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ARTICLE INFO ABSTRACT

Article history: Diabetic nephropathy is a significant medical condition that arises from elevated blood sugar levels asso-
Received 6 September 2022 ciated with both type I and type II diabetes. Recent research has indicated that ellagic acid (EA), either
Revised 10 June 2023 alone or in combination with other medications, can provide anti-diabetic benefits. This study aimed

Accepted 15 June 2023

Available online 22 June 2023 to explore the effects of EA and EA nanoformulations (EN) on nephropathy induced by type II diabetes

in rats, while also investigating the underlying mechanisms at play. To induce type II diabetes, rats were
fed a high-fat diet for four weeks, followed by a single intraperitoneal dose of streptozotocin (35 mg/kg),

Igg l‘)Ne Otrezs;ype I and continued on the high-fat diet for an additional four weeks. Diabetic rats were then treated with
Kidney Metformin (M), EA, EN, EA+ M, or EN + M for four weeks. The findings revealed that treatment with
Ellagic acid EN and the combination of M led to significant reductions in serum urea and creatinine levels, indicating
Nanoformulations an improvement in renal function. Additionally, EN and/or M effectively mitigated lipid peroxidation
Lipid peroxidation (LPO) levels in the affected kidneys, reduced fasting serum glucose, and lowered C-reactive protein
C reactive protein (CRP) levels. Moreover, EN and/or M demonstrated the ability to prevent diabetes-induced histological
Caspase 3 alterations in the kidney glomeruli and tubules, as well as reduce collagen mesangial matrix formation.

The presence of caspase 3, an apoptotic mediator, was significantly reduced in the kidneys of diabetic rats
treated with EN and/or M. In conclusion, EN and/or M have the potential to prevent nephropathy induced
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by type II diabetes by enhancing glycemic control, reducing oxidative stress and inflammation, and

scavenging free radicals, all of which contribute to apoptotic changes in kidney tissue.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Diabetic nephropathy is an extremely critical health concern
that arises from a multifaceted microvascular disease, which is pri-
marily a result of both type I and type II diabetes. This condition
can lead to significant damage to the kidneys and can even result
in complete kidney failure if not diagnosed and treated early
(Selby and Taal, 2020; Lim, 2014; Faselis, 2020). Globally, diabetic
nephropathy stands as the primary cause of chronic renal disease
and end-stage kidney failure (Ghaderian, 2015). Around 21% of
individuals living with type I diabetes for a duration of 17 years
are affected by chronic renal disease. Additionally, diabetic
nephropathy is observed in approximately 20% to 40% of individu-
als with type II diabetes (Gheith, 2016; Piscitelli, 2017).

Multiple studies have provided compelling evidence indicating
that elevated blood glucose levels (hyperglycemia) serve as a sig-
nificant and modifiable risk factor for the development of diabetic
nephropathy. In line with a significant body of evidence, high
levels of free radicals and their link to oxidative stress are key fac-
tors involved with the pathophysiology and course of diabetes
micro- and macrovascular complications (Chawla et al., 2016). Var-
ious mechanisms have been suggested to explain the development
of diabetic nephropathy, which involve the generation of oxygen
free radicals, the accumulation of advanced glycation end products,
and the activation of intracellular signaling molecules (Nowotny,
2015). C-reactive protein (CRP) is a protein that is synthesized
and released as part of the acute-phase response in reaction to
inflammation and damage to tissues (Szalai and McCrory, 2002).
In that regards, excess levels of CRP are linked to the occurrence
of renal microalbuminuria and kidney dysfunction in type II dia-
betic patients revealing an association between CRP and the patho-
genesis of diabetic nephropathy (Overgaard, 2013; Wang, 2013).
Apoptosis is repeatedly associated with diabetic nephropathy. This
is a programmed cell death process and is induced by caspases 3, 6,
and 7 affecting over 600 substrates. A recently published study
found that Z-DEVD-FMK, a specific caspase-3 inhibitor, improved
albuminuria, renal function, and tubular interstitial fibrosis (Wen,
2020).

