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Empagliflozin alone and in combination with metformin
mitigates diabetes-associated renal complications
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Diabetes mellitus is a major public health concern, often leading to undiagnosed micro- and macrovascular com-
plications, even in patients with controlled blood glucose levels. Recent evidence suggests that empagliflozin and
metformin have renoprotective effects in addition to their hypoglycemic action. This study investigated the potential
protective effect of empagliflozin and metformin on diabetic renal complications. Forty-two adult male Sprague
Dawley rats were randomized into six groups: normal control, diabetic control, metformin (250 mg/kg), empagli-
flozin (10 mg/kg), and combination therapy groups. Type 2 diabetes was induced in rats by a single intraperitoneal
injection of streptozotocin (40 mg/kg) following two weeks of 10% fructose solution in their drinking water. Blood
glucose, creatinine, urea nitrogen, inflammatory markers (IL-6, TNF-a), and renal tissue caspase-3 were assessed after
eight weeks. Blood glucose, urea, creatinine, serum IL-6, TNF-a, and tissue caspase-3 were significantly decreased
in the treatment groups compared to the diabetic group. The histopathological findings revealed that treatment with
empagliflozin and/or metformin improved the damage in the renal tissue caused by diabetes-induced nephropathy.
Moreover, co-administration of empagliflozin and metformin resulted in even better outcomes. Our data revealed
that empagliflozin and metformin could improve renal function and decrease inflammation and apoptosis in diabetic
animals, delaying the progression of diabetic nephropathy. Combined treatment with metformin and empagliflozin
proved to have an additive protective action on renal tissue.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is the most common form of
diabetes, affecting approximately 90% of diagnosed adults [1,2].
This metabolic disorder is characterized by insulin resistance and
impaired insulin secretion, often co-occurring with other health
conditions. The global prevalence of diabetes among adults aged
20-79 is projected to rise from 10.5% (536.6 million) in 2021 to
12.2% (783.2 million) by 2045. This increase in prevalence is ac-
companied by a substantial economic burden, with the global
cost of diabetes-related illnesses estimated to reach $1,054 bil-
lion by 2045 [3]. Considerable evidence suggests that T2DM
can be prevented or at least postponed during the prediabetes
stage through several measures. Lifestyle modifications, such as
dietary changes, increased physical activity, and weight loss, have
been shown to reduce the incidence of T2DM by 39-71%. Med-
ications such as metformin can reduce it by 28%-79%, whereas
metabolic surgery like gastric bypass can reduce it by 75% [4].
Early and effective management of diagnosed diabetes through
diet and lifestyle modifications, including weight loss and antidi-

abetic medications, can significantly improve the prognosis [5-6].
Apart from hyperglycemia, diabetes causes micro and macro-vas-
cular complications, increasing the risk of cardiovascular disease
among patients with diabetes [7]. One of the most common
long-term disease complications is diabetic nephropathy (DN),
which occurs in 40% of patients. DN is considered the leading
cause of end-stage renal disease and is associated with high mor-
tality and morbidity among patients with chronic kidney disease
[8,9]. Several strategies have been proposed to mitigate diabetic
renal complications, especially those interfering with the inflam-
matory response, oxidative stress, and apoptotic pathways. Em-
pagliflozin is an antidiabetic agent, one of the sodium-glucose
co-transporters-2 (SGLT?2) inhibitors with remarkable anti-in-
flammatory, antioxidant effects and antiapoptotic action [10].
Experimental studies showed that empagliflozin ameliorates
symptoms of diabetes and renal tubular dysfunction in diabetic
animals with enlarged kidneys [11]. Metformin, a biguanide an-
tidiabetic agent, works independently of insulin secretion by pri-
marily increasing insulin sensitivity in muscles, the liver, and the
gastrointestinal tract (GIT). Furthermore, metformin modulates
the meta-inflammation often associated with obesity, exerting
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both direct and indirect effects on immune cells within metabolic
organs such as the liver; adipose tissue, and GIT [12]. Metformin
has a nephroprotective effect by reducing apoptosis and increas-
ing glucose uptake in patients and animals with diabetes [13].
In this study, we investigated whether empagliflozin, alone or in
combination with metformin, could improve diabetic nephropa-
thy. We hypothesized that this potential therapeutic effect would
be mediated by suppressing renal inflammation and apoptosis.

