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Antioxidant and anti-inflammatory effects of lixisenatide (LX) and ticagrelor (TC) have been previously identified 
in type 2 diabetes mellitus (T2DM). Diabetic nephropathy is one of the major complications of T2DM. In the 
current study, we examined the potential protective effects of LX and TC on experimentally induced diabetic 
nephropathy in T2DM rats and their possible molecular mechanisms. To examine this possibility, rats were fed 
a high-fat diet (HFD) for 12 weeks, followed by a single injection of 35 mg/kg streptozotocin (STZ) to induce 
T2DM. 10 μg/kg LX and 25 mg/kg TC were given alone or in combination to T2DM rats for 4 weeks. The kidney 
examination of T2DM rats showed clear deterioration. T2DM rats exhibited significantly higher body weight, 
blood glucose, hemostatic model assessment for insulin resistance (HOMA-IR), blood urea nitrogen (BUN), 
serum creatinine, kidney reactive oxygen species (ROS), nuclear factor-κB (NF-κB), and transforming growth 
factor-β (TGF-β), and significantly lower serum insulin, urine creatinine, creatinine clearance (CRCL), kidney 
superoxide dismutase (SOD), glutathione reduced (GSH), nuclear factor erythroid 2 (NrF2), heme oxygenase-1 
(HO-1), and endothelial nitric oxide synthase (eNOS) when compared to control rats. Single treatment with 
LX or TC showed obvious ameliorative effects on kidney complications in T2DM rats, with more ameliorative 
effects with the combined administration of both drugs. Conclusion: Our investigation found that both LX and TC 
could significantly ameliorate the development of diabetic nephropathy via stimulating NrF2/HO-1 antioxidant 
pathway in addition to increasing eNOS and decreasing NF-κB renal tissue concentrations, and these effects 
were markedly augmented by their combined administration.

1. Introduction
Diabetic nephropathy is one of the most important renal compli-
cations associated with diabetes mellitus (DM) (Vincent et al. 
2011). Changes in glucose homeostasis and altered metabolic 
status are strongly linked to type 2 diabetes mellitus (T2DM). The 
consequences of correlated abnormalities are reported to impair the 
function of numerous organs, such as the kidneys and cardiovascular 
system (Sleem et al. 2014). Functional and histological abnormal-
ities in diabetic renal problems have been linked to a number of 
chronic hyperglycemia-triggered metabolic alterations, including 
elevated levels of advanced glycation end products (AGEs) and 
increased reactive oxygen species (ROS) (Yamagishi et al. 2007). 
Numerous findings imply that AGE buildup in the glomeruli may be 
related to the inflammatory fibrosis processes that occur in diabetic 
nephropathy (Yamagishi 2019). Diabetes promotes atherosclerosis 
and inflammation through the production of intracellular ROS and 
the additional role of consequent activation of the transcription 
factor nuclear factor-κB (NF-κB) (Yamagishi et al. 2008). NF-κB 
is a crucial transcription factor that could control several genes 
linked to inflammatory and immunological responses (Zhao et al. 
2021). On the other hand, nuclear factor erythroid 2 (NrF

2
) plays a 

crucial role in controlling the oxidative stress response. Moreover, 
downstream gene expression is involved in the NrF

2
-mediated tran-

scription process, which activates antioxidants enzymes including 
superoxide dismutase (SOD), glutathione reduced (GSH), and 

Heme oxygenase-1 (HO-1) (Cui et al. 2019). HO-1 has been shown 
to play a part in preventing vascular injury and may be one of the 
most significant defense mechanisms that is triggered during periods 
of cellular stress such as inflammation and enhanced oxidative stress 
(Abraham and Kappas 2008). NrF

2 
and HO-1 are essential targets 

for the treatment of the renal and vascular consequences of DM, 
this signaling pathway is thought to be significant in oxidative stress 
responses and has been linked to other functions like apoptosis, 
antioxidants, and anti-inflammatory responses (Fiorelli et al. 2019). 
Despite the remarkable advancements in nephroprotective treatment 
of T2DM, renal replacement therapies are still required globally, and 
the frequency of this condition is rising, which necessitates the need 
for further studies and research (Ham et al. 2023).
Recently, there has been interest in using glucagon-like peptide-1 
(GLP-1) as a treatment for DM and obesity. LX, an agonist of the 
GLP-1 receptor, has been suggested as a possible target for the 
treatment of individuals with T2DM because of its ability to increase 
glucose-induced insulin release from pancreatic β-cells, decrease 
glucagon secretion, and slow stomach emptying (Kuwata et al. 2021). 
LX may affect tissues outside the pancreas and cause a variety of 
physiologic reactions in the renal and cardiovascular systems (Seufert 
and Gallwitz 2014). Furthermore, LX consistently improves renal and 
cardiovascular events in animal models (Wohlfart et al. 2013; Abdel-
Latif et al. 2020). Earlier research has indicated that LX has anti-in-
flammatory and anti-ROS characteristics, hence offering defense 
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against vascular damage in T2DM (Zhao et al. 2019). Furthermore, it 
was noted that LX might block NF-κB activation, which is brought on 
by free fatty acids in animal models (Zhao et al. 2019).
Ticagrelor (TC), a P2Y12 receptor antagonist, has been shown to 
reduce inflammatory indicators by inhibiting adenosine uptake 
(Armstrong et al. 2014). Prior research demonstrated that TC 
could have anti-fibrotic and anti-inflammatory properties (Ye et al. 
2015). Furthermore, a study revealed that TC reduces apoptosis, 
shielding cells from oxidative stress responses (El-Mokadem et al. 
2021). Additionally, an in vitro investigation found that TC stimu-
lates endothelial eNOS in rats (Ariotti et al. 2018).
Therefore, the current study was carried out to investigate the 
potential protective effects of single and combined administration 
of LX and TC against diabetic nephropathy in experimentally 
induced T2DM in rats and the potential involvement of NrF

