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Abstract

Background: Studies on kidney function and histological findings in diabetic nephropathy (DN) with low
urinary protein (UP) are few. We examined the differential impact of histological changes on kidney
outcomes between non-proteinuric and proteinuric DN.

Methods: Patients diagnosed with DN by renal biopsy during 1981-2014 were divided into non-proteinuric
(UP <0.5 g/day) and proteinuric (UP >0.5 g/day) DN. The Cox proportional hazard model was used to
examine the association of glomerular lesions (GLs) and interstitial fibrosis and tubular atrophy (IFTA) with
end-stage kidney disease (ESKD) development after adjusting for relevant confounders.

Results: The non-proteinuric and proteinuric DN groups included 197 and 199 patients, respectively.
During the 10.7-year median follow-up period, 16 and 83 patients developed ESKD in the non-proteinuric
and proteinuric DN groups, respectively. In the multivariable Cox hazard model, hazard ratios (HRs) [95%
confidence intervals (Cls)] of GL and IFTA for ESKD in proteinuric DN were 2.94 [1.67-5.36] and 3.82
[2.06-7.53], respectively. Meanwhile, HRs [95% Cls] of GL and IFTA in non-proteinuric DN were <0.01 [0—
2.48] and 4.98 [1.33—-18.0], respectively. IFTA was consistently associated with higher incidences of ESKD
regardless of proteinuria levels (P for interaction = 0.49). The prognostic impact of GLs on ESKD was
significantly decreased as proteinuria levels decreased (P for interaction <0.01).

Conclusions: IFTA is consistently a useful predictor of kidney prognosis in both non-proteinuric and

proteinuric DN, while GLs are a significant predictor of kidney prognosis only in proteinuric DN.
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Introduction

Diabetic nephropathy (DN), characterized by overt proteinuria and rapid chronic kidney disease (CKD)
progression, is a major cause of end-stage kidney disease (ESKD) and is also a risk factor for
cardiovascular disease (CVD) and mortality. A growing body of evidence indicates that diabetic kidney
disease (DKD), a conceptual term for CKD caused by diabetes including DN, does not always show overt
proteinuria (so-called non-proteinuric DKD) and varies in its glomerular filtration rate (GFR) decline rate.™?
Because kidney biopsy is rarely performed to confirm the diagnosis, most DN is clinically diagnosed with
overt proteinuria, pre-existing diabetic retinopathy, or long-term diabetic history.# Indeed, previous studies
revealed that among patients with diabetes who underwent kidney biopsy, two-thirds of patients had
evidence of DN, but one-third did not.*® In contrast, an autopsy study suggests DN is also underdiagnosed:
20 (18.9%) of the 106 histologically proven DN cases did not present with DN-associated clinical
manifestations within their lifetime.® This fact was reported by another study.” With this evidence, DKD
encompasses these heterogeneous manifestations of DN, including proteinuric/non-proteinuric DKD®® and
rapid/slow estimated GFR (eGFR) decliner.?

Generally, kidney function declines more rapidly as histological findings such as glomerular lesions (GLs)
and interstitial fibrosis and tubular atrophy (IFTA) become more severe.'*'*Proteinuria level is the best
surrogate marker of kidney prognosis.'* However, the long-term outcomes of proteinuric and non-
proteinuric DKD associated with kidney histological changes remain uncertain.

In this study, we investigated the difference in the association of kidney histological lesions (GLs and IFTA)

with kidney outcomes between non-proteinuric and proteinuric biopsy-proven DN.

Materials and Methods

Study Design and Participants

This retrospective cohort study examined patients with DN confirmed by kidney biopsy at Nara Medical
University Hospital from June 1981 to December 2014. We performed kidney biopsies in diabetic patients

(type 1 and type 2 diabetes) who had urinalysis abnormalities higher than microalbuminuria, or who were



determined to be at high risk of CVD during hospitalization. Patients with DN complicated with other kidney
diseases and those with insufficient glomeruli for diagnosis or missing data for analyses were excluded. To
examine the difference in the impact of kidney histological findings on the development of ESKD between
patients with non-proteinuric and proteinuric DN, patients were divided into two groups according to
proteinuria levels: urinary protein (UP) >0.5 g/day (proteinuric DN) and UP <0.5 g/day (non-proteinuric DN).
The study protocol was approved by the Nara Medical University Ethics Committee (No. 2005-18) and
registered in the University Hospital Medical Information Network clinical trial registry (UMINO00031121), as

previously described.' The opt-in or opt-out approach was used to obtain the consent for this study.

Clinical examination

Baseline demographics and laboratory data at the time of biopsy were retrospectively obtained from
medical records. The following clinical data as of renal biopsy were obtained: age, sex, body mass index
(BMI), smoking habit, presence of diabetic retinopathy, systolic and diastolic blood pressure, smoking habit,
hemoglobin, albumin, serum creatinine, eGFR, urinary protein, uric acid, total, HDL and LDL cholesterol,
triglyceride, blood glucose, hemoglobin A1c (HbA1c), c-reactive protein, and, treatment information
including anti-diabetic therapies, renin-angiotensin-aldosterone system (RAAS) inhibitors and statins. eGFR
was calculated by the equation developed by a previous report.’® Serum creatinine values measured by the
Jaffe method were converted to values for the enzymatic method by subtracting 0.207 mg/dL. HbA1c levels
were presented as National Glycohemoglobin Standardization Program values according to the
recommendations of the Japanese Diabetic Society and the International Federation of Clinical
Chemistry." Urinary protein was measured by 24-h urine protein or spot urine protein creatinine ratio if 24-

h urine protein was unavailable.