MATERIAL AND METHODS

Study design

This study was conducted at the animal house facilities at the Fac-
ulty of Science, Kufa University, from December/2022 through
March/2023. The experimental study lasted for 12 weeks. For-
ty-two adult male Sprague Dawley rats weighing 180-200g were
housed under controlled conditions (24£2°C, 12-hour light/dark
cycle) and acclimatized for two weeks. Due to higher resistance
to diabetic nephropathy (DN) in females [14], only males were
used. To induce diabetes (n = 35), rats received 10% fructose in
drinking water for two weeks, followed by a single intraperitone-
al injection (i.p.) of streptozotocin (STZ, 40mg/kg) [15]. Blood
glucose level was measured after 72 hours using a glucometer.
Animals with blood glucose levels 2250 mg/dl were considered
diabetic. After confirming experimental diabetes, they were fur-
ther divided into six groups (n = 7 per group):

1. Normal control (NC) (r = 7): Standard chow diet and wa-
ter ad libitum throughout the study.

2. Diabetic control (DM): No treatment.

3. Vehicle control (DM + vehicle): Dimethyl sulfoxide
(DMSO) buffer as empagliflozin vehicle via oral gavage
for eight weeks.

4. Empagliflozin (DM + EMPA): Empagliflozin (10mg/kg/
day) via oral gavage for eight weeks [16].

5. Metformin (DM + Met): Metformin (250mg/kg/day) via
oral gavage for eight weeks [17].

6. Combination (DM + EMPA + Met): Empagliflozin
(10mg/kg/day) and metformin (250mg/kg/day) for eight
weeks.

Chemicals

Fructose powder of 99% purity (cat#8100), Streptozotocin
(STZ; Cat. No. S8050), empagliflozin (Cat. No. E2280), and
metformin (Cat. No. D9351) were obtained from Solarbio. The
urea spectrophotometric kit (REF 1123005) and creatinine spec-
trophotometric kit (REF 1156010) were purchased from LINER
Cromatest. Rat interleukin-6 ELISA kit (Cat. No. E0135Ra) and
Rat tumor necrosis-alpha ELISA kit (Cat. No. E0764Ra) were
purchased from BT LAB. Rat CASP3 (caspase 3) ELISA kit (Cat:
ELK1528) was purchased from ELK Biotechnology. Other re-
agents and chemicals used in this study were of analytical grade.

Serum preparation for biochemical assays

After 12 weeks, rats were euthanized with ketamine/xylazine
(75/5 mg/kg 1.p.). The blood samples were collected directly by
heart puncture with a 5 ml syringe. Blood was collected in a gel
tube at room temperature without anticoagulant. Finally, the se-
rum was separated by centrifugation for 15 minutes at 3000 rpm
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[18]. Serum obtained from blood samples was aliquoted into
Eppendorf tubes for further analysis of serum urea, creatinine,
tumor necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6).

Tissue preparation for caspase 3 measurement

The right kidney of each animal was immediately excised
through a midline abdominal incision. After that, it was rinsed
with ice-cold PBS to remove any red blood cells or clots. Tissues
were minced into small pieces and homogenized in fresh cold
PBS buffer (w: v = 1:9, e.g., 900 pL PBS buffer was added to
100 mg tissue sample) with a glass homogenizer on ice. Then,
the homogenates were centrifuged for 5 minutes at 10000 X g to
collect the supernatant. Caspase 3 was measured in the resultant
supernatant using the ELISA technique.

