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Abstract. The present study aimed to compare the therapeutic
effect of sodium/glucose cotransporter 2 (SGLT2) inhibitor
and benazepril on diabetic nephropathy (DN) rats and provide
a potential novel agent for the clinical treatment of DN. The
DN model was established on rats. Animals were dosed orally
with SGLT2 and benazepril daily for 4 weeks. The pathological
state of renal tissues were evaluated using hematoxylin and
eosin, Masson and periodic acid‑Schiff staining. The change
in the morphology of renal tissues was observed through trans‑
mission electron microscopy. Western blotting was utilized to
determine the expression level of TGF‑β, N‑terminal fragment
of the B‑type natriuretic peptide precursor (NT‑proBNP) and
matrix metalloproteinase‑9 (MMP‑9). The expression level of
endothelin 1 (ET‑1), von Willebrand factor (vWF), collagen
(col)‑I and α smooth muscle actin (α‑SMA) in renal tissues
was visualized using immunohistochemical assay. Significant
pathological changes in the glomerular basement membrane,
mesangial membrane, renal tubules, lumen, renal interstitial
region and renal tubular epithelial cells were observed in
DN rats, accompanied by increased collagen fibers. SGLT2
inhibitor treatment demonstrated more alleviatory effects on
the pathological changes of renal tissues compared with bena‑
zepril. Compared with control, TGF‑β and NT‑proBNP were
upregulated in DN rats, accompanied by the downregulation of
MMP‑9, ET‑1, vWF, col‑I and α‑SMA, which were markedly
reversed by treatment with SGLT2 inhibitor and benazepril.
Compared with benazepril, the effects of SGLT2 inhibitor on
the expression level of TGF‑β, NT‑proBNP, MMP‑9, ET‑1,
vWF, col‑I and α‑SMA were more significant. Overall, SGLT2
inhibitor demonstrated an increased therapeutic effect against
DN rats compared with benazepril by regulating cytokines,
renal fibrosis and extracellular matrix degradation.
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Introduction
Diabetic nephropathy (DN) is a serious microvascular compli‑
cation of diabetes, which will contribute to severe renal failure
in the advanced stage, posing a great threat to the life and
health of patients. Some studies have found that China has the
largest diabetes population, with a prevalence rate of ~10.9%
among adults, among which the prevalence rate of DN is as
high as 33.6% (1,2). The pathogenesis of DN is complex and
is closely related to genetic metabolic factors, inflammatory
response, oxidative stress, glucose and lipid metabolism,
and blood flow (3). At present, symptomatic treatments are
available for DN, but they cannot fundamentally reverse the
progression of the disease.
Sodium/glucose cotransporter 2 (SGLT2) inhibitors are a
new class of oral hypoglycemic agents, which can reduce blood
glucose levels, prevent renal injuries, and repress glucose reab‑
sorption in proximal convoluted tubules. In patients with poor
blood glucose control, significant hypoglycemic effects have
been observed by administering SGLT‑2 inhibitors because of
the increasing glucose excretion in urine and improving renal
hyperfiltration (4). Studies have revealed that (5) renal dysfunc‑
tion can be alleviated by the SGLT‑2 inhibitor by inhibiting the
expression level of renal tubular damage markers and neutro‑
phil gelatinase‑associated lipocalin, which further represses
renal tubular interstitial fibrosis. Furthermore, a reduction
of high‑glucose‑induced o‑junction n‑acetyl glucosamine
glycosylation will be triggered by SGLT‑2 inhibitors through
the HIF pathway, which further modulates renal tubular
response to hypoxia. In recent years, SGLT‑2 inhibitors
have shown renal protection by improving the high filtration
condition, reducing proteinuria, ameliorating renal hypoxia,
decreasing weight, suppressing blood pressure, reducing uric