Kidney biopsy and histological examinations

Histological examinations were performed independently by at least two kidney pathologists, with
differences resolved by consensus.

According to the guidelines of the Research Committee of the Renal Pathology Society,'®'® GLs were
classified into four categories: Classes lla, mild mesangial expansion; llb, severe mesangial expansion; I,

nodular sclerosis with <50% global glomerulosclerosis; and 1V, 250% global glomerulosclerosis. We did not



include patients with Class | DN, which was confirmed by the thickening of the glomerular basement
membrane as detected by electron microscopy because not all the patients have undergone electron
microscopic evaluation of renal tissues. The severity of IFTA was graded as follows: 0: no IFTA, 1: <25%, 2:
25-50%, 3: 250%. We also evaluate nine GLs, two interstitial lesions, and two vascular lesions as
previously described. The nine GLs consisted of a diffuse lesion (0: normal or mild mesangial expansion,
1: mesangial expansion < capillary lumen, 2: mesangial expansion = capillary lumen, 3: mesangial
expansion > capillary lumen), nodular lesion (0: absent, 1: present), subendothelial space widening (O:
<10%, 1: 10-25%, 2: 25-50%, 3: >50%), exudative lesion (0: absent, 1: present), microaneurysm (0O:
absent, 1: present), perihilar neovascularization (0: absent, 1: present), global glomerulosclerosis,
segmental glomerulosclerosis, and glomerulomegaly. The two interstitial lesions were IFTA and interstitial
cell infiltration (0: undetected, 1: <25%, 2: 25-50%, 3: >50%). The two vascular lesions were hyalinosis (0:
no hyalinosis, 1: one or more partial arteriolar hyalinosis, 2: approximately 50% hyalinosis, 3: more than
50% hyalinosis, or penetrating hyalinosis) and intimal thickening (0: no intimal thickening, 1: intimal
thickness/media thickness <1, 2: intimal thickness/media thickness =1).

Exposure of this study

Regarding renal histological findings as predictors, the severity of GL and IFTA were classified into two
categories; the presence of GL: llb or higher and the presence of IFTA: 225%.5

Outcome measurements

The outcome of this study was the development of ESKD. ESKD was defined as the requirement of kidney
replacement therapy or death from kidney failure. Patients were followed up until October 2018 or lost to
follow-up.

Statistical analysis

All the analyses were performed in each subgroup divided by proteinuria levels (non-proteinuric and
proteinuric DN). Continuous and categorical variables were presented as the median and interquartile
range (IQR) or total number and percentage, respectively. Kaplan-Meier methods and Cox proportional

hazards regression models were used to evaluate the association between histological findings (GLs and



IFTA) and the development of ESKD. Model results were estimated using two progressive sets of potential
confounders: (1) sex and age; (2) model 1 plus BMI, eGFR, and systolic blood pressure; (3) model 2 plus
hyalinosis and intimal thickening. The severity of hyalinosis and intimal thickening were classified into two
categories; the presence of hyalinosis: one or more partial arteriolar hyalinosis or higher and the presence
of intimal thickening: intimal thickness/media thickness <1 or higher." The Fine-Gray model was used to
consider the impact of death as a competing risk. The interaction terms for the association of kidney
histology with ESKD were assessed between low- and high-UP groups. Statistical significance was defined

as P <0.05. All analyses were performed using R 4.0.4 (http://www.r-project.org/).

Results

Baseline characteristics of the cohort

Initially, there were 408 consecutive potential participants who were confirmed with DN by a kidney biopsy.
After excluding 12 patients due to missing data for proteinuria level, the remaining 396 patients were
included for analysis in this study. Among 197 patients with non-proteinuric DN, only 13 (6.6%) had severe
GL (Ilb or higher). In contrast, 118 (59.3%) patients had severe GL among 199 patients with proteinuric DN.
Similarly, 24 (12.2%) and 122 (61.3%) patients had severe IFTA (225%) among the non-proteinuric and
proteinuric DN groups, respectively.

Tables 1 and 2 show baseline characteristics stratified by the severity of GL and IFTA in non-proteinuric
and proteinuric DN groups. In general, the presence of GL (lIb or higher) was associated with higher
systolic blood pressure, more diabetic retinopathy, lower hemoglobin, serum albumin and eGFR, higher
proteinuria and uric acid levels, and more RAAS inhibitor user in non-proteinuric and proteinuric DN groups.
Although, the associations of GL with systolic blood pressure, eGFR, proteinuria, and uric acid levels were
weak in the non-proteinuric DN group compared to the proteinuric DN group (Table 1). IFTA (225%) was
associated with older age, higher BMI and systolic blood pressure, more diabetic retinopathy, lower
hemoglobin, serum albumin, and eGFR, higher proteinuria level, and more RAAS inhibitor user in both

groups. Similarly, the associations of IFTA with some of these parameters, including BMI, diabetic
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retinopathy, hemoglobin, eGFR, and proteinuria levels, were weak in the non-proteinuric DN group
compared to the proteinuric DN group (Table 2).

