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ABSTRACT

Objectives: Both forms of diabetes mellitus have several detrimental effects on the male reproductive sys-
tem, including damage to the testicles and impaired spermatogenesis. This study aimed to compare the
probable protective effect of ellagic acid nanoformulation (NEL), regular ellagic acid (EL), metformin
(MET), and their combination on testicular damage induced by diabetes in rats.

Methods: Diabetes was induced in 6 groups (n = 6) of BALB/c male rats by high-fat diet (HF) plus strep-
tozotocin (STZ). The groups were treated with EL, NEL, MET, EL plus MET, and NEL plus MET. A healthy set
of rats served as a control group.

Results: The results showed that EL possesses no antihyperglycemic activity in contrast to the NEL, which
showed a significant hypoglycemic activity comparable to MET. Adding NEL to MET showed no benefit
concerning the glucose-lowering activity. Both EL and NEL prevented diabetes-induced testis weight loss.
Only NEL increased the testis-bodyweight ratio. Adding EL or NEL to MET improved MET therapeutic
activity regarding the testis weight and testis-bodyweight ratio. Both EL and NEL and their combination
with MET preserved the testicular germ cells layer and spermatogenesis with the best preservation in the
combination therapy groups. EL showed no antioxidant activity, while NEL had (increased total antioxi-
dants and decreased lipid peroxidation). Besides, adding EL and NEL to MET improved its antioxidant
activity. Both EL and NEL increased PCNA immunoexpress ion in the testis, indicating spermatogenesis’s
promotion with a superior activity of NEL and the combination groups. Both EL and NEL decreased
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caspase-3 immunoexpression in the testis, indicating inhibition of apoptosis with an equal activity of all

treatment regimens.

Conclusion: These results indicated that nano formulation of EL improved the antihyperglycemic activity.

NEL showed antioxidant activity. NEL more effectively prevented diabetes-induced testicular damage,

apoptosis, and impaired spermatogenesis. These results recommended NEL as a single or combined with

MET to protects against male testicular injury associated with diabetes.

© 2021 The Authors. 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

Diabetes mellitus (DM) is on the rise globally, with an estimated
578 million people affected by 2030 (Saeedi et al., 2019). About
18.5 percent of Saudi Arabia’s population is afflicted (Robert and
Al Dawish, 2019). The disease is linked to hyperglycemia. Many
structural and functional organ complications are associated with
DM, including testis, retina, brain, kidney, and heart (Long et al.,
2018).

It is well established that diabetes may lead to male erectile
dysfunction due to compromised testicular function, which has
been the case of laboratory animals with hyperglycemia
(Maresch et al., 2017; Maresch et al., 2018). Studies have reported
that humans with diabetes have impotence and have lower
testosterone levels, sperm count and motility, and reduced vol-
ume of seminal fluid and spermatogenesis in comparison to
healthy persons (Mallidis et al., 2011). Both diabetic and experi-
mentally induced diabetes showed that either type 1 or type 2
diabetes could negatively impact male fertility, especially sperm
quality (Ding et al., 2015). For this reason, there is an urgent need
for need therapies for this problem to protect human reproduc-
tive health.

Such dysfunctions are most likely due to an increase in the male
reproductive system oxidative stress. Diabetes causes an offset of
the de-oxidation of the released reactive oxygen species (ROS)
(Laleethambika et al., 2019). Excessive ROS may be responsible
for all the abnormalities listed above and may cause DNA damage
and affect the protein structures leading to an impairment in the
cellular function (Alahmar 2019). Studies reported that oxidative
stress resulting from diabetes has led to DNA testicular damage,
impairment of spermatogenesis, and the reproductive cell’s sur-
vival, resulting in male infertility (Laleethambika et al., 2019).
For these reasons, antioxidants are crucial for avoiding diabetes
complications in the male reproductive system.

Many plants, fruits, berries contain high concentrations of ella-
gic acid (EL). Pomegranates contain EL, known for many activities,
including antidiabetic, antioxidant, and anti-inflammatory poten-
tials due to their polyphenolic characteristics (Amor et al., 2020,
Kandylis and Kokkinomagoulos 2020, ALTamimi et al., 2021, Lin
et al., 2021). The effect of EL was evaluated on testicular tissue
damage caused by the consumption of monosodium glutamate.
The results indicated that EL enhanced male reproduction
(Hamza and Al-Bagami 2019). In another study, EL showed a pro-
tective effect against oxidative damage of sperms caused by cigar-
ette smoking and it efficiently reduced the number of abnormal
sperms (Kaya et al., 2017, Akarca Dizakar et al., 2021).