acid levels, and alleviating inflammation and oxidative stress,
which have been used in the clinical practice. At present, the
SGLT2 inhibitors approved in China primarily include empa‑
gliflozin, canagliflozin, and dapagliflozin. A large number of
clinical tracking data, represented by CANVAS, EMPA‑Reg,
and DAPA‑HF trial, have proven that blood glucose levels,
body weights, and blood pressure levels of patients can be
significantly repressed by the administration of empagliflozin,
canagliflozin, and dapagliflozin (6,7). Furthermore, benazepril
is widely reported for the treatment of diabetes. Xue et al (8)
found that benazepril hydrochloride could alleviate DN by
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reducing the expression of ANGPTL‑4, which is considered
as an effective drug to treat DN and reduce proteinuria.
Benazepril can also improve renal function and reduce renal
injury in DN rats (9).
In the present study, DN was established in rats by high‑fat
diet and injecting streptozotocin (STZ) through the tail vein,
followed by observation on the pathological changes in renal
tissues. The difference in the expression level of fibrosis and
inflammation‑related proteins was also determined to compare
the therapeutic effect of SGLT2 inhibitor and benazepril on
DN rats.
Materials and methods
Establishment of DN model in rats. Thirty‑eight‑week‑old rats
were purchased from Liaoning Changsheng Biotechnology
Co., Ltd. (Liaoning, China), and divided into the control and
DN model groups. Animals in the control group were fed
with normal diets. Rats in the DN model group were fed with
high‑fat diets for 8 weeks, followed by intraperitoneal injec‑
tion with 1% STZ solution. Blood glucose was detected using a
glucometer (Roche,) 3, 7 and 14 days after injection. If the blood
glucose was all higher than 16.7 mmol/l, then the DN model
was successfully established in rats. For in vivo experiments,
rats were divided into four groups. Animals in the control
and DN groups were intraperitoneally injected with normal
saline. Rats in the SGLT2 inhibitor and benazepril groups were
dosed orally with 1 mg/kg/day of SGLT2 inhibitor (10) and
62.5 mg/kg/day of benazepril for 4 weeks, respectively. Four
weeks later, rats were sacrificed by intraperitoneal injection
of 1% pentobarbital sodium (45 mg/kg) for follow‑up detec‑
tion. No breathing, no heartbeat, and pupils dilated were used
to confirm death following euthanasia with sodium barbital.
Clinical symptoms, such as unmitigable severe pain and inca‑
pable of maintaining normal activities or eating on their own,
were humane endpoints used in order to determine when the
animals should be sacrificed to minimize suffering.
Hematoxylin and eosin (HE) staining. After collecting renal
tissues from each animal, they were washed and dehydrated
with 70, 80 and 90% ethanol solution, followed by incuba‑
tion with equal quality of ethanol and xylene for 15 min.
Subsequently, the samples were incubated with equal quality
of xylene for another 15 min, followed by repeat incuba‑
tion until the tissues looked transparent. Then, the tissues
were embedded in paraffin, sectioned, and stained with HE
staining, followed by randomly selecting the images from five
fields at 100x magnification, and all phases of follicles and
corpora lutea were counted by using an inverted microscope
(Olympus).
Masson staining. Sections were stained with Weigert hema‑
toxylin iron for 10 min, followed by differentiation for 5‑15 sec
using acid ethanol. Slides were stained with Masson blue
solution for 5 min, followed by washing and staining with
Ponceau dye for 8 min. Sections were washed using a weak
acid working solution and then directly stained in aniline blue
for 2 min. After quick dehydration using 95% ethanol and
100% ethanol successively, the images were collected using an
inverted microscope (Olympus,).