Tables 3 and 4 show detailed histological findings stratified by the severity of GL and IFTA in non-
proteinuric and proteinuric DN groups. In this cohort, segmental sclerosis was very rare, and perihilar
neovascularization was present in most patients, making it difficult to detect statistically significant
differences. As expected, severe GL (lIb or higher) was associated with more prevalence of severe
tubulointerstitial lesions and vascular lesions in patients with proteinuric DN. Although there were no
differences in the severity of subendothelial space widening, glomerulomegaly, global sclerosis, and IFTA
between mild GL (lla) and severe GL (lIb or higher) in patients with non-proteinuric DN (Table 3), except for
glomerulomegaly, the presence of IFTA (>25%) was consistently associated with more prevalence of
severe GLs, tubulointerstitial lesions, and vascular lesions in non-proteinuric and proteinuric DN groups
(Table 4).

Relationship of kidney histological findings with the development of ESKD in non-proteinuric and proteinuric

DN

During the median [IQR] follow-up period of 10.7 [4.0-17.5] years, 99 patients developed ESKD, including
16 patients in the non-proteinuric DN group and 83 in the proteinuric DN group. Fig. 1 shows adjusted
Kaplan-Meier survival curves for ESKD between the severity of GL or IFTA in the non-proteinuric and
proteinuric DN groups. The presence of severe GL (IIb or higher) was associated with the development of
ESKD in the proteinuric DN group (P <0.01) but not in the non-proteinuric DN group (P =0.99) (Fig. 1a and
1b). Contrastingly, the presence of severe IFTA was consistently associated with the development of ESKD
in the proteinuric and non-proteinuric DN groups (P <0.01 and P =0.01, respectively) (Fig. 1c and 1d).
Similar results were obtained when considering death as a competing risk with the Fine-Gray model (Fig.
S1). Table 5 and Fig. 2 show the association of GL or IFTA with the development of ESKD in a multivariable
Cox hazard model. Although the association of GL with ESKD was not observed in the non-proteinuric DN

group, this association in the proteinuric DN group remained statistically significant even after adjusting for

clinically relevant factors. In the main model (model 2), the fully adjusted hazard ratios (HRs) [95%



confidence intervals: Cls] of the presence of severe GL for ESKD in non-proteinuric and proteinuric DN
groups were <0.01 [0-2.5] and 3.0 [1.7-5.3], respectively. There was a significant interaction between GL
and proteinuria (Fig. 2; P for interaction <0.01). Meanwhile, the association of IFTA with ESKD remained
statistically significant even after adjusting for clinically relevant factors in non-proteinuric and proteinuric
DN groups. The fully adjusted HRs [95% Cls] of the presence of severe IFTA for ESKD in the non-
proteinuric and proteinuric DN groups were 5.0 [1.4—17.8] and 4.0 [2.1-7.6], respectively. There was no
interaction between IFTA and proteinuria (P for interaction =0.49). The similar results were obtained when
considering death as a competing risk with the Fine-Gray model. The fully adjusted HRs with competitive
risk analysis were shown in Table S1.

When proteinuria level was used as a continuous variable, proteinuria levels were positively associated
with the risk of ESKD in the severe (lIb or higher) and mild GL (lla) groups. However, the severity of GLs
was not consistently associated with ESDK risk (Fig. 3a). Contrastingly, higher proteinuria levels and

severe IFTA were consistently associated with a higher incidence of ESKD (Fig. 3b).

Discussion

We examined the differential impact of diabetic kidney histological findings on the development of ESKD
between proteinuric and non-proteinuric DN. In proteinuric DN, classically considered a typical DN, the
presence of GL or IFTA was consistently associated with the development of ESKD. In contrast, only IFTA
was convincingly associated with the development of ESKD in non-proteinuric DN.

Because the incidence of hard endpoints in the kidneys is relatively low in patients with non-proteinuric
DKD, previous reports included a deterioration of eGFR by 50% and/or, or a doubling of creatinine levels in
addition to ESKD as kidney outcomes.'" In this study, we exclusively examined the hard endpoint (ESKD)
with relatively larger sample size (197 patients) and longer period (median follow-up: 10.7 years) as
compared to previous reports. Several previous studies have reported that GLs and IFTA are associated
with decreased kidney function in DN.'%-'220 However, some previous works revealed the importance of

tubule-interstitial lesions in DN.2"23 Okada et al. reported that interstitial lesions, but not GLs, significantly



predict kidney prognosis in patients with type 2 DN and overt proteinuria.?? Similarly, the diabetic mice
model revealed that tubular injury, but not endothelial cells in the glomeruli, contributes to the development
of microalbuminuria, suggesting the importance of tubular injury for non-proteinuric (microalbuminuric)
DN.Z