2
/

HO-1, eNOS, and NF-κB signaling in this effect.

glucose, and HOMA-IR data revealed a significant elevation, 
while serum insulin revealed a significant reduction in D compared 
to C. D+LX and D+LX+TC showed a significant reduction in body 
weight, blood glucose, and HOMA-IR, and significant elevation in 
serum insulin compared to D. While D+LX+TC showed a signif-
icant reduction in blood glucose, body weight, and HOMA-IR 
compared to D+TC.

2.2. Effects of LX and TC on BUN, serum creatinine, 
urine creatinine, and CRCL of rats with T2DM
Figure 1 (A-D) depicts the alterations in BUN, serum creatinine, 
urine creatinine, and CRCL in T2DM rats after administering LX 
and TC separately and in combination. BUN and serum creat-
inine showed significant elevation, while urine creatinine and 
CRCL showed significant reduction in D compared to C. Single 
and combined administration of LX and TC showed significant 
reduction in BUN and serum creatinine compared to D. Moreover, 
administration of LX and LX+TC showed significant elevation in 
urine creatinine and CRCL compared to D. Interestingly, admin-
istration of LX+TC showed a significant reduction in BUN and 
significant elevation in urine creatinine and CRCL compared to 
D+LX and D+TC groups.

Table 1: Effects of LX and TC on body weight, blood glucose, serum insulin, and HOMA-IR of rats with T2DM

Animal group
Parmeter.

C D D+LX D+TC D+LX+TC

Body weight (gm)
Mean ± SEM

257 ± 16.85 361.5 ± 17.10 * 255.7 ± 14.76 # 340.8 ± 22.88 * 208.8 ± 13.18 #, $

Blood glucose (mg/dl)
Mean ± SEM

82.78 ± 11.20 440.6 ± 18.71 * 189.8 ± 21.07 *, # 376.7 ± 20.33 * 166.3 ± 29.20 #, $

Insulin (μIU/mL)
Mean ± SEM

13.44 ± 1.48 6.37 ± 0.89 * 10.35 ± 0.75 # 7.70 ± 0.70 * 10.85 ± 0.71 #

HOMA-IR
Mean ± SEM

2.18 ± 0.47 7.35 ± 0.91 * 3.98 ± 0.54 # 6.73 ± 0.92 * 3.04 ± 0.45 #, $

Data represent mean±SEM (n=6). * Significant difference from C, # significant difference from D, and $ significant difference from D+TC at p<0.05. HOMA-IR: hemostatic model assessment for insulin 
resistance; C: Control; D: Diabetic; LX: lixisenatide; TC: ticagrelor.

Fig. 1: Effects of LX and TC on BUN (A), serum creatinine (B), urine creatinine 
(C), and CRCL (D). Data represent mean±SEM (n=6). * Significant dif-
ference from C, # significant difference from D, @ significant difference 
from D+LX, and $ significant difference from D+TC at p<0.05. BUN: Blood 
urea nitrogen; CRCL: Creatinine clearance; C: Control; D: Diabetic; LX: 
lixisenatide; TC: ticagrelor.

2. Investigations and results

2.1. Effects of LX and TC on body weight, blood glucose, 
serum insulin, and the HOMA-IR index of rats with 
T2DM
Table 1 depicts the alterations in body weight, blood glucose, 
serum insulin, and HOMA-IR in T2DM rats after administering 
LX and TC separately and in combination. Body weight, blood 

Fig. 2: Effects of LX and TC on kidney ROS (A), GSH (B), and SOD (C) of T2DM 
rats. Data represent the mean±SEM (n=6). * Significant difference from C, 
# significant difference from D, @ significant difference from D+LX, and $ 
significant difference from the D+TC at P<0.05. ROS: reactive oxygen spe-
cies; SOD: superoxide dismutase; GSH: glutathione reduced. C: Control; D: 
Diabetic; LX: lixisenatide; TC: ticagrelor.