Periodic acid‑Schiff (PAS) staining. Sections were mixed
with oxidants for 15‑20 min, washed three times, and added
with Schiff reagents, followed exhaust dyeing in the dark for
10‑20 min. After two washes using the sodium sulfite solu‑
tion, sections were stained with Mayer‑hematoxylin dyes
for 1‑2 min. Finally, images were taken using an inverted
microscope (Olympus).
Transmission electron microscopy (TEM). Renal tissues were
collected and washed using PBS buffer and then fixed in 4.0%
glutaraldehyde in PBS overnight. Subsequently, samples were
embedded in epoxy resin, and ultrathin sections (50‑70 nm)
were collected on copper grids. After counterstaining with
aqueous uranyl acetate for 1 h, phosphotungstic acid for 1 h,
and Reynolds' lead citrate for 20 min successively, the samples
were examined using a transmission electron microscope
(JEOL).
The sections prepared from tissues were fixed in 2.5%
glutaraldehyde PBS (v/v, pH 7.2), post‑fixed in 1% osmium
tetroxide (v/v), and stained with 4.8% uranyl acetate after dehy‑
dration. Subsequently, the sections were washed in propylene
oxide and impregnated with epoxy resins and then contrasted
with uranyl acetate and lead citrate. Finally, the sections were
observed under a transmission electron microscope (JEOL).
Immunohistochemical analysis. Renal tissues isolated
from animals were fixed in 2% formaldehyde solution and
embedded in paraffin and then cut into 4‑µm‑thick sections.
The sections were deparaffinated and rehydrated, which were
further incubated with 3% H 2O2 for 15 min. Subsequently,
the sections were blocked with 5% BSA in TBST for 30 min,
followed by incubating with primary antibody against
ET‑1 (1:100, Affinity), VWF (1:200, Abcam), col‑I (1:200,
Proteintech), or α‑AMA (1:200, Abcam). After washing, the
sections were incubated with HRP‑conjugated secondary
antibody (CST), and then images were taken using a light
microscope (Olympus). Based on the images taken under a
microscope, Image J was used to read the IOD (gray value)
and area (Area), and finally the IOD/area ratio was used to
make histogram display (11).
Western blot assay. After isolating the total proteins from renal
tissues, proteins were quantified using a BCA kit (ZIKER),
and ~40 µg of proteins was loaded onto the SDS PAGE,
followed by separation for 2 h. Subsequently, the proteins
were transferred to the PVDF membrane (Invitrogen; Thermo
Fisher Scientific, Inc.), and the membrane was further incu‑
bated with 5% BSA. Then, the membrane was incubated with
the primary antibody against NT‑proBNP (1:100, Affinity),
TGF‑β (1:1,000, Affinity), MMP‑9 (1:1,000, Proteintech), and
GAPDH (1:1,000, Affinity), followed by incubation using a
secondary antibody (1:2,000, Affinity). Finally, the membrane
was exposed to ECL solution, and the bands were visualized
and quantified using Image J.
Statistical analysis. The data in the present study were
presented by mean ± SD and analyzed using GraphPad
(GraphPad Software, Inc.). The difference among groups was
analyzed using one‑way ANOVA and Tukey's test. P<0.05 was
considered as a significant difference.
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All animal experiments involved in this manuscript were
approved by the ethical committee of The Third Affiliated
Hospital of Nanchang University and carried out in accordance
with the guidelines for care and use of laboratory animals and
the principles of laboratory animal care and protection.
Results
Establishment of the DN model in rats. After modeling, blood
glucose was detected. As shown in Table I, the level of blood
glucose in DN rats was significantly elevated compared with
control (*P<0.05 vs. control).
Impacts of SGLT2 inhibitor on 24‑h urine protein in DN
rats. As shown in Table II and Fig. 1, the 24‑h urine protein
in DN rats was significantly elevated compared with control,
which was dramatically suppressed by the administration of
SGLT2 inhibitor or benazepril (*P<0.05 vs. control, #P<0.05
vs. model). In addition, compared with the SGLT2 inhibitor
group, significantly higher 24‑h urine protein was observed in
the benazepril group (Δ P<0.05 vs. SGLT2 inhibitor).
SGLT2 inhibitor significantly ameliorated the pathological
state of renal tissues in DN rats. Based on the images taken
in the HE, Masson, and PAS staining assay, compared with
control, the glomerular basement membrane and mesangial
membrane thickened; a protein tube was formed, and renal
tubular hypertrophy, lumen dilation, diffuse monocytes, and
infiltrated cells were observed in DN rats, accompanied with
infiltration of focal inflammatory cells in the renal interstitial
area, vacuolar degeneration or exfoliation of renal tubular
epithelial cells, significant increase of collagen fibers, and
positive glycogen reaction (Fig. 2). After the treatment of
SGLT2 inhibitor, the lumen and renal tubules became smaller,
and the number of protein tubules decreased remarkably.
However, in the benazepril group, weak alleviatory effects
on the renal injury were observed, accompanied with small
amounts of glomerular basement membranes and infiltration
of inflammatory factors.
In addition, pathological analysis was performed, and the
results are shown in Fig. 2. Scoring was determined in accor‑
dance with the following rules: score 0, no specific variation
under a light microscope and normal basement membrane
under an electron microscope; score 1, slight non‑specific
changes under a light microscope and thickening of base‑
ment membrane under an electron microscope; score 2,
higher than 25% of mesangial lengthening and less mesan‑
gial growth area compared with capillary area; score 3,
at least one nodular sclerosis; score 4, 50% of glomerular
progressive diabetic glomerular sclerosis. As shown in
Fig. 3A, the HE score in the DN model group increased
significantly compared with the control group, which was
greatly repressed by the addition of SGLT2 inhibitor. As
shown in Fig. 3B, the proportion of collagen fiber area in
the DN model group increased significantly compared with
the control group, which was greatly reversed by the SGLT2
inhibitor and benazepril. As shown in Fig. 3C, the proportion
of PAS‑positive area and glomerular area in the glomerular
matrix of the DN model group increased significantly
compared with the control group, which were dramatically
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Table I. Level of blood glucose in rats.
			
