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Abstract

Background Although randomized clinical trials revealed that inhibitors of sodium-glucose cotransporter 2 (SGLT2)
reduced the risk of cardiovascular and renal events in patients with type 2 diabetes, the underlying molecular mecha-
nisms remain to be elucidated. Since there is accumulating evidence that AGEs and their receptor (RAGE) play a cru-
cial role in diabetes-related complications, we examined here whether empagliflozin ameliorates renal and metabolic
derangements in db/db mice, an obese type 2 diabetes animal by blocking the AGE-RAGE axis.

Methods Eight-week-old db/db mice were fed a 0.045% empagliflozin diet (db/db +Empa) or normal diet (db/

db) for 13 weeks. The same week-old db/+ m mice were maintained on normal diet (db/+m) used as a control. At
baseline and 13 weeks after intervention, biochemical analyses in the serum and urine were performed, and kidneys
and adipose tissues were obtained for morphological, immunohistochemical, and reverse transcription-polymerase
chain reaction analyses.

Results Empagliflozin treatment for 13 weeks significantly reduced AGEs, N*(5-hydro-5-methyl-4-imidazolon-2-yl)-
ornithine (MG-H1), RAGE, NADPH oxidase-derived oxidative stress, inflammatory and fibrotic reactions in the kid-
neys of db/db mice of 21-week-old in association with attenuation of glomerular extracellular matrix accumulation,
podocyte loss, proteinuria, and tubulointerstitial damage. Empagliflozin also reduced the AGE-RAGE-oxidative stress-
induced inflammatory reactions in the adipose tissues of db/db mice, which was associated with restoration of adi-
ponectin levels and decreased insulin resistance. Serum MG-H1 levels of control and db/db mice at 21 weeks of age
were significantly associated with proteinuria, tubulointerstitial damage, tissue AGEs levels, and serum monocyte
chemoattractant protein-1 and adiponectin (inversely) values.

Conclusions Our present findings suggest that empagliflozin could ameliorate renal and metabolic derangements
in type 2 diabetes animals by attenuating the AGE-RAGE axis.
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Introduction

According to the report of Diabetes Atlas 10th Edition
2021, 537 million adults are estimated to be living with
diabetes, and the number of patients with diabetes is
predicted to increase to 734 million by 2045 (Ogurtsova
et al. 2022). The rise in number of patients with type 2
diabetes mellitus is due to aging of the world popula-
tion, unhealthy life habits, and increasing prevalence of
obesity, which in concert could cause insulin resistance
and eventually chronic hyperglycemia (Ogurtsova et al.
2022; Barbieri et al. 2024). The risk of cardiovascular and
renal events is dramatically increased in type 2 diabetes
patients; half of them die from these devastaing disor-
ders, and more than 10% of the global health expendi-
ture (966 billion US dollars) is spent for the treatment of
diabetes (Ogurtsova et al. 2022; Rao Kondapally Seshasai
et al. 2011). These observations suggest that prevention
and management of obesity, insulin resistance and its-
associated cariovascular and renal disease are of utmost
importance in patients with type 2 diabetes.

Inhibitors of sodium-glucose cotransporter 2
(SGLT2is) are an oral hypoglycemic agent, which ame-
liorates hyperglycemia in type 2 diabetes by promot-
ing urinary glucose excretion via suppression of glucose
reabsorption in S1 segment of renal proximal tubule
(Yanagisawa et al. 2020). Systematic review and meta-
analyses of randomized clinical trials have shown that
SGLT2is significantly reduce the risk of all-cause death,
major cardiovascular events, and renal composite out-
come in patients with type 2 diabetes (Marilly et al. 2022;
Yang et al. 2024). Since SGLT2i has also been reported
to reduce body weight, waist circumference, and visceral
fat volume in patients with type 2 diabetes (Bekki et al.
2019), SGLT2is could be a promising oral hypoglycemic
agent for the treatment of type 2 diabetes with obesity
and insulin resistance, especially those with a previously
history of cardiovascular disease. However, the underly-
ing molecular mechanisms for cardiorenal and metabolic
protection by SGLT2is are not fully understood.

Monosaccharide, such as glucose, fructose, and glyc-
eraldehyde react non-enzymatically with amino groups
of proteins, nucleic acids, and lipids to form Amadori
products and then by a complex series of rearrange-
ment, dehydration, and condensation to generate senes-
cent pathological macromolecules called advanced
glycation end products (AGEs) over a course of days to
weeks (Yamagishi and Matsui 2019). The formation and
accumulation of AGEs has progressed under a physi-
ological aging process, especially under chronic hyper-
glycemic and inflammatory conditions, and engagement
of the receptor for AGEs (RAGE) with AGEs elicits oxi-
dative stress generation and evokes inflammatory reac-
tions, thereby being involved in various aging-related
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cardiorenal and metabolic disorders (Yamagishi and
Matsui 2019; Ramasamy et al. 2011; Genuth et al. 2005;
Thomas et al. 2005; Yamagishi 2012). Several experimen-
tal studies have suggested that SGLT2is could exhibit
anti-aging effects by improving many of aging-related
pathological processes (Russo et al. 2024). Given the
active involvement of AGE-RAGE axis in numerous
kinds of aging-related complications in diabetes (Yamagi-
shi and Matsui 2019; Ramasamy et al. 2011; Genuth et al.
2005; Thomas et al. 2005; Yamagishi 2012), SGLT2is may
work as anti-AGEs agents. However, the role of pharma-
cological interventions with SGLT2is in the AGE-RAGE
signaling pathway, especially in diabetes-associated car-
diorenal and metabolic disorders remains unknown.
Therefore, we examined here whether empagliflozin
ameliorates renal and metabolic derangements in db/db
mice, an obese type 2 diabetes animal by blocking the
AGE-RAGE axis.

Methods

Materials

Animal diets with or without 0.045% empagliflozin were
generously provided by Boehringer Ingelheim (Ingel-
heim, Germany). N*-(5-hydro-5-methyl-4-imidazolon-2-
yl)-ornithine (MG-H1) acetate salt was purchased from
Iris Biotech (Marktredwitz, Germany).

Animals

Male db/db mice (BKS.Cg-+ Lepr®/+Lepr?®/jcl) and
db/+m mice (BKS.Cg-m+/+ Lepr®/Jcl) were purchased
from CLEA Japan (Tokyo, Japan). Eight-week-old db/db
mice were fed a 0.045% empagliflozin diet (db/db + Empa)
or normal diet (db/db) for 13 weeks randomly. The same
week-old db/+ m mice were maintained on normal diet
(db/+m) used as a control.

Blood pressure and heart rate of 8- and 21-week-old
mice were measured as described previously (Matsui
et al. 2017). Hematocrit was measured using an auto-
mated hematology analyzer KX-21 (Sysmex, Kobe,
Japan). Echocardiography of 21-week-old mice was per-
formed under isoflurane anesthesia using Vevo 3100
Imaging System (FujiFilm VisualSonics, Toronto, Can-
ada), and the E/e’ ratio (mitral inflow velocity/tissue
Doppler mitral annulus velocity) was calculated using
the Vevo LAB version 2.1.0 software (FujiFilm VisualSon-
ics). Then mice were sacrificed after an overnight fasting,
blood, kidneys, and adipose tissues were obtained for
NADPH oxidase activity assay, real-time reverse tran-
scription-PCR  (RT-PCR), biochemical, immunohisto-
chemical and morphological analyses.

Serum C-reactive protein (CRP), insulin, and adi-
ponectin and MCP-1 were measured with ELISA sys-
tems from R&D Systems (Minneapolis, MN), Shibayagi
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(Gunma, Japan), and Abcam (Cambridge, UK), respec-
tively. HOMA-IR was calculated according to the fol-
lowing formula: HOMA-IR=blood glucose (mg/
dL) X insulin (uU/mL)/405. Other blood chemistry was
analyzed with standard enzymatic methods as described
previously (Matsui et al. 2017). All the data were included
and analyzed in a blind manner. All experimental proce-
dures were conducted in accordance with the National
Institutes Health Guide for Care and Use of Laboratory
Animals and were approved by the ethnical committee
of Kurume University School of Medicine (Approval No.
2019-160, 2020-092, 2021-082).