Biochemical analysis

Blood glucose level was determined using a Glucometer (AC-
CU-CHEK Active (Roche Diagnostics). Serum urea and creat-
inine levels were detected using the spectrophotometric kit (LiN-
ER Cromatest). Serum tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6) were analyzed using the commercially avail-
able ELISA kit (BT LAB). Estimation of caspase 3 level in kid-
ney homogenates was also performed using the ELISA kit (ELK
Biotechnology). All measurements were performed according to
the manufacturer’s instructions.

Histological examination

The left kidneys of animals were fixed in 10% neutral buffered
formalin and embedded in a paraffin block after dehydration by
graded ethanol. Blocks were sectioned into 5-pm thicknesses and
mounted on glass slides, and routine histopathological steps were
followed [19]. The slides were stained with hematoxylin and eo-
sin (H&E) to examine the histological changes by an experienced
pathologist blinded to the treatment groups. Images were cap-
tured using a light microscope and digital camera at a magnifi-
cation of 10X.

Data analysis

Analyses were performed using GraphPad Prism 8 (GraphPad
Software). The data were shown as mean * standard error of
the mean (SEM). Statistical significance between different treat-
ment groups was estimated using a one-way analysis of variance
(ANOVA), with Tukey's multiple comparisons as a post-analysis
test. Statistical significance was set at a P value less than 0.05.

RESULTS

Empagliflozin and metformin improved blood glucose
levels and renal function markers in diabetic rats

Following diabetes induction, rats had significant elevations in
blood glucose, urea, and creatinine, indicating impaired glucose
control and renal function compared to healthy controls. Howev-
er, the administration of empagliflozin or metformin for 8 weeks
revealed a significant decrease in blood glucose, urea, and creat-
inine levels compared to the diabetic control and vehicle groups.
Moreover, combination therapy with both drugs significantly
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Table 1. The effect of empagliflozin and metformin on blood glucose and renal function parameters across all groups

Study groups
Parameter
NC DM DM+Vehicle DM+Met DM+EMPA DM+EMPA+Met
Blood glucose (mg/dl) 87.29+1.539 475+15.15* 482+9.008* 280+3.415% 253.9+1.908* 240+3.922*
Serum urea (mg/dl) 24.43+1.238 81.44+1.379* 79.29+1.678* 51.70+0.9431% 43.64+1.253% 34.54+1.212%

Serum creatinine (mg/dl)  0.3457+0.03683  2.194+0.04455*

2.204+0.07628*

1.050+0.04943%  0.7886+0.03341%  0.4614+0.03341*

Data are presented as mean + SEM. Normal control (NC), Diabetic control (DM), Diabetic treated with vehicle (DM + Vehicle), Diabetic treated with
metformin (DM + Met), Diabetic treated with empaglifiozin (DM+EMPA), Diabetic treated with empaglifiozin and metformin (DM+ EMPA + Met).
*P< 0.05 versus normal control. #P< 0.05 versus diabetic control. $P< 0.05 versus combined treatment.

improved renal dysfunction compared with either single-drug
treatment (Table 1).

Empagliflozin and metformin attenuated the
inflammatory response in diabetic rats

Diabetes significantly increased serum levels of TNF-a and IL-6
in diabetic control rats and vehicle-treated rats compared to nor-
mal controls. Nevertheless, treatment with empagliflozin and
metformin significantly reduced inflammatory markers, name-
ly TNF-a and IL-6, compared to diabetic control and vehicle
groups. Higher improvement was obtained when both drugs
were co-administered, as shown in Figure 1AB.

Empagliflozin and metformin treatments combated
apoptosis in the renal tissue of diabetic rats

As shown in Figure 2, caspase 3 levels, a marker of apoptosis,
were significantly elevated in the kidneys of untreated diabetic
rats compared to normal controls. Both empagliflozin and met-
formin treatment significantly reduced renal caspase 3 levels,
indicating a protective effect against apoptosis. Furthermore,

the combined administration of both drugs resulted in a more
substantial reduction in caspase 3 levels compared to metformin
alone.