Recently, several studies conducted in our laboratory showed
that the NEL showed a more potent antioxidant effect than the reg-
ular EL against cisplatin’s hepatic and nephro toxicity, as well as an
antidiabetic impact on the type Il diabetes model (El-Shitany et al.,
2019, Harakeh et al., 2020, ALTamimi et al., 2021, Lin et al., 2021).

This study aimed to investigate the probable protective effect of
EL on the testicular damage induced by diabetes in rats. Besides,
comparing the impact of regular and nano EL with metformin
(MET) and examining the effect of their combination.

2. Materials and methods
2.1. Chemicals

Streptozotocin (STZ) and EL were purchased from Sigma Chem-
icals Co. (St. Louis, MO, USA). Glucophage tablets (500 mg MET,
Merck, Santa, France) was purchased from Al-Nahid Pharmacy, Jed-
dah, Saudi Arabia. ELN was prepared and characterized as previ-
ously published in our work (El-Shitany et al., 2019).

2.2. Animals

The rats were purchased from Theodor Bilharz research insti-
tute in Giza, Egypt with average weight (25 + 2 gm) and housed
at animal house of faculty of medicine at Assiut University. The rats
were kept at room temperature (25 * 2 °C), and the light-dark cycle
was considered. Rats were able to eat and drink as much as they
wanted. The rats were kept in these conditions for one week to
acclimate. Animals were handled according to both the Declaration
of Helsinki’s recommendations for using experimental animals and
the NIH protocol (Touitou et al., 2004) and All experimental proto-
cols were approved from animal ethical committee with at faculty
of medicine at Assiut University, with ethical approval number
17300570.

2.3. Initiation of diabetes

The control rats (n = 6) were offered the conventional diet while
the rest (n = 36) were established on a high-fat diet (HF) for
2 months. The HF contains 58% lipid, 17% carbs, and 25% protein
as a percentage of the entire kcal. A month after the experiment’s
start, a single dose of STZ (35 mg/kg dissolved in 10 mM citrate
buffer, pH 4.5) was administered intraperitoneally (i.p.) to all rats
except the control ones. The control rats were injected with the
citrate buffer. The blood glucose concentrations were assessed
24 h after STZ injection, and diabetes was verified when the glu-
cose level exceeded 220 mg/dl. The weights of diabetic rats were
registered, and they were then randomly divided into six group,
each with six rats (Guo et al., 2018).

2.4. Exprimental groups

Every day for 9 weeks, all diabetic rats received the prescribed
medication doses.

1- Control group (Con): This group includes the normal saline-
treated rats.

2- Diabetes group (HF + STZ): This group includes the HF + STZ
treated rats.

3- MET group (HF + STZ + MET): This group includes diabetic
rats treated with MET (300 mg/kg) (Katakam et al., 2000).

4- EL group (HF + STZ + EL): This group includes diabetic rats
treated with EL (10 mg/kg) (Amin and Arbid 2017).

5- NEL group (HF + STZ + NEL): This group includes diabetic
rats treated with NEL (10 mg/kg) (Harakeh et al., 2020).
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6- EL + MET group (HF + STZ + MET + EL): This group includes
diabetic rats treated with both MET and EL simultaneously.
7- NEL + MET group (HF + STZ + MET + EL): This group includes
diabetic rats treated with both MET and NEL simultaneously.

2.5. Measurement of fasting blood glucose (FBG) concentration

A glucometer GX (Ames, USA) was used to measure FBG con-
centration. The tail was placed in a 45 °C water bath, and 1 ml of
its end was cut to obtain the blood, with one drop of the blood used
to measure the blood level.

2.6. Testes collection

After two months, rats were weighted, euthanatized using deep
ether anesthesia, and the testes were removed and washed with
normal saline. The testes’ weight was assessed. Testes were stored
either frozen (—80 °C) for biochemical analysis or in a 10% buffered
formalin for histopathological and immunohistochemical analysis.

2.7. Calculation of testis-bodyweight ratio

Testis-bodyweight ratio was calculated by dividing testes
weight by bodyweight and multiplying by 100 (Dkhil et al., 2016).