2.3. Effects of LX and TC on kidney ROS, GSH, and 
SOD of T2DM rats
Figure 2 (A-C) shows the changes in kidney ROS, GSH, and SOD 
in T2DM rats after administering LX and TC separately and in 
combination. Kidney ROS demonstrated a significant elevation, 
while kidney GSH and SOD demonstrated a significant reduction 
in D compared to C. Both single and combined administration of 
LX and TC demonstrated a significant reduction in ROS and a 
significant elevation in GSH and SOD compared to D. Interest-
ingly, administration of LX+TC showed a significant reduction in 
ROS and a significant elevation in GSH and SOD compared to 
D+LX and D+TC.
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2.4. Effects of LX and TC on kidney NrF
2
, HO-1, eNOS, 

and NF-κB expression of T2DM rats
The renal NrF

2
, HO-1, eNOS, and NF-κB changes in T2DM rats are 

shown in Figure 3 (A-E) following the administration of LX and TC 
alone and in combination. kidney NF-κB demonstrated a significant 
increase, but kidney NrF

2
, HO-1, and eNOS demonstrated a signifi-

cant decrease in D in contrast to C. Furthermore, in comparison to D, 
both the single and combined administration of LX and TC demon-
strated a significant decrease in NF-κB and significant increase 
in NrF

2
, HO-1, and eNOS. Additionally, compared to D+LX and 

D+TC, administration of LX+TC demonstrated a significant 
increase in NrF

2
 and a significant drop in NF-κB. Also a significant 

increase in eNOS was noticed compared to D+TC.

sion (Fig. 4A). In diabetic animals TGF-β was expressed highly 
in the renal glomeruli basement membrane, in Bowman’s capsule, 
and around the renal tubules (Fig. 4B). Moreover, the expression 
was prominent around the affected renal arteries (Fig. 4C). The 
administration of LX caused a decrease in TGF-β expression 
which exhibited only as a rim on the Bowman’s capsule membrane 
(Fig. 4D). Similar to LX, administration of TC decreased the 
expression of TGF-β which appeared only in mild percentage on 
renal glomeruli (Fig. 4E). Co-administration of both drugs exhib-
ited no expression on the renal glomeruli and appeared only as low 
expression on the wall of renal blood supply (Fig. 4F).

2.6. Effects of LX and TC on kidney histopathological 
injury of T2DM rats
Histopathological damage was examined in renal sections stained 
with H&E stain are shown in Figure 5 (A-F). In the control rats 
the renal tissues microscopically appeared normal without noticed 
pathological changes in the renal glomeruli as well as the renal 
tubular epithelium and blood supply as shown in (Fig. 5A). In 
Diabetic rats a marked pathological change in the renal glomeruli 
and vasculature were reported which are manifested by mesangial 
expansion with thickening of the glomerular basement membrane 
associated with blood vessels congestion (Fig. 5B). In other tissue 
sections of diabetic rats’ kidney, there was thickening in the wall 
of renal artery with blood clotting surrounded with inflammatory 
cell infiltration (Fig. 5C). LX administration to the diabetic rats 
exhibited improvement in renal tissue damage caused by high 
blood glucose as characterized by normal meningeal cells and 
Bowman’s space dilatation, in addition to normal dilation of the 
renal tubules with mild hydropic degeneration (Fig. 5D). Similarly, 

Fig. 3: Effects of LX and TC on kidney NrF
2
 (B), HO-1 (C), eNOS (D), and NF-κB 

(E) of T2DM rats. Data represent (n=3) mean±SEM. * significant difference 
from the C, # significant difference from the D, @ significant difference from 
the D+LX, and $ significant difference from the D+TC at P<0.05. C: Con-
trol; D: Diabetic; LX: lixisenatide; TC: ticagrelor. NrF

2
: nuclear factor eryth-

roid-2; HO-1: heme oxygenase-1; eNOS: endothelial nitric oxide synthase; 
NF-κB: nuclear factor kappa B.

2.5. Effects of LX and TC on kidney TGF-β of T2DM rats.
Renal tissue sections were stained immunohistochemically to 
assess the expression of TGF-β in the different groups as shown in 
Figure 4 (A-F). Control group exhibited a negative TGF-β expres-

Fig. 4: Effects of LX and TC on kidney TGF-β of T2DM rats. Photomicrograph of 
renal tissues in rats stained immunohistochemically to assess the expression 
of TGF-β in the different groups. The control group exhibited a negative re-
sponse to TGF-β expression (A). In diabetic animals, TGF-β was expressed 
highly in the renal glomeruli basement membrane and the Bowman’s capsule 
(thin arrow) and around the renal tubules (thick arrow) (B). Moreover, the 
expression of the cytokine was prominent around the affected renal arteries 
(thick arrow) (C). Administration of LX caused a reduction in TGF-β expres-
sion which appeared only as a rim on the Bowman’s capsule membrane (ar-
row) (D). Giving of TC decreased the expression of TGF-β which appeared 
in a mild percentage in the renal glomeruli (arrow) (E). Co-administration of 
both drugs exhibited no expression on the renal glomeruli and appeared only 
as a low expression on the wall of renal blood supply (arrow) (F), (400X).