Empagliflozin  and/or metformin  treatments
ameliorated kidney tissue injury induced by diabetic
conditions

Kidney sections from all the study groups were analyzed using
H&E staining to evaluate the effect of diabetes on renal tissue
structure and the potential modulatory effects of empagliflozin
and metformin. The normal control group had normal kidney
structure, showing intact glomeruli and tubules (Figure 3A). In
contrast, the DM and DM + vehicle groups had multiple lesions
due to chronic damage induced by diabetes in these tissues (Fig-
ure 3BC). Metformin treatment mitigated the severity of these
diabetic-induced lesions, particularly in the glomeruli, with large-
ly preserved glomerular structure and reduced tubular damage
(Figure 3D). Consistently, renal tissue sections showed near nor-
mal glomerulus structures with mild hypertrophied changes in
the epithelial cells of the proximal tubules lining layer in empagli-
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Figure 1. Modulatory effect of empagliflozin and/or metformin treatment on the systemic inflammatory status in diabetic rats. A, Serum
TNF-a level; B, Serum IL-6 level. STZ-induced diabetic animals were treated with empagliflozin (10mg/kg/day) and/or metformin (250mg/kg/
day) for eight weeks. Results are expressed as mean + SEM (n = 7 rats/group), *P < 0.05 versus normal control. #P < 0.05 versus diabetic control.

$P< 0.05 versus combined treatment.
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DISCUSSION

Diabetes is a widely spread chronic condition that represents a se-
rious burden to public health [3]. Although hyperglycemia is the
primary acute manifestation, chronic complications, particularly
diabetic nephropathy, remain a major challenge in disease man-
agement [9]. SGLT2 inhibitors have demonstrated profound
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renoprotective properties [11]. Therefore, the present study in-
# vestigated the effects of empagliflozin alone or co-administered

# with metformin on renal function and histopathology in a T2DM
54 rat model and its relationship with inflammatory and apoptotic
signaling. In this study, T2DM was generated experimentally in
I rats by STZ and fructose administration [14]. Previous studies
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found that fructose is a lipogenic agent that produces insulin re-
sistance in many organs, especially the liver [20]. STZ is a nat-
urally occurring antibiotic produced by Streptomyces achromogenes
bacteria. Because of its diabetogenic effects, STZ is mainly used
to induce diabetes in animal models [21]. Multiple therapeutic

Renal tissue Caspase-3 (ng/mL)

agents have been proposed to stop the development of diabetic
kidney disease, particularly those manipulating the inflammatory
status, oxidative load, or apoptotic pathways [13-15]. Empagli-
flozin interferes with glucose reabsorption in the kidney without
affecting insulin release or sensitivity. Several studies suggested
a protective effect of empagliflozin on the vascular system by
diminishing inflammatory and oxidative signals [22]. On the
other hand, metformin demonstrated renoprotective properties
in animal models of T2DM by lowering blood glucose levels
and improving kidney function in addition to their anti-inflam-
matory and anti-apoptotic efficacy [12]. Hyperglycemia causes
deleterious changes to kidney parenchyma, leading to a decline

Figure 2. Suppressive effect of empaglifiozin and/or metformin
treatment on renal caspase-3 level of diabetic rats. STZ-induced
diabetic animals were treated with empaglifiozin (10mg/kg/day)

and/or metformin (250mg/kg/day) for eight weeks. Results are ex-
pressed as mean + SEM (n = 7 rats/group), *P < 0.05 versus normal
control. P < 0.05 versus diabetic control. *P < 0.05 versus combined

treatment.

flozin-treated diabetic rats (Figure 3E). The combination therapy
of empagliflozin and metformin demonstrated the most signifi-
cant renoprotective effects. Renal tissues in this group exhibited a
near-normal appearance, with minimal evidence of glomerular
or tubular damage, as shown in Figure 3F.

in renal function. Prolonged elevated blood glucose levels in un-
treated diabetic animals result in increased urea and creatinine
levels, indicative of impaired kidney function. These deleterious
effects are attributed to damage to essential renal structures like
the glomerular basement membrane and podocytes, which are