Currently, the established therapeutic agents for DKD are RAAS inhibitors, sodium-glucose co-transporter
2 (SGLT2) inhibitors, and newly developed non-steroidal mineralocorticoid receptor antagonists (MRAS).
Classical RAAS inhibitors, including angiotensin Il receptor blockers and angiotensin-converting enzyme
(ACE) inhibitors, focuses on targeting GLs (glomerular hyperfiltration) to reduce proteinria.?* Similarly,
SGLT2 inhibitors inhibit sodium reabsorption in the tubules and normalize the overactivation of the tubular
glomerular feedback mechanism, ameliorating glomerular hyperfiltration.?%2” In addition to the beneficial
effect on GLs, SGLT2 inhibitors also have a protective effect on IFTA by inhibiting TGF-B1-induced THBS1,
TNC, and PDGF-B overexpression in human paroxysmal tubular cell lines.?® New non-steroidal MRAs
focused more on anti-fibrotic/anti-inflammatory effects than electrolyte effects compared to classical
steroidal MRAs, revealing cardio-renal protections.?®-33 Altogether with our study result, tubulointerstitial
lesions could be an attractive therapeutic target, especially in non-proteinuric DKD. Indeed, newly
established DKD therapeutic strategies, including SGLT2i** and non-steroidal MRAs,* benefit
tubulointerstitial lesions in non-proteinuric DKD/CKD of animal models. These drugs revealed an additive
effect on classical RAS inhibitors, mainly affecting GLs, suggesting the residual risk for DKD progression by
tubulointerstitial lesions.

Our study has several limitations. First, this study was conducted in a single facility and was limited to
Japanese patients. Second, it is also a retrospective observational study. Third, although a relatively large
number of non-proteinuric DN patients (about half of the patients were non-proteinuric: UP <0.5 g/day) with
long-term observation (median follow-up period of 10.7 years) were included in this study, only 16 patients
developed ESKD in non-proteinuric DN, suggesting the lack of statistical power. It is necessary to
accumulate more cases in the future to make our conclusions more convincing. Forth, class | diabetic GLs

(electron microscopy-proven glomerular basement membrane thickening) were not included, as it is difficult



to examine all patients with diabetes by electron microscopy in routine clinical practice. Despite these
limitations, we are confident that this study holds significant importance and exhibits great potential for
future clinical applications.

In conclusion, IFTA was convincingly associated with ESKD in non-proteinuric and proteinuric DN. In

contrast, GLs were associated with ESKD only in proteinuric DN but not in non-proteinuric DN.
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Tables

Table 1. Patient characteristics according to glomerular lesions in non-proteinuric and proteinuric DN

Non-proteinuric DN

Proteinuric DN

GL: lla GL: llb or higher  p-value GL: lla GL: llb or higher  p-value
Number of patients 184 13 - 81 118 -
Demographics
Age, years 57 [49, 64] 63 [49, 65] 0.52 61 [50, 68] 61 [52, 67] 0.77
Sex: male, n (%) 114 (62.0) 7 (53.8) 0.78 49 (60.5) 79 (66.9) 0.43
BMI, kg/m? 23.5[21.4,25.5] 21.6[20.1, 24.0] 0.11 23.9[22.0,26.0] 23.9[22.0, 27.1] 0.55
Systolic BP, mmHg 126 [112, 140] 134 [123, 144] 0.11 132120, 150] 140 [130, 159] <0.01
Diastolic BP, mmHg 72 [64, 80] 74 [68, 82] 0.98 78 [64, 80] 78 [70, 88] 0.07
Diabetic retinopathy (%) 48 (26.7) 8 (61.6) <0.01 31(39.2) 90 (78.3) <0.01
Smoking habit
Never smoker, n (%) 68 (37.0) 4 (30.8) 0.50 37 (45.7) 44 (37.3) 0.49
Past smoker, n (%) 24 (13.0) 3(23.1) 13 (16.0) 23 (19.5)
Current smoker, n (%) 92 (50.0) 6 (46.2) 31 (38.3) 51 (43.2)
Laboratory
Hemoglobin, g/dL 13.8[12.8, 15.1] 11.9 9.9, 13.5] <0.01 13.6 [12.0, 15.0] 11.6[10.4,12.8] <0.01
Albumin, g/dL 4.2[3.9,4.4] 3.9[3.5,4.1] <0.01 4.1[3.6, 4.3] 3.2[2.7, 3.8] <0.01
Creatinine, mg/dL 0.80[0.70, 1.09] 1.10 [0.80, 1.30] 0.06 0.90 [0.70, 1.20] 1.29[0.95,1.80] <0.01
eGFR, mL/min/1.73 m? 66.9[49.4,89.8] 47.6[40.0, 64.0] 0.06 62.2 [44.7,83.1] 40.9[28.1,59.7] <0.01
Urinary protein, g/day 0.14[0.10,0.26]  0.20[0.10, 0.36] 0.12 0.87[0.70,2.15]  3.88[2.02, 6.36] <0.01
Uric acid, mg/dL 5.0[3.9, 5.9] 6.0[5.1, 8.2] 0.1 5.8 [4.5, 6.9] 6.91[5.6, 7.7] <0.01
Total cholesterol, mg/dL 198 [173, 223] 198 [163, 231] 0.97 210 [182, 239] 218 [182, 258] 0.13
HDL cholesterol, mg/dL 45 [37, 51] 38 [36, 46] 0.26 44 [38, 54] 47 [38, 63] 0.11
LDL cholesterol, mg/dL 127 [105, 151] 143 [112, 144] 0.51 135102, 160] 134 [101, 173] 0.54
Triglyceride, mg/dL 127 [89, 173] 118 [113, 168] 0.6 142 [112, 192] 151 [111, 200] 0.4
Blood glucose, mg/dL 137 [109, 187] 144 [111, 186] 0.81 128 [104, 176] 140 [110, 197] 0.29
Hemoglobin A1c, % 8.1[6.8, 9.4] 7.7[7.1,8.1] 0.67 7.6[6.7, 8.7] 7.1[6.4, 8.6] 0.08
C-reactive protein, mg/dL 0.2[0.1, 0.3] 0.1[0.1,0.4] 0.59 0.2[0.1,0.3] 0.1[0.1, 0.3] 0.18
Treatments
( Q?t"d'abet'c therapies, n 109 (59.2) 12 (92.3) 0.02 56 (69.1) 88 (74.6) 0.42
RAAS inhibitors, n (%) 8(9.8) 4 (30.8) 0.04 30 (37.0) 71 (60.2) <0.01
Statins, n (%) 6 (8.7) 1(7.7) 1 14 (17.3) 29 (24.6) 0.29