Fig. 5: Effects of LX and TC on kidney histopathological injury of T2DM rats. C, 
normal without pathological changes in the glomeruli (thick arrow) and renal 
epithelium (thin arrow) (A). D, mesangial expansion (thick arrow), thickening 
of the glomerulai (thin arrow), blood vessel congestion (star) (B). Thickening 
of renal artery (double head arrow), blood clotting (thin arrow), cell infiltra-
tion (thick arrow) (C). D+LX, normal mesangial cells (arrowhead), Bowman’s 
space dilatation (thin arrow), normal dilation of the renal tubules with mild 
hydropic degeneration (thick arrow) (D). D+TC, decrease in mesangial cell 
proliferation (Arrowhead), increases in the blood supply in the renal tissue (ar-
rows) and dilation to the renal artery (star) (E). D+LX+TC, normal epithelium 
(thin arrow) and normal tubular dilatation (thick arrow) and normal renal blood 
supply (star) (F). (400X). Data represent (n=4) mean±SEM. * significant from 
C, # significant from D, and $ significant from D+TC at P<0.05. C: Control; D: 
Diabetic; LX: lixisenatide; TC: ticagrelor.
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treatment with TC counteracted the pathological changes caused 
by hyperglycemia as evidenced by a marked decrease in mesangial 
cell proliferation and expansion with increases in the blood supply 
flow in the renal tissues with dilation to the renal artery (Fig. 5D). 
Co-administration of LX and TC caused nearly complete recovery 
to the pathological damage induced in diabetic rats which was 
evidenced by normal glomerular epithelium and normal tubular 
dilatation as well as normal renal blood supply (Fig. 5F).

2.7. Effects of LX and TC on kidney fi brosis and colla-
gen deposition
Staining of the renal sections was done with Masson’s trichrome 
to assess the collagen fiber distribution in the different groups as 
shown in Figure 6 (A-F). No collagen fibers were spread in the renal 
tissues of C group (Fig. 6A). In D group there was elevated distri-
bution of collagen fiber around the renal tubules and renal blood 
supply (Fig. 6B), as well as on the renal glomerular membranes 
(Fig. 6C). The administration of LX and TC individually exhibited 
very low distribution of the collagen fiber mainly around the renal 
tubules as shown in Fig 6 (D&E). D+LX+TC revealed normal 
renal tissues without collagen fiber distribution (Fig. 6F). 

Treatment with the medications under examination in the current 
study demonstrated that both single and combined administration 
of LX with TC led to a significant decrease in weight, blood 
glucose, and HOMA-IR of the animals, with a significant increase 
in insulin release when compared to diabetic rats. Conversely, 
single TC treatment did not seem to have any significant impact on 
body weight, blood glucose, HOMA-IR, or insulin release when 
compared to diabetic rats, which was in consistence with previous 
studies found that LX administration can stimulate insulin secre-
tion from pancreatic beta cells in a glucose-dependent manner 
(Davis and Sandoval 2020). Besides, administration of LX showed 
significant reduction in HOMA-IR in T2DM patients (Fineman et 
al. 2012).
Serum and urine creatinine alongside BUN, are considered 
important factors for assessing kidney function in diabetic rats 
(Hogan et al. 2023). Also, CRCL is an important estimate for 
glomerular filtration rate and kidney function in diabetic patients 
(Rufino et al. 2007). In our study, diabetic rats’ serum creatinine 
and BUN were significantly increased while urine creatinine and 
CRCL were significantly reduced compared to control rats.
Similar results were previously  described that elevated serum 
creatinine and BUN, along with decreased excretion of creatinine 
in the urine, are common signs of diabetic nephropathy in diabetic 
mice (Song et al. 2020). Also, another study revealed a significant 
decrease in CRCL in DM rats (Al-Rasheed et al. 2018).
In this investigation, both single and combined treatments of LX 
and TC significantly reduced serum creatinine and BUN levels 
compared to untreated diabetic animals. Besides, single admin-
istration of LX and its co-administration with TC significantly 
increased urine creatinine and CRCL. It is interesting to note that 
using LX and TC combined administration could significantly 
produce higher amelioration than using either medication alone.
An imbalance between ROS and the antioxidant defense systems 
of cells is known as oxidative stress, It could be brought about in 
diabetic patients by changes in the metabolism of glucose or subse-
quent dysregulation of number of enzymes that are not directly 
engaged in glucose metabolism (Giugliano et al. 1996).
As previously reported from gene expression omnibus database, 
diabetic nephropathy is considered a consequence of elevated ROS 
production (Yuchen et al. 2023). Besides, excessive generation of 
ROS is among the common pathways related to disrupted renal 
hemodynamics in STZ diabetic rat kidney (Nankar et al. 2020).
In the current investigation, the kidney of diabetic rats showed 
a significant decrease in GSH and SOD and a significant rise in 
ROS. These results agreed with previous reports stating that in 
DM hyperglycemia increases the generation of ROS and decreases 
the activity of antioxidants as SOD and GSH leading to oxidative 
damage to different tissues in T2DM patients (Song et al. 2007). 
Also, early described in kidneys of diabetic rats, the antioxidant 
defense agents such as SOD and GSH were significantly reduced 
while ROS expression was enhanced (Baig et al. 2022).
Our research findings for the investigated medications demon-
strated that a single administration of LX or TC to diabetic rats 
resulted in a significant decrease in kidney ROS and a significant 
rise in kidney GSH and SOD in comparison to diabetic untreated 
rats. It is interesting to note that when LX and TC were admin-
istered together, kidney ROS was significantly lower while GSH 
and SOD were significantly higher than when LX or TC were 
administered separately. These results are confirmed with reports 
stating that LX can induce a nephroprotective effect in T2DM rats 
through significant antioxidant effects as evidenced by a marked 
rise in total antioxidant capacity (Zhou et al. 2014).
A different study conducted on rats with doxorubicin-induced 
renal fibrosis revealed that giving LX dramatically restored the 
antioxidant capacity in renal fibrotic tissues and demonstrated a 
significant increase in GSH and SOD (Guo et al. 2019). On the 
other hand, recent studies in mice have reported that TC can 
attenuate the development of diabetic nephropathy (Birnbaum et 
al. 2022). Also, TC was reported to decrease hyperglycemia-in-
duced ROS production and prevent the development of apoptosis 
in cardiomyocytes (Bitirim et al. 2022).