Measurement of urinary protein and kidney injury
molecular-1 (KIM-1) excretions, and N-acetyl-B-p-glucosam
inidase (NAG) activity

Proteinuria was determined with Protein Assay BCA kit
from Nacalai Tesque (Kyoto, Japan) as described previ-
ously (Beretov et al. 2014). Urinary KIM-1 excretion was
measured with ELISA (R&D Systems). Urinary NAG
activity was measured by a colorimetric assay kit BioVi-
sion (Milpitas, CA). Urinary creatinine levels were meas-
ured using a Serotec CRE-L (Serotec, Sapporo, Japan).

ELISA for MG-H1

Serum MG-H1 levels were measured with ELISA.
In brief, 96-well plate was coated with 1 pg/mL MG-
H1-conjugate BSA, and then twofold diluted mice serum
(50 puL) were added to each well as a competitor against
50 pL of 1:5000-diluted horseradish peroxidase-labeled
MG-H1 antibody (STA-011; Cell Biolabs, San Diego, CA,
USA). After 2 h-incubation at 4 °C, colorimetric substrate
was added to the well. Absorbance at 450 nm was meas-
ured. Serum protein levels were measured with Pierce
660 nm Protein Assay Kit (Thermo Fisher Scientific K.K.,
Tokyo, Japan).

Immunostaining and morphological analysis

The kidney and adipose tissue sections were incubated
overnight at 4 °C with antibodies, and the reactions
were visualized with a Histofine Simple Stain Rat MAX-
POMULTI kit (Nichirei Co., Japan) as described pre-
viously (Matsui et al. 2017). Antibodies raised against
AGEs, MG-H1 (Cell Biolabs), RAGE (SC-5563; Santa
Cruz Biotechnology, Dallas, TX), F4/80 (SC-25830; Santa
Cruz Biotechnology), nitrotyrosine (SMC-154D; Stress-
Marq Biosciences, British Columbia, Canada), MCP-1
(ab7202; Abcam), type I collagen (ab34710; Abcam),
podocin (ab181143; Abcam), KIM-1 (ab47635; Abcam),
tumor necrosis factor-a (TNF-a) (ab34674; Abcam),
Wilms’ tumor 1 (WT1) protein (M3561; Dako, Santa
Clara, CA, USA), 4-hydroxynonenal (4-HNE) (MHN-
020P; NIKKEN SEIL, Shizuoka, Japan), adiponectin
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(SC-53910; Santa Cruz Biotechnology), and plasminogen
activator inhibitor-1 (PAI-1) (SC-8979; Santa Cruz Bio-
technology) were used for immunostaining and western
blot analyses. Immunohistoreactivity in 5 different fields
of each sample was quantified by percentage and inten-
sity of brown stainings, and 3 um paraffin sections were
stained with Masson’s trichrome for light microscopic
analysis (Matsui et al. 2017). Fold respected to 8-week-
old control mice.

RT-PCR

Real-time RT-PCR was performed as described previ-
ously (Matsui et al. 2017). Identifications of primers
for mouse Rage, p22phox, NADPH oxidase 1 (NoxI),
NADPH oxidase 2 (Nox2, also known as gp91phox),
NADPH oxidase 4 (Nox4), p47phox, p67phox, Mcp-
1, type I collagen, Kim-1, Tnf-a, adiponectin, and 18S
genes were MmO00545815_ml1, Mm00514478_ml,
MmO00549170_m1, MmO01287743_m1, MmO00479246_
ml, Mm00447921_m1, MmO00726636_s1,
MmO00441242_m1, MmO00801666_gl, MmO00506686_
ml, Mm00443258_m1, MmO00456425_m]1, and
Mm03928990_g1, respectively. Data were normalized by
the intensity of 18s-derived signals and then related to
the value of 8-week-old db/ +m mice.

Measurement of NADPH oxidase activity
NADPH oxidase activity was measured by a lumines-
cence assay (Matsui et al. 2017).

Statistical analysis

All values were presented as mean + SD. Statistical analy-
sis was conducted using R version 4.3.1 software (The R
Foundation for Statistical Computing Platform, Vienna,
Austria). Data normality was tested using the Shapiro—
Wilk normality test. The normally distributed data were
followed by ANOVA with the Tukey—Kramer test. For
data that not follow a normal distribution, Steel-Dwass
test was performed. The parametric coefficient of Pear-
son’s correlation was used to analyze the correlation
between the two groups. All p-value<0.05 was consid-
ered significant.

Results

Clinical characteristics of animals

Clinical characteristics of animals are shown in Table 1.
Body weight, food intake, fasting blood glucose, HOMA-
IR, total-cholesterol, HDL-cholesterol, blood urea nitro-
gen, CRP, AST, ALT, and ratio of liver weight to femur
length in 8-week-old db/db diabetic mice were signifi-
cantly higher than those of non-diabetic db/+ m mice of
the same age. Furthermore, compared with 21-week-old
db/+m mice, body weight, food intake, fasting blood
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Table 1 Clinical characteristics of mice
Characteristics 8-week-old mice 21-week-old mice

db/+m db/db db/+m db/db db/db + Empa
Number 5 5 6 6 6
Body weight (g) 246+10 36.1+0.5%* 32.7+09 47.2+53tt 575+3.6%++
Food intake (g/day) 40402 8.5+0.2%* 28+04 49+0.2tt 6.6+0.0+F
Heart rate (beats/min) 508+78 532+42 594 +64 541+30 563+53
Mean blood pressure (mmHg) 92+5 90+7 97+6 89+7 92+7
Fasting blood glucose (mg/dL) 139£17 296+ 60** 103£21 601 +68tt 173 £264+
Hematocrit (%) 48+6 54+8 46+2 46£6 49+3
HOMA-IR 16+8 86+ 20** 5+5 168+ 321t 71+£14%F
Total-cholesterol (mg/dL) 67+5 96 £ 7** 72+6 108 £ 201t 12717
HDL-cholesterol (mg/dL) 56+5 97 £ 7%* 68+6 119+ 261t 148 +22
Triglycerides (mg/dL) 131421 46+12 62+40 118+ 64 48+23
Blood urea nitrogen (mg/dL) 19+4 27 +3** 20+5 21+4 29+ 6%
Creatinine (mg/dL) 0.17+0.03 0.21+0.05 025+0.17 0.18+0.04 0.18+0.07
Kidney weight/femur length(mg/mm) 14+£2 15+2 16+2 22+31t 21+3
Serum CRP (ug/mL) 95+03 16.8+4.7** 80+19 184+24% 11.5+1.6%
Serum MG-H1 (ng/mg protein) 238£5.0 16.1+£3.6 149+26 29.1+£821% 179+4.7%
AST (U/L) 78+49 273+177% 305+317 254+76 316+245
ALT (U/L) 65+44 235+£233% 80+55 2244911t 220+127
Liver weight/femur length (mg/mm) 86+6 183 £23** 91+15 23021t 185+28%
Heart weight/femur length (mg/mm) 10£2 10£1 1241 1241 1241
E/e' - - 196+72 33.6+441t 203+6.5%

Data are presented as mean +SD

™, p<0.01 compared with 8-week-old db/+m mice. + and t1, p<0.05 and p<0.01 compared with 21-week-old db/+m mice, respectively. + and +, p<0.05 and

p<0.01 compared with 21-week-old db/db mice, respectively

glucose, HOMA-IR, total-cholesterol, HDL-cholesterol,
CRP, serum MG-H1, ALT, and ratios of kidney and liver
weights to femur length, and E/e’ ratio were significantly
elevated in 21-week-old db/db diabetic mice (Table 1).
Thirteen-week empagliflozin treatment significantly
inhibited the increase in fasting blood glucose, HOMA-
IR, CRP, serum MG-H]I, ratio of liver weight to femur
length, and E/e’ ratio in 21-week-old db/db diabetic mice,
while body weight, food intake, and blood urea nitrogen
of empagliflozin-treated diabetic mice at 21 weeks of age
were higher than those of non-treated diabetic mice of
the same age.