Groups N
Time point
Control
4
		
Model
12
		

3 weeks after STZ injection
Before sacrifice
3 weeks after STZ injection
Before sacrifice

Blood glucose
(mmol/l)
6.28±0.38
8.27±2.35
24.23±2.71a
23.45±3.71a

P<0.05 vs. control at the same timepoint. STZ, streptozotocin.

a

Table II. Level of 24‑h urine protein in rats.
		
Groups
N

Urine protein
(mg/24 h)

Control
Model
SGLT2 Inhibitor
Benazepril

5.68±1.58
38.30±7.49a
12.04±2.38b
19.49±2.74b,c

4
4
4
4

P<0.05 vs. Control; bP<0.05 vs. Model; cP<0.05 vs. SGLT2 inhibitor.
SGLT2, sodium/glucose cotransporter 2.

a

Figure 1. Level of urine protein in rats at 24 h after administration. *P<0.05
vs. control; #P<0.05 vs. model; Δ P<0.05 vs. SGLT2 inhibitor. UA, urea;
SGLT2, sodium/glucose cotransporter 2.

reversed by the SGLT2 inhibitor and benazepril (*P<0.05 vs.
control; #P<0.05 vs. model).
Impact of SGLT2 inhibitor on the morphology of renal tissues
in DN rats. The ultrastructure of renal tissues is shown in
Fig. 4. Compared with control, the epithelial cells of renal
tubules in DN rats were damaged; the deposition of lumps of
electron density in endothelial cells and basal membrane was
observed, and the capillary lumen in the nephron was blocked.
In addition, the severe injury on the mitochondria was induced,
which was characterized by swelling, deformation, vacuolation,
disorder, and blurred or disappeared mitochondrial crest. The
increased endoplasmic reticulum phagocytes, enlarged filtration
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Figure 2. Images of HE (magnification, x200), Masson (magnification, x400) and PAS (magnification, x400) assays were captured to evaluate the pathological
changes in renal tissues. HE, hematoxylin and eosin; SGLT2, sodium/glucose cotransporter 2; PAS, periodic acid‑Schiff.

Figure 3. Pathological analysis on rat renal tissues were measured using (A) HE scoring, (B) Masson scoring and (C) PAS scoring. *P<0.05 vs. control; #P<0.05
vs. model. HE, hematoxylin and eosin; SGLT2, sodium/glucose cotransporter 2; PAS, periodic acid‑Schiff.

membrane space, and deciduous basal membrane and endo‑
thelial cells were also observed. After the treatment of SGLT2
inhibitor, the pathological state was significantly alleviated, and
the deposition in the basal membranes and endothelial cells
disappeared. In addition, the deformation and vacuolation in the
mitochondria were not observed. However, after the treatment
of benazepril, the alleviated effect was not significant.

Impact of SGLT2 inhibitor on the expression level of TGF‑β,
NT‑proBNP, and MMP‑9 in renal tissues of DN rats. As shown
in Fig. 5, the expression level of TGF‑β and NT‑proBNP was
significantly promoted, and the expression level of MMP‑9
remarkably declined in DN rats compared with control (*P<0.05
vs. control). After the treatment of SGLT2 inhibitor and benaz‑
epril, TGF‑β and NT‑proBNP were significantly downregulated,

EXPERIMENTAL AND THERAPEUTIC MEDICINE 24: 747, 2022

5

in renal tubular epithelial cells and in the renal interstitium
and partly distributed in endothelial cells and mesangial
cells of the glomerulus. Compared with control, ET‑1, vWF,
col‑I, and α‑SMA were significantly upregulated in DN rats,
which were dramatically downregulated by the treatment of
SGLT2 inhibitor or benazepril (*P<0.05 vs. control, #P<0.05
vs. model). However, compared with the SGLT2 inhibitor
group, significantly high expression levels of ET‑1, vWF, col‑I,
and α‑SMA were observed in the benazepril group (ΔP<0.05
vs. SGLT2 inhibitor).
Discussion

Figure 4. Change of morphology in renal tissues was observed using transmis‑
sion electron microscopy (magnification, x9300). SGLT2, sodium/glucose
cotransporter 2.