Fig. 6: Effects of LX and TC on kidney fibrosis and collagen deposition. Staining of 
renal sections with Masson’s trichrome to assess collagen fiber distribution 
in different groups. No collagen fibers were spread in renal tissue of C group 
(A). In D group there was a high distribution of collagen fiber around the 
renal tubules and renal blood supply (arrow) (B), as well as renal glomerular 
membranes (star) (C). The administration of LX and TC individually exhibit-
ed very low distribution of the collagen fiber mainly around the renal tubules 
(arrow) (D&E). CO administration of LX and TC to diabetic rats revealed 
normal renal tissues without collagen fiber distribution (F), (400X).

3. Discussion
Individuals who have been exposed to T2DM for an extended 
period are more susceptible to cardiovascular and renal problems 
than other groups. Obesity, insulin resistance, hyperglycemia, 
and elevated ROS are the main metabolic disorders responsible 
for long-term cardiovascular changes in patients with T2DM 
(Rojas-Carranza et al. 2018; Maranta et al. 2021).
The current study looked at how the GLP-1 agonist; LX and the 
P

2
Y

12
 inhibitor; TC can slow down or even reverse the meta-

bolic and renal alterations brought on by T2DM, which in turn 
accelerates the development of diabetic nephropathy. Previous 
research showed that the pathophysiology of T2DM would be 
similar in rats fed HFD to cause peripheral insulin resistance, 
followed by low dosage of STZ to target pancreatic beta cells 
(Reed et al. 2000). In this study, in comparison to control the 
STZ-HFD-induced T2DM model showed a significant decrease 
in blood insulin levels and a significant increase in body weight, 
blood glucose, and HOMA-IR. Our study’s findings were consis-
tent with early publications which stated that obesity, insulin 
resistance, and hyperglycemia are attributed to the HFD’s admin-
istration in growing female rats (Flanagan et al. 2008), while the 
injection of STZ can lower blood insulin levels in T2DM rats 
(Zhang et al. 2021).
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It was previously stated that activation of HO-1 through the action 
of NrF

2
 can enhance the antioxidant protective effect in diabetic 

rats (Zhou et al. 2021). The protective benefits of HO-1 are seen 
during periods of cellular stress, such as inflammation. According 
to a recent human study, NrF

2
 transcription and activation play a 

major part in HO-1 expression (Fiorelli et al. 2019). Moreover, 
the NrF

2
/HO-1 pathway was able to inhibit NF-κB in animal 

models, which is considered a main inflammatory transcription 
factor (Ahmed et al. 2017). However, transcription factor NF-κB is 
charged with causing the release of several inflammatory molecules 
and causing vascular problems linked to DM in cell and animal-
based experimental systems (Patel and Santani 2009). Moreover, 
collagen deposition and fibrosis in vascular tissues of STZ diabetic 
rats have also been linked to DM (Miric et al. 2001). Also, inflam-
matory molecules play an important role in DM and its associated 
complications via modulating NF-κB pathways in cells and animal 
models (Patel and Santani 2009). Moreover, activity of NF-κB 
is enhanced in hyperglycemic conditions in humans through the 
release of cytokines such as TGF-β, leading to cellular apoptosis 
and inflammatory processes (Evans and Goldfine 2016). As a 
result, enhanced TGF-β synthesis brought on by increased NF-κB 
activity in diabetic patients results in angiogenesis and injury to 
vascular cells (Kitada et al. 2010). Impairing eNOS function and 
activation of additional stress-induced apoptotic pathways was 
found in DM mice (Wang et al. 2019). In addition, previous reports 
indicated that reduced eNOS in vascular endothelial cells results 
in decreased NO production, which may exacerbate endothelial 
dysfunction in humans (Gliozzi et al. 2019). Our study results 
showed that NF-κB and TGF-β, as well as fibrosis and collagen 
deposition, were significantly enhanced in the kidneys of diabetic 
rats compared to controls, while NrF

