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ABSTRACT. Many genetic and environmental factors are involved in the development and
progression of diabetic kidney disease (DKD), and its pathology shows various characteristics.
Animal models of DKD play an important role in elucidating its pathogenesis and developing new
therapies. In this study, we investigated the pathophysiological features of two DKD animal models:
J Vet Med Sci db/db mice (background of hyperglycemia) and KK-Ay mice (background of hyperinsulinemia). Male
87(2): 138-146, 2025 and female mice were fed a high-fat/high-sucrose (HFS) diet for eight weeks. Two mouse models
fed the HFS diet showed increases in urinary protein, kidney weight, and glomerular size, but these
changes were pronounced in KK-Ay mice. Pathological examination revealed tubulointerstitial
fibrosis in KK-Ay mice fed the HFS diet, but not in db/db mice. In addition, fat accumulation was
observed in the macula densa of db/db mice and in the glomeruli of KK-Ay mice fed with the HFS
diet. In conclusion, an HFS diet exacerbates renal lesions with tubulointerstitial fibrosis in KK-Ay
mice, and KK-Ay mice fed an HFS diet are expected to be useful as a DKD model.
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INTRODUCTION

With the increasing global prevalence of diabetes mellitus (DM), the number of patients with microvascular complications associated
with DM is increasing rapidly [2, 8]. Diabetic kidney disease (DKD) —also known as diabetic nephropathy and one of the most frequent
diabetic microvascular complications—is the main cause of chronic kidney disease (CKD) and leads to the development of end-stage
renal disease (ESRD) and cardiovascular disease [5, 10].

The pathology of DKD involves multifactorial interactions, including metabolic and hemodynamic factors driven by hyperglycemia
and hypertension [19, 27]. Intensive glycemic control and blood pressure control delay the development and progression of DKD but
cannot prevent it [5, 31]. There is no fundamental treatment for DKD, and there is still an unmet medical need.

Complex pathogenesis affects the glomeruli and tubules in DKD. Mesangial expansion, glomerular endothelial cell dysfunction,
and loss of podocytes are observed in the glomeruli, and inflammation-driven interstitial fibrosis is observed in the tubules [10, 12].
Renal dysfunction is closely associated with the accumulation of extracellular matrix proteins, including collagen and fibronectin,
leading to fibrosis. Tubulointerstitial fibrosis is thought to be a common pathway in CKD that ultimately leads to ESRD and death
[9, 21, 25, 26, 33].

Animal models are essential for elucidating pathogenesis and developing new therapies, including potential drugs and biomarkers.
In the present study, we used two obese diabetic mouse models: db/db and KK-Ay. The phenotypes of db/db mice include hyperphagia,
obesity, and diabetes owing to spontaneous mutations in the abnormal splicing of leptin receptors [6, 22]. Hyperphagia and obesity in
KK-Ay mice are caused by multiple genes, and induction of the 4” allele leads to hyperphagia by introducing different combinations
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of loci responsible for these traits [35, 36]. Both mouse models develop diabetes with hyperphagia due to impairment of anorectic
activity; db/db mice are characterized by marked hyperglycemia, whereas KK-Ay mice are characterized by marked hyperinsulinemia
[16,40]. Since neither db/db mice nor KK-Ay mice fed a standard diet developed tubulointerstitial fibrosis, a common pathway for CKD
[16], we investigated the pathological changes in two mouse models induced by high fat/high sucrose (HFS) feeding. In the fat-sugar
interaction study, the high fat diet or the high sucrose diet causes fat accumulation and weight gain through different mechanisms,
and each diet can be an exacerbating factor for the other [42]. Furthermore, compared to the high-fat diet, the HFS diet increased gut
microbiota associated with insulin resistance, while decreasing gut microbiota that suppress inflammation, suggesting a worsening of
diabetic complications including DKD [24].

