% confidence interval 3.137-14.258,
P =0.001) [17].

Given these results, it seems that the renal prognosis of DN is commonly worse
compared with that of NDRD alone, whereas the renal prognosis of mixed forms is
variable. This might result from the different severities of DN superimposed on
NDRD rather than the different kinds of NDRD superimposed on DN although the
details of histopathological severity of DN in patients with NDRD and mixed forms
were not shown in the abovementioned studies [19-21]. In addition, the best renal
prognosis in patients with NDRD alone might reflect that detection of NDRD by
renal biopsy leads to the subsequent successful treatment to each NDRD.
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12.2 Predictors for Differentiating Among DN Alone,
Coexistence of NDRD, and NDRD Alone

12.2.1 Duration of DM

Clinical determinants for differentiating among DN alone, coexistence of NDRD,
and NDRD alone have been investigated in many studies. A retrospective cross-
sectional study from Columbia University Medical Center showed that 23.5% (620
patients) of 2642 patients who underwent renal biopsy were diabetics [22]. In addi-
tion, among 611 diabetic patients with adequate tissue for diagnosis, 227 patients
(37%) were diagnosed with DN alone, 164 (27%) were diagnosed with DN plus
NDRD (mixed forms), and 220 (36%) were diagnosed with NDRD alone.

Multivariate logistic regression analysis to assess the useful predictors of NDRD
(including mixed forms and NDRD alone) versus DN alone revealed that longer dura-
tion of DM was only significantly associated with a greater likelihood of DN alone
and lower likelihood of all NDRD (odds ratio [OR] for NDRD, 0.95; 95% confidence
interval [CI], 0.91-0.98; P = 0.004, Table 12.1). DM duration >12 years was the best
predictor of DN alone (sensitivity 57.5%, specificity 73.3%, positive predictive value
56.0%, negative predictive value 74.5%, and AUC 0.66 [95% CI 0.60-0.73]), and DM
duration >8 years was the best predictor of all DN including NDRD superimposed on
DN (sensitivity 76.8%, specificity 63.2%, positive predictive value 78.5%, negative
predictive value 61.0%, and AUC 0.75 [95% CI 0.69-0.81]). In secondary analyses,
nephrotic-range proteinuria was also inversely associated with finding NDRD alone
(OR for NDRD alone, 0.32 [95% CI 0.11-0.95; P = 0.04]).

These results might suggest that renal biopsy should be considered for identify-
ing NDRD if a diabetic patient whose duration of DM no more than 12 years has
urine abnormalities. Similarly, usefulness of short duration of DM for predicting
NDRD was reported in many studies [17, 18, 21, 23-25]. However, whether sensi-
tivity and specificity of short DM duration is enough to predict NDRD remains
controversial.

12.2.2 Diabetic Retinopathy

Diabetic retinopathy is one of three major complications of DM, and the develop-
ment of diabetic retinopathy is related with long and poor glycemic control, as well
as DN [26, 27]. Many previous studies demonstrated that presence of diabetic reti-
nopathy was an independent predictor of the renal prognosis of DN [7, 28, 29],
suggesting that it could be a predictor of existence of DN.

In the abovementioned study from Columbia University, degree of proteinuria,
baseline eGFR, age, gender, race, duration of DM, acute kidney injury, serum
complement levels, and serum and urine protein electrophoresis were selected as
potential confounders in the multivariate logistic regression analysis, whereas
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Table 12.1 Association of key clinical predictors and biopsy findings of NDRD

Variables | OR (95% CT) | P Value
Proteinuria (mg/d)

<500 1.00 (reference)

500-3500 1.28 (0.39-4.20) 0.68

>3500 0.55 (0.19-1.66) 0.29
eGFR (mL/min/1.73 m?)

>60 1.00 (reference)

30-60 0.89 (0.35-2.25) 0.81

15-30 1.42(0.53-3.82) 0.49

<15 1.54 (0.48-4.96) 0.47
Age 1.03 (1.00-1.06) 0.06
Male sex 1.05 (0.54-2.02) 0.89
Race

Unknown 1.00 (reference)

White 0.93 (0.46-1.91) 0.85

Black 1.38 (0.49-3.84) 0.54

Hispanic 1.07 (0.27-4.23) 0.93

Asian 1.66 (0.26-10.67) | 0.59
Duration of diabetes 0.95 (0.91-0.98) 0.004
AKI 1.44 (0.67-3.07) 0.35
Low complements 4.70 (0.49-45.42) 10.18
M-spike (serum or urine) 1.50 (0.51-4.37) 0.46

Modified from Sharma et al. [22]

In this multivariate logistic regression analysis to assess the useful predictors of NDRD (including
NDRD plus DN) versus DN alone, longer duration of DM was only significantly associated with a
greater likelihood of DN alone and lower likelihood of all NDRD (OR for NDRD, 0.95 [95% CI
0.91-0.98], P = 0.004)

Abbreviation: OR odds ratio, CI confidence interval, eGFR estimated glomerular filtration rate,
AKI acute kidney injury

diabetic retinopathy was not included in it [22]. Diabetic retinopathy was also
reported to be a useful predictor for differentiating DN alone from NDRD in many
previous studies [17, 21, 23-25, 30].