- TR - a -
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Figure 3. Histological analysis of kidney sections in different experimental groups. A, NC: normal renal histology; B, DM: Renal vein con-
gestion (black arrow), severe proximal tubule damage (coagulative necrosis, red arrows), atrophic glomeruli (blue arrow), and necrotic lesions
(liquefactive necrosis, green arrows); C, DM + Vehicle: Structural lesions similar to the DM group; D, DM + Met: Near-normal glomerular tuft

and capsule (black arrows), moderate hypertrophy in proximal tubules (red arrows); E, DM + EMPA: Normal glomerular tuft and capsule (black
arrows), mild hypertrophy in proximal tubules (red arrows); F, DM + Met + EMPA: Significant improvement with nearly normal kidney histology,
showing normal glomerular tuft and proximal tubules (black and red arrows). Images were captured using a light microscope and digital camera
at a 10X magnification.
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crucial for maintaining normal filtration and preventing protein
loss in urine [23]. Experimental studies reported that treatment
with metformin or empagliflozin recovers the functional capacity
of the diabetic kidney and improves the histopathological pic-
ture in the renal tissue in animal models of diabetes with renal
involvement [11,15]. Diabetes is an inflammatory disease, and
elevated blood glucose level and insulin insensitivity leads to the
activation of immune cells, thereby secreting interleukins and
cytokines such as IL-6 and TNF-a and aggravating the inflam-
matory response [23-25]. Clinical studies have found that TNF-a
is significantly increased in patients with diabetes. Moreover, this
cytokine plays a pivotal role in the development of diabetes mi-
crovascular complications, including DN. TNF-a has cytotoxic
effects on the mesangial, epithelial, and glomerular cells of the
kidney, contributing to renal injury [26]. Empagliflozin, recog-
nized for its pleiotropic actions, has demonstrated anti-inflam-
matory, antioxidant, and anti-apoptotic effects across multiple
disease models [10-11, 25]. These beneficial effects are attributed
to its ability to inhibit downstream effectors of the pro-inflamma-
tory transcription factor nuclear factor kappa B (NF-xB), thereby
suppressing the inflammatory cascade [27]. In line with these
findings, metformin treatment also demonstrated anti-inflamma-
tory effects, reducing systemic cytokine release and interleukin
levels and exerting a nephroprotective action in diabetic as well
as non-diabetic animal models of chronic kidney disease [17].
Numerous studies have highlighted the pivotal role of hypergly-
cemia in promoting oxidative stress and inflammation, ultimately
leading to the activation of apoptotic pathways within renal tis-
sue [16]. This diabetic milieu triggers programmed cell death, as
evidenced by elevated levels of the apoptotic marker caspase 3,
which further exacerbates renal injury, including glomerular and
tubular damage [28]. Empagliflozin has been shown to mitigate
renal tubular apoptosis by reducing caspase-3 protein levels in
streptozotocin-induced diabetic rats [27]. Similarly, metformin
exerts anti-apoptotic effects by downregulating Bax, caspase-3,
and caspase-9 activity in diabetic animals [12]. This anti-apop-
totic mechanism is mediated through the activation of AMP-ac-
tivated protein kinase (AMPK) and subsequent regulation of
the AMPK/SIRT1-FoxO1 pathway, which plays a crucial role
in autophagy and cellular homeostasis in diabetic nephropathy
[16]. In diabetic animals, elevated glucose levels induce various
changes in renal histology. Animal models of T2DM have been
shown to successfully replicate the renal histopathological injury
observed in diabetic patients with kidney involvement [29]. The
extent of structural damage correlates with disease duration and
the degree of glycemic control [6-9]. Early histological changes
include glomerular basement membrane thickening, renal tubule
dilation or atrophy, and glomerular hypertrophy. In later stag-
es, more severe lesions such as glomerulosclerosis and interstitial
fibrosis may develop [27]. The pathogenesis of diabetic kidney
disease has been conventionally attributed to hemodynamic al-
terations and severe persistent hyperglycemia. However, accumu-
lating evidence highlights the vital contribution of inflammation
and oxidative load to the development and progression of kidney
disease [16]. In the diabetic kidney, infiltration of innate immune
cells and a surge in systemic inflammatory cytokines and chemo-
kines contribute to cellular injury [23]. Previous studies have
shown that empagliflozin and metformin have nephroprotective
properties, improving the structural alterations in the renal tissue
triggered in diabetic and nondiabetic settings [12,30]. Empagli-
flozin reduces renal and tubular injury by mitigating the renal
inflammatory process, injury, and damage [31]. Additionally, a