Natural herbs are traditionally used in the treatment of a vari-
ety of human health problems, including diabetes (Das and
Ghosh, 2017). Antioxidants found in various medicinal plants help
reduce the oxidative stress caused by diabetes. Traditional herbal
medicine for diabetes is highly suitable for oral treatment due to
its affordability, effectiveness, low toxicity, minimal or negligible
side effects, and endorsement by the World Health Organization
(WHO) for further study and utilization (Day, 1998). Pomegranates,
strawberries, blackberries, blackcurrants, raspberries, and grapes,
as well as walnuts and almonds, are good dietary sources of ellagic
acid (EA), a polyphenolic component. (Zhou, 2016). Several studies
showed that EA has positive health benefits against a variety of
cancers, cardiovascular illnesses, and neurological disorders that
have been linked to oxidative damage. In addition, to these antiox-
idant and antimicrobial benefits, EA also promotes wound healing
(Ceci, 2020). Based on human and animal research, ellagic acid has
demonstrated a range of biological effects, including antioxidant
and anti-inflammatory properties (Qiu, 2013). Numerous investi-
gations have recently indicated that EA, alone or in conjunction
with other medicines, has anti-diabetic properties (Nankar and
Doble, 2017; Savi, 2017; Polce, 2018; Harakeh, 2020). There has

been limited exploration in the literature regarding the protective
effects of ellagic acid (EA) on renal damage, specifically its role in
mitigating diabetic nephropathy (Zhou, 2019). The clinical applica-
tions of ellagic acid (EA) have been limited due to its chemical nat-
ure, which results in poor water solubility (9.7 £3.2 g/ml) and a
pharmacokinetic profile characterized by limited absorption rate
and short plasma half-life (1 h after ingestion of pomegranate
juice) (Ceci, 2020), The objective of this research was to enhance
the bioavailability and optimize the pharmacokinetics of ellagic
acid (EA) through the utilization of a nano delivery system. The
study aimed to investigate the implications of this improved for-
mulation in the context of type II diabetes, specifically focusing
on its potential effects on Streptozotocin (STZ)-induced diabetic
nephropathy in rats. Furthermore, the study sought to elucidate
the underlying mechanisms involved in comparison to the effects
of EA alone.

2. Materials and methods
2.1. Drugs and Chemicals

STZ and EA were obtained from Sigma Chemicals Co. (St. Louis,
Missouri, USA). Glucophage tablets containing 500 mg metformin
(M) were purchased from Alnahdi Pharmacy, Jeddah, Saudi Arabia.
The EN used in the study was produced and characterized follow-
ing the same methods as described in our previous research (El-
Shitany, 2019).

2.2. Laboratory animals and managements

A total of twenty-two adult male Sprague-Dawley rats, with
weights ranging from 175.5 to 208.3 g, were obtained from the ani-
mal house of King Fahd Research Center, King Abdulaziz Univer-
sity, Jeddah, Saudi Arabia. The rats were housed at a controlled
room temperature of 25+ 2 °C. During an adaptation period of
one week, they were provided with unlimited access to food and
water. The welfare and treatment of the rats followed the guideli-
nes outlined in the Declaration of Helsinki for the use of laboratory
animals and complied with the NIH criteria (Touitou, 2004).

2.3. Induction of type II diabetes model

The establishment of the type Il diabetes model involved an 8-
week administration of a high-fat diet. After 4 weeks, a single dose
of STZ (35 mg/kg) was injected into the abdominal cavity of the
rats (Guo, 2018) hree days following the STZ injection, blood glu-
cose levels were measured, and rats with a glucose level of
220 mg/dl or higher were classified as diabetic.

For a duration of four weeks after diabetes induction, the rats
were treated with different formulations: the standard ellagic acid
(EA), nano-formulated ellagic acid (EN), and their combination
with metformin (EA + M and EN + M). The rats were divided into
several groups: control (C) group (3 rats), diabetic (D) group (4
rats), M group (3 rats), EA group (3 rats), EN group (3 rats), EA
+M group (3 rats), and EN + M group (3 rats). The doses used were
as follows: M dose (300 mg/kg) [Katakam et al., 2000], E dose
(10 mg/kg) [Amin et al., 2017], and EN dose (10 mg/kg) (Harakeh,
2020). At the conclusion of the experiment, changes in body weight
were recorded for all the animals.


http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Harakeh, S. Hassan Saber, N. EI-Shitany et al.
2.4. Sample collection

Fasting blood samples were collected from all anesthetized rats
directly from the heart into non-heparinized test tubes. The blood
samples were centrifuged to separate the serum, which was subse-
quently frozen and stored at —80 °C for further analysis. Following
the blood collection, the animals were euthanized by cervical dis-
location. The abdomen was opened, and the kidneys were carefully
excised, washed with 0.9% normal saline solution, and weighed.
The kidneys were then either frozen at —80 °C or preserved in
10% neutral buffered formalin solution for subsequent
experimentation.