Figure 5. Expression level of TGF‑ β, NT‑proBNP and MMP‑9 in renal
tissues was determined using western blotting. *P<0.05 vs. control; #P<0.05
vs. model; Δ P<0.05 vs. SGLT2 inhibitor. NT‑proBNP, N‑terminal fragment
of the B‑type natriuretic peptide precursor; MMP‑9, metalloproteinase‑9;
NT, N‑terminal; SGLT2, sodium/glucose cotransporter 2.

and MMP‑9 was significantly upregulated (#P<0.05 vs. model).
However, compared with SGLT2 inhibitor, the impact of benaz‑
epril on the expression level of TGF‑β, NT‑proBNP, and MMP‑9
was less significant (ΔP<0.05 vs. SGLT2 inhibitor).
SGLT2 inhibitor significantly downregulated the expression
level of ET‑1, vWF, col‑I, and α‑SMA. As shown in Fig. 6, ET‑1
was distributed in the glomeruli and tubules. However, α‑SMA
and col‑I were primarily expressed in the basal membrane
of tubular cells and partly distributed in the mesangial area
of the glomerulus. In addition, vWF was highly expressed

Similar to other diabetic microvascular complications, the
pathogenesis and process of DN have not been fully elucidated,
whereas hyperglycemia is the key factor leading to the onset of
DN. At present, DN animal models are established on the basis
of a diabetes model. With disease progression, the established
diabetes model will gradually develop into an appropriate DN
model, and the establishment of an appropriate DN model is
the basis for studying the pathogenesis of DN. At present, the
commonly used method to establish a DM model is the injec‑
tion of STZ. The standards for DN modeling using STZ are
different. In the present study, the methods for modeling and
identification are referred to the description reported previ‑
ously (12). Animals were fed with high‑fat diets for 8 weeks,
followed by intraperitoneal injection with 1% STZ solution to
establish the DN model. The results indicated that the average
blood glucose level within 3 weeks after the injection of STZ
was higher than 16.7 mmol/l, and the 24 h urine protein level
was higher than 30 mg, which indicated that the DN model
was successfully established.
DN is a common complication of diabetes. In the early
stage of DN, the development of proteinuria will be induced by
renal enlargement and damage of glomerular filtration func‑
tion (13). Some studies have shown that SGLT2 inhibitors can
improve the glomerular filtration rate of patients with type 2
diabetes, thereby reducing the occurrence of glomerular
toxicity (14). In the present study, 24 h urinary protein levels
decreased significantly after treatment with SGLT2 inhibitors
and benazepril.
DN is a common complication of diabetes, which is
primarily characterized by microcirculation disturbance,
micro‑hemangioma formation, and microvascular basement
membrane thickening. At the early stage, the primary renal
pathological changes of DN include renal hypertrophy,
mesangial area dilation, and glomerular basement membrane
thickening. Wang reported that (15) 1 week after STZ injec‑
tion, increased tubular lumen and mild necrosis of tubular
epithelial cells were observed in the DN group using the HE
staining assay because of significant renal toxicity. Extensive
tubular vacuolation was observed at the 12th week. In the
present study, we found that the glomerular volume in DN
rats was significantly larger than that in normal rats, accom‑
panied by the thickened basal membrane of glomerular
capillaries, widened mesangial area, increased collagen
fibers, and positive PAS staining on the mesangial matrix.
These observations indicated that a certain renal damage was
induced in DN rats. In addition, based on the TEM results, in
renal tissues of DN rats, epithelial cells in renal tubules were
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Figure 6. Expression levels of ET‑1, vWF, col‑I and α‑SMA in renal tissues were determined using immunohistochemical assays. *P<0.05 vs. control;
#
P<0.05 vs. model; Δ P<0.05 vs. SGLT2 inhibitor. ET‑1, endothelin 1; vWF, von Willebrand factor; col‑I; α‑SMA, α smooth muscle actin; Col, collagen;
SGLT2, sodium/glucose cotransporter 2; IOD, integrated optical density.