Among 97 Japanese patients with T2DM manifesting over proteinuria who
underwent renal biopsy, 35 patients (36%) had DN alone, 16 patients (17%) had
NDRD superimposed on DN, and 46 (47%) had NDRD alone [23]. Four clinical
parameters such as duration of DM, diabetic retinopathy, microscopic hematuria,
and granular casts in urinary sediment were used for analysis to check the clinically
utility to differentiate NDRD from DN alone. Absence of any type of diabetic reti-
nopathy showed the highest sensitivity (93%) and specificity (87%) among four
parameters, although short duration of DM also showed high sensitivity (70%) and
specificity (75%) (Table 12.2).

Similar results were confirmed in two studies from Asian countries. Chang et al.
reported that multivariate logistic regression analysis revealed that absence of
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Table 12.2 The sensitivity and specificity for discriminating NDRD (including mixed forms and
NDRD alone) from DN alone

Clinical parameters Sensitivity (%) | Specificity (%) | Likelihood ratio
Short duration of diabetes (<5 years) 70 75 2.81

[vs. duration of diabetes >5 years]

Absence of diabetic retinopathy 93 87 7.14

[vs. presence of diabetic retinopathy]

Presence of microscopic hematuria 69 56 1.57
[vs. absence of microscopic hematuria]

Presence of granular cast 47 68 1.46
[vs. absence of granular cast]

Modified from Tone et al. [23]

Among patients with any type of diabetic retinopathy, 83.3% (20/24) belonged to the DN alone
group, and among patients without diabetic retinopathy, 94.7% (54/57) had NDRD. On the other
hand, among the patients who had short duration of diabetes (defined as <5 years), 84.6 % (33/39)
of the patients had NDRD. There were 26 patients with NDRD (77%) among 47 patients with
microscopic hematuria

diabetic retinopathy was an independent predictor of NDRD in patients with T2DM
and clinical manifestations of renal disease (OR 10.83 [95% CI 2.67-43.9],
P < 0.01) after adjusting for age, the presence of hypertension, serum creatinine
levels, hemoglobin levels, and duration of DM [21]. Likely, the study including 476
T2DM patients with DN alone or NDRD alone from China revealed that presence
of diabetic retinopathy was an independent predictor of DN alone in the multivariate
model (OR 4.171 [95% CI 1.810-9.612], P = 0.001) [17].

Based on these results, renal biopsy might be recommended for detecting NDRD
in diabetic patients with clinical manifestations of renal disease but diabetic
retinopathy.

12.2.3 Hematuria

In general, hematuria is not observed in typical and early DN, and the presence of
hematuria is associated with more advanced DN although it was not significantly
associated with renal prognosis independently of established clinical factors [7]. In
Asian countries, IgA nephropathy is the most frequent NDRD, and the most com-
mon presenting finding of IgA nephropathy is hematuria. Accordingly, hematuria
can be a useful determinant for differentiating DN alone and NDRD, especially in
Asian countries.

Recent meta-analysis including 35 articles with 4005 diabetic patients demon-
strated that diagnostic OR, the pooled sensitivity, and the specificity for the pres-
ence of hematuria to detect NDRD were 1.85 (95% CI 1.49-2.30), 0.42 (95%CI
0.35-0.49), and 0.72 (0.64-0.79), respectively [31]. In addition, area under the sum-
mary receiver operating characteristic curve (SROC-AUC) was 0.59 (0.54-0.63),
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while the positive likelihood ratio and negative likelihood ratio were 1.49 (1.28-1.75)
and 0.81 (0.75-0.87), respectively.

On the other hand, another meta-analysis for five articles included in the same
study revealed that the presence of dysmorphic red blood cell showed high specific-
ity for predicting NDRD (0.94, 95%CI 0.91-0.97), and SROC-AUC was 0.79
(95%C10.75-0.82), although the pooled sensitivity was 0.27 (95%C10.23-0.32) [31].

Based on these results, hematuria has a certain level of predictive ability for dif-
ferentiating NDRD from DN alone. In clinical practice, adding hematuria to other
useful clinical predictors including diabetic retinopathy and duration of DM might
improve predictive power. Indeed, Zhou et al. demonstrated that a model containing
diabetes duration, diabetic retinopathy, hematuria, systolic blood pressure, and
HbAlc clearly discriminated DN from NDRD (sensitivity 90%, specificity 92%,
positive predictive value 93%, negative predictive value 89%, and total consistency
91%) [32].