2
, HO-1, and eNOS levels 

were significantly decreased. Furthermore, there was a marked 
decline in the histological status of the kidneys of diabetic rats.
These findings corroborated a recent study that showed a signif-
icant decrease in HO-1, NrF

2
, and eNOS in diabetic mice (Wang 

et al. 2020). Hyperglycemia in humans increases the presence of 
NF-κB, which was reported to cause endothelial cell death and 
inflammatory responses (Evans and Goldfine 2016). In addition, 
TGF-β expression is activated by ROS, which contributes to 
fibrosis and is considered a pathological characteristic of diabetic 
nephropathy in mice (Zhou et al. 2023). The current investigation 
found that in comparison to untreated diabetic rats both single and 
combined administration of LX and TC significantly increased 
NrF

2
, HO-1, and eNOS while significantly decreased NF-κB and 

TGF-β, and collaged deposition with significant improvement in 
kidney histological condition. It’s interesting to note that when 
LX and TC were administered together, there was a significant 
increase in NrF

2
 and a significant decrease in NF-κB compared to 

drugs administered separately. However, there was also a signifi-
cant increase in eNOS and a significant decrease in TGF-β, and 
collagen deposition compared to TC alone.
These results confirm previous reports where pretreatment with LX 
can increase both NrF

2
 and HO-1, with enhanced eNOS phosphor-

ylation and intracellular NO production in oxygen-glucose depri-
vation and reperfusion model (Xiao et al. 2020). Also, it was found 
that administration of LX through inhibition of NF-κB protects 
against doxorubicin-induced renal fibrosis in rats by TGF-β 
mediated pathways (Guo et al. 2023). Significant downregulation 
in renal expressions of TGF-β was also recorded in early-onset 
nephropathy in diabetic rats following treatment with LX (Abdel-
Latif et al. 2020). On the other hand, TC was found to improve 
remodeling and reduce apoptosis, inflammation, and fibrosis in a 
rat model of ischemia-reperfusion (Birnbaum et al. 2019). Also, 
a study stated that TC enhanced the content of the NrF

2
/HO-1 

axis in the renal ischemia-reperfusion rat model (El-Mokadem et 
al. 2021). Moreover. TC effects on rats were reported to reduce 
ROS generation and enhance eNOS phosphorylation, leading to 
increased production of NO (Wang et al. 2018). Furthermore, an 
in vitro study on rats stated that TC may provoke adenosine-re-
lated effects including anti-inflammatory effects (Armstrong et al. 
2014).

In conclusion, our study provides evidence for the efficacy of 
single and combined administration of LX and TC in attenuating 
T2DM-induced renal injury and related renal function impairment. 
Our data suggested the contribution of eNOS and NrF

2
/HO-1 

signaling and its downstream NF-κB, ROS, SOD, and GSH in the 
protective effect against T2DM renal complications. The combi-
nation of LX and TC exerted a more significant effect than their 
single use. However, further clinical studies need to be performed 
to investigate the clinical efficacy and effective dose regimen.

4. Experimental

4.1. Preparation of HFD and induction of T2DM
Powdered normal pellet diet (N.P.D) 1000 g, fat 531 g, casein 125 g, dl methionine 
3 g, vitamin mix 7 g, and mineral mix 42 g were employed in the preparation of 
HFD (about 40% of calories from fat) (Gheibi et al. 2017). After 12 weeks of feeding 
HFD, a single intraperitoneal injection of 35 mg/kg of STZ (Solar Bio® Life Science, 
Beijing) dissolved in citrate buffer was administered to rats. Rats were tested after 
three days to identify diabetic animals, defined as those whose fasting blood glucose 
level was more than 200 mg/dl (Li et al. 2023). Casein and dl methionine were 
supplied by Sigma Aldrich, Germany. Tween 80, N.P.D., mineral mix, and vitamin 
mix were supplied by the South Valley University (SVU) lab.

4.2. Animals and experimental design
Fifty male Sprague Dawley rats, weighing between 120 and 170 g, were provided from 
the National Research Center in Cairo. Animal handling was performed following 
SVU ethical approval committee number, P.S.V.U. 011/22. Animals were housed 
in standard environmental conditions with a 14:10 hour light/dark cycle and free 
access to food and drink, except for the 12-hour fasting period before blood sample 
collection. The following groups (n = 6) were created: (C): nondiabetic control group, 
received normal fat baseline diet for 12 weeks followed by single intraperitoneal (i.p.) 
injection of citrate buffer. (D): nondrug-treated diabetic group, diabetes was induced 
by receiving high-fat diet (HFD) for 12 weeks followed by a single i.p. injection of 
Streptozotocin (STZ) (35 mg/kg) dissolved in citrate buffer. (D+LX): diabetic rats 
treated with LX (Sigma Aldrich, Germany) (10 μg/kg/day/S.C) dissolved in water for 
injection (Wohlfart et al. 2013). (D+TC): diabetic rats treated with TC (RAMEDA, 
Egypt) (25 mg/kg/day/orally) dissolved in Tween 80 (Moustafa Ahmed et al. 2019). 
(D+LX+TC): diabetic rats treated with LX+TC in the same doses. Drug treatment 
continues for 4 weeks for all groups (Jeric et al. 2015).