2.5. Calculation of kidney index (%)

The right and left kidneys weight was divided by the animal
final body weight and multiplied by 100.

2.6. Assay of fasting serum glucose levels

The quantification of fasting serum glucose was conducted
using a colorimetric kit obtained from Reactivos GPL, located in
Barcelona, Spain. The measurement procedure followed the
instructions provided by the manufacturer, ensuring adherence
to the recommended guidelines for accurate and reliable results.

2.7. Assay of serum creatinine and urea levels

Serum creatinine and urea levels were determined using the
Crescent Diagnostics kit from Saudi Arabia, following the guideli-
nes provided by the manufacturer. The measurement of creatinine
and urea in the serum samples was performed according to the
recommended instructions of the kit.

2.8. Assay of serum CRP levels

Serum C-reactive protein (CRP) levels were assessed using the
fully automated ELISA DSX best 2000® microtiter plate system
and ELISA kits specifically designed for CRP (cat. No.
MBS2505217), following the instructions provided by the
manufacturer.

2.9. Assay of kidney lipid peroxidation product (LPO) and total
antioxidants capacity (TAC) levels

The frozen kidneys were homogenized in ice-cold phosphate
buffer (pH 7.4) and 2% triton X-100 at a concentration of 50% (w/
v). Afterward, the homogenates were centrifuged at 10,000 rpm
at 4 °C for 10 min. The resulting supernatants were utilized to mea-
sure lipid peroxidation (LPO) and total antioxidant capacity (TAC)
using kits provided by Biodiagnostic Egypt, following the manufac-
turer’s instructions.

3. Histopathology and immunohistochemistry assays of kidneys

The kidney sections, fixed with formalin, were subjected to
staining with hematoxylin and eosin (H&E) to visualize the tissue
morphology. Additionally, immunohistochemical staining for
caspase-3 was performed on separate sections using caspase-3
antibodies obtained from Lab Vision (Fremont, Canada). The
immunoperoxidase reaction utilizing peroxidase/anti-peroxidase
(PAP) was employed for this purpose. (Sinclair et al., 1981).
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3.1. Statistical analysis

The data were expressed as mean * standard error and analyzed
using the GraphPad Prism version 5 statistical software (New York,
USA). To determine statistical differences between groups, the one-
way analysis of variance (ANOVA) test followed by Tukey’s multi-
ple comparison test was employed. The significance level was set
at p <0.05.

4. Results

4.1. Effect of EA, EN, EA + M, and EN + M on Rats’ final body Weights,
kidney Weights, kidney Indices, and serum glucose levels

The findings presented in Table 1 indicate that the induction of
type Il diabetes resulted in a significant decrease in the rats’ final
body weights (p <0.01) and a substantial increase in fasting glu-
cose levels (p <0.001) eight weeks after diabetes induction, com-
pared to the control group.

Regarding fasting serum glucose levels, treatment with EN and
EN+M led to significant reductions in serum glucose levels
(p<0.001 and p<0.01, respectively) compared to the D group
levels. However, EA alone and in combination with M showed no
effect on fasting serum glucose levels when compared to the
untreated D group. There were no significant differences observed
in the glucose-lowering effect between M and EN, as well as
between M and EN + M. Additionally, EN significantly decreased
fasting serum glucose levels (p < 0.01) compared to the EA group.

In terms of final body weights, treatment with EA, EN, EA + M,
and EN + M significantly increased the rats’ final body weights
(p <0.001 for all comparisons) compared to the values observed
in the D group. Notably, EN significantly increased the rats’ body
weights (p < 0.001) compared to the EA group. However, the final
body weights of rats in the EA and EA + M groups remained signif-
icantly lower (p < 0.001) compared to the M group. No significant
differences were observed in kidney weight and kidney indices
among all experimental groups (Table 1).

4.2. Effect of EA, EN, EA + M, and EN + M on Rats’ serum urea and
creatinine levels

The results presented in Table 2 showed that induction of type
I diabetes significantly increased the rats’ serum urea (p < 0.001)
as well as the level of serum creatinine levels (p < 0.001) 8 weeks
after diabetes induction in comparison to the C group values.