In summary, short duration of DM, absence of diabetic retinopathy, and presence
of hematuria can be useful predictors for differentiating NDRD from DN alone.
Moreover, combination of these factors might further improve the ability of dis-
crimination. However, all of the results shown in this section derived from clinical
biopsy studies, and the indication of renal biopsy was variable, which may suggest
that most cases of DN alone in these studies were regarded as “atypical” and “need
for renal biopsy” by each primary doctor or department. Therefore, it might be dif-
ficult to apply these results to the clinical practice in all diabetic patients with
CKD. The problem of selection bias is perennial in the studies based on clinical
renal biopsy [33, 34], so further investigation of research biopsy with large number
of diabetic patients is warranted.
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Chapter 13
Experimental Animal Models of Diabetic
Kidney Disease

Shinya Nagasaka and Akira Shimizu

13.1 Pathological Lesions of Diabetic Nephropathy

In humans, the clinical characterizations of diabetic kidney disease (DKD) are the
development of microalbuminuria subsequently progressing to macroalbuminuria,
nephrotic syndrome, and progressive decline in renal function [1, 2]. The character-
istic histological features in human diabetic nephropathy (DN) include glomerular
hypertrophy, glomerular basement membrane (GBM) thickening by electron
microscopy without immune deposits, mesangial matrix expansion and sclerosis
(diffuse diabetic glomerulosclerosis) with or without the formation of nodular dia-
betic glomerulosclerosis (Kimmelstiel-Wilson lesions), exudative lesions (known
as fibrin cap, capsular drop, and arteriolar hyalinosis of afferent and efferent arteri-
oles), and tubulointerstitial lesions including Armanni-Ebstein lesions and paratu-
bular basement membrane (BM) insudative lesions [2, 3].

In 2010, the pathological classification of DN in type 1 and type 2 diabetes mel-
litus (DM) was reported by the Renal Pathology Society [4]. It was divided into four
classes: class I, thickening of the GBM and nonspecific changes by light micros-
copy; class II, mild (ITa) or severe (IIb) mesangial expansion (diffuse lesions); class
III, nodular sclerosis (Kimmelstiel-Wilson lesions) in at least one glomerulus; and
class IV, advanced diabetic glomerulosclerosis observed as a global glomerular
sclerosis in more than 50% of the glomeruli.

In Japan, the pathological evaluation factors for the standardization of the patho-
logical diagnosis of DN and the definition of the pathological findings have been
established [5]. The Japanese pathological classification of DN is scored for glo-
merular lesions, such as diffuse lesions (mesangial expansion), nodular lesions
(nodular sclerosis), subendothelial space widening (double contour of the GBM),
exudative lesions, mesangiolysis/microaneurysm, perihilar neovascularization
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(polar vasculosis), global glomerulosclerosis/collapsed or ischemic glomerulopa-
thy, segmental glomerulosclerosis, glomerulomegaly, interstitial lesions including
interstitial fibrosis and tubular atrophy, interstitial inflammation, and vascular
lesions such as arteriolar hyalinosis and intimal thickening.

In human DKD, podocyte loss or dysfunction has also been observed in the pro-
gression of DN with albuminuria, proteinuria, and nephrotic syndrome, and detach-
ment of podocytes from the GBM can be traced in the urine [6-8]. The podocyte
injury may be associated with the generation of reactive oxygen species (ROS) by
NADPH oxidase in the podocytes [6, 9].

In tubulointerstitial lesions, tubular hypertrophy, thickening of the tubular BM,
tubular atrophy, inflammatory cell infiltration, and interstitial fibrosis are developed
in DN [6, 10, 11]. In addition, Armanni-Ebstein lesions and paratubular BM insuda-
tive lesions are known as the characteristic histological findings of DN.

As arteriolar hyalinosis of afferent and efferent arterioles, arteries and arterioles
in the kidney can also be affected by the DM condition, and vascular dysfunction
including the enhancement of vascular permeability and the generation of ROS
leads to renal and vascular diseases in DN [6, 12].

These glomerular, tubulointerstitial, and vascular lesions cooperatively play
important roles in the progression of DKD as well as decline in renal function.
Therefore, animal models of DN should reflect these characteristic pathological
features in the glomeruli, tubulointerstitium, and vasculatures.

13.2 Animal Models of DKD

For many diseases, animal models have been powerful tools to investigate the patho-
genesis and for the development of novel therapies. In the research studies into human
DKD, there are numerous models of spontaneous and acquired (e.g., streptozotocin
[STZ] injection) DM [13-16]. Using animal models of DKD enables us to introduce
the pathogenesis and time course of the development of DN. However, a rodent
model that completely develops all of both the clinical and pathological features of
human DKD is not currently available. Each rodent model of DM has their own limi-
tations for the investigation of type 1 and type 2 DM. Therefore, each experimental
study should select the appropriate model of DM for each purpose of the study.

13.2.1 Type 1 DM Models
13.2.1.1 STZ-Injected Rodent Models

The STZ-induced rodent model is the most widely used experimental model for
type 1 DM research. STZ is toxic to the pancreatic f-cells, resulting in absolute
insulin deficiency. However, when administered at high doses (150-200 mg/Kg),
STZ may also injure other organs, including the kidney [17]. Therefore, it is
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necessary to minimize the nonspecific toxicity of STZ to organs other than the pan-
creatic p-cells. To accomplish this, multiple injections of low doses of STZ are
required to induce DM in rodent animals [18].