534

previous investigation found that treatment with metformin dra-
matically reduced the pathogenic aspects of T2DM by lowering
blood sugar, preserving renal functions, and maintaining normal
morphology. The mechanism causing this effect may be linked to
lipid metabolism, glycemic management, and anti-oxidative and
anti-inflammatory processes [32].

CONCLUSION

This study suggests that treatment with empagliflozin and met-
formin in diabetic conditions effectively reduces inflammation
and apoptosis and improves renal function. Empagliflozin and
metformin ameliorated diabetic nephropathy in diabetic rats.
However, combining them resulted in a further reduction in kid-
ney injury via anti-inflammatory and anti-apoptotic pathways.

Conflict of interest
The authors declare no conflict of interest.

Ethical approval
This study was approved by the ethical committee at the Universi-
ty of Kufa, Faculty of Pharmacy, Iraq (EC: 6018, on 27.02.2022).

Authorship

ZM conducted the animal experiments, data analysis, and draft-
ed the manuscript. ZA contributed to the conception and design
of the study, as well as the writing and critical revision of the
manuscript. All authors have read and approved the final version
of the manuscript.

REFERENCES

l. Demir S, Nawroth PR Herzig S, Ekim Ustiinel B. Emerging Targets in Type 2
Diabetes and Diabetic Complications. Adv Sci (Weinh). 2021;8(18). doi: 10.1002/
advs.202100275

2. World Health Organization. World Health Organization, International Diabetes
Federation, editors. Classification of diabetes mellitus. Geneva: World Health
Organization; 2019. License: CC BY-NC-SA 3.0 IGO.

3. Sun H, Sacedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, ¢ al. IDF
Diabetes Adas: Global, regional and country-level diabetes prevalence estimates
for 2021 and projections for 2045. Diabetes Res Clin Pract. 2022;183:109119. doi:
10.1016/j.diabres.2021.109119

4. Shubrook JH, Chen W, Lim A. Evidence for the Prevention of Type 2 Diabetes
Mellitus. J Am Osteopath Assoc. 2018;118(11):730-737. doi: 10.7556/ja0a.2018.158

5. Celli A, Barnouin Y, Jiang B, Blevins D, ¢ al. Lifestyle intervention strategy to treat
diabetes in older adults: a randomized controlled trial. Diabetes Care. 2022;45(9):1943-
1952. doi: 10.7326/AI'TC201911050

6. Vijan S. Type 2 Diabetes. Ann Intern Med. 2019;171(9):ITC65-ITC80. doi:
10.7326/AITC201911050

7. LuQ,Chen],LiR, Wang Y, Tu Z, Geng T; ¢t al. Healthy lifestyle, plasma metabolites,
and risk of cardiovascular discase among individuals with diabetes. Atherosclerosis.
2023;367:48-55. doi: 10.1016/j.atherosclerosis

8. Koye DN, Magliano DJ, Nelson RG, Pavkov ME. The Global Epidemiology of
Diabetes and Kidney Disease. Adv Chronic Kidney Dis. 2017;25(2):121-132. doi:
10.1053/j.ackd.2017.10.011

9. Faselis C, Katsimardou A, Imprialos K, Deligkaris P, Kallistratos M, Dimitriadis K.
Microvascular Complications of Type 2 Diabetes Mellitus. Curr Vasc Pharmacol.
2020;18(2):117-124. doi: 10.2174/1570161117666190502103733