damaged; endothelial cells and basal membrane were depos‑
ited; the capillary lumen in renal unit was blocked, and the
basal membrane and endothelial cells were shed. After the
treatment of SGLT2 inhibitor and benazepril, the patholog‑
ical state in DN rats was significantly alleviated. Moreover,
the therapeutic effect of SGLT2 inhibitor was superior to that
of benazepril, which provided a reliable pathological basis
for replacing benazepril with SGLT2 inhibitor for the clinical
treatment of DN.
In the mechanism study of DN, significantly induced
macrophage accumulation and activation could be induced
by high glucose levels, which further trigger the glomerular
immune complex deposition and increase the production of
chemokines and inflammatory factors. Furthermore, exces‑
sive release of ROS will be induced by renal hemodynamics,

disordered renal metabolic pathway, and oxidative stress,
which further stimulates the opening of related signaling
pathways, resulting in declined degradation of the extracel‑
lular matrix (ECM) and a large accumulation of ECM in the
kidney. Consequently, renal fibrosis and renal dysfunction will
be induced (16).
TGF‑β1 is involved in glomerular and tubulointerstitial
damage during the development of DN by inducing the
synthesis of ECM in epithelial cells, mesangial cells, proximal
convoluted renal tubular epithelial cells, and fibroblasts.
In the early stage of DN, the expression level of TGF‑β1 is
significantly elevated. The blood glucose and expression level
of TGF‑β1 is positively correlated (17). In the present study,
the upregulation of TGF‑β1 was accompanied by the elevation
of blood glucose levels. In addition, the development of renal
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fibrosis and DN is mediated by TGF‑β1 (18). Compared with
DN rats, TGF‑β1 was significantly downregulated by the treat‑
ment of SGLT inhibitor, indicating that the SGLT inhibitor
might alleviate renal fibrosis by regulating TGF‑ β1, which
finally contributed to the alleviation of DN symptoms.
Proliferation will be facilitated, and the trans differ‑
entiation of mesangial cells, renal tubular epithelial cells,
fibroblasts, and pericellular cells into myofibroblasts (MFB)
will be stimulated. In addition, the expression of α‑SMA will
be induced by TGF‑β1, the expression level of which is used
to indirectly reflect the degree of renal fibrosis. Pathological
secretion of collagens (primarily Col I and Col III) can be
observed in MFB, which further contributes to the excessive
deposition of ECM. Studies have found that the renal cell
phenotypic transformation, secretion of ECM, and inflam‑
matory response induced by high glucose levels can be
repressed by salvianolic acid B, which further alleviate renal
blood flow (18). In the present study, based on the results of
the immunohistochemical assay, α‑SMA and Col I were
highly expressed in the mesangial area of the glomerulus in
DN rats, particularly in vessels. After treatment of SGLT2
inhibitor and benazepril, the expression of α‑SMA and Col I
was significantly decreased. Matrix metalloproteinase (MMP)
is a zinc‑ and calcium‑dependent proteolytic enzyme that
degrades ECM. The expression level of the tissue inhibitor of
metalloproteinase and plasminogen activator inhibitor will be
facilitated by TGF‑β1 by inhibiting the degradation of ECM
against MMPs. In the MMP family, MMP‑9 is an important
proteolytic enzyme (19). In the present study, deposition was
found in endothelial cells and basal membranes, and collagen
fibers were significantly increased in DN rats. The expression
level of MMP‑9 was significantly declined. After the treatment
of SGLT2 inhibitor and benazepril, MMP‑9 was significantly
upregulated, and the number of collagen fibers was decreased,
indicating that the therapeutic effect of SGLT2 inhibitor and
benazepril on DN might be related to the degradation of ECM
mediated by MMP‑9.
NT‑proBNP is a neuroendocrine hormone secreted by
ventricular muscles primarily metabolized by the kidney. In
addition, NT‑proBNP is closely associated with the develop‑
ment of microangiopathy. DN is an important complication of
microangiopathy during the development of diabetes (20,21).
Studies have shown that NT‑proBNP is involved in kidney
diseases. NT‑proBNP expands vascular diuretic sodium
discharge and inhibits the sympathetic nerve and renin‑angio‑
tensin‑aldosterone system, which is a potential indicator of the