13.2.1.2 STZ-Injected Rat Models

It is known that rats are more susceptible to STZ-induced DM than mice and are
more relevant to human diseases in many characteristics, such as genetics and
pathophysiology [19]. Recently, advanced techniques have enabled the manipula-
tion of targeted genes in rats (e.g., knockout and transgenic rats) [20]. However,
recapitulating the murine gene manipulation techniques in rats requires several
years and includes the additional costs of generating transgenic rodents. Although it
is difficult to cause gene modification in STZ-injected rat models, they are widely
used in DKD studies because hyperglycemia can be easily induced.

DM is usually induced in male Sprague-Dawley (SD), Wistar-Kyoto (WKY), or
other rats weighing 170-250 g by a single intravenous injection of STZ (40-70 mg/
kg body weight) [1, 21, 22]. One week after STZ injection, the rats should be
assessed for hyperglycemia. Those with fasting blood glucose of over 15 mmol/L
(280 mg/dL), which is usually approximately 90% in injected rats, typically develop
type 1 DM within 2-3 weeks. The STZ-induced DM rats have an increase in the
mesangial matrix and an accumulation of type IV collagen in the glomeruli com-
pared to the control rats [2]. However, some characteristic pathological findings that
are observed in human DN, such as exudative lesions and nodular lesions in the
glomeruli, or tubulointerstitial lesions, do not develop. STZ-injected rat model is
useful for the assessment of the early morphological and physiological changes of DN.

13.2.1.3 STZ-Injected Mouse Models

Mice are relatively cheap to breed and house, and it is comparatively easy to manip-
ulate their genome; thus, they are the most commonly used species in basic and
preclinical research. C57BL/6 mice are the most commonly used strain and many
genetic modifications can be conducted [19]. The STZ-induced DM mouse model
is widely used for both basic and preclinical research, including the study of DM
complications. Based on the AMDCC (Animal Models of Diabetic Complications
Consortium) protocol, this method consists of daily intraperitoneal injections of
STZ (40-50 mg/kg) for 5 consecutive days [2]. At the late stage of the disease, STZ-
induced DM mice may exhibit significant weight loss, possibly due to insulin defi-
ciency and severe hyperglycemia, as well as the volume depletion associated with
osmotic diuresis. However, the C57BL/6 strain is relatively resistant to the develop-
ment of DN associated with moderate albuminuria [23]. Some renal pathological
lesions, including glomerular hypertrophy, a thickening of the GBM, and a slight
expansion of the mesangial matrix, were observed in the STZ-induced DM model
in the C57BL/6 strain at the later stage [23, 24]. This can be a useful model for
elucidating the characteristics of early phase of DN. STZ-induced DM C57BL/6
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mice are usually less susceptible to diabetic kidney injury than other strains [13, 23,
24], and it is possible that genetic mutations by backcrossing onto a more suscepti-
ble strain such as FVB and DBA/2 mice are required.

13.2.1.4 STZ-DBA/2 Mice

STZ-induced DM DBA/2 mice develop more marked albuminuria at 5 weeks after
the induction of DM and further pronounced albuminuria after 25 weeks compared
to C57BL/6 mice [23]. They also exhibit the pathological features of human DN,
such as thickening of the GBM, serious mesangial matrix expansion, nodular glo-
merulosclerosis, and arteriolar hyalinosis in the later phase after induction of DM
[23]. In addition, some renal tubular damage including enlargement of the tubules
and tubular atrophy are also observed in this strain, although no obvious tubuloint-
erstitial fibrosis has been observed [24]. DBA/2 mice are highly susceptible to renal
injury for STZ-induced DN compared to the C57BL/6 strain, and this strain can be
useful as a model of DN in type 1 DM [2].

13.2.1.5 STZ-eNOS KO Mice

Functional deficiency of eNOS has been observed in DM patients [25] and is associ-
ated with impaired vascular nitric oxide (NO) production. The polymorphisms of
the eNOS gene located on human chromosome 7 are involved in DM vasculopathies
[26-30]. In experimental DM models, eNOS knockout (eNOS KO) mice exhibit
important pathogenic mechanisms related to human DKD, such as endothelial dys-
function and hypertension [25]. Compared to STZ-induced DM WT mice, diabetic
eNOS KO mice exhibit many typical physiological and pathological findings of
human DN, including decreased glomerular filtration rate (GFR) with the massive
and early onset of albuminuria, and thickening of the GBM, mesangial expansion,
mesangiolysis, Kimmelstiel-Wilson nodular lesions in glomeruli, and arteriolar
hyalinosis [31, 32]. Importantly, these features in eNOS KO mice are observed even
in the DN-resistant C57BL6 strain [31, 32]. Among the mouse models of type 1
DM, the STZ-injected C57BL/6 eNOS KO mouse is the most useful for studying
the features of advanced DN [33], and this model enables the study of the genomic/
molecular and pathogenic mechanisms of progressive DKD by combining with
other knockout/transgenic mice that have already been established or will be in
the future.