Results are shown as median [interquartile range] or prevalence (percentage)

Abbreviations: DN: diabetic nephropathy; GL: glomerular lesion; BMI: body mass index; BP: blood

pressure; eGFR: estimated glomerular filtration rate; LDL: low-density lipoprotein; HDL: high-density

lipoprotein; RAAS: renin-angiotensin-aldosterone system.



Table 2. Patient characteristics according to IFTA in non-proteinuric and proteinuric DN.

Non-proteinuric DN Proteinuric DN

IFTA <25% IFTA 225% p-value IFTA <25% IFTA 225% p-value
Number of patients 173 24 - 77 122 -
Demographics
Age, years 57 [48, 64] 62 [54, 68] 0.03 58 [48, 66] 62 [54, 69] 0.01
Sex: male, n (%) 102 (59.0) 19 (79.2) 0.09 45 (58.4) 83 (68.0) 0.22
BMI, kg/m? 23.1[21.0,25.2] 24.3[22.4, 26.3] 0.12 23.2[21.4,25.9] 24.1[22.5, 27.3] 0.02
Systolic BP, mmHg 126 [110, 140] 138 [122, 150] 0.02 132 [120, 150] 140 [130, 156] <0.01
Diastolic BP, mmHg 72 [64, 80] 70 [68, 80] 0.58 78 [64, 80] 78 [70, 86] 0.23
Diabetic retinopathy, n (%) 47 (27.7) 9(39.1) 0.46 36 (48.0) 85 (71.4) <0.01
Smoking habit
Never smoker, n (%) 66 (38.2) 6 (25.0) 0.06 34 (44.2) 47 (38.5) e
Past smoker, n (%) 20 (11.6) 7 (29.2) 11 (14.3) 25 (20.5)
Current smoker, n (%) 87 (50.3) 11 (45.8) 32 (41.6) 50 (41.0)
Laboratory
Hemoglobin, g/dL 13.8[12.8, 15.1] 13.4[12.0, 14.7] 0.16 13.2[11.8, 14.8] 11.7[10.3,13.2] <0.01
Albumin, g/dL 4.2[3.9,4.4] 4.2[3.9,4.3] 0.26 4.0[3.4,4.3] 3.3[2.9, 3.9] <0.01
Creatinine, mg/dL 0.8 0.6, 1.0] 1.2[0.9, 1.5] <0.01 0.9[0.7, 1.2] 1.4[1.0, 1.9] <0.01
eGFR, mL/min/1.73 m? 68.9[49.4,90.8] 50.3[39.0,60.7] <0.01 67.2[45.3,86.7] 40.4[27.4,56.4] <0.01
Urinary protein, g/day 0.12[0.10,0.25] 0.22[0.10, 0.35] 0.06 1.10[0.70,2.77]  3.50[1.43, 6.38] <0.01
Uric acid, mg/dL 5.0[3.8, 5.8] 7.0[5.4, 8.0] <0.01 5.5[4.4,6.7] 6.9[5.7, 7.8] <0.01
Total cholesterol, mg/dL 198 [171, 226] 200 [185, 224] 0.77 210 [190, 244] 213 [168, 253] 0.98
HDL cholesterol, mg/dL 46 [37, 51] 39 [34, 52] 0.26 44 [37, 53] 48 [39, 62] 0.05
LDL cholesterol, mg/dL 130 [107, 152] 115 [95, 140] 0.2 135106, 173] 132 [95, 165] 0.34
Triglyceride, mg/dL 126 [89, 168] 129 [107, 212] 0.16 130 [104, 168] 151 [115, 202] 0.08
Blood glucose, mg/dL 137 [110, 187] 143 [109, 188] 1 143 [111, 208] 131 [106, 183] 0.12
Hemoglobin A1c, % 8.0[6.9, 9.4] 7.7[6.5,9.2] 0.29 7.9[6.6, 9.0] 7.0[6.4, 8.5] 0.03
C-reactive protein, mg/dL 0.2 0.0, 0.3] 0.1[0.1,0.3] 0.77 0.2[0.0, 0.4] 0.1[0.1,0.2] 0.43
Treatments
(Q?t"d'abet'c therapies, n 104 (60.1) 17 (70.8) 0.38 53 (68.8) 91 (74.6) 0.42
RAAS inhibotors, n (%) 12 (6.9) 10 (41.7) <0.01 23 (29.9) 78 (63.9) <0.01
Statins, n (%) 14 (8.1) 3(12.5) 0.44 11 (14.3) 32 (26.2) 0.05