2.8. Analysis of testis histopathological alteration

The formalin-preserved testes were stained with hematoxylin
and eosin (H & E) and examined under the light microscope for
any histopathological alterations.

2.9. Immunohistochemical analysis of testicular proliferating cell
nuclear antigen (PCNA) and caspase 3.

PCNA and caspase-3 antibodies from Lab Vision (Fremont, CA,
USA) were utilized in an immunoperoxidase (PAP, peroxidase/anti
peroxidase) reaction. A pathologist studied the slides under a light
microscope and photographed them in a blinded way.

2.10. Statistics

All information is represented as a mean with standard error.
Data was entered using IBM’s SPSS 22.0 statistical program (New
York, USA). A one-way analysis of variance (ANOVA) test was used
for statistical analysis. At the 95 percent confidence level, statisti-
cally significant differences were found.

3. Results

3.1. Impact of EL, NEL, and their mixture with MET on FBG levels
investigated in HF/STZ-induced diabetes model

Diabetic rats showed significantly increased FBG levels relative
to the control rats (p < 0.001). Administration of Met alone and NEL
alone to diabetic rats produced a significant decline in FBG concen-
trations relative to the diabetic rats (p < 0.001). Diabetic rats trea-
ted with EL and NEL combined with MET showed a significant
reduction in the FBG concentrations relative to the diabetic rats
(p < 0.05 and p < 0.001, respectively). Diabetic rats treated with
EL and EL combined with MET showed significantly higher FBG
concentrations relative to the MET-treated diabetic rats
(p < 0.001 and p < 0.05, respectively). There was no significant dif-
ference between diabetic rats treated with MET alone, NEL alone,
and NEL combined with MET (Fig. 1).
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These results showed that the regular EL possesses no antihy-
perglycemic activity contrasted to the nano formula (NEL), which
showed a significant hypoglycemic activity comparable to the
standard oral hypoglycemic drug (MET). Adding NEL to MET
showed no benefit concerning the glucose-lowering activity.

3.2. Impact of EL, NEL, and their combination with MET on testis
weight and testis-bodyweight ratio investigated in HF/STZ-induced
diabetes model

Diabetic rats showed significantly decreased testis weight and
testis-bodyweight ratio relative to the control rats (p < 0.001).
Administration of Met alone, EL alone, NEL alone, EL plus MET,
and NEL plus MET to diabetic rats produced a significant increase
in testis weight relative to the diabetic rats (p < 0.001). Administra-
tion of EL alone, NEL alone, EL plus MET, and NEL plus MET to dia-
betic rats produced a significant increase in testis-bodyweight
ratio relative to the diabetic rats (p < 0.01, p < 0.001, p < 0.001,
and p < 0.001, respectively). Diabetic rats treated with EL and
NEL combined with MET showed a significant increase in the testis
weight and testis bodyweight ratio relative to MET-treated dia-
betic rats (p < 0.001) (Table 1).

These results showed that both regular EL and the nano formula
(NEL) prevents the loss of testis weight induced in diabetic rats.
Adding EL or NEL to the conventional diabetes drug (MET)
improved MET therapeutic activity regarding the testis weight
and testis-bodyweight ratio.

3.3. Impact of EL, NEL, and their mixture with MET on testis
histopathology investigated in HF/STZ-induced diabetes model

Control sections from rats testis stained by H & E showed nor-
mal size seminiferous tubules (ST), most are of full-thickness germ
layers with mature sperms and a normal population of interstitial
Leydig cells. Diabetic sections (HF + STZ) showed a marked
decrease in size of ST, disorganization, degeneration, and loss of
germ cells. Some tubules contain seminal fluid and congested
blood vessels. However, interstitial Leydig cells are of the nearly
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Fig. 1. Impact of ellagic acid (EL), nano ellagic acid (NEL); and their mixture with
metformin (MET) on fasting blood glucose (FBG) levels investigated in high fat diet
(HF)/streptozotocin (STZ)-induced diabetes model. Findings are offered as
mean * SE (n = 6). ®significant against CON; Psignificant against HF + STZ; °-
significant against MET. *p < 0.05; **p < 0.01; **p < 0.001.
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Table 1

Impact of ellagic acid (EL), nano ellagic acid (NEL); and their mixture with metformin
(MET) on testis weight, and testis-bodyweight ratio investigated in high fat diet (HF)/
streptozotocin (STZ)-induced diabetes model.