13.2.1.6 Akita (Ins2+/C96Y) Mice

The Akita mouse is one of the first described mouse models to spontaneously
develop type 1 DM [34-36]. Akita mice have a single nucleotide substitution in the
insulin 2 gene (Ins2+/C96Y), originally identified as a spontaneous mutation in a
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colony of the C57BL/6 mice strain. This mutation causes abnormal folding of the
insulin protein, endoplasmic reticulum stress, nonspecific dysfunction of the secre-
tory pathways, and toxic injury to the pancreatic p-cells, resulting in the develop-
ment of type 1 DM [2, 35, 37]. Akita mice show severe irreversible hyperglycemia
and hypoinsulinemia, which are central features of this model [9, 38]. These mice
are commercially available from Jackson Laboratories. On the C57BL/6 back-
ground, hyperglycemia is considerably worse in the male mice than the females.
Akita DM mice of the C57BL/6 strain develop modest structural changes that are
observed in human DN, including thickening of the GBM, increase in the mesangial
matrix, mesangiolysis, nodular mesangial sclerosis, and podocyte loss [9, 39].
Furthermore, these mice have not only these pathophysiological features, which are
replicates of DN, but also increased oxidative stress, inflammation, and premature
senescence, which play important roles in the pathogenesis and development of DN
[40-46]. Notably, Akita mice with a C57BL/6 genetic background have significant
diffuse granular mesangial deposits of IgA at 20 weeks of age [38]. Compared to
controls, male Akita DM mice, but not female mice, develop decreased renal func-
tion associated with increased serum IgA after 30 weeks of age [2]. The significance
of these findings concerning mesangial deposition of IgA is uncertain [47], but
Akita Ins2+/C96Y mice with a C57BL/6 genetic background are unique mouse
models of DKD in type 1 DM.

13.2.1.7 OVE26 Mice

The OVE26 mouse is another transgenic diabetic mouse model that exhibits most of
the morphological characteristics of human DN with chronic hyperglycemia [48—
51]. OVE26 mice with an FVB background overexpress calmodulin in the pancre-
atic p-cells, leading to the deficient production of insulin within the first week of life
and resulting in the development of type 1 DM, as these pancreatic -cells rapidly
disappear due to apoptosis caused by oxidative stress in the endoplasmic reticulum
[52, 53]. However, in heterozygotes OVE26 mice, pancreatic p-cells slightly
retained, and these mice can survive over | year without insulin treatment [54-57].
OVE26 mice are therefore well suited for a long-term assessment of DKD because
of their long life spans (>450 days) [54]. OVE26 mice exhibit histological changes
that are comparatively similar to those of human DN, including enlarged glomeruli,
thickening of the GBM, increased mesangial matrix with diffuse expansion at 6
months of age [49], and nodular lesions at 7-month-old mice [48, 51, 58]. The
development of modest interstitial fibrosis requires 5—8 months, and a 20% decline
in the GFR is not observed until 9 months of age [48]. When the transgene is intro-
duced into the C57BL/6 or DBA/2 mouse strains, albuminuria, increased mesangial
matrix, and interstitial fibrosis are all diminished [54]. Oxidative stress and inflam-
mation are induced in these mouse kidneys, which are related to the pathogenesis
and progression of DKD [46]. Altogether, OVE26 DM mice are particularly valu-
able as they possess numerous features of human DKD [48, 49, 59, 60] and allow us
to conduct experiments on DKD treatments.
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13.2.2 Type 2 Diabetes Models
13.2.2.1 Ob/Ob (BTBR) Mice

It was recently reported that the interesting but relatively unfamiliar mouse strain,
black and tan brachyuric (BTBR), may be a potentially useful strain for a model of
DKD [16, 61, 62]. BTBR strain mice are naturally insulin-resistant, and when the
ob/ob leptin-deficient mutation is introduced into this strain, the mice exhibit sus-
tained hyperglycemia from an early age and develop pathological features very
closely resembling human DN in type 2 DM [33, 61-63]. In the ob/ob (BTBR)
mice, podocyte loss and albuminuria are detectable by 8 weeks of age, mesangial
expansion is identifiable by 10 weeks of age [61], and by 18 weeks of age, increased
proteinuria, thickening of the GBM, extensive mesangial matrix expansion, mesan-
giolysis and sclerosis, focal nodular glomerulosclerosis, and persistent podocyte
loss in glomeruli are developed with mild interstitial fibrosis and arteriolar hyalino-
sis [33, 61, 62, 64]. The reversibility of physiological and pathological findings by
the continuous infusion of leptin is particularly advantageous in this ob/ob (BTBR)
mouse model [65]. The mortality rate of these mice increases over 24 weeks of age,
which makes it difficult to use them as a long-term DKD model. Similar to other
leptin-deficient mice, ob/ob (BTBR) mice have poor fertility, making it difficult to
prepare sufficient numbers for pathological studies. While ob/ob (BTBR) mice have
these limitations for DKD study, the advantages of these mice as a model of human
DKD compared to other DKD model animals are the comparatively rapid develop-
ment of DKD and the reversibility of functional and pathological changes.