Results are shown as median [interquartile range] or prevalence (percentage)

Abbreviations: DN: diabetic nephropathy; IFTA: interstitial fibrosis and tubular atrophy; BMI: body mass

index; BP: blood pressure; eGFR: estimated glomerular filtration rate; LDL: low-density lipoprotein; HDL:

high-density lipoprotein; RAAS: renin-angiotensin-aldosterone system.



Table 3. Histological findings according to glomerular lesions in non-proteinuric and proteinuric DN.

Non-proteinuric DN

Proteinuric DN

GL: lla G;:gl:\k;:r p-value GL: lla Gti:glrllt;:)r p-value
Number of patients 184 13 - 81 118 -
Glomerular lesions
0 2(1.1) 0(0.0) 0(0.0) 0(0.0)
] ] 1 95 (51.6) 1(7.7) 26 (32.1) 4 (3.4)
Diffuse lesion, n (%) <0.01 <0.01
2 76 (41.3) 1(7.7) 32 (39.5) 6 (5.1)
3 11 (6.0) 11 (84.6) 23 (28.4) 108 (91.5)
Nodular lesion, n (%) 0(0.0) 12 (92.3) <0.01 0(0.0) 113 (95.8) <0.01
0 70 (38.0) 3(23.1) 20 (24.7) 11 (9.3)
Subendothelial space widening, n 1 84 (45.7) 6 (46.2) 04 40 (49.3) 58 (49.2) <0.01
(%) 2 26 (14.1) 4 (30.8) 4 (4.9) 28 (23.7)
3 4(2.2) 0(0.0) 1(1.2) 21(17.8)
Exudative lesion, n (%) 26 (14.1) 5(38.5) 0.05 37 (45.7) 101 (85.6) <0.01
Microaneurysm, n (%) 17 (9.2) 4 (30.8) 0.05 7 (21.0) 77 (65.3) <0.01
Perihilar neovascularization, n (%) 179 (97.3) 13 (100.0) 1 79 (97.5) 118 (100.0) 0.16
Glomerulomegaly, n (%) 31 (16.8) 4 (30.8) 0.37 28 (34.6) 66 (55.9) <0.01
% global sclerosis, % 6 [0, 16] 8 [0, 10] 0.92 14 [0, 27] 2319, 42] <0.01
Segmental sclerosis, n (%) 3(1.6) 2(154) 0.03 11 (13.6) 25(21.2) 0.24
Tubulointerstitial lesions
0 28 (15.2) 0(0.0) 3(3.7) 0(0.0)
1 136 (73.9) 9 (69.2) 46 (56.8) 28 (23.7)
IFTA, n (%) 0.1 <0.01
2 13(7.1) 3(23.1) 18 (22.2) 33 (28.0)
3 7 (3.8) 1(7.7) 14 (17.3) 57 (48.3)
0 97 (52.7) 6 (46.2) 15 (18.5) 4 (3.4)
Inflammatory cell infiltration, n 1 79 (42.9) 4 (30.8) <0.01 40 (49.4) 30 (25.4) <0.01
(%) 2 2(1.1) 2(15.4) 7(21.0) 35 (29.7)
3 6 (3.3) 1(7.7) 9(11.1) 49 (41.5)
Vascular lesions
0 41 (22.3) 0(0.0) 7 (8.6) 3(2.5)
1 57 (31.0) 1(7.7) 12 (14.8) 4 (3.4)
Hyalinosis, n (%) <0.01 <0.01
2 25(13.6) 0(0.0) 1(13.6) 9(7.6)
3 61 (33.2) 12 (92.3) 1(63.0) 102 (86.4)
0 46 (28.2) 1(7.7) 5(20.0) 16 (14.0)
Intimal thickening, n (%) 1 42 (25.8) 7 (53.8) 0.07 6 (34.7) 47 (41.2) 0.49
2 75 (46.0) 5(38.5) 4 (45.3) 51 (44.7)

Glomerular lesions and IFTA were classified according to the Research Committee of the Renal Pathology

Society guidelines. Other parameters were defined according to a previous report. 8

Results are shown as median [interquartile range] or prevalence (percentage)



Abbreviations: DN: diabetic nephropathy; GL: glomerular lesion; IFTA: interstitial fibrosis and tubular
atrophy.