MATERIALS AND METHODS

Animals

Male and female db/db and KK-Ay mice (CLEA Japan, Tokyo, Japan) were used in this study. C57BL/6J mice (CLEA Japan) were
used as controls. At 6 weeks of age, each mouse was divided into the same two groups: a normal chow (NC) diet (CE-2; 3.4 kcal/g;
CLEA Japan) and a HFS diet (14% fat and 25% sucrose, based on percentage of total calories, Quick Fat; 3.96 kcal/g; CLEA Japan).
The mice were fed an NC or HFS diet from 6—14 weeks of age. The animals were housed individually in plastic cages in a room
climate-controlled for temperature (24 + 2°C), humidity (50 + 10%), and lighting (10-hr dark/14-hr light cycle). In addition, they had
free access to water. All the remaining animals were necropsied at 14 weeks of age. All experimental protocols and animals were used
in strict compliance with the Kyoto University guidelines for animal experimentation (Animal Experiment Approval No. R3-107).

Biological parameters

Body weight, kidney weight, blood biochemical parameters such as serum glucose, insulin, triglyceride (TG), total cholesterol (TC),
and creatinine levels, and urine biochemical parameters such as urine volume, urinary protein, and creatinine levels were measured
at 14 weeks of age. Blood samples were collected from the abdominal vena cava under isoflurane anesthesia. The urine samples
were collected for 8 hr in metabolic cages. Serum glucose, insulin, TG, TC, creatine, and urine creatinine levels were measured using
respective product kits (Roche Diagnostics, Tokyo, Japan) and an automatic analyzer (Hitachi High-Tech, Tokyo, Japan). Serum
insulin levels were measured using an enzyme-linked immunosorbent assay kit (Morinaga Institute of Biological Science, Yokohama,
Japan). Urinary protein levels were measured using a commercial kit (Micro TP-Test Wako; Fujifilm Wako Pure Chemical, Osaka,
Japan). Creatinine clearance (mL/hr-g) was calculated by dividing the urinary excretion for 8 hr of creatine by the serum creatinine
levels and body weight.

Tissue sampling and histopathology

Dissections were performed at 14 weeks of age. The animals were euthanized by cervical dislocation after blood sample collection by
exsanguination under isoflurane anesthesia. The kidneys were sampled for the measurement of mRNA expression and histopathology.
Samples for mRNA analysis were stored in RNAlater (Sigma-Aldrich Japan, Tokyo, Japan) at —20°C until use. For pathological
analysis, the kidneys were fixed in 10% neutral-buffered formalin immediately after collection. The tissues were paraffin-embedded
by standard techniques and cut into 4-pm-thick sections. For histopathological evaluation and renal fibrosis analysis, tissue sections
were stained with hematoxylin and eosin (HE) and Sirius red (SR) stain, respectively. The findings were graded from negative (—),
very slight changes (%), slight (+), moderate (2+), and severe (3+). Abnormal findings in the tubules and tubulointerstitium were
expressed as a percentage of the total area of the observation region, with 0% (—), less than 25% (£), 25-50% (+), 50-75% (2+), and
75% or more (3+). Furthermore, abnormal findings in the glomeruli were evaluated as the ratio of the number of abnormal glomeruli
to the total number of glomeruli. Oil Red O staining was performed to investigate lipid accumulation in the male kidneys. Female
frozen sections could not be used due to age-related deterioration.

The kidneys were fixed in 10% neutral formalin buffer, rinsed with tap water, dehydrated with a sucrose solution, and embedded
in Tissue-Tek OCT compound. The embedded samples were sectioned (6-pm thick) using a cryostat (Leica Microsystems, Tokyo,
Japan) and stained with Oil Red O (Nacalai Tesque, Kyoto, Japan). For this staining, 3 samples (NC group) and 5 (HFS group) of
C57BL/6J mice, 5 (NC) and 4 (HFS) of db/db mice, 5 (NC) and 5 (HFS) of KK-Ay mice were used.