Effects of empagliflozin on AGE-RAGE-oxidative stress axis
in the kidneys of diabetic mice

As shown in Fig. la—g, although there were no signifi-
cant differences in markers of AGE-RAGE axis except for
MG-H1 levels between diabetic and non-diabetic mice at
8 weeks of age, AGEs, MG-H1, RAGE mRNA and protein
levels, nitrotyrosine, an oxidative stress marker, NADPH
oxidase-derived superoxide generation, and gene expres-
sion levels of components of NADPH oxidase, such as
NoxI and p47phox were significantly increased in the

kidneys of 21-week-old diabetic mice, all of which were
inhibited by empagliflozin treatment for 13 weeks. Serum
MG-H1 levels of mice at 21 weeks of age were highly cor-
related with AGEs levels in the kidneys (Fig. 1h).

Effects of empagliflozin on renal damage of diabetic mice

As shown in Fig. 2, renal MCP-1 mRNA and KIM-1 lev-
els and urinary NAG activity of 8-week-old db/db mice
were significantly higher than those of non-diabetic
db/m + mice of the same age. However, there were no sig-
nificant differences in other renal injury markers between
the two groups. Gene and protein expression levels of
MCP-1 and type 1 collagen and macrophage infiltration
in the kidneys of 21-week-old db/db mice were signifi-
cantly higher than those of non-diabetic control mice of
the same age in association with increased glomerular
extracellular matrix accumulation, all of which were sup-
pressed by the treatment of empagliflozin for 13 weeks.
Furthermore, compared with 21-week-old non-diabetic
control mice, immunostaining levels of podocin and
WT-1, markers of podocytes (Matsui et al. 2017) were
significantly decreased, and renal gene and protein
expressions of KIM-1, proteinuria, and urinary KIM-1
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Fig. 1 Effects of empagliflozin on AGE-RAGE-oxidative stress axis in the kidneys of diabetic mice. Levels of AGEs (a), MG-H1 (b), RAGE protein (c),
RAGE mRNA (d), nitrotyrosine (e), NADPH oxidase-derived superoxide generation (f), and gene expression levels of components of NADPH oxidase
(g). a—c and e: Each left panel shows representative immunostainings of AGEs (a), MG-H1 (b), RAGE protein (c), and nitrotyrosine (e) in the kidneys.
Each right panel shows the quantitative data. h: Correlation of serum MG-H1 with kidney AGEs levels. #, p <0.05 compared with 21-week-old
non-diabetic db/m + mice. ¥ and %, p <0.05 and p <0.01 compared with 21-week-old diabetic db/db mice, respectively
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Fig. 2 Effects of empagliflozin on renal damage of diabetic mice. Levels of MCP-1 protein (a), MCP-1 mRNA (b), F4/80 (c), type 1 collagen (d), type 1
collagen mRNA (e), glomerular extracellular matrix accumulation (f), podocin (g), WT-1 (h), KIM-1 (j), and KIM-1 mRNA (k) in the kidneys, proteinuria
(i), and urinary KIM-1 excretion (I) and NAG activity (m). a, ¢, d, f-h, and j: Each left panel shows representative immunostainings of MCP-1 protein
(@), F4/80 (c), type 1 collagen (d), glomerular extracellular matrix accumulation (f), podocin (g), WT-1 (h), and KIM-1 (j). Each right panel shows

the quantitative data. n Correlation of serum MG-H1 with proteinuria, and urinary KIM-1 excretion and NAG activity. ¥ and #+, p<0.05 and p <0.01

compared with 21-week-old diabetic db/db mice, respectively. Cre, creatinine
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Fig.2 continued

excretion and NAG activity were increased in db/db mice
of the same age (Fig. 2g—m). Empagliflozin treatment for
13 weeks significantly restored the decrease in podocin
and WT-1 expression levels and inhibited the increase in
gene and protein expressions of KIM-1 in the kidneys of
21-week-old db/db mice in association with the reduc-
tion in proteinuria, and urinary KIM-1 excretion and
NAG activity, all of which urinary markers were signifi-
cantly correlated with serum levels of MG-H1 (Fig. 2n).

Effects of empagliflozin on AGE-RAGE-oxidative stress axis
in the adipose tissues of diabetic mice

As shown in Fig. 3a—g, AGEs, MG-H1, RAGE mRNA
and protein levels, nitrotyrosine, 4-HNE, a marker of
lipid peroxidation, and NADPH oxidase-derived super-
oxide generation in the adipose tissues of 21-week-old
diabetic mice were significantly higher than those of
non-diabetic control mice of the same age, all of which
were suppressed by the treatment with empagliflozin for
13 weeks. Adipose tissue gene expression levels of com-
ponents of NADPH oxidase except for Nox4 in 8-week-
old db/db mice were significantly elevated in diabetic db/
db mice at 8 and 21 weeks old compared with non-dia-
betic db/m + mice of the same ages, respectively (Fig. 3h).
Empagliflozin treatment for 13 weeks significantly
inhibited the increase in gene expression levels of NoxI,

00 10 20 30 40 50

OO 10 20 30 40 50
Serum MG-H1
(ng/mg protein)

p47phox and p67phox in the adipose tissues of diabetic
mice at 21 weeks old. Serum MG-H1 levels of mice at
21 weeks of age were correlated with AGEs levels in the
adipose tissues (Fig. 3i).

Effects of empagliflozin on adipocytokine expressions

in the adipose tissues of diabetic mice

As shown in Fig. 4, although MCP-1 mRNA and protein
levels and Tuf-a gene expression in the adipose tissues
of 8-week-old db/db mice were significantly higher than
those of non-diabetic mice of the same age, the other adi-
pocytokine levels did not differ between the two groups.
Adipose tissue gene and protein expressions of MCP-1
and TNF-a and PAI-1 levels, macrophage infiltration,
and serum MCP-1 values were significantly increased
in 21-week-old db/db mice compared with non-diabetic
mice at 21 weeks old, all of which were inhibited by the
treatment with empagliflozin for 13 weeks (Fig. 4a-g).
Empagliflozin treatment also significantly restored the
decrease in gene and protein expression levels of adi-
ponectin in the adipose tissues as well as serum adi-
ponectin values of 21-week-old db/db mice (Fig. 4h).
Serum levels of MG-H1 of mice at 21 weeks old were sig-
nificantly associated with adipose tissue levels of MCP-
1, TNF-q, PAI-1, and adiponectin (inversely) and serum
levels of MCP-1 and adiponectin (inversely) (Fig. 4k).
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Fig. 3 Effects of empagliflozin on AGE-RAGE-oxidative stress axis in the adipose tissues of diabetic mice. Levels of AGEs (a), MG-H1 (b), RAGE protein
(), RAGE mRNA (d), nitrotyrosine (e), 4-HNE (f), NADPH oxidase-derived superoxide generation (g), and gene expression levels of components

of NADPH oxidase (h). a—c, e, and f: Each left panel shows representative immunostainings of AGEs (a), MG-H1 (b), RAGE protein (c), nitrotyrosine
(e), and 4-HNE (f) in the adipose tissues. Fach right panel shows the quantitative data. i: Correlation of serum MG-H1 with adipose tissue AGEs

levels. **, p<0.01 compared with 8-week-old non-diabetic db/m+mice. # and ##, p <0.05 and p <0.01 compared with 21-week-old non-diabetic
db/m+mice, respectively. ¥ and #F, p<0.05 and p <0.01 compared with 21-week-old diabetic db/db mice, respectively
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Fig. 4 Effects of empagliflozin on adipocytokine expressions in the adipose tissues of diabetic mice. Levels of MCP-1 protein (a), MCP-1 mRNA
(b), TNF-a protein (d), TNF-a mRNA (e), F4/80 (f), PAI-1 (g), adiponectin protein (h), and adiponectin mRNA (i) in the adipose tissues, and serum
levels of MCP-1 (c) and adiponectin (j). a, d, and f-h: Each left panel shows representative immunostainings of MCP-1 protein (a), TNF-a (d), F4/80
(f), PAI-1 (f), and adiponectin (h). Each right panel shows the quantitative data. k Correlation of serum MG-H1 with adipose tissue MCP-1, TNF-q,
PAI-1, adiponectin, and serum levels of MCP-1 and adiponectin. + and #+, p <0.05 and p <0.01 compared with 21-week-old diabetic db/db mice,