13.2.2.2 Db/Db Mice

The db/db mouse model that lacks leptin receptors is currently the most widely used
mouse model for studying the pathology of human DN in type 2 DM settings [2, 13,
66]. The db gene encodes for a point mutation (G to T) in the leptin receptor gene
(LepRdb/db), resulting in abnormal splicing and defective signaling for the adipo-
cyte-derived hormone leptin [13, 67-69]. This LepRdb/db mutation with a
C57BLKS background was originally identified in 1966 in Jackson Laboratories in
an obese mouse [69] and was modified to share part of the genetic background with
the DBA/2 strain [70]. The lack of leptin signaling in the hypothalamus in db/db
mice leads to the development of hyperphagia, obesity, hyperlipidemia, hyperinsu-
linemia, insulin resistance, and type 2 DM. Male db/db mice exhibit more severe
DM than female mice. Hyperinsulinemia is exhibited by 10 days of age, and blood
glucose levels are increased with aging [71]. Pathological features of DN are
observed in db/db mice such as an increase in GBM thickening [72—74], podocyte
loss [9, 13, 75-77], and diffuse mesangial expansion [78—81] with increased type IV
collagen, fibronectin, and laminin [75, 82-85] at 20-24 weeks, and they progressed
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by 18-20 months. db/db mice with a C57BLKS background are a good model of the
early pathological changes that are associated with human DN.

13.2.2.3 Db/Db eNOS KO Mice

In contrast to db/db mice exhibiting mild changes in the DKD, db/db eNOS KO
mice with a C57BLKS background, which lack both eNOS and leptin receptor
genes, develop more advanced DKD in type 2 DM [86, 87]. Hyperglycemia is first
detected at 6-8 weeks age, and full-blown renal dysfunction and kidney injury
develop with significant albuminemia by 16-20 weeks of age. In db/db eNOS KO
mice, extensive mesangial matrix expansion, thickening of the GBM, mesangioly-
sis, focal segmental and early nodular glomerulosclerosis in glomeruli are devel-
oped with tubulointerstitial lesions and arteriolar hyalinosis [86-88] (Fig. 13.1).
Furthermore, db/db eNOS KO mice exhibit a 50% reduction in the GFR at 26 weeks
of age compared to db/db eNOS WT mice, as confirmed by increased serum creati-
nine levels [87]. In db/db eNOS KO mice, similar to other spontaneous DM mouse
models, these mice have difficulty breeding because of their combined mutations.

13.2.2.4 KK-Ay Mice

The KK/Ta mouse, a model of DKD in type 2 DM, was developed from Japanese
native mice in 1957; however, this mouse has relatively weak lesions [89]. The
KK-Ay mouse was established by transferring the yellow obese gene (Ay allele)
into a KK/Ta mouse in 1969 [2, 89]. KK-Ay mice exhibit obesity, hyperglycemia,
and albuminuria by 16 weeks of age [90]. These mice are widely used as an experi-
mental model for type 2 DM [2, 89-91]. At 16 weeks of age, in KK-Ay mice, renal
morphological changes, including diffuse and moderate to severe mesangial matrix
expansion and nodular glomerulosclerosis in glomeruli, are developed [90, 91]. The
reduced podocytes associated with the progression of glomerular lesions are also
observed in KK-Ay mice [89]. In addition, oxidative stress and inflammation have
also been observed in the kidneys of KK-Ay mice consistent with human DKD
[90, 92].

13.2.2.5 ZDF Rats

Zucker diabetic fatty (ZDF) rats are derived from male Zucker fatty rats, which have
a homozygous missense mutation (fatty, fa) in the leptin receptor gene and develop
obesity without DM [2, 93-95]. However, ZDF rats develop progressive insulin
resistance and glucose intolerance at 3-8 weeks of age and subsequently exhibit
DM [2]. ZDF rats are widely used as a model of type 2 DM. Albuminuria
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Fig. 13.1 Light microscopic findings of diabetic nephropathy in db/db eNOS KO mouse model at
24 weeks old. (a) In diabetic nephropathy in db/db eNOS KO mice, the glomeruli show various
glomerular lesions with glomerular hypertrophy (arrowhead). The tubules also show the dilation
with protein casts (periodic acid-Schiff [PAS] stain, x200). (b) This glomerulus shows diffuse
mesangial expansion with accumulation of mesangial matrix, indicating the development of dif-
fuse lesion of diabetic nephropathy (periodic acid-methenamine silver [PAM] stain, x600). (¢)
This glomerulus shows irregular large capillary lumens without mesangial areas, indicating the
development of diffuse and the early phase of mesangiolysis of diabetic nephropathy (PAM stain,
x600). (d) This glomerulus shows the accumulation of extracellular matrix in mesangiolytic areas
with exudative lesions, namely, fibrin (hyaline) cap (arrowhead) (PAM stain, x600). (e) The mul-
tiple nodular glomerulosclerosis, namely, Kimmelstiel-Wilson lesions, is noted in this glomerulus
(PAM stain, x600). (f) In tubulointerstitium, the dilatation of renal tubules with protein casts and
the atrophy of renal tubules (star) are evident with interstitial fibrosis. The glomeruli with diffuse
and/or nodular glomerulosclerosis are also seen (PAM stain, x300). (g, h) The serial sections with
PAS stain (g) and PAS diastase stain (h) show the vacuolization and PAS-positive glycogen accu-
mulation within the cytoplasm of tubular epithelial cells, namely, Armanni-Ebstein lesions in
tubules (arrows) (x400). (i, j) Arteriolar hyalinosis (arrow in i and j) and thickening of arterial
intima (arrowhead in j) develop in small arterioles (PAM stain, x600)