10.  Albakaa RN, Rizij FA, Ali Hassan RM. Potential Role of Empagliflozin to Ameliorate
Doxorubicin Induced Cardiotoxicity in Male Rats. ] Med Chem Sci. 2023;6(3):613-
621. doi: 10.26655/JMCHEMSCI.2023.3.18

1. Domon A, Katayama K, Sato T, Tochigi Y, Tazaki H, Suzuki H. Empagliflozin
ameliorates symptoms of diabetes and renal tubular dysfunction in a rat model
of diabetes with enlarged kidney (DEK). PLoS One. 2021;16(5):c0251135. doi:
10.1371/journal.pone.0251135

12. TYoretz M, Guigas B, Viollet B. Understanding the glucoregulatory mechanisms of
metformin in type 2 diabetes mellitus. Nat Rev Endocrinol. 2019;15(10):569-589. doi:
10.1038/541574-019-0242-2

JOURNAL of MEDICINE and LIFE. VOL: 17 ISSUE: 5 MAY 2024

© 2024 by the authors. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) license.



20.

21.

22

23.

JOURNAL of MEDICINE =nd LIFE

Polianskyte-Prause Z, Tolvanen TA, Lindfors S, Dumont V, Van M, Wang H, ¢ al.
Metformin increases glucose uptake and acts renoprotectively by reducing SHIP2
activity. FASEB J. 2019;33(2):2858-2869. doi: 10.1096/1.201800529RR
Spires DR, Palygin O, Levchenko V, Isaeva E, Klemens CA, Khedr S, ¢/ al. Sexual
dimorphism in the progression of type 2 diabetic kidney disease in T2DN rats. Physiol
Genomics. 2021 Jun 1;53(6):223-234. doi: 10.1152/physiolgenomics.00009.2021
Wilson RD, Islam MS. Fructose-fed streptozotocin-injected rat: An alternative model
for type 2 diabetes. Pharmacol Rep. 2012;64(1):129-139. doi: 10.1016/S1734-
1140(12)70739-9
Ashrafi Jigheh Z, Ghorbani Haghjo A, Argani H, Roshangar L, Rashtchizadeh N,
Sanajou D, ¢ al. Empagliflozin Attenuates Renal and Urinary Markers of Tubular
Epithelial Cell Injury in Streptozotocin-induced Diabetic Rats. Indian J Clin
Biochem. 2020;35(1):109-114. doi: 10.1007/512291-018-0790-6
Ren H, Shao Y, Wu C, Ma X, Lv C, Wang Q. Metformin alleviates oxidative stress
and enhances autophagy in diabetic kidney disease via AMPK/SIRT1-FoxO1
pathway. Mol Cell Endocrinol. 2020;500:110628. doi: 10.1016/j.mce.2019.110628
Oyebode OA, Erukainure OL, Sanni O, Islam MS. Crassocephalum rubens
(Juss. Ex Jacq.) S. Moore improves pancreatic histology, insulin secretion, liver
and kidney functions and ameliorates oxidative stress in fructose-streptozotocin
induced type 2 diabetic rats. Drug Chem Toxicol. 2022;45(2):481-490. doi:
10.1080/01480545.2020.1716783.
Suvarna KS, Layton C, Bancroft JD. Bancroft’s Theory and Practice of Histological
Techniques E-Book. 2019.
Softic S, Stanhope KL, Boucher ], Divanovic S, Lanaspa MA, Johnson R], Kahn CR.
Fructose and hepatic insulin resistance. Crit Rev Clin Lab Sci. 2020;57(5):308-322.
doi: 10.1080/10408363.2019.1711360
Halim M, Halim A. The effects of inflammation, aging and oxidative stress on
the pathogenesis of diabetes mellitus (type 2 diabetes). Diabetes Metab Syndr.
2019;13(2):1165-1172. doi: 10.1016/].dsx.2019.01.040
Jannantuoni £ M de Mararion A, Diaz-Morales N, Falcon R, Banuls C, Abad-
Jimenez Z, et al. The SGLT?2 Inhibitor Empaglifiozin Ameliorates the Inflammatory
Profile in Type 2 Diabetic Patients and Promotes an Antioxidant Response in
Leukocytes. J Clin Med. 2019 Nov 1;8(11):1814. doi: 10.3390/jcm8111814
Oraby MA, El-Yamany ME Safar MM, Assaf N, Ghoneim HA. Amelioration
of Early Markers of Diabetic Nephropathy by Linagliptin in Fructose-

JOURNAL of MEDICINE and LIFE. VOL: 17 ISSUE: 5 MAY 2024

24.