To measure glomerular size, one section per mouse was imaged under a light microscope (BX51, Olympus, Tokyo, Japan) using
a 4x objective lens and analyzed using ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA) [32]. The entire image of
each section was stitched together using the stitching plugin in the Imagel software [29] and unbiased counting frames with an area
sampling fraction of 70%. The sizes of more than 50 glomeruli were measured in each animal. The profile of the glomeruli in the
counted areas was traced manually using a polygon tool. The best-fit ellipse was determined for each glomerulus and the lengths of
the major and minor axes were measured.

mRNA quantification

Total kidney RNA was extracted using Sepasol-RNA I Super G (Nacalai Tesque), according to the manufacturer’s protocol. Reverse
transcription was performed using the ReverTra Ace quantitative real-time PCR (qPCR) Master Mix (Toyobo, Osaka, Japan) to
synthesize complementary DNA (cDNA). qPCR was performed using Thunderbird SYBR qPCR Mix (Toyobo). All procedures were
performed according to the manufacturer’s instructions. Gene expression was quantified using the following primers: transforming
growth factor (TGF)-f forward: GCAACATGTGGAACTCTACCAGA, reverse: GACGTCAAAAGACAGCCACTCA, tissue
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inhibitor of metalloproteinases 1 (TIMP-1) forward: AGGTGGTCTCGTTGATTTCT, reverse: GTAAGGCCTGTAGCTGTGCC,
cyclophilin forward: TGGCTCACAGTTCTTCATAACCA, reverse: ATGACATCCTTCAGTGGCTTGTC. Cyclophilin was used as
an internal control.

Statistical analysis

All values are expressed as the mean =+ standard deviation (SD). Statistical analyses between groups were performed using a one-way
ANOVA between strains or diets. Statistical significance was set at P<0.05.

RESULTS

Biological parameters

Changes in biological parameters are shown in Tables 1 and 2 (male) and Tables 3 and 4 (female). db/db and KK-Ay mice
showed obesity, which was more pronounced in the HFS diet. Both diabetic mice showed hyperglycemia and KK-Ay mice showed
hyperinsulinemia. Male KK-Ay mice fed the HFS diet exhibited more severe hyperglycemia compared to male KK-Ay mice fed
the NC diet. KK-Ay mice fed the HFS diet exhibited more severe hyperinsulinemia compared with db/db mice fed the HFS diet,
indicating strong insulin resistance in KK-Ay mice fed the HFS diet. Moreover, lipid abnormalities were observed in both diabetic
mice, and hypercholesterolemia was enhanced by the HFS diet. Increases in urine volume and urinary protein levels were observed
in KK-Ay mice, and the increase in urinary protein levels in female KK-Ay mice fed the HFS diet was more pronounced than in db/
db mice fed the HFS diet. The urinary protein/creatinine ratio also increased in KK-Ay mice. No significant changes were observed
in the creatinine clearance levels in any of the groups.

Kidney weights and glomerular size

Absolute kidney weights increased in both diabetic mice, and the kidney weights in male KK-Ay mice were greater than those in
male db/db mice fed the HFS diet (Fig. 1).

In terms of glomerular size, both the major and minor axes increased in both diabetic mice, and the levels in male db/db mice fed
the HFS diet were greater than those in the NC diet group (Fig. 2). The increase in glomerular size in female KK-Ay mice fed the
HFS diet was greater than that in female db/db mice (Fig. 2C and 2D).

Histopathological analyses
Pathological findings in the glomeruli, renal tubules, and tubulointerstitium are shown in Table 5 (male), Table 6 (female) and

Table 1. Biological parameters in male C57BL/6J, db/db, and KK-Ay mice at 14 weeks of age