progressively increases with aging [96, 97], and the pathological changes, including
diffuse mesangial matrix expansion, and tubulointerstitial fibrosis and tubular atro-
phy are observed in the kidneys of ZDF rats between 22 and 39 weeks of age [98].
However, these rats do not exhibit mesangiolysis or nodular glomerulosclerosis,
which are representative findings in advanced human DN.



13 Experimental Animal Models of Diabetic Kidney Disease 181

13.2.2.6 OLETF Rats

The Otsuka Long-Evans Tokushima Fatty (OLETF) rat is a model of spontaneously
developing type 2 DM [2, 99]. These rats exhibit many pathophysiological and mor-
phological characteristics of human DKD in type 2 DM. In male OLETF rats,
impaired glucose tolerance and increased plasma glucose levels are initiated from 8
and 18 weeks of age. OLETF rats develop DM by 25 weeks of age and exhibit early
phases of the disease, such as hyperglycemia and hyperinsulinemia [ 100]. Thereafter,
they eventually develop hypoinsulinemia at over 40 weeks of age as a result of the
degradation of pancreatic p-cells [2, 101]. OLETF male rats start exhibiting higher
albuminuria from 10 weeks of age, and thereafter this progressively increases to
~200 mg/days at 36 weeks of age [102]. At 40 weeks of age, thickening of the
GBM, moderate mesangial matrix expansion, and nodular glomerulosclerosis in
glomeruli are observed with tubulointerstitial lesions, such as inflammatory cell
infiltration and fibrosis [99]. Thus, male OLETF rats may be a useful model for
investigating both glomerular and tubulointerstitial injuries in advanced DN of
type 2 DM.

13.2.2.7 Goto-Kakizaki (GK) Rats

The Goto-Kakizaki (GK) rat is a spontaneous model of type 2 diabetes without
obesity, which was originally established by repetitive inbreeding of glucose intol-
erant Wistar rats [103]. GK rats exhibit glucose intolerance as early as 2 weeks of
age due to impaired insulin secretion rather than insulin tolerance and subsequently
develop type 2 DM as confirmed by the elevation of plasma glucose and insulin
levels by 12 weeks of age [2, 93, 104, 105]. Several histological changes in the
kidney have been reported, including glomerular hypertrophy, thickening of the
GBM, mild to moderate mesangial matrix expansion, oxidative stress, and inflam-
mation [2, 106-108]. However, GK rats are relatively resistant to kidney injury in
DM [105], and they do not develop progressive DN renal injuries, such as massive
proteinuria and renal dysfunction, as well as renal pathology including remarkable
mesangial matrix expansion, nodular sclerosis, global glomerulosclerosis, and tubu-
lointerstitial fibrosis [2, 109].

13.2.2.8 WBN/Kob-Leprfa Rats

The male WBN/Kob rat is another spontaneous DM model that commonly develops
chronic pancreatitis by 3 months of age and subsequently develops DM (character-
ized by hyperglycemia, hypoinsulinemia, and glycosuria) by 9 months of age [110,
111]. WBN/Kob-Leprfa rats are introduced with the leptin receptor fatty mutation
(Leprfa) leading to leptin receptor deficiency in WBN/Kob rats. Homozygous ani-
mals (fa/fa) commonly develop not only pancreatitis at 7-9 weeks of age, but also
obesity, insulin resistance, and hyperinsulinemia, resulting in type 2 DM at 3—4
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months [110]. A few pathological features in the kidney of WBN/Kob-Leprfa rats
have been reported, including modest mesangial matrix expansion in the glomeruli,
glycogenotic tubules known as Armanni-Ebstein lesions, tubular dilation with pro-
tein casts, and inflammatory cell infiltration into the renal cortex [112]. WBN/Kob-
Leprfa rats may be a useful model of human type 2 DM because they develop
salt-sensitive hypertension and non-insulin-dependent DM. However, the patho-
logical features of the renal lesions have not been fully elucidated and further analy-
sis is necessary.