In terms of serum urea levels, the administration of EA, EN, EA
+M, and EN + M to rats resulted in significant reductions (p < 0.05,
p <0.01, p<0.05, and p < 0.001, respectively) compared to the val-
ues observed in the D group. Notably, there were no significant dif-
ferences observed in the ability of EA compared to EN, M compared
to EN, and M compared to EN + M in reducing urea levels.

Regarding serum creatinine levels, the administration of EN and
EN + M to rats resulted in a significant reduction (p < 0.05 for both)
compared to the values observed in the D group. M, EA, and EA+ M
showed no effect on serum creatinine levels compared to the D
group values (Table 2).

4.3. Effect of EA, EN, EA + M, and EN + M on rats’ kidney
histopathology (H & E-stained sections)

The C group kidney sections showed normal renal corpuscle and
its glomeruli. Adjacent kidney tubules showed narrow lumen and
intact cuboidal lining epithelium. The kidney sections of the D
group exhibited noticeable disorganization of renal corpuscles,
characterized by atrophy of glomerular capillaries. Additionally,
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Table 1
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Effect of EA, EN, EA + M, and EN + M on regarding rats’ final body weights, kidney weights, kidney indices, and serum glucose levels determined in all experimental groups.

Experimental groups Final body weight (g)

Kidney’s weight

Kidney index (%)

Serum glucose

(g) (mg/dL)
C 188.4+14 0.79+0.5 0.42 +0.03 109.2 + 4.6
D 179.6 +1.9° 0.85+0.8 0.48 +0.05 4443 +6.6°
M 206.8 +0.9° 0.80 £0.2 0.39 £0.09 318.5+18.9°
EA 193.7£0.5> ¢ 0.69+0.2 0.36 + 0.08 440.1£11.5¢
EN 205.8 +0.7> ¢ 0.71+0.1 0.35+0.06 321.1+11.1>¢
EA+M 196.4 +0.5> © 0.89+0.1 0.45 £ 0.06 396.2 £1.7¢
EN+M 202.7+0.2° 0.63+0.0 0.31+0.02 358.7 £26.7°

Data are presented as mean * standard error. C: control group, D: diabetes group, M: metformin group, EA: ellagic acid group, EN: nanoformulated ellagic acid group, EA + M:
ellagic acid + metformin group, and EN + M: nanoformulated ellagic acid + metformin group.

a

Table 2
The effect of EA, EN, EA+M, and EN + M on rats’ serum urea and creatinine levels
determined in all experimental groups.

Experimental groups Urea (mg/dL) Creatinine (mg/dL)

C 240+1.7 0.26 £0.02
D 62.5+6.1° 0.60 +0.04°
M 42.0 +4.0° 0.55 + 0.04
EA 443+0.7° 0.52 +0.05
EN 34.7 £4.5° 0.43 £0.03°
EA+M 44,025 0.49 £0.02
EN+M 30.7+0.7° 0.42 +0.02°

Data are presented as mean + standard error. C: control group, D: diabetes group,
M: metformin group, EA: ellagic acid group, EN: nanoformulated ellagic acid group,
E + M: ellagic acid + metformin group, and EN + M: nanoformulated ellagic acid
+ metformin group.

2 significant against C and Psignificant against D (p < 0.05).

the renal tubules displayed degenerated epithelium with low
levels of apoptosis, along with significant tubular dilatation accom-
panied by luminal casts. The M group kidney sections showed
marked amelioration of diabetic changes in renal corpuscles and
tubules however, some tubules still showed dilated lumen and
atrophied low epithelium. The E group kidney sections showed
potential preservation of histological structure of renal corpuscle
and glomeruli. Some tubules still show dilated lumen and low
epithelial lining. The EN, EA+ M, and EN + M groups’ kidney sec-
tions showed more preservation of normal structure of both renal
corpuscle’s glomeruli and renal tubules (Fig. 1).

4.4. Effect of EA, EN, EA + M, and EN + M on rats’ kidney glomerular
matrix (Masson’s trichrome stained sections)

The D group kidney sections showed an increase in blue stained
mesangial substance among damaged glomerular capillaries com-
pared to normal appearance in the C group sections. Mild or no
change in the amount of blue stained interglomerular substance
was observed in the sections of the M and EA groups in comparison
to the D group sections. Restoration of normal appearance of stain-
ing feature of interglomerular mesangial substance was observed
in the EN, EA + M, and EN + M groups’ kidney sections with marked
preservation of normal appearance in the EN, EN + M groups’ kid-
ney sections (Fig. 2).