Mouse strain C57BL/6J db/db KK-Ay
Diet NC HFS NC HFS NC HFS

Body weight (g) 27.3+0.8 31.8+34 455 + 1.6%* 53.9 +3.8%* 1f 49.2 + 3.5%* 53.4 +£3.0%*
Glucose (mg/dL) 276 £ 13 303 +44 904 + 52%* 922 + 154%* 630 + 29%** 833 £ 95 Tf
Insulin (ng/mL) 0.53+0.19 1.56 +1.17 3.02+1.05 1.04 +0.55 14.5 + 6.51** 8.69 +5.17%7#
Triglyceride (mg/dL) 54.1+£16.9 121.6 £78.9 317.0£167.0 191.5+82.9 611.5+£199.3%*  633.1 £265.2%*#
Total cholesterol (mg/dL) 82.5+7.6 1549+ 1597 1664 £10.4%*  318.6 £34.5%* T  180.1 £ 12.1*%*  214.4 £ 16.2%* -#
Urine volume (mL/8 hr) 0.22+0.13 0.22+0.21 2.72 + 1.57* 321+ 1.77* 0.59 +0.41 1.82 +1.47
Urine protein (mg/8 hr) 0.79 £ 0.31 1.02 +0.98 1.45+0.86 3.32+£2.04 2.83+2.18 4.98 +2.20*
Urine protein/creatinine ratio 0.012+£0.002 0.014+0.004 0.010=+0.004 0.016 £ 0.007 0.039 £0.012**  0.041 +0.016*
Creatinine clearance (mL/hr*g) 0.38 +0.25 0.31+0.24 0.47 +£0.23 0.66 + 0.28 0.20+0.13 0.37+0.25

Data represent means + SD (n=4-5). *P<0.05, **P<0.01; significant difference between C57BL/6J mice and db/db or KK-Ay mice in each diet. TP<0.05,
1P<0.01; significant difference between normal chow (NC) diet and high-fat/high-sucrose (HFS) diet in each strain. *P<0.05, ##P<0.01; significant difference
between db/db mice fed HES diet and KK-Ay mice fed HFS diet.

Table 2. Individual raw data of urine creatinine and serum creatinine in male C57BL/6J, db/db, and KK-Ay mice at 14 weeks of age

} Urine creatinine (mg/dL) Serum creatinine (mg/dL)
Iﬁfr;ngzl C57BL/6J db/db KK-Ay C57BL/6J db/db KK-Ay

NC HFS NC HFS NC HFS NC HFS NC HFS NC HFS

1 59.60 27.20 7.17 543 26.83 18.78 0.12 0.08 0.12 0.12 0.10 0.10

2 36.35 42.20 5.25 8.45 9.64 32.83 0.10 0.12 0.08 0.02 0.10 0.10

3 35.32 40.48 9.91 5.51 22.45 20.92 0.10 0.10 0.06 0.04 0.08 0.16

4 26.00 52.70 4.77 5.05 6.02 14.12 0.06 0.10 0.10 0.06 0.10 0.08

5 26.95 58.10 3.75 11.56 13.26 11.44 0.08 0.08 0.08 0.08 0.14 0.12

NC; normal chow diet, HFS; high-fat/high-sucrose diet.

J Vet Med Sci 87(2): 138-146, 2025 140



The Jourpul of
Veterinary
Medical

Science RENAL CHANGES IN DB/DB AND KK-AY MICE

Table 3. Biological parameters in female C57BL/6J, db/db, and KK-Ay mice at 14 weeks of age

Mouse strain CS57BL/6] db/db KK-Ay

Diet NC HFS NC HFS NC HFS
Body weight (g) 215+ 1.5 225+ 1.6 48.7 + 4.4%* 58.2 +£2.0%% Tf 53.8 £5.0%* 63.6 £ 4.8%* T
Glucose (mg/dL) 196 £ 16 237+22 897 + 48** 986 + 176** 554 + 168** 705 & 75%* #
Insulin (ng/mL) 0.70 + 0.37 0.58 +£0.10 1.98 +1.94 1.33+0.72 124.2 +45.3%* 43.3 £23.6% :#
Triglyceride (mg/dL) 31.0+18.8 26.9+19.3 303.0 £ 53.3 198.9 £ 127.0 4589+ 75.8 1,324.3 + 546.9%* 1. #
Total cholesterol (mg/dL) 70.5+5.8 105.0 + 8.2 1542+ 13.0%  256.5+43.0%% T 213.1 £32.8%*  312.6+ 69.2%* 1
Urine volume (mL/8 hr) 0.29+0.19 0.16 +0.12 2.52 +2.04* 3.21 +£0.66%* 1.55+0.29 3.44 +£0.97**
Urine protein (mg/8 hr) 0.35+0.30 0.24+0.13 0.45+0.34 1.05+0.29 529 +4.1* 10.85 + 5.0%* ##
Urine protein/creatinine ratio  0.004 £ 0.001  0.003 + 0.000 0.003 +£0.002  0.003 +0.002 0.028 £0.016*  0.036 £ 0.019%* #*
Creatinine clearance (mL/hr*g) 0.42 +0.36 0.27+0.16 0.49 +0.29 0.47 +0.30 0.32 +0.06 0.32 +0.06