respectively
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Discussion

The salient findings of the present studies are (1) empa-
gliflozin treatment for 13 weeks significantly inhibited
the increases in AGEs, MG-H1, RAGE, nitrotyrosine,
gene expression levels of Nox1 and p47phox, components
of NADPH oxidase and its derived ROS generation in
the kidneys of 21-week-old db/db type 2 diabetic mice,
(2) inflammatory and fibrotic reactions, including MCP-1
expression, macrophage infiltration, type 1 collagen
expression, and extracellular matrix accumulation in the
kidneys were increased, whereas podocyte markers were
decreased in db/db mice at 21 weeks old compared with
non-diabetic mice of the same age, all of which were ame-
liorated by the treatment with empagliflozin for 13 weeks
in association with the reductions in proteinuria, and uri-
nary KIM-1 excretion and NAG activity, (3) compared
with non-diabetic mice at 21 weeks old, AGEs, MG-H1,
RAGE, gene expression levels of component of NADPH
oxidase, ROS, and oxidative stress markers in the adipose
tissues were also increased in db/db mice of the same age,
which were associated with the increases in inflamma-
tory and thrombogenic markers as well as the decrease
in adiponectin expression, (4) empagliflozin treatment
improved all of these pathological changes observed in
the adipose tissues of db/db mice, and (5) serum levels
of MG-H1 of 21-week-old mice were significantly associ-
ated with renal and adipose tissue AGEs, proteinuria, uri-
nary KIM-1 excretion and NAG activity, adipose tissue
inflammatory and fibrotic markers, and serum levels of
MCP-1 and adiponectin (inversely). These observations
suggest that empagliflozin, a SGLT2i could ameliorate
renal and metabolic derangements in obese type 2 dia-
betic mice partly by blocking the AGE-RAGE-ROS axis
in the kidneys and adipose tissues.

A growing body of evidence from in vitro-, animal,
and clinical observational studies have suggested the
pathological involvement of AGE-RAGE-ROS axis in the
development and progression of diabetic kidney disease
(Matsui et al. 2017; Yamagishi and Matsui 2013; Tsuchida
et al. 1999; Wendt et al. 2003; Flyvbjerg et al. 2004; Kaida
et al. 2013; Yamagishi and Imaizumi 2005; Reiniger
et al. 2010; Grosjean et al. 2018; Yamamoto et al. 2010;
Adeshara et al. 2022; Semba et al. 2010, 2009; Yubero-
Serrano et al. 2015). Indeed, we, along with others, have
shown that the blockade of the AGE-RAGE-ROS axis by
inhibitors of AGEs formation, exogenously administered
soluble form of RAGE, neutralizing RAGE antibodies,
DNA-aptamers raised against AGEs or RAGE, or gene
deletion of RAGE could inhibit inflammatory and fibrotic
reactions in the diabetic kidneys with preservation of
podocyte loss and reduction of albuminuria (Matsui
et al. 2017; Yamagishi and Matsui 2013; Tsuchida et al.
1999; Wendt et al. 2003; Flyvbjerg et al. 2004; Kaida et al.
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2013; Yamagishi and Imaizumi 2005; Reiniger et al. 2010;
Grosjean et al. 2018). Progressive deterioration of albu-
minuria, mesangial expansion and glomerulosclerosis
were observed in diabetic RAGE transgenic mice com-
pared with diabetic control mice (Yamamoto et al. 2010).
Moreover, circulating levels of AGEs and tissue expres-
sion of AGEs and RAGE were positively associated with
oxidative stress and inflammatory biomarkers in type
2 diabetes patients with nephropathy (Adeshara et al.
2022). Population-based studies of community-dwelling
adults revealed that circulating levels of AGEs were inde-
pendently associated with chronic kidney disease and
could predict the decline in renal function (Semba et al.
2010, 2009). In addition, a randomized clinical study
with sevelamer carbonate has shown that it reduces cir-
culating and cellular AGEs, oxidative stress and inflam-
matory markers in type 2 diabetes patients with diabetic
kidney disease, and resultantly decreases albuminuria
in the subgroups aged <65 years (Yubero-Serrano et al.
2015). These findings suggest that suppression of the
AGE-RAGE-ROS axis in the kidneys by empagliflozin
may contribute to nephroprotection in obese and insulin
resistant db/db mice.

In the present study, empagliflozin treatment not
only decreased fasting blood glucose, but also reduced
HOMA-IR and a marker of systemic inflammation, CRP
in db/db mice. Besides hyperglycemia, oxidative stress,
chronic inflammation, and insulin resistance have been
known to promote the formation of AGEs, while AGE-
RAGE-evoked NADPH oxidase-mediated ROS genera-
tion further enhances RAGE expression in various tissues
(Kaida et al. 2013; Yamagishi and Imaizumi 2005; Yamag-
ishi and Matsui 2018; Ide et al. 2010; Tan et al. 2010;
Tahara et al. 2010, 2012; Yoshida et al. 2006). Moreover,
AGEs induce ROS generation and CRP expression via
the interaction with RAGE in liver cells (Yoshida et al.
2006 , 2006). These observations may indicate a positive
feedback loop among AGE-RAGE-derived ROS genera-
tion, AGE accumulation, RAGE expression, and inflam-
matory reactions in the diabetic kidneys. Empagliflozin
could exert beneficial effects on diabeic nephropathy
partly by blocking the pathological crosstalk between
AGE-RAGE-ROS axis and inflammatory reactions in
the kidneys of db/db mice. We have previously reported
that replacement of dipeptidyl peptidase-4 inhibitors
by tofogliflozin, a SGLT2i reduced circulating levels of
AGEs, fasting levels of insulin, white blood cell count,
and arterial stiffness in type 2 diabetes patients, although
HbAlc levels were modestly, but significantly increased
rather than decreased following the switching to SGLT2i
(Bekki et al. 2019). The findings suggest the glucose-
lowering independent, anti-inflammatory, and insulin-
sensitizing effects of empagliflozin may partly contribute
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to the inhibition of AGE-RAGE axis in the diabetic kid-
neys. Moreover, we found here that E/e’ ratio, a marker of
diastolic function and cardiac stiffness was ameliorated
by empagliflozin treatment in 21-week-old db/db dia-
betic mice, which result was consistent with the previous
report showing that empagliflozin ameliorated diastolic
function and left ventricular stiffness in non-diabetic
patients with heart failure (Santos-Gallego et al. 2021).
Therefore, the improvement of cardiac stiffness by empa-
gliflozin observed here may also be ascribed in part to its
inhibitory actions on AGE-RAGE axis.

We have previously found that (1) SGLT2-mediated
glucose uptake to proximal tubular cells could induce
oxidative stress, apoptosis, inflammatory reactions, and
RAGE expression, thus being involved in tubulointersti-
tial injury, (2) empagliflozin treatment inhibits inflam-
matory and fibrotic reactions in the kidneys of type 1
diabetic rats by inhibiting the AGE-RAGE axis, and sub-
sequently reduces urinary excretions of 8-hydroxyde-
oxyguanosine and L-fatty acid binding protein (L-FABP),
markers of oxidative stress and tubular injury, respec-
tively (Maeda et al. 2013; Ojima et al. 2015). These pre-
vious studies suggest that empagliflozin may protect
against the AGE-RAGE-elicited tubulointerstitial damage
in the kidneys of type 1 diabetic rats. However, the use of
empagliflozin is not approved for the treatment of type 1
diabetic patients. Moreover, we have previously reported
that tofogliflozin inhibits renal damage in KKAy/Ta mice,
obese and type 2 diabetic animals (Ishibashi et al. 2016,
2016), but the effects of SGLT2is on the AGE-RAGE axis
in the kidneys of type 2 diabetic animals remain unclear.
These are reasons why we examined here whether empa-
gliflozin could ameliorate renal damage in db/db mice,
obese and insulin resistant type 2 diabetes animals. Given
the finding that tofogliflozin lowers albuminuria in type 2
diabetes patients, 40% of which effect could be attribut-
able to its beneficial action on tubulointerstitial damage,
as evidenced by decrease of urinary L-FABP (Yanagisawa
et al. 2020), our present study suggests that empagliflozin
may reduce proteinuria in db/db mice partly via attenu-
ation of the tubulointerstitial injury caused by the AGE-
RAGE-ROS axis.