4.3. Urine, serum, and tissue sampling
Following a 12-hour fast, the animals were weighed, and a glucometer was used 
to assess their blood glucose levels. A 24-hour urine volume collection was used 
to determine urine creatinine content. Blood was drawn from the retroorbital veins 
of animals, and serum insulin, serum creatinine, and BUN levels were determined 
(Huang and Chen 2022). At the end of the experiment, isoflurane inhalation was used 
to induce anesthesia for tissue sampling (Bhatia et al. 2022). Each animal’s kidney 
was removed, cleaned with a physiological solution, and then separated into three 
sections. One section was stored in 10% formalin for histopathological and immu-
nostaining examination. Another section was stored in lysis buffer for western blot 
analysis. The third section was homogenized using cold Krebs-HEPES buffer with 
the following ingredients: 10 mmol/l glucose, 0.02 mmol/l Ca-Tri triplex, 25 mmol/l 
NaHCO

3
, 1.2 mmol/l KH

2
PO

4
, 120 mmol/l NaCl, 1.6 mmol/l CaCl

2
·2H

2
O, 1.2 mmol/l 

MgSO
4
·7H2O, and 5 mmol/l KCl. The pH of the buffer was 7.4 to measure kidney 

SOD, GSH, and ROS (Ertik et al. 2024).

4.4. Assessment of biomarkers

4.4.1. Body weight
Using a standard laboratory animal weight balance (RADWAG, Model: PS 2100.R2, 
UK), the animals’ body weight was determined.

4.4.2. Blood glucose levels
Using Tango® TD-4235 glucometer, Taiwan, blood glucose level was determined in 
blood samples obtained from rat tails.

4.4.3. Serum insulin levels
The assay was conducted using an enzyme-linked immune-sorbent assay (ELISA) 
kit for rats, Fine Test, cat#: ER1113, China. In accordance with the manufacturing 
protocol, the quantity of insulin in the sample was correlated with the density of the 
yellow color at 450 nm (Kato et al. 1977).

4.4.4. Blood urea nitrogen (BUN)
Using BUN assay kit cat#: UR 2110, Bio Diagnostic, Egypt, ammonium ions formed 
were measured by the Berthelot reaction. The blue dye indophenol product reaction 
absorbs light between 530 nm and 560 nm and color intensity is proportional to the 
initial urea concentration (Wilcox et al. 1966).
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4.4.5. Serum and urine creatinine
Using creatinine assay kit cat#: CR 1250, Bio Diagnostic, Egypt, serum creatinine 
was measured where it forms a colored complex with picrate in alkaline medium. 
Concentrations in the sample were measured at 520 nm (Schirmeister et al. 1964).

4.4.6. HOMA-IR estimation
HOMA-IR was calculated as follows:
HOMA-IR = [fasting glucose (mmol/L) × fasting insulin (μU/mL)]/22.5 (Bian et al. 
2023). 

4.4.7. CRCL estimation
The following equation was used to calculate CRCL. 
CRCL (ml/min) = (urine creatinine X 24-h urine volume) / (serum creatinine X 1440). 
(Abdel-Wahab et al. 2018).

4.4.8. Kidney SOD
The suppression of pyrogallol autoxidation, which is directly related to the activity 
of SOD, was used to determine the SOD content of kidney tissue (Flohe and Otting 
1984) using SOD assay kit cat#: SD 2521, Bio Diagnostic, Egypt.

4.4.9. Kidney GSH
Based on the reduction of Ellman’s reagent [5, 5’-dithio-bis (2-nitrobenzoic acid)], 
the reduced glutathione concentration in the kidney was identified using GSH assay 
kit cat#: GR 2511, Bio Diagnostic, Egypt. Using spectrophotometry, the yellow color 
of nitro mercaptobenzoic acid can be measured at 412 nm (Ellman 1959).

4.4.10. Kidney ROS
Lucigenin 5 μmol/l (Sigma Aldrich, Germany) was used to assess superoxide gener-
ation after 20 min of incubation. NADPH 100 μmol/l (Sigma Aldrich, Germany) was 
added to initiate the reaction, and over the course of 30 min, the relative light units 
of chemiluminescence were determined. The results were adjusted for each sample’s 
protein concentration (Brehm et al. 1996).