Data represent means = SD (n=4-5). *P<0.05, **P<0.01; significant difference between C57BL/6J mice and db/db or KK-Ay mice in each diet. "TP<0.01;
significant difference between normal chow (NC) diet and high-fat/high-sucrose (HFS) diet in each strain. #P<0.05, #P<0.01; significant difference between db/
db mice fed HFS diet and KK-Ay mice fed HFS diet.

Table 4. Individual raw data of urine creatinine and serum creatinine in female C57BL/6J, db/db, and KK-Ay mice at 14 weeks of age

Urine creatinine (mg/dL) Serum creatinine (mg/dL)

I‘x‘rg;‘:i C57BL/6] db/db KK-Ay C57BL/6] db/db KK-Ay
NC HFS NC HFS NC HFS NC HFS NC HFS NC HFS
1 1270 2990 500 2250 1540  20.10  0.16 0.16 Nodata  0.12 0.12 0.16
2 3470 3410  5.70 600 1260 2370  0.12 0.12 0.12 0.16 0.16 0.12
3 38.10 2470  4.80 830 1080 1740  0.12 0.16 0.12 0.08 0.12 0.24
4 2320 2660  8.60 640 1280 3030  0.16 0.16 0.04 0.12 0.20 0.20
5 3540 Nodata  6.20 720 1460 2580  0.12 0.20 0.16 0.16 0.16 0.24

NC; normal chow diet, HFS; high-fat/high-sucrose diet.

z

Fig. 3 (HE and SR staining). Regarding glomerular results, very slight changes (+)

- t
:z | anc onEs E of mesangial hyperplasia and fibrosis were observed in male db/db mice fed the
g" 0s | . o HFS diet and KK-Ay mice fed both diets. Very slight changes () of glomerular
2 ** hypertrophy were also observed in KK-Ay mice.
= 06 [ . o .
E sl Renalv tubula_r chapges, such as regengratlon, tu’bular_ dlla_tlon, urinary cast, and
g Armanni-Ebstein lesion, were observed in both diabetic mice as a grade of very
02 J_'_‘ slight (+) to moderate (2+) and more frequently observed in KK-Ay mice.
00 CSTBL/6S ' db/db ' KK-Ay Tubulointerstitial changes, such as infiltration inflammatory cell and fibrosis, were
14 Weeks of age observed in KK-Ay mice fed the HFS diet with a grade of very slight (%) or slight
® (+) and KK-Ay mice fed the NC diet also showed very slight changes of fibrosis;
12 however, tubulointerstitial lesions were not observed in db/db mice.
g 10 meoms Lipid accumulation in the kidney was evaluated by Oil Red O staining (Fig. 4).
;g 08 o M In C57BL/6J mice, no lipid accumulation was observed in either the NC diet or the
;i 0.6 b h HFS diet. In db/db mice, lipid accumulation was observed in all staining samples,
.g 0.4 ﬂ and the lipids accumulated in the macula densa and tubules. In KK-Ay mice, lipid
02 accumulation was observed in two out of five mice fed the NC diet and in all mice
0.0 CSTBLIG ' b/ ‘ KKoAy fed the HFS diet. The lipid accumulation was observed in the glomeruli of the KK-Ay
14 Weeks of age mice. This lipid accumulation deteriorated with the HFS diet.
Fig. 1. Kidney weights of 14-week-old Renal mRNA expression

C57BL/6], db/db, and KK-Ay mice. Kidney
weight in male (A) and female (B) mice. Data
are presented as means = SD (n=5). ¥**P<(.01;
significant difference between C57BL/6J
mice fed normal chow (NC) diet and db/db or
KK-Ay mice. P<0.05, 1P<0.01; significant
difference between NC diet and high-fat/high-
sucrose (HFS) diet in each strain. #P<0.01;
significant difference between db/db mice fed
HES diet and KK-Ay mice fed HFS diet.