In this study, we found that serum levels of MG-H1
were correlated with kidney AGEs levels, proteinuria, and
urinary KIM-1 excretion and NAG activity in 21-week-
old mice. Among various types of AGEs, circulating
levels of MG-H1 adduct was reported to be strongly
correlated with the severity of chronic kidney disease in
both type 2 diabetes and non-diabetic patients (Rabbani
et al. 2022). Furthermore, circulating levels of MG-H1
levels were associated with incident macroalbuminuria
and high risk of chronic kidney disease in type 2 diabetes
participants of Action to Control Cardiovascular Risk in
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Diabetes (ACCORD) and Veterans Affairs Diabetes Trial
(VADT) (Koska et al. 2022). Therefore, the present find-
ings and previous observations suggest that circulating
levels of MG-H1 levels could be a biomarker of diabetic
kidney disease, which may be one of the molecular tar-
gets of empagliflozin. In support of this speculation, we
have previously found that (1) serum levels of glyceral-
dehyde-derived AGEs are elevated under diabetic and
oxidative stress conditions, and correlated with inflam-
matory and thrombotic biomarkers, insulin resistance,
and vascular inflammation in both type 2 diabetes and
non-diabetic individuals (Yamagishi et al. 2015), (2)
MG-H1, one of the AGEs formed from glyceraldehyde,
elicits ROS generation and inflammatory reactions in
endothelial cells via interaction with RAGE (Ishibashi
et al. 2017), and (3) circulating MG-H1 levels are corre-
lated with asymmetric dimethylarginine, an endogenous
inhibitor of nitric oxide synthase, which is also a marker
of cardiorenal disease and insulin resistance (Tahara et al.
2019; Ueda et al. 2014).

In the present study, we found that empagliflozin treat-
ment inhibited AGEs, RAGE, NADPH oxidase-derived
ROS generation, and inflammatory reactions in the adi-
pose tissues of db/db mice in association with restora-
tion of adiponectin expression levels and improvement
of insulin resistance. Furthermore, at 21-week-old mice,
serum levels of MG-H1 were significantly associated
with increased inflammatory markers and decreased
adiponectin levels in the adipose tissues and the serum.
We have previously shown that AGE-RAGE-induced
NADPH oxidase oxidase-mediated ROS generation
could contribute to inflammatory reactions and result-
antly evoke insulin resistance in the adipose tissues in
association with reduction of adiponectin in fructose-fed
rats (Kaseda et al. 2020). Therefore, the present study has
further supported the concept that AGE-RAGE-ROS axis
in the adipose tissues could be a therapeutic target for
ameliorating impairment of adipocytokine profiles and
insulin resistance in type 2 diabetes. Given that serum
levels of glyceraldehyde-derived AGEs, which could
include MG-H1, are associated with insulin resistance
and decreased adiponectin levels (Hyogo et al. 2007),
circulating MG-H1 levels may also be a novel biomarker
of adipose tissue inflammation, disturbed adipocytokine
expressions, and insulin resistance in type 2 diabetes.

Adiponectin has been reported to have nephroprotec-
tive properties in diabetes; it could reduce albuminuria,
glomerular hypertrophy, and renal inflammatory reac-
tions in diabetes (Zha et al. 2017). Moreover, we have
previously found that blocking the binding of AGEs
to RAGE by DNA-aptamer raised against RAGE not
only reduces renal levels of AGEs, RAGE, and NADPH
oxidase-derived ROS, albuminuria, and urinary NAG
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activity with amelioration of histological alterations in
glomerular and interstitial areas, but also improves insu-
lin sensitivity and increase adiponectin levels in KKAy/
Ta mice (Sotokawauchi et al. 2021). These observations
suggest the pathophysiological connection of metabolic
derangements to renal injury in obese and insulin resist-
ant type 2 diabetes, which may be partly mediated by the
activation of AGE-RAGE axis.

There are several limitations in the present study.
First, in this study, empagliflozin significantly decreased
fasting blood glucose and HOMA-IR compared to dia-
betic control mice. Nevertheless, db/db+ Empa mice
showed a higher body weight and a lipid profile that
was not ameliorated in respect to db/db mice. Food
intake was significantly greater in empagliflozin-treated
diabetic mice than non-treated diabetic mice of the
same age, which may partly explain these unexpected
results. We could not examine the effects of empa-
gliflozin on fat mass/visceral obesity, but there were
no significant differences of adipocyte size between
empagliflozin-treated and non-treated db/db mice at
21 weeks old (data not shown). Second, while F4/80 is
a surface receptor and MCP-1 is a chemokine, both of
which should have a cytoplasmic staining, some posi-
tive spots in immunohistochemistry seem to be local-
ized to nuclei. However, the maximum and minimum
sizes of positive spots were 1 pm and 8 pm, respectively,
which were not necessarily consistent with an aver-
age nuclear diameter of 6 pm for mouse cells. Since it
is difficult to differentiate certain cellular components,
such as nucleus and cytoplasm by immunohistochemis-
try, it would be helpful to perform immunofluorescent
stainings for these inflammatory markers to reduce
some problem of background signal due to DAB stain-
ing. In this study, due to lack of frozen samples, we
could not perform additional experiments. However,
we confirmed here that inflammatory signals, includ-
ing renal and adipose tissue MCP-1 mRNA levels and
serum levels of MCP-1, were significantly inhibited by
the treatment of empagliflozin in 21-week-old db/db
mice. Third, we found here that empagliflozin treat-
ment caused a significant reduction in proteinuria
of db/db mice despite a worsening in the blood urea
nitrogen and no effects on kidney hypertrophy. Eleva-
tion of hematocrit by empagliflozin treatment may
partly explain the worsening in blood urea nitrogen
levels. Empagliflozin may reduce proteinuria in part via
improvement of podocyte injury. Fourth, in the present
study, empagliflozin treatment significantly decreased
fasting blood glucose in 21-week-old db/db diabetic
mice. Therefore, glucose-lowering effects of empagli-
flozin may also contribute to the suppression of AGE-
RAGE axis in our model. Fifth, effects of empagliflozin
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may differ among tissues in db/db diabetic mice. In the
hearts, the beneficial effects of empagliflozin may also
occur independent of oxidative stress and changes in
AGE-RAGE signaling. In addition, effects of empagli-
flozin on vascular remodeling may also contribute to
nephroprotection in db/db mice. Sixth, although we did
not know the exact molecular mechanism of increased
NADPH oxidase by AGE-RAGE axis, interaction of
AGEs with RAGE may increase NADPH oxidase activ-
ity by up-regulation of mRNA levels of its membrane
and cytosolic components partly via oxidative stress
generation.

In conclusion, our present findings suggest that
empagliflozin could ameliorate renal and metabolic
derangements in obese and insulin resistant type 2 dia-
betes animals partly by attenuating the AGE-RAGE-
ROS axis in the kidneys and adipose tissues. Serum
MG-H1 levels may be a biomarker of renal and meta-
bolic derangements in type 2 diabetes.

Abbreviations

4-HNE  4-Hydroxynonenal

ALT Alanine aminotransferase

AST Aspartate aminotransferase

CRP C-reactive protein

Empa Empagliflozin

KIM-1 Kidney injury molecular-1

1-FABP  L-fatty acid binding protein

MCP-1 Monocyte chemoattractant protein-1

MG-H1  N%(5-Hydro-5-methyl-4-imidazolon-2-yl)-ornithine

NAG N-Acetyl-B-o-glucosaminidase

PAI-1 Plasminogen activator inhibitor-1
RAGE Receptor for AGEs

ROS Reactive oxygen species

SGLT2 Sodium-glucose cotransporter 2

SGLT2i  SGLT2 inhibitor(s)
TNF-a Tumor necrosis factor-a
WT1 Wilms'tumor 1

Acknowledgements
None.

Author contributions

T.M. drafted the article, acquired, analyzed and interpreted data; AS., Y.N.,

and Y.K. acquired, analyzed, and interpretated of data; S.Y. drafted the article,
acquired, analyzed, and interpretated data, and conceptualized, designed and
supervised of the study.

Funding
This work was financially supported in part by Boehringer Ingelheim,
Germany.

Availability of data and materials

The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.



Matsui et al. Molecular Medicine (2025) 31:88

Competing interests
The authors declare no competing interests.