glomerular overpass rate by alleviating the declined glomer‑
ular overpass rate to delay the progression of chronic kidney
disease (22). In the present study, we found that NT‑proBNP
was significantly upregulated in DN rats, which was consistent
with previous reports (23).
Endothelin‑1 (ET‑1), encoded by the EDN1 gene, is
primarily expressed in glomerular endothelial cells (GENs),
and it plays an important role in DN (24). ET‑1 acts by
binding to endothelin receptor subtypes, endothelin A
receptor (ETAR), and endothelin B receptor (ETBR). In
ETBR−/− GENs exposed to high glucose levels, suppression
of ET‑1 binding to ETBR activated the NF‑κ B pathway to
secrete large amount of ET‑1. Given the communication
between GENs and mesangial cells in diabetes, ET‑1 binding
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to ETAR in mesangial cells promoted the RhoA/ROCK
pathway, thereby accelerating mesangial cell prolifera‑
tion and ECM accumulation (25). Studies have shown that
vascular endothelial injury plays an important role in the
development of DN (26). Von Willebrand factor (vWF) is a
glycoprotein that plays an important role in platelet forma‑
tion. The lack of vWF will lead to von Willebrand disease
and result in bleeding, whereas the increased expression level
of vWF will create an environment that promotes thrombosis.
Increased serum vWF level indicates the vascular endo‑
thelial cell injury and blood hypercoagulability (27). Some
studies have found that increased vWF in patients is related
to DN‑related arteriosclerosis and blood hypercoagulability,
and reducing the vWF level significantly improves patients'
renal function (28). In the present study, in DN rats, signifi‑
cant injuries in endothelial cells and renal tubular epithelial
cells were observed. Compared with control, the expression
level of vWF in DN rats was significantly promoted. After
the treatment of SGLT2 inhibitor and benazepril, the expres‑
sion level of vWF was significantly suppressed, indicating
that the therapeutic effect of SGLT2 inhibitor and benazepril
on DN might be related to the downregulation of vWF.
To confirm whether side effects could be induced in normal
mice by the administration of SGLT2 inhibitor. UA content
in 24 h and HE staining were performed between the control
rats and SGLT2 inhibitor treated normal rats. As shown in
Fig. S1A, no significant difference on the actual UA content was
observed between the control and the SGLT2 inhibitor treated
normal rats. Furthermore, in SGLT2 inhibitor treated normal
rats, the glomerular basement membrane was normal and the
structure of the renal tubule was regular, with rare infiltration
of inflammatory cells (Fig. S1B), indicating that SGLT2 inhib‑
itor did not induce any pathological changes on renal tissues of
normal rats. In addition, it is widely reported (29‑31) that the
risk of hypoglycemia cannot be induced by the treatment of
SGLT2 inhibitor.
In the present study, DN was successfully established in
rats by STZ. Western Blot and immunohistochemistry experi‑
ments showed that SGLT2 inhibitor and benazepril reduced
the expression of α‑SMA and Col I by inhibiting TGF‑β1. In
addition, the expression of MMP‑9 was upregulated, which
inhibited the accumulation of ECM and improved renal
fibrosis and interstitial fibrosis. Furthermore, the vascular
endothelial injury was repaired, and blood flow dynamics was
regulated by SGLT2 inhibitors and benazepril by reducing the
protein expression levels of ET‑1, vWF, and NT‑probNP, which
finally achieved the effect of improving vascular lesions. As a
SGLT2 inhibitor, dapagliflozin improved renal pathology and
morphology of rats by reducing urinary protein content. The
pathogenesis of DN is complex. Therefore, an in‑depth study
on the renal protective mechanism of SGLT2 inhibitors will
provide a solid foundation for personalized drug usage and
precision therapy. Collectively, SGLT2 inhibitors have demon‑
strated renal protective ability in clinical and basic studies,
and their application will change the treatment of DN, whereas
studying the renal protective mechanism of SGLT2 inhibitors
will provide the possibility for the wide application of SGLT2
inhibitors in other nephropathy. The present study provides
preliminary findings on the molecular mechanism of SGLT2
inhibitors, particularly dapagliflozin, in the treatment of DN.
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