The severity of diffuse lesions of glomeruli was graded on a scale of 0 to 3 as follows: grade 0, normal or
mild mesangial expansion; grade 1, mesangial expansion < capillary lumen; grade 2, mesangial expansion
= capillary lumen; and grade 3, mesangial expansion > capillary lumen. Subendothelial space widening
was graded on a scale of 0 to 3 by % of double contour basement membrane (determined in a peripheral
capillary of the most severe glomerulus) as follows: grade 0, <10%; grade 1, 10—-25%; grade 2, 25-50%;
and grade 3, 50% or higher. Inflammatory cell infiltration was graded on a scale of 0 to 3 as follows: grade
0, no cell infiltration; grade 1, <25%; grade 2, 25-50%; and grade 3, 50% or higher. Hyalinosis was graded
on a scale of 0 to 3 as follows: grade 0, no hyalinosis; grade 1, one or more partial arteriolar hyalinosis;
grade 2, approximately 50% hyalinosis; and grade 3, more than 50% hyalinosis, or penetrating hyalinosis.
Intimal thickening was graded on a scale of 0 to 2 as follows: grade 0, no intimal thickening; grade 1, intimal
thickness/media thickness <1; and grade 2, intimal thickening and intimal thickness/media thickness 21.
The nodular lesion, exudative lesion, microaneurysm, perihilar neovascularization, glomerulomegaly, and

segmental sclerosis were shown as their presence or absence.



Table 4. Histological findings according to IFTA in non-proteinuric and proteinuric DN.

Non-proteinuric DN Proteinuric DN

IFTA <25% IFTA 225% p-value IFTA <25% IFTA 225% p-value

Number of patients 173 24 - 77 122 -
Glomerular lesions
0 2(1.2) 0 (0.0) 0(0.0) 0(0.0)
1 93 (53.8) 3(12.5) 22 (28.6) 8 (6.6)
Diffuse lesion, n (%) <0.01 <0.01
2 63 (36.4) 14 (58.3) 24 (31.2) 14 (11.5)
3 15 (8.7) 7 (29.2) 31 (40.3) 100 (82.0)
Nodular lesion, n (%) 8 (4.6) 4 (16.7) 0.05 28 (36.4) 85 (69.7) <0.01
0 68 (39.3) 5(20.8) 20 (26.0) 11 (9.0)
Subendothelial space widening, n 1 80 (46.2) 10 (41.7) 0.02 38 (49.4) 60 (49.2) <0.01
(%) 2 21 (12.1) 9 (37.5) 3(16.9) 32 (26.2)
3 4 (2.3) 0(0.0) 6 (7.8) 19 (15.6)
Exudative lesion, n (%) 21 (12.1) 10 (41.7) <0.01 38 (49.4) 100 (82.0) <0.01
Microaneurysm, n (%) 11 (6.4) 10 (41.7) <0.01 9(24.7) 75 (61.5) <0.01
Perihilar neovascularization, n (%) 169 (97.7) 23 (95.8) 1 76 (98.7) 121 (99.2) 1
Glomerulomegaly, n (%) 27 (15.6) 8 (33.3) 0.07 24 (31.2) 70 (57.4) <0.01
% global sclerosis, % 5[0, 14] 218, 31] <0.01 8 [0, 19] 28 [17, 42] <0.01
Segmental sclerosis, n (%) 3(1.7) 2 (8.3) 0.22 8 (10.4) 28 (23.0) 0.04
lla 94 (54.3) 3(12.5) 21(27.3) 5(4.1)
. b 70 (40.5) 17 (70.8) 28 (36.4) 27 (22.1)
Glomerular lesion, n (%) <0.01 <0.01
1l 8 (4.6) 4 (16.7) 26 (33.8) 69 (56.6)
v 1(0.6) 0(0.0) 2 (2.6) 21 (17.2)
Tubulointerstitial lesions
0 101 (58.4) 2(8.3) 19 (24.7) 0(0.0)
Inflammatory cell infiltration, n 1 72 (41.6) 11 (45.8) <0.01 58 (75.3) 12(9.8) <0.01
(%) 2 0(0.0) 4 (16.7) 0(0.0) 52 (42.6)
3 0(0.0) 7 (29.2) 0(0.0) 58 (47.5)
Vascular lesions
0 39 (22.5) 2(8.3) 7(9.1) 3(2.5)
o 1 54 (31.2) 4 (16.7) 12 (15.6) 4 (3.3)
Hyalinosis, n (%) 0.02 <0.01
2 23 (13.3) 2(8.3) 8(10.4) 12 (9.8)
3 57 (32.9) 16 (66.7) 50 (64.9) 103 (84.4)
0 43 (27.9) 4 (18.2) 6 (22.2) 15 (12.8)
Intimal thickening, n (%) 1 37 (24.0) 12 (54.5) 0.01 30 (41.7) 43 (36.8) 0.1
2 74 (48.1) 6 (27.3) 6 (36.1) 59 (50.4)

Glomerular lesions and IFTA were classified according to the Research Committee of the Renal Pathology
Society guidelines.