The mRNA levels of fibrotic genes, such as TGF-f and TIMP-1 in the kidney were
measured. The TGF-3 mRNA levels were tended to increase in male diabetic mice
fed the HFS diet (Fig. SA). TIMP-1 mRNA levels increased or tended to increase
in male and female KK-Ay mice, and the increase in TIMP-1 mRNA levels in male
mice was enhanced by the HFS diet (Fig. 5B).

DISCUSSION

DKD develops in approximately 40% of the patients with diabetes and is a
common cause of ESRD [5, 28]. Some patients with DKD progress to ESRD despite
adequate multifactorial treatment, including diet therapies and glycemic, lipid, and
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: o Fig. 2. Glomerular size of 14-week-old
C57BL/6J db/db KK-Ay C57BL/6J db/db KK-Ay C57BL/6J, db/db, and KK-Ay mice.
14 Weeks of age 14 Weeks of age Major (A) and minor (B) axis in male
mice. Major (C) and minor (D) axis
© 100 mNC Tw o 100 mNC in female mice. Data are presented as
OHFS + means = SD (n=5). **P<0.01; significant
g 80 o) 80 iy difference between C57BL/6J mice fed
z 60 2 normal chow (NC) diet and db/db or KK-
; £ Z Ay mice. TP<0.05, T1P<0.01; significant
s £ difference between NC diet and high-fat/
20 high-sucrose (HFS) diet in each strain.
0 #pP<0.01; significant difference between

CS57BL/6J db/db KK-Ay

14 Weeks of age

C57BL/6J db/db KK-Ay db/db mice fed HFS diet and KK-Ay
14 Weeks of age mice fed HFS diet.

Table 5. Histopathological findings in kidney of male C57BL/6J, db/db, and KK-Ay mice at 14 weeks of age

Strain C57BL/6] db/db KK-Ay
Diet NC HFS NC HFS NC HES
Animal No. 1 23456 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Glomeruli
Hypertrophy - — — — — — — — — — - - - - - - - - - - £ - - - - £ - - - -
Mesangial hyperplasia ~ - — — — — — — — — — - - - - - - £ - - - - - - * - £ - * - +
Fibrosis - - - - - - - - — - - - - - - - - - - £ - - - - - - - - £+ -
Renal tubule
Regeneration = ===0— — — - - - — — — - - - - - £ - £ - - - £ - - 4+ * £ £ - - &£
Tubular dilatation - — — — — — — — — — — — — - - ENEEEEEEEE = —  — - [
Urinary cast - — — — — — — — — — - - - - £ - - - - - £ - - + £ £ - £ - £
Armanni-Ebstein lesion - - - — — — — — — — - - - — —EERDE N+ -+ o fE
Tubulointerstitium
Infiltration inflammatory cell - - - - - — — — — — - - - - - = - - - - - - - - - - £+ £ £ -
Fibrosis + - - - - - + - - = - - - - - - - - - - - - — £ x - * * + %
Grades of severity for findings: negative (—), very slight (), slight (+), or moderate (2+). NC; normal chow, HFS; high-fat/high-sucrose.
Table 6. Histopathological findings in kidney of female C57BL/6J, db/db, and KK-Ay mice at 14 weeks of age
Strain CS57BL/6J db/db KK-Ay
Diet NC HES NC HES NC HEFS
Animal No. 1 23456 7 891011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Glomeruli
Hypertrophy - — — — — — — — — - - - - - - - - - - - - - - -+ £+ - - -
Mesangial hyperplasia ~ - — — — — — — — — T
Fibrosis - - - - - - — — — - - - - - - = = - - - -+ - - - - +* = * -
Renal tubule
Regeneration 00— — — — — - - — — - - - - - - = - - - - — £+ - *£ - - 4+ - + -
Tubular dilatation - — — — — — — — — - - - - - - - - - - - - 4+ - £ - - £ x £+ +
Urinary cast = — — — — — — — — — - - - - - - £ - - - - - 4+ + £ - - + + £ £
Armanni-Ebstein lesion. - - — — - — — — — - - - £ - - - - - - - - - - - - - + - £ %
Tubulointerstitium
Infiltration inflammatory cell - - - - - — — — — - - - - - - = = - - - - - - - - = - & - -
Fibrosis + - - - - - + — - - - - - - - - - - - - £ - - - - £ * £ -