13.3 Conclusion

Despite many efforts thus far to establish rodent models of DKD that replicate the
pathophysiology and morphological features of human DN in type 1 and type 2 DM
as close as possible, ideal models have not yet been developed. However, currently
available models of DM exhibit physiological findings including albuminuria, pro-
teinuria, and renal dysfunction, as well as characteristic renal pathological lesions
of DN such as GBM thickening, diffuse glomerular lesion, nodular glomerular
lesion, tubulointerstitial lesions, and arteriolar hyalinosis. Therefore, these rodent
models may be helpful for understanding the pathophysiological features and the
pathogenesis of onset and progression of DN. When using these rodent models, it is
necessary to be aware that not all of the morphological abnormalities of human
DKD can be reproduced. In addition, genetic backgrounds and breeding difficulty
are also considered in the assessment of DKD using animal models. Therefore, it is
important to understand the limitations and features of each rodent model, and
researchers need to select the appropriate animal model according to the research
subject (Table 13.1).

Table 13.1 Rodent models of diabetic kidney disease (DKD)

Model Pathological features ‘ Notices ‘ Reference(s)
Type 1 DKD
STZ-injected | Increased mesangial matrix Weak mesangial matrix [1,2,21,
rat Accumulation of type IV collagen | accumulation 22]
(SD rat or No nodular
WKY rat) glomerulosclerosis
Weak tubulointerstitial
fibrosis
STZ-C57BL/6 | Glomerular hypertrophy Relatively resistant to the | [23, 24]
mice Thickening of GBM development of DKD
Slight expansion of mesangial
matrix
Dilatation of tubules and tubular
atrophy
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Table 13.1 (continued)
Model Pathological features Notices Reference(s)
STZ-DBA/2 | Thickening of GBM Highly susceptible to [23, 24]
mice Serious mesangial matrix expansion | STZ-induced renal injury
Nodular glomerulosclerosis No obvious
Dilatation of tubules and tubular tubulointerstitial fibrosis
atrophy
Arteriolar hyalinosis
STZ-eNOS Thickening of GBM Weak tubulointerstitial [25, 31, 32]
KO mice Mesangial matrix expansion fibrosis
(C57BL/6 Mesangiolysis
background) | Nodular glomerulosclerosis
Arteriolar hyalinosis
Akita (Ins2+/ | Thickening of GBM Irreversible hyperglycemia | [9, 38—46]
C96Y) mice Increased mesangial matrix and hypoinsulinemia
Mesangiolysis Granular mesangial
Nodular glomerulosclerosis deposit of IgA
Podocyte loss
Tubulointerstitial fibrosis
OVE26 mice | Enlarged glomeruli Long life (>450 days) [48-51, 54,
Thickening of GBM Low viability 58]
Mesangial matrix expansion
Nodular glomerulosclerosis
Podocyte loss
Tubulointerstitial fibrosis
Arteriolar hyalinosis
Type 2 DKD
Ob/ob (BTBR) | Thickening of GBM Mild interstitial fibrosis [33, 61-65]
mice Mesangial matrix expansion Reversibility of
Mesangiolysis and sclerosis morphological changes
Nodular glomerulosclerosis (focal) | Moderate level of
Podocyte loss albuminuria
Arteriolar hyalinosis No significant change in
serum creatinine
High mortality rate over
24 weeks of age
Poor fertility
Db/db mice Thickening of GBM Leptin receptor gene point | [2, 13,
Diffuse mesangial expansion mutation (G to T) 6669,
Podocyte loss C57BLKS background 72-81]
No significant increase of
albuminuria
Db/db eNOS | Thickening of GBM Decreased GFR [86-88]
KO mice Mesangial matrix expansion Difficulty in breeding
Mesangiolysis

Nodular glomerulosclerosis (focal)
Arteriolar hyalinosis
Tubulointerstitial lesions

(continued)
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Model Pathological features Notices Reference(s)
KK-Ay mice | Diffuse mesangial matrix expansion | Oxidative stress [89-92]
Segmental sclerosis Inflammation
Nodular glomerulosclerosis No tubulointerstitial
Podocyte loss fibrosis
ZDF rats Mesangial matrix expansion No nodular [96-98]
Tubulointerstitial fibrosis glomerulosclerosis
No mesangiolysis
Insulin resistance and
glucose tolerance
No atherosclerosis
OLETF rats Thickening of GBM Delayed onsetIncreased [2,99-102]
Mesangial matrix expansion GFR
Nodular glomerulosclerosis Hypoinsulinemia
Tubulointerstitial fibrosis
Goto-Kakizaki | Glomerular hypertrophy No nodular [2,
(GK) rats Thickening of GBM glomerulosclerosis 105-109]
Mesangial matrix expansion (mild) | No tubulointerstitial
Thickening of arterial intima fibrosis
No atherosclerosis
Weak proteinuria
No renal dysfunction
WBN/ Insufficient analysis of renal Insulin resistance [110, 112]
Kob-Lepr® rats | pathology Hyperinsulinemia
Mesangial matrix expansion Pancreatitis
Armanni-Ebstein lesions Salt-sensitive hypertension

STZ streptozotocin, GBM glomerular basement membrane, eNOS endothelial nitric oxide syn-
thase, GFR glomerular filtration rate
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