4.5. Effect of EA, EN, EA + M, and EN + M on rats’ kidney LPO and TAC
levels

The findings depicted in Fig. 3 demonstrate a significant
increase in kidney LPO (p <0.001) and a noteworthy decrease in
kidney TAC levels (p < 0.001) eight weeks after inducing type Il dia-
betes in the rats, in comparison to the values observed in the con-
trol group. Regarding kidney LPO levels, treatment with M, EN, and

significant against C, "significant against D, “significant against M, and Ysignificant against EA (p < 0.05).

EN+M led to significant reductions (p<0.05, p<0.05 and
p <0.01, respectively) in kidney LPO compared to the D group val-
ues. However, neither EA alone nor in combination with M showed
any effect on kidney LPO levels compared to the D group values.
Notably, there were no significant differences observed in the abil-
ity of M, EN, and EN + M to lower LPO levels.

Concerning the kidney TAC levels, treatment of rats with EA, EN,
EA +M, and EN + M showed no effect on kidney TAC levels in com-
parison to the D group values (Fig. 3).

4.6. Effect of EA, EN, EA + M, and EN + M on rats’ serum CRP levels

The results presented in Fig. 4 showed that induction of type II
diabetes significantly increased the rats’ serum CRP level
(p<0.001) 8 weeks after diabetes induction compared to the con-
trol group.

Treatment of rats with M, EA, EN, EA+M, and EN + M signifi-
cantly decreased the serum CRP (p < 0.001 all) in comparison with
the D group values. No differences were found between the CRP
lowering action of M, EA, EN, EA+ M, and EN + M (Fig. 4).

4.7. Effect of EA, EN, EA + M, and EN + M on rats’ kidney caspase-3
expression

In the kidney sections of the C group, minimal or no immune-
expression of caspase-3 was observed in both renal corpuscles
and tubules. Conversely, the kidney sections of the D group exhib-
ited a significant caspase-3 immune-expression in the damaged
tubules, along with mild caspase-3 immune-expression in
glomerular capillaries. Notably, the kidney sections of the EA, EN,
EA+M, and EN+M groups displayed notable reductions in
caspase-3 immune-expression in the renal corpuscles and tubules,
as depicted in Fig. 5.

5. Discussion

Diabetic nephropathy represents a significant complication
arising from both type I and type II diabetes, and it stands as the
primary cause of renal disease on a global scale. (Xue, 2017.
2017.). The combination of a high-fat diet and STZ-induced type
Il diabetes in rats was found to be associated with impaired kidney
function. The renal effects were clearly manifested through notable
elevations in serum urea and creatinine levels, along with the dis-
ruption of renal corpuscles and the occurrence of glomerular cap-
illary atrophy. Low deteriorated epithelium was found in the renal
tubules, as well as tubular dilatation and luminal casts. These find-
ings are consistent with prior research that attributed impaired
kidney functions (increase in blood urea and creatinine levels) in
STZ-induced diabetes to marked glomerular deformity such as
fibrosis congestion and tubular necrosis observed in histological
evaluation and inter-tubular bleeding (Ahmed, 2019). LPO induced
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Fig. 1. Effect of EA, EN, EA + M, and EN + M on rats’ kidney histopathology determined in all experimental groups. Photos presented H & E-stained sections photographed at
x400 magnification (Bar = 50 um). C: control group, D: diabetes group, M: metformin group, EA: ellagic acid group, EN: nano-formulated ellagic acid group, EA + M: ellagic
acid + metformin group, and EN + M: nano-formulated ellagic acid + metformin group.