Grades of severity for findings: negative (—), very slight (£), slight (+), or moderate (2+). NC; normal chow, HFS; high-fat/high-sucrose.
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(A)

(D)

(G)

Fig. 3. Histological representative images of 14-week-old male C57BL/6J, db/db, and KK-Ay mice. (A)—(F) HE staining, (G)—(L) SR staining.
(A, G) C57BL/6J mice fed normal chow (NC) diet (Animal No. 1). (B, H) db/db mice fed NC diet (Animal No. 11). (C, I) KK-Ay mice fed NC
diet (Animal No. 24). (D, J) C57BL/6J mice fed high-fat/high-sucrose (HFS) diet (Animal No. 6). (E, K) db/db mice fed HFS diet (Animal No.
20). (F, L) KK-Ay mouse fed HFS diet (Animal No. 29). Bar=100 um.

blood pressure control by drug therapies [ 15, 20]. Therefore, novel and beneficial therapies for DKD must be developed. Animal models
are important for elucidating the pathogenesis of diseases and developing new therapies, and are essential for further advancement
in disease research, including nephrology. Many animal models of diabetes have been established to study diabetic complications
including DKD [12, 16, 34].

In the present study, we investigated the pathophysiological features of db/db and KK-Ay mice fed a HFS diet. Tubulointerstitial
fibrosis, a common pathway in CKD, has not been observed in db/db and KK-Ay mice fed a standard diet [16]. Both db/db and KK-Ay
mice showed glucose/lipid metabolism abnormalities, and KK-Ay mice showed marked hyperinsulinemia, suggesting the development
of strong insulin resistance. The blood glucose levels of db/db mice were higher than those of KK-Ay mice, but isoflurane anesthesia
has an elevating effect on blood glucose levels [7], and the background of these blood glucose levels must be carefully considered. In
another preliminary study, the blood glucose level of unanesthetized db/db mice was approximately 480 mg/dL (mean value of four
16-week-old mice). The HFS diet tended to worsen renal parameters, as indicated by changes in urine volume and urinary protein. In
male db/db and KK-Ay mice fed the HFS diet, creatinine clearance increased, suggesting modulation of renal function.
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Fig. 4. Histological representative images of 14-week-old male C57BL/6J, db/db, and KK-Ay mice. (A) C57BL/6J mice fed normal chow (NC)
diet (Animal No. 1). (B) db/db mice fed NC diet (Animal No. 11). (C) KK-Ay mice fed NC diet (Animal No. 24). (D) C57BL/6J mice fed high-
fat/high-sucrose (HFS) diet (Animal No. 6). (E) db/db mice fed HFS diet (Animal No. 20). (F) KK-Ay mouse fed HFS diet (Animal No. 29). Oil
red O staining, bar=50 pm.
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In pathological analyses, morphological changes such as renal hypertrophy and an increase in glomerular size were observed in both
diabetic mice, and these changes were enhanced by the HFS diet. Hypercholesterolemia was enhanced by the HFS diet. Cholesterol
is a macronutrient that contributes to the development and progression of renal diseases [3, 13, 43]. Hypercholesterolemia adversely
affects cellular functions and signaling pathways, including mitochondrial function and hypoxic and inflammatory response [41].