4.4.11. Western blot for kidney eNOS, NrF
2
, HO-1, and NF-κB

Using a previously established protocol, kidney tissues were homogenized in Tris 
lysis buffer (400 mM NaCl, 0.5% Triton X-100, and 50 mM Tris at pH 7.4) with a 
protease inhibitor cocktail (BIOSPES, China) at 4 °C for 30 min (Henry et al. 1986). 
The remaining tissue was separated using centrifugation at 10,000 g for 10 min at 4 
°C. The Biuret method was used to measure the concentrations of proteins (Wang et 
al. 1996). Equal protein amounts (30 μg) of total protein loaded in each lane were 
resolved using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and transferred to a polyvinylidene fluoride membrane (Millipore, Merk, USA) by 
methods of semi-dry transfer (Towbin et al. 1979). Tris-buffered saline containing 5% 
non-fat milk in Tween (TBST) buffer was used to block membranes for one hour at 
room temperature. This was followed by overnight incubation at 4 °C with primary 
antibodies. Subsequently, an alkaline phosphatase-conjugated secondary antibody 
(BIOSPES, China), was incubated on the membranes for an hour. The BCIP/NBT 
substrate detection kit (GENEMED, Biotechnologies, USA) was used to visualize the 
bands. National Institutes of Health, Bethesda, USA, imageJ® program was used to 
examine the bands that were created.
Antibodies used for western blot analysis include anti-NrF

2
 cat#YPA1865, and anti-

HO-1 cat#YPA1919, (BIOSPES, Chongqing). Anti-NF-κB cat#abx012874, (Abbexa, 
UK). anti-eNOS cat#sc-136977 (SANTA CRUZ BIOTECHNOLOGY, INC, USA). 
β-actin cat# E-AB-20031 (ELABSCIENCE, USA).
Dilutions of antibodies utilized are as follows: 1:5000 for the alkaline phospha-
tase-conjugated secondary antibody (Biospes, China), 1:3000 for the anti-β-actin 
antibody, and 1:2000 for the primary antibody.

4.4.12. Histopathological examination and immunostaining analysis
Kidneys were harvested and washed directly by phosphate buffer saline then fixed 
in 10 % neutral buffered formalin. The trimmed sections of kidney were passed in 
ascending series of alcohol 70 %, 80 %, 90%, and 100 %. The sections were then 
cleared in xylene and embedded in melted paraffin wax at 60 °C. Paraffin blocks were 
cut by microtome into 3 μm thin sections. Some of the prepared slides were stained 
by Hematoxylin and Eosin (H&E) (Levdik 1989). Masson trichrome staining was 
applied to 3 μm thick sections from every block to examine collagen fiber distribution 
(Goodman and Bernstein 1977). Sections with a thickness of 3 μm were placed on 
positive slides and used for immunohistochemical examination using primary anti-
TGF-β antibody (cat#: EPR21143, ABCAM, USA). Samples were counterstained 
for 30 seconds with hematoxylin before being dehydrated and mounted (Taylor and 
Burns 1974). Slides were evaluated by an experienced pathologist, and imaging was 
done with a German LEICA Microsystems DM750 ICC50 W.
Renal tissue-stained sections were scored and evaluated according to previously 
documented scoring system (Sethi et al. 2017). Chronic changes were evaluated 
including the changes in the renal cortex and medulla; however, we were interested in 
the renal cortex due to the presence of glomeruli, tubules, interstitium, and arteries/
arterioles. The evaluation included global and segmental glomerulosclerosis (GS) 
and tubular atrophy (TA) in addition to interstitial fibrosis (IF). In GS, glomerular 
capillary walls were examined. In TA, tubular shrinkage, thickening of the tubular 

basement membrane as well as the flattening of the tubular epithelium were eval-
uated. In interstitial fibrosis, the presence of fibrous tissues in between the tubules 
and glomerular wall was measured. Obtained data were judged as shown in Table 2. 
The resulting scoring and upcoming grading of the chronic damage were presented 
as follows: GS was scored from 0 to 3, TA from 0 to 3 and IF from 0 to 3. The issued 
scores were summed to obtain the total renal chronicity score which classifies the 
overall severity of the chronic lesions into minimal (0 –1 total score), mild (2 – 4 total 
score), moderate (5–7 total score), and severe (over than 8 total score).

Table 2: Scoring of the chronic lesions % in renal tissues

Tissues compartment Score

0 1 2 3

GS score <10% 10–25% 26%–50% >50%

IF score <10% 10–25% 26%–50% >50%

TA score <10% 10–25% 26%–50% >50%

GS: Glomerulosclerosis; IF: interstitial fibrosis; TA: Tubular atrophy.

4.4.13. Statistical analysis
The data were analyzed using one-way analysis of variance (ANOVA) to check for 
statistically significant differences, and the Tukey-Kramer post-analysis test was used 
to compare all groups. The results are shown as means ± standard error of the mean 
(SEM). A p-value less than 0.05 was deemed to be significant. Statistical calculations 
were conducted using GraphPad Prism® Version 5.00 for Windows, Graph Pad Soft-
ware, San Diego, California.
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