Fig. 2. The impact of EA, EN, EA+M, and EN + M on kidney collagen formation was evaluated in all experimental groups. Photos presented Masson’s trichrome stained
sections photographed at x400 magnification (Bar = 50 pm). C: control group, D: diabetes group, M: metformin group, EA: ellagic acid group, EN: nano-formulated ellagic acid
group, EA + M: ellagic acid + metformin group, and EN + M: nano-formulated ellagic acid + metformin group.
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Fig. 3. The effects of EA, EN, EA + M, and EN + M on rats’ kidney lipid peroxidation product (LPO) and total antioxidants capacity (TAC) levels determined in all experimental
groups. Data are presented as mean * standard error. C: control group, D: diabetes group, M: metformin group, EA: ellagic acid group, EN: nano-formulated ellagic acid group,
EA + M: ellagic acid + metformin group, and EN + M: nanoformulated ellagic acid + metformin group. *Significant against C and *significant against D (p < 0.05).
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Fig. 4. The effect of EA, EN, EA+M, and EN + M on rats’ serum C reactive protein
(CRP) levels determined in all experimental groups. Data are presented as
mean + standard error. C: control group, D: diabetes group, M: metformin group,
EA: ellagic acid group, EN: nanoformulated ellagic acid group, EA + M: ellagic acid
+ metformin group, and EN + M: nanoformulated ellagic acid + metformin group.
*Significant against C and *significant against D (p < 0.05).

by oxidative stress was well known to be linked to renal damage in
diabetic status. Increased oxidative stress and weakened antioxi-
dant defense systems can predispose to kidney damage induced
by diabetes. In the current investigation, it was observed that the
level of LPO (lipid peroxidation) in the kidneys of diabetic rats
exhibited a significant increase, whereas the level of TAC (total
antioxidant capacity) demonstrated a significant reduction, thus
corroborating previous findings. Consistent with these results, De
Brito Amaral et al. also reported a notable rise in LPO levels in
the kidneys of rats with STZ-induced diabetic nephropathy when
compared to normal control rats (Amaral, 2018.). Additionally, Zia-
majidi et al. confirmed that the administration of nicotinamide/STZ
led to an elevation in LPO levels and an excess of total oxidative
stress markers in diabetic rats (Ziamajidi, 2017). Prolonged eleva-
tion of blood glucose levels can result in an escalation of oxygen
free radicals, which play a role in the development of various dia-
betic complications, including nephropathy (Ahmed, 2019). The
cell’s antioxidant defenses are depleted by increased free oxygen
radicals, making the cell vulnerable to oxidative damage.

Journal of King Saud University — Science 35 (2023) 102774

Oxygen-free radicals also attack and oxidize lipids, DNA, and pro-
teins, causing changes in cell structure and function and causing
necrosis and mutations in genes that causes apoptosis (Poljsak
et al., 2013; Nita and Grzybowski, 2016; Sharifi-Rad, 2020; Juan,
2021; Reetu, 2022).

Furthermore, inflammatory processes and cellular apoptosis
can contribute to the progression of histological and functional
changes in the renal parenchyma, ultimately resulting in renal dys-
function and deterioration in the histological structure in individ-
uals with diabetes (Ahmed, 2019). Consistent with previous
findings, diabetic rats in this study exhibited a notable increase
in the expression of caspase-3, a validated marker of apoptosis,
as confirmed by immunohistochemical analysis. Additionally,
there was a significant elevation in the serum inflammation mar-
ker CRP, along with evident deposition of mesangial matrix in
the kidney glomeruli, as observed through Masson’s trichrome
staining. These observations align with the results reported by
Sha et al. (2017) and Ahmed et al. (2019), who similarly identified
augmented immunostaining of apoptotic mediators p53 and
caspase-3 in the kidneys of STZ-induced diabetic rats, employing
immunohistochemical techniques (Ahmed, 2019). The findings of
this study are consistent with the results reported by Sha et al.
(2017), indicating that apoptosis could potentially contribute to
the development of STZ-induced nephropathy in rats (Sha, 2017).
According to the findings of You et al. (2016), human CRP (C-
reactive protein) appears to have a significant involvement in the
progression of type II diabetic nephropathy. This was demon-
strated by the development of more severe renal complications,
such as elevated blood glucose levels, microalbuminuria, and nota-
ble kidney inflammation and fibrosis, in CRPtg-db/db mice (You,
2016). CRP is increased by hyperglycemia in diabetic situations.
It synergistically increases hyperglycemia-mediated renal inflam-
matory processes linked to fibrosis in mouse models of in vitro
and SZ-induced diabetes type I (Liu, 2011).