Histopathological findings in the glomeruli, renal tubules, and/or tubulointerstitium were observed in both diabetic mice, and both
the severity and frequency of the lesions were clearly stronger in KK-Ay mice than in db/db mice. Moreover, all lesions were more
clearly observed in the male mice than in the female mice. Tubulointerstitial fibrosis was clearly observed in KK-Ay mice fed the HFS
diet; however, fibrosis changes were not observed in db/db mice. Because hyperinsulinemia was more significant in KK-Ay mice than
in db/db mice, strong insulin resistance in KK-Ay mice may contribute to the development and progression of tubulointerstitial fibrosis.
Increased insulin resistance increases the secretion of inflammatory factors from adipose tissue, which can lead to the accumulation of
ectopic fat [4], thereby causing renal damage through increased endoplasmic reticulum stress and oxidative stress. Actually, an increase

J Vet Med Sci 87(2): 138-146, 2025 144



The Journal of

Veterinary

Medical

Science RENAL CHANGES IN DB/DB AND KK-AY MICE

in fat accumulation in the glomeruli showed a similar tendency to increase of tubulointerstitial fibrosis. People with insulin resistance
are more likely to develop renal complications [1]. Hyperinsulinemia induces inappropriate dilation of afferent arterioles, resulting
in glomerular and tubular lesions [17]. It has also been reported that the HFS diet increases blood pressure [18], and hemodynamic
abnormalities due to hypertension may be involved in these lesions. The pathological evaluation of glomeruli is presented as the
ratio of the number of abnormal glomeruli to the total number of glomeruli, and is limited in that it does not assess the severity of
each glomerulus. It has also been reported that interstitial fibrosis is promoted when renal tubular lesions are severe [38], and tubular
lesions are clearly stronger in KK-Ay mice. Moreover, leptin is reportedly associated with development and progression in hepatic
fibrosis [23]. The leptin receptor in renal tubular cells plays a key role for the response to diet-induced hyperleptinemia and obesity
including albuminuria [14]. Leptin signaling is impaired in db/db mice and interstitial fibrosis may not be observed in db/db mice.
Crosstalk between insulin and leptin signaling has also been reported, and attenuation of insulin signaling leads to enhancement of
leptin signaling [37]. Hyperinsulinemia in KK-Ay mice may further enhance leptin signaling. The progression of DKD is thought to
involve a complex combination of insulin signaling, leptin signaling, lipid metabolism, and other factors, but these results suggest
that abnormalities in insulin signaling are a particularly important factor. There is a discrepancy between the incidence of glomerular
size measurements (Fig. 2) and glomerular pathological findings including hypertrophy and mesangial hyperplasia (Table 5 and 6).
It is possible that the amount of change in glomerular size is not large, but this discrepancy needs to be investigated in future studies
with a longer period.

Pathological lipid accumulation in the glomeruli is one of the prominent features in DKD and the lipotoxicity is closely related
to the onset and progression of DKD [11, 44]. Lipid accumulation in podocytes plays a key role in development of DKD, and the
glomerular lipid accumulation is a potential therapeutic target in DKD [11]. Moreover, lipid droplet deposition in the kidney of db/db
mice is reportedly increased compared to that in C57BL/KSJ mice [45]. Interestingly, the lipid accumulation sites in the kidneys were
different from db/db mice (macula densa) and KK-Ay mice (glomeruli). Tubulointerstitial fibrosis in KK-Ay mice may be enhanced by
glomerular lipid accumulation via a HFS diet. Furthermore, the diet appears to increase glomerulus fat accumulation with prolonged
administration. Tubulointerstitial damage is closely correlated with glomerular damage in renal disease models [30, 39], and abnormal
protein filtration induces the progression of renal damage toward interstitial fibrosis and glomerular sclerosis [46].

In conclusion, differences in pathological changes in response to a HFS diet were observed between db/db and KK-Ay mice. The
diet exacerbated renal lesions with tubulointerstitial fibrosis in KK-Ay mice, suggesting its usefulness as a DKD model.
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