Author details

'Department of Bioscience and Biotechnology, Fukui Prefectural University,
Eiheiji 910-1195, Japan. 2Department of Pediatric Surgery, Kurume University
School of Medicine, Kurume 830-0011, Japan. *Department of Medicine, Divi-
sion of Nephrology, Kurume University School of Medicine, Kurume 830-0011,
Japan. “Department of Medicine, Division of Diabetes, Metabolism, and Endo-
crinology, Showa University Graduate School of Medicine, Tokyo 142-8666,
Japan.

Received: 31 December 2024 Accepted: 21 February 2025
Published online: 06 March 2025

References

Adeshara KA, Bangar N, Diwan AG, Tupe RS. Plasma glycation adducts and
various RAGE isoforms are intricately associated with oxidative stress
and inflammatory markers in type 2 diabetes patients with vascular
complications. Diabetes Metab Syndr. 2022;16(3): 102441. https://doi.org/
10.1016/j.dsx.2022.102441.

Barbieri M, Prattichizzo F, La Grotta R, Matacchione G, Scisciola L, Fontanella
RA, Tortorella G, Benedetti R, Carafa V, Marfella R, Ceriello A, Paolisso G. Is
it time to revise the fighting strategy toward type 2 diabetes? Sex and
pollution as new risk factors. Ageing Res Rev. 2024;99: 102405. https://doi.
org/10.1016/j.arr.2024.102405.

Bekki M, Tahara N, Tahara A, Igata S, Honda A, Sugiyama Y, Nakamura T, Sun
J, KumashiroY, Matsui T, Fukumoto Y, Yamagishi SI. Switching dipeptidyl
peptidase-4 inhibitors to tofogliflozin, a selective inhibitor of sodium-glu-
cose cotransporter 2 improve arterial stiffness evaluated by cardio-ankle
vascular index in patients with type 2 diabetes: a pilot study. Curr Vasc
Pharmacol. 2019;17(4):411-20. https://doi.org/10.2174/157016111666618
0515154555.

Beretov J, Wasinger VC, Schwartz P, Graham PH, Li Y. A standardized and
reproducible urine preparation protocol for cancer biomarkers discovery.
Biomark Cancer. 2014,6:21-7. https://doi.org/10.4137/bic.s17991.

Flyvbjerg A, Denner L, Schrijvers BF, Tilton RG, Mogensen TH, Paludan SR, Rasch
R. Long-term renal effects of a neutralizing RAGE antibody in obese type
2 diabetic mice. Diabetes. 2004;53(1):166-72. https://doi.org/10.2337/
diabetes.53.1.166.

Genuth S, Sun W, Cleary P, Sell DR, Dahms W, Malone J, Sivitz W, Monnier VM,
DCCT Skin Collagen Ancillary Study Group. Glycation and carboxymethyl-
lysine levels in skin collagen predict the risk of future 10-year progression
of diabetic retinopathy and nephropathy in the diabetes control and
complications trial and epidemiology of diabetes interventions and com-
plications participants with type 1 diabetes. Diabetes. 2005;54(11):3103-
11. https://doi.org/10.2337/diabetes.54.11.3103.

Grosjean F, Yubero-Serrano EM, Zheng F, Esposito V, Swamy S, Elliot SJ, Cai W,
Vlassara H, Salem F, Striker GE. Pharmacologic control of oxidative stress
and inflammation determines whether diabetic glomerulosclerosis
progresses or decreases: a pilot study in sclerosis-prone mice. PLoS ONE.
2018;13(9): 0204366. https://doi.org/10.1371/journal.pone.0204366.

Hyogo H, Yamagishi S, lwamoto K, Arihiro K, Takeuchi M, Sato T, Ochi H,
Nonaka M, Nabeshima Y, Inoue M, Ishitobi T, Chayama K, Tazuma S. Ele-
vated levels of serum advanced glycation end products in patients with
non-alcoholic steatohepatitis. J Gastroenterol Hepatol. 2007,22(7):1112-9.
https://doi.org/10.1111/).1440-1746.2007.04943 x.

Ide Y, Matsui T, Ishibashi Y, Takeuchi M, Yamagishi S. Pigment epithelium-
derived factor inhibits advanced glycation end product-elicited
mesangial cell damage by blocking NF-kappaB activation. Microvasc Res.
2010;80(2):227-32. https://doi.org/10.1016/j.mvr.2010.03.015.

Ishibashi Y, Matsui T, Yamagishi S. A highly selective inhibitor of SGLT2 blocks
proinflammatory and proapoptotic effects of glucose overload on proxi-
mal tubular cells partly by suppressing oxidative stress generation. Horm
Metab Res. 2016;48(3):191-5. https://doi.org/10.1055/5-0035-1555791.

Ishibashi Y, Matsui T, Yamagishi SI. Tofogliflozin, a selective inhibitor of sodium-
glucose cotransporter 2, suppresses renal damage in KKAy/Ta mice,

Page 13 of 14

obese and type 2 diabetic animals. Diab Vasc Dis Res. 2016;13(6):438-41.
https://doi.org/10.1177/1479164116657304.

Ishibashi Y, Matsui T, Nakamura N, Sotokawauchi A, Higashimoto Y, Yamagishi
SI. Methylglyoxal-derived hydroimidazolone-1 evokes inflammatory reac-
tions in endothelial cells via an interaction with receptor for advanced
glycation end products. Diab Vasc Dis Res. 2017;14(5):450-3. https://doi.
org/10.1177/1479164117715855.

Kaida Y, Fukami K, Matsui T, Higashimoto Y, Nishino Y, Obara N, Nakayama Y,
Ando R, Toyonaga M, Ueda S, Takeuchi M, Inoue H, Okuda S, Yamagishi S.
DNA aptamer raised against AGEs blocks the progression of experimental
diabetic nephropathy. Diabetes. 2013;62(9):3241-50. https://doi.org/10.
2337/db12-1608.

Kaseda K, Kai Y, Tajima M, Suematsu M, Iwata S, Miyata M, Mifude CK,
Yamashita N, Seiryu WA, Fukada M, Kobayashi H, Sotokawauchi A, Matsui
T, Yamagishi SI. Oral administration of spa-derived green alga improves
insulin resistance in overweight subjects: mechanistic insights from
fructose-fed rats. Pharmacol Res. 2020;152: 104633. https://doi.org/10.
1016/j.phrs.2020.104633.

Koska J, Gerstein HC, Beisswenger PJ, Reaven PD. Advanced glycation end
products predict loss of renal function and high-risk chronic kidney
disease in type 2 diabetes. Diabetes Care. 2022;45(3):684-91. https://doi.
0rg/10.2337/dc21-2196.

Maeda S, Matsui T, Takeuchi M, Yamagishi S. Sodium-glucose cotransporter
2-mediated oxidative stress augments advanced glycation end products-
induced tubular cell apoptosis. Diabetes Metab Res Rev. 2013,29(5):406—
12. https://doi.org/10.1002/dmrr.2407.

Marilly E, Cottin J, Cabrera N, Cornu C, Boussageon R, Moulin P, Lega JC,
Gueyffier F, Cucherat M, Grenet G. SGLT2 inhibitors in type 2 diabetes:

a systematic review and meta-analysis of cardiovascular outcome trials
balancing their risks and benefits. Diabetologia. 2022,65:2000-10. https://
doi.org/10.1007/500125-022-05773-8.

Matsui T, Higashimoto Y, Nishino Y, Nakamura N, Fukami K, Yamagishi SI.
RAGE-aptamer blocks the development and progression of experimental
diabetic nephropathy. Diabetes. 2017,66(6):1683-95. https://doi.org/10.
2337/db16-1281.

Ogurtsova K, Guariguata L, Barengo NC, Ruiz PL, Sacre JW, Karuranga S, Sun H,
Boyko EJ. IDF diabetes atlas: global estimates of undiagnosed diabetes in
adults for 2021. Diabetes Res Clin Pract. 2022;183: 109118. https://doi.org/
10.1016/j.diabres.2021.109118.

Ojima A, Matsui T, Nishino Y, Nakamura N, Yamagishi S. Empagliflozin, an
inhibitor of sodium-glucose cotransporter 2 exerts anti-inflammatory and
antifibrotic effects on experimental diabetic nephropathy partly by sup-
pressing AGEs-receptor axis. Horm Metab Res. 2015;47(9):686-92. https://
doi.org/10.1055/5-0034-1395609.