Results are shown as median [interquartile range] or prevalence (percentage)



Abbreviations: DN: diabetic nephropathy; IFTA: interstitial fibrosis and tubular atrophy.

The severity of diffuse lesions of glomeruli was graded on a scale of 0 to 3 as follows: grade 0, normal or
mild mesangial expansion; grade 1, mesangial expansion < capillary lumen; grade 2, mesangial expansion
= capillary lumen; and grade 3, mesangial expansion > capillary lumen. Subendothelial space widening
was graded on a scale of 0 to 3 by % of double contour basement membrane (determined in a peripheral
capillary of the most severe glomerulus) as follows: grade 0, <10%; grade 1, 10—-25%; grade 2, 25-50%;
and grade 3, 50% or higher. Inflammatory cell infiltration was graded on a scale of 0 to 3 as follows: grade
0, no cell infiltration; grade 1, <25%; grade 2, 25-50%; and grade 3, 50% or higher. Hyalinosis was graded
on a scale of 0 to 3 as follows: grade 0, no hyalinosis; grade 1, one or more partial arteriolar hyalinosis;
grade 2, approximately 50% hyalinosis; and grade 3, more than 50% hyalinosis, or penetrating hyalinosis.
Intimal thickening was graded on a scale of 0 to 2 as follows: grade 0, no intimal thickening; grade 1, intimal
thickness/media thickness <1; and grade 2, intimal thickening and intimal thickness/media thickness 1 or
higher. The nodular lesion, exudative lesion, microaneurysm, perihilar neovascularization,

glomerulomegaly, and segmental sclerosis were shown as their presence or absence.



Table 5. Association of renal histology with ESKD in non-proteinuric DN and proteinuric DN.

Crude Model 1 Model 2 Model 3
Non- GL (llb or higher) ~ <0.01 (0-2.38) <0.01 (0-2.76) <0.01 (0-2.48) <0.01 (O-Inf)
proteinuric DN IFTA (225%) 7.19 (2.27-22.73) 6.37 (1.88-21.53) 4.98 (1.39-17.8) 6.63 (1.20-36.8)
GL (llb or higher)  3.74 (2.15-6.50)  3.85(2.20-6.74) 2.97 (1.66-5.32) 3.05(1.67-5.57)
Proteinuric DN
IFTA (225%) 447 (2.41-8.29)  4.42(2.37-8.26) 4.01 (2.11-7.63) 3.76 (1.96-7.24)

Results are shown as hazard ratio (95% confidence interval) for ESKD.

N=396 patients and 99 ESKD events.

Model 1 adjusted for age and sex.

Model 2 (main model) adjusted for model 1 factors + body mass index, estimated glomerular filtration rate,
and systolic blood pressure.

Model 3 adjusted for model 2 factors + hyalinosis and intimal thickening.

Abbreviations: DN: diabetic nephropathy; GL: glomerular lesion; IFTA: interstitial fibrosis and tubular

atrophy; ESKD: end-stage kidney disease.



Figure Legends

Figure 1. Association of ESKD with GL or IFTA among proteinuric and non-proteinuric DN

Kaplan-Meier survival curves for ESKD between the GL categories in non-proteinuric DN (a) and

proteinuric DN (b). Kaplan-Meier survival curves for ESKD between IFTA categories in non-proteinuric DN

(c) and proteinuric DN (d). The severe GL or IFTA was significantly associated with a higher incidence of

ESKD in the proteinuric DN. In non-proteinuric DN, severe IFTA but not GL was significantly associated

with a higher incidence of ESKD.

Abbreviations: ESKD: end-stage kidney disease; GL, glomerular lesion; IFTA: interstitial fibrosis and tubular

atrophy; DN: diabetic nephropathy.

Figure 2. Adjusted hazard ratio of glomerular lesion or IFTA for ESKD among proteinuric and non-

proteinuric DN. Adjusted hazard ratios with 95% confidence intervals are shown. Hazard ratios were

adjusted for age, sex, BMI, systolic blood pressure, and eGFR.

Abbreviations: IFTA, interstitial fibrosis and tubular atrophy; ESKD: end-stage kidney disease; DN, diabetic

nephropathy; BMI: body mass index; eGFR: estimated glomerular filtration rate.

Figure 3. Restricted cubic spline analyses of the probability of ESKD with proteinuria

a. The association of ESKD with proteinuria stratified by the glomerular lesion.

The risk for ESKD in the severe IFTA group was consistently higher than that in the mild IFTA group,

regardless of proteinuria levels.

b. The association of ESKD with proteinuria stratified by IFTA.



Proteinuria levels were positively associated with the risk of ESKD in both the severe and mild glomerular

lesion groups. However, the severity of glomerular lesions was not consistently associated with ESDK risk.

Abbreviations: ESKD: end-stage kidney disease; IFTA: interstitial fibrosis and tubular atrophy.