25.

26.

27.

28.

29.

30.

31

32.

Streptozotocin-Induced Type 2 Diabetic Rats. Nephron. 2019;141(4):273-286. doi:
10.1159/000495517

Tsalamandris S, Antonopoulos AS, Oikonomou E, Papamikroulis GA, Vogiatzi G,
Papaioannou S, ¢ al. The Role of Inflammation in Diabetes: Current Concepts and
Future Perspectives. Eur Cardiol. 2019;14(1):50-59. doi: 10.15420/ecr.2018.33.1

Lv Q, Le L, Xiang J, Jiang B, Chen S, Xiao P. Liver Transcriptomic Reveals Novel
Pathways of Empagliflozin Associated With Type 2 Diabetic Rats. Front Endocrinol
(Lausanne). 2020;11:111. doi: 10.3389/fendo.2020.00111

Chen Y, Lin H, Qin L, Lu Y, Zhao L, Xia M, ¢ al. Fasting Serum Fructose Levels
Are Associated With Risk of Incident Type 2 Diabetes in Middle-Aged and Older
Chinese Population. Diabetes Care. 2020 Sep;43(9):2217-2225. doi: 10.2337/dc19-
2494

Ashrafi Jigheh Z, Ghorbani Haghjo A, Argani H, Roshangar L, Rashtchizadeh N,
Sanajou D, ¢ al. Empagliflozin alleviates renal inflammation and oxidative stress in
streptozotocin-induced diabetic rats partly by repressing HMGB1-TLR4 receptor
axis. Iran ] Basic Med Sci. 2019;22(4):384-390. doi: 10.22038/ijbms.2019.31788.7651
Mohany M, Ahmed MM, Al-Rejaie SS. The Role of NF-«B and Bax/Bcl-2/
Caspase-3 Signaling Pathways in the Protective Effects of Sacubitril/ Valsartan
(Entresto) against HFD/STZ-Induced Diabetic Kidney Disease. Biomedicines.
2022;10(11):2863. doi: 10.3390/biomedicines10112863

Palygin O, Spires D, Levchenko V, Bohovyk R, Fedoriuk M, Klemens CA, ¢ al.
Progression of diabetic kidney disease in T2DN rats. Am J Physiol Renal Physiol.
2019;317(6):F1450-F1461. doi: 10.1152/ajprenal 00246.2019

Manne NDPK, Ginjupalli GK, Rice KM, Arvapalli R, Graffeo VA, Bandarupalli
VVK, ¢ al. Long-Term Treatment with Empagliflozin Attenuates Renal Damage
in Obese Zucker Rat. Exp Clin Endocrinol Diabetes. 2020;128(8):512-519. doi:
10.1055/a-0815-4908

Trnovska J, Svoboda P, Pelantova H, Kuzma M, Kratochvilova H, Kasperova BJ,
¢t al. Complex Positive Effects of SGLI-2 Inhibitor Empaglifiozin in the Liver,
Kidney and Adipose Tissue of Hereditary Hypertriglyceridemic Rats: Possible
Contribution of Attenuation of Cell Senescence and Oxidative Stress. Int J Mol Sci.
2021;22(19):10606. doi: 10.3390/1jms221910606

Zhang S, Xu H, Yu X, Wu Y, Sui D. Metformin ameliorates diabetic nephropathy
in a rat model of low-dose streptozotocin-induced diabetes. Exp Ther Med.
2017;14(1):383-390. doi: 10.3892/etm.2017.4475

© 2024 by the authors. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) license.