The present study demonstrated that the administration of EN
(nanoformulated E) and/or M (metformin) to diabetic rats yielded
notable improvements in renal function. This was evidenced by a
significant decrease in serum creatinine and urea levels, along with
a visible enhancement in kidney histological characteristics. Fur-
thermore, the EN treatment was linked to significant improve-
ments in glycemic control, renal LPO (lipid peroxidation), caspase
3 levels, and serum CRP (C-reactive protein), ultimately leading
to significant enhancements in renal function, as well as improve-
ments in the histological structure and integrity, when compared

Fig. 5. Effect of EA, EN, EA + M, and EN + M on rats’ kidney caspase-3 expression determined in all experimental groups. Photos presented caspase-3 immunostained sections
photographed at x400 magnification (Bar = 50 um). C: control group, D: diabetes group, M: metformin group, EA: ellagic acid group, EN: nanoformulated ellagic acid group,
EA + M: ellagic acid + metformin group, and EN + M: nanoformulated ellagic acid + metformin group.
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to both the EA (ethyl acetate) group and the M group. Regular
forms EA and/or M enhanced renal function, histological structure,
and integrity, as well as lowering serum urea and CRP and caspase-
3 expression. According to our findings, nanoformulations EA have
antihyperglycemic, creatinine-lowering, and antioxidant proper-
ties, but normal forms EA have none. In a study by Zhou et al.
(2019) involving STZ-induced nephropathy in rats, it was observed
that only the highest dosage of EA (150 mg/kg) significantly
decreased serum creatinine levels, while it did not have any impact
on serum blood urea nitrogen. Similarly, the researchers found that
EA at doses of 50, 100, and 150 mg/kg had no effect on kidney
malondialdehyde levels, which serve as a marker for lipid peroxi-
dation (Zhou, 2019). According to Zhou et al., regular forms EA
showed a dose-dependent (50, 100, 1nd 150 mg/kg) lowering
effect of blood glucose levels after 8 weeks of diabetes establish-
ment (Zhou, 2019). Fasting plasma glucose was improved by EA
(30 mg/kg) after 3 weeks, which is comparable to M or a moderate
dose of pioglitazone. Previous studies have indicated that the
simultaneous administration of EA (10 mg/kg) and pioglitazone
(10 mg/kg) exhibited a synergistic effect (Nankar and Doble,
2017). Furthermore, other studies have demonstrated that an
eight-week treatment with EA (50 mg/kg) resulted in a comparable
reduction in fasting plasma glucose levels to that achieved by sub-
cutaneous neutral protamine hawthorn (NPH) insulin administra-
tion at a dosage of 6 Ul/day (Farbood, 2019). This might explain
why 10 mg/kg EA, nearly a low dose used in this study, had no
antidiabetic effect when used alone or combined with M.

E (180 mg/day) was recently found to lower CRP, malondialde-
hyde, enhance TAC, and improve glycemic indices in type Il dia-
betes individuals (Ghadimi, 2021). EA (100 mg/kg) prevented
STZ-induced diabetic nephropathy, hyperglycemia, oxidative
stress, inflammation and apoptosis (cleaved caspase-3)
(ALTamimi et al., 2021). This study revealed that EA’s regular and
nanoformulations protected against kidney damage associated
with STZ-diabetes. However, the regular formula had no hypo-
glycemic effect, indicating the existence of another mechanism
for this protective effect on the kidneys. The renal protective effect
of EA is independent of its hypoglycemic effect (ALTamimi et al.,
2021). In our opinion, the protective effect of EA regular and
nanoformulations is due to its anti-inflammatory effect, inhibiting
oxygen free radicals, and preventing programmed cell death. Com-
pared with the previously reported doses of EA as an antihyper-
glycemic, which prevented renal deterioration in humans and
animals, the nano EA-dose used in this study is sufficient despite
its smallness, which is one-third of the lowest dose previously used
for the regular EA.

6. Conclusion

The results of this study demonstrated that the EN (nanoformu-
lated E) exhibited a beneficial effect in mitigating kidney damage
associated with type II diabetes. Notably, even at a lower dose than
the standard EA doses, the EN demonstrated a significant impact,
underscoring the enhanced anti-diabetic effectiveness of the
nanoformulated E. This protective effect on the kidneys can be
attributed to its hypoglycemic properties as well as its modulation
of antioxidant, anti-inflammatory, and anti-apoptotic pathways.

6.1. Animal protocol approval

The current study’s protocol adhered to the guidelines estab-
lished by the animal care facility at KAU, in compliance with all
regulations outlined by “The National Committee of Bio and Med-
ical Ethics- King Abdulaziz City for Science and Technology.”
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