Rabbani N, Adaikalakoteswari A, Larkin JR, Panagiotopoulos S, Maclsaac RJ, Yue
DK, Fulcher GR, Roberts MA, Thomas M, Ekinci E, Thornalley PJ. Analysis of
serum advanced glycation endproducts reveals methylglyoxal-derived
advanced glycation MG-H1 free adduct is a risk marker in non-diabetic
and diabetic chronic kidney disease. Int J Mol Sci. 2022;24(1):152. https://
doi.org/10.3390/ijms24010152.

Ramasamy R, Yan SF, Schmidt AM. Receptor for AGE (RAGE): signaling mecha-
nisms in the pathogenesis of diabetes and its complications. Ann NY
Acad Sci. 2011;1243:88-102. https://doi.org/10.1111/}.1749-6632.2011.
06320.x.

Rao Kondapally Seshasai S, Kaptoge S, Thompson A, DiAngelantonio E, Gao
P, Sarwar N, Whincup PH, Mukamal KJ, Gillum RF, Holme |, Njglstad |,
Fletcher A, Nilsson P, Lewington S, Collins R, Gudnason V, Thompson SG,
Sattar N, Selvin E, Hu FB, Danesh J. Emerging Risk Factors Collaboration.
Diabetes mellitus, fasting glucose, and risk of cause-specific death. N Engl
J Med. 2011;364(9):829-41. https://doi.org/10.1056/nejmoa1008862.

Reiniger N, Lau K, McCalla D, Eby B, Cheng B, Lu Y, Qu W, Quadri N, Anan-
thakrishnan R, Furmansky M, Rosario R, Song F, Rai V, Weinberg A,
Friedman R, Ramasamy R, D'Agati V, Schmidt AM. Deletion of the recep-
tor for advanced glycation end products reduces glomerulosclerosis
and preserves renal function in the diabetic OVE26 mouse. Diabetes.
2010;59(8):2043-54. https://doi.org/10.2337/db09-1766.

Russo E, Zanetti V, Maccio L, Benizzelli G, Carbone F, La Porta E, Esposito P, Ver-
zola D, Garibotto G, Viazzi F. SGLT2 inhibition to target kidney aging. Clin
Kidney J. 2024;17(5):sfae133. https://doi.org/10.1093/ckj/sfae133.

Santos-Gallego CG, Requena-lbanez JA, San Antonio R, Garcia-Ropero A,
Ishikawa K, Watanabe S, Picatoste B, Vargas-Delgado AP, Flores-Umanzor


https://doi.org/10.1016/j.dsx.2022.102441
https://doi.org/10.1016/j.dsx.2022.102441
https://doi.org/10.1016/j.arr.2024.102405
https://doi.org/10.1016/j.arr.2024.102405
https://doi.org/10.2174/1570161116666180515154555
https://doi.org/10.2174/1570161116666180515154555
https://doi.org/10.4137/bic.s17991
https://doi.org/10.2337/diabetes.53.1.166
https://doi.org/10.2337/diabetes.53.1.166
https://doi.org/10.2337/diabetes.54.11.3103
https://doi.org/10.1371/journal.pone.0204366
https://doi.org/10.1111/j.1440-1746.2007.04943.x
https://doi.org/10.1016/j.mvr.2010.03.015
https://doi.org/10.1055/s-0035-1555791
https://doi.org/10.1177/1479164116657304
https://doi.org/10.1177/1479164117715855
https://doi.org/10.1177/1479164117715855
https://doi.org/10.2337/db12-1608
https://doi.org/10.2337/db12-1608
https://doi.org/10.1016/j.phrs.2020.104633
https://doi.org/10.1016/j.phrs.2020.104633
https://doi.org/10.2337/dc21-2196
https://doi.org/10.2337/dc21-2196
https://doi.org/10.1002/dmrr.2407
https://doi.org/10.1007/s00125-022-05773-8
https://doi.org/10.1007/s00125-022-05773-8
https://doi.org/10.2337/db16-1281
https://doi.org/10.2337/db16-1281
https://doi.org/10.1016/j.diabres.2021.109118
https://doi.org/10.1016/j.diabres.2021.109118
https://doi.org/10.1055/s-0034-1395609
https://doi.org/10.1055/s-0034-1395609
https://doi.org/10.3390/ijms24010152
https://doi.org/10.3390/ijms24010152
https://doi.org/10.1111/j.1749-6632.2011.06320.x
https://doi.org/10.1111/j.1749-6632.2011.06320.x
https://doi.org/10.1056/nejmoa1008862
https://doi.org/10.2337/db09-1766
https://doi.org/10.1093/ckj/sfae133

Matsui et al. Molecular Medicine (2025) 31:88

EJ, Sanz J, FusterV, Badimon JJ. Empagliflozin ameliorates diastolic dys-
function and left ventricular fibrosis/stiffness in nondiabetic heart failure:
a multimodality study. JACC Cardiovasc Imaging. 2021;14(2):393-407.
https://doi.org/10.1016/jjcmg.2020.07.042.

Semba RD, Fink JC, Sun K, Bandinelli S, Guralnik JM, Ferrucci L. Carboxymethyl-
lysine, an advanced glycation end product, and decline of renal function
in older community-dwelling adults. Eur J Nutr. 2009;48(1):38-44. https://
doi.org/10.1007/500394-008-0757-0.

Semba RD, Fink JC, Sun K, Windham BG, Ferrucci L. Serum carboxymethyl-
lysine, a dominant advanced glycation end product, is associated with
chronic kidney disease: the Baltimore longitudinal study of aging. J Ren
Nutr. 2010;20(2):74-81. https://doi.org/10.1053/},jrn.2009.08.001.

Sotokawauchi A, Matsui T, Higashimoto Y, Nishino Y, Koga Y, Yagi M, Yamagishi
SI. DNA aptamer raised against receptor for advanced glycation end
products suppresses renal tubular damage and improves insulin resist-
ance in diabetic mice. Diab Vasc Dis Res. 2021;18(1):1479164121990533.
https://doi.org/10.1177/1479164121990533.

Tahara N, Imaizumi T, Takeuchi M, Yamagishi S. Insulin resistance is an
independent correlate of high serum levels of advanced glycation end
products (AGEs) and low testosterone in non-diabetic men. Oxid Med
Cell Longev. 2010;3(4):262-5. https://doi.org/10.4161/0xim.3.4.12734.

Tahara N, Yamagishi S, Matsui T, Takeuchi M, Nitta Y, Kodama N, Mizoguchi M,
Imaizumi T. Serum levels of advanced glycation end products (AGEs)
are independent correlates of insulin resistance in nondiabetic subjects.
Cardiovasc Ther. 2012;30(1):42-8. https://doi.org/10.1111/j.1755-5922.
2010.00177 x.

Tahara N, Kojima R, Yoshida R, Bekki M, Sugiyama Y, Tahara A, Maeda S, Honda
A lgata S, Nakamura T, Sun J, Matsui T, Fukumoto Y, Matsui T, Yamagishi
SI. Serum levels of protein-bound methylglyoxal-derived hydroimida-
zolone-1 are independently correlated with asymmetric dimethylargi-
nine. Rejuvenation Res. 2019;22(5):431-8. https://doi.org/10.1089/rej.
2018.2152.

Tan AL, Sourris KC, Harcourt BE, Thallas-Bonke V, Penfold S, Andrikopoulos S,
Thomas MC, O'Brien RC, Bierhaus A, Cooper ME, Forbes JM, Coughlan MT.
Disparate effects on renal and oxidative parameters following RAGE dele-
tion, AGE accumulation inhibition, or dietary AGE control in experimental
diabetic nephropathy. Am J Physiol Renal Physiol. 2010;298(3):F763-70.
https://doi.org/10.1152/ajprenal.00591.2009.

Thomas MC, Forbes JM, Cooper ME. Advanced glycation end products and
diabetic nephropathy. Am J Ther. 2005;12(6):562-72. https://doi.org/10.
1097/01.mjt.0000178769.52610.69.

Tsuchida K, Makita Z, Yamagishi S, Atsumi T, Miyoshi H, Obara S, Ishida M,
Ishikawa S, Yasumura K, Koike T. Suppression of transforming growth fac-
tor beta and vascular endothelial growth factor in diabetic nephropathy
in rats by a novel advanced glycation end product inhibitor, OPB-9195.

Diabetologia. 1999;42(5):579-88. https://doi.org/10.1007/5001250051198.

Ueda S, Yamagishi S, Yokoro M, Okuda S. Role of asymmetric dimethylarginine
in cardiorenal syndrome. Curr Pharm des. 2014;20(14):2448-55. https://
doi.org/10.2174/13816128113199990480.

Wendt TM, Tanji N, Guo J, Kislinger TR, Qu W, Lu Y, Bucciarelli LG, Rong LL,
Moser B, Markowitz GS, Stein G, Bierhaus A, Liliensiek B, Arnold B, Naw-
roth PP, Stern DM, D'Agati VD, Schmidt AM. RAGE drives the develop-
ment of glomerulosclerosis and implicates podocyte activation in the
pathogenesis of diabetic nephropathy. Am J Pathol. 2003;162(4):1123-37.
https://doi.org/10.1016/50002-9440(10)63909-0.

Yamagishi S. Potential clinical utility of advanced glycation end product cross-
link breakers in age- and diabetes-associated disorders. Rejuvenation Res.
2012;15(6):564-72. https://doi.org/10.1089/rej.2012.1335.

Yamagishi S, Imaizumi T. Diabetic vascular complications: pathophysiology,
biochemical basis and potential therapeutic strategy. Curr Pharm des.
2005;11(18):2279-99. https://doi.org/10.2174/1381612054367300.

Yamagishi S, Matsui T. Advanced glycation end products, oxidative stress and
diabetic nephropathy. Oxid Med Cell Longev. 2013;3(2):101-8. https://
doi.org/104161/0xim.3.2.11148.

Yamagishi SI, Matsui T. Pigment epithelium-derived factor: a novel therapeutic
target for cardiometabolic diseases and related complications. Curr Med
Chem. 2018;25(13):1480-500. https://doi.org/10.2174/092986732466617
0608103140.

Yamagishi SI, Matsui T. Therapeutic potential of DNA-aptamers raised against
AGE-RAGE axis in diabetes-related complications. Curr Pharm des.

Page 14 of 14

2019;24(24):2802-9. https://doi.org/10.2174/13816128246661808291
10124.

Yamagishi S, Nakamura N, Suematsu M, Kaseda K, Matsui T. Advanced glyca-
tion end products: a molecular target for vascular complications in
diabetes. Mol Med. 2015;21(Suppl 1):532-40. https://doi.org/10.2119/
molmed.2015.00067.

Yamamoto Y, Kato |, Doi T, Yonekura H, Ohashi S, Takeuchi M, Watanabe T,
Yamagishi S, Sakurai S, Takasawa S, Okamoto H, Yamamoto H. Develop-
ment and prevention of advanced diabetic nephropathy in RAGE-
overexpressing mice. J Clin Invest. 2010;108(2):261-8. https://doi.org/10.
1172/jcit1771.

Yanagisawa K, Sotokawauchi A, Nishino Y, Matsui T, Tahara N, Yamagishi SI.
Albuminuria-lowering effect of sodium-glucose cotransporter 2 inhibi-
tors could be partly attributable to the attenuation of tubular damage
in type 2 diabetic patients. Diabetes Metab Res Rev. 2020;36(7): €3327.
https://doi.org/10.1002/dmrr.3327.

Yang SQ, Zhao X, Zhang J, Liu H, Wang YH, Wang YG. Comparative efficacy and
safety of SGLT2is and ns-MRAs in patients with diabetic kidney disease:
a systematic review and network meta-analysis. Front Endocrinol (Laus-
anne). 2024;15:1429261. https://doi.org/10.3389/fend0.2024.1429261.

Yoshida T, Yamagishi S, Nakamura K, Matsui T, Imaizumi T, Takeuchi M, Koga
H, Ueno T, Sata M. Telmisartan inhibits AGE-induced C-reactive protein
production through downregulation of the receptor for AGE via peroxi-
some proliferator-activated receptor-gamma activation. Diabetologia.
2006;49(12):3094-9. https://doi.org/10.1007/500125-006-0437-7.

Yoshida T, Yamagishi S, Nakamura K, Matsui T, Imaizumi T, Takeuchi M, Ueno
T, Sata M. Pigment epithelium-derived factor (PEDF) inhibits advanced
glycation end product (AGE)-induced C-reactive protein expres-
sion in hepatoma cells by suppressing Rac-1 activation. FEBS Lett.
2006;580(11):2788-96. https://doi.org/10.1016/j.febslet.2006.04.050.

Yubero-Serrano EM, Woodward M, Poretsky L, Vlassara H, Striker GE. AGE-less
Study Group. Effects of sevelamer carbonate on advanced glycation end
products and antioxidant/pro-oxidant status in patients with diabetic
kidney disease. Clin J Am Soc Nephrol. 2015;10(5):759-66. https://doi.org/
10.2215/¢jn.07750814.

Zha D, Wu X, Gao P. Adiponectin and its receptors in diabetic kidney
disease: molecular mechanisms and clinical potential. Endocrinology.
2017;158(7):2022-34. https://doi.org/10.1210/en.2016-1765.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.jcmg.2020.07.042
https://doi.org/10.1007/s00394-008-0757-0
https://doi.org/10.1007/s00394-008-0757-0
https://doi.org/10.1053/j.jrn.2009.08.001
https://doi.org/10.1177/1479164121990533
https://doi.org/10.4161/oxim.3.4.12734
https://doi.org/10.1111/j.1755-5922.2010.00177.x
https://doi.org/10.1111/j.1755-5922.2010.00177.x
https://doi.org/10.1089/rej.2018.2152
https://doi.org/10.1089/rej.2018.2152
https://doi.org/10.1152/ajprenal.00591.2009
https://doi.org/10.1097/01.mjt.0000178769.52610.69
https://doi.org/10.1097/01.mjt.0000178769.52610.69
https://doi.org/10.1007/s001250051198
https://doi.org/10.2174/13816128113199990480
https://doi.org/10.2174/13816128113199990480
https://doi.org/10.1016/s0002-9440(10)63909-0
https://doi.org/10.1089/rej.2012.1335
https://doi.org/10.2174/1381612054367300
https://doi.org/10.4161/oxim.3.2.11148
https://doi.org/10.4161/oxim.3.2.11148
https://doi.org/10.2174/0929867324666170608103140
https://doi.org/10.2174/0929867324666170608103140
https://doi.org/10.2174/1381612824666180829110124
https://doi.org/10.2174/1381612824666180829110124
https://doi.org/10.2119/molmed.2015.00067
https://doi.org/10.2119/molmed.2015.00067
https://doi.org/10.1172/jci11771
https://doi.org/10.1172/jci11771
https://doi.org/10.1002/dmrr.3327
https://doi.org/10.3389/fendo.2024.1429261
https://doi.org/10.1007/s00125-006-0437-7
https://doi.org/10.1016/j.febslet.2006.04.050
https://doi.org/10.2215/cjn.07750814
https://doi.org/10.2215/cjn.07750814
https://doi.org/10.1210/en.2016-1765

	Empagliflozin ameliorates renal and metabolic derangements in obese type 2 diabetic mice by blocking advanced glycation end product–receptor axis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Materials
	Animals
	Measurement of urinary protein and kidney injury molecular-1 (KIM-1) excretions, and N-acetyl-β-d-glucosaminidase (NAG) activity
	ELISA for MG-H1
	Immunostaining and morphological analysis
	RT-PCR
	Measurement of NADPH oxidase activity
	Statistical analysis

	Results
	Clinical characteristics of animals
	Effects of empagliflozin on AGE-RAGE-oxidative stress axis in the kidneys of diabetic mice
	Effects of empagliflozin on renal damage of diabetic mice
	Effects of empagliflozin on AGE-RAGE-oxidative stress axis in the adipose tissues of diabetic mice
	Effects of empagliflozin on adipocytokine expressions in the adipose tissues of diabetic mice

	Discussion
	Acknowledgements
	References