Experimental groups Testis weight (g) Testis-bodyweight ratio

CON 1.41 + 0.02 0.74 + 0.01
HF + STZ 0.64 £ 0.013"" 0.36 + 0.01%""
HF + STZ + MET 1.04 + 0.05>"" 0.50 + 0.03

HF + STZ + EL 1.09 + 0.07°™ 0.56 + 0.02"”

0.59 + 0.01°""
0.70 + 0.06>"" <~
0.66 * 0.04°" <

1.22 £ 0.05>

1.37 £0.10°™
1.33 £+ 0.07° ¢

HF + STZ + NEL
HF + STZ + MET + EL
HF + STZ + MET + NEL

Findings are offered as mean + SE (n = 6). ®significant against CON; "significant
against HF + STZ; Ssignificant against MET. *p < 0.05; **p < 0.01; ***p < 0.001.

normal population. Diabetic rats treated with MET sections (HF +
STZ + MET) showed potential preservation of most germ cell layers
with mature sperms; however, few ST is of decreased thickness
with an absence of mature sperm. Also, interstitial Leydig cells
are of a normal population. Diabetic rats treated with EL sections
(HF + STZ + EL) showed better preservation of germ cell layers,
mature sperms, and interstitial Leydig cells which looked healthier
than in MET sections. Diabetic rats treated with NEL sections (HF +
STZ + NEL) showed that most ST looked larger in size, with regular
outlines and full-thickness germ cell layers, most tubules contain
mature sperms. Diabetic rats treated with EL plus MET sections
(HF + STZ + MET + EL) and NEL plus MET sections (HF + STZ + M
ET + NEL) showed the best preservation relative to their respective
single treatment sections (Fig. 2).

These results revealed that HF + STZ diabetes produced a
marked decrease in germ cells and mature sperms. However, inter-
stitial Leydig cells are of the nearly normal population. All treat-
ments including MET, EL, NEL, MET + EL, and MET + NEL
preserved the germ cells and the mature sperms with the best
preservation in the combination therapy groups (MET + EL and
MET + NEL). The individual treatments’ (MET, EL, and NEL) protec-
tion in descending order was: NEL, EL, and MET.
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3.4. Impact of EL, NEL, and their mixture with MET on testis TAC, and
LPO contents investigated in HF/STZ-induced diabetes model

Diabetic rats showed a significantly decreased TAC relative to
the control rats (p < 0.001). Administration of MET alone, NEL
alone, EL plus MET, and NEL plus MET to diabetic rats produced a
significant increase in testicular TAC relative to the diabetic rats
(p <0.05, p<0.01, p<0.001, and p < 0.001, respectively). Diabetic
rats treated with EL and NEL combined with MET showed a signif-
icant increase in testicular TAC relative to MET-treated diabetic
rats (p < 0.001) (Table 2).

Diabetic rats showed a significantly increased LPO relative to
the control rats (p < 0.001). Administration of MET alone, NEL
alone, EL plus MET, and NEL plus MET to diabetic rats produced a
significant decrease in testicular LPO relative to the diabetic rats
(p <0.01, p<0.01, p<0.001, and p < 0.001, respectively). Diabetic
rats treated with EL and NEL combined with MET showed a signif-
icant decrease in testicular LPO relative to MET-treated diabetic
rats (p < 0.001) (Table 2).

These results showed that in comparison to EL, which had no
antioxidant activity, these findings revealed that NEL had antioxi-
dant activity. Besides, adding EL and NEL to MET improved its
antioxidant activity in HF + STZ diabetic rats model.

3.5. Impact of EL, NEL, and their mixture with MET on testis PCNA
protein expression investigated in HF/STZ-induced diabetes model

CON sections showed high PCNA protein immunoexpression.
Diabetic sections (HF + STZ) showed decreased PCNA immunoex-
pression in nuclei of damaged tubules relative to the CON sections.
Diabetic rats treated with MET sections (HF + STZ + MET) and dia-
betic rats treated with EL sections (HF + STZ + EL) showed pre-
served PCNA immunoexpression compared to the diabetic
(HF + STZ) sections. Diabetic rats treated with NEL sections
(HF + STZ + NEL), diabetic rats treated with MET plus EL sections
(HF + STZ + MET + EL), and diabetic rats treated with MET plus
NEL sections (HF + STZ + MET + NEL) showed increased PCNA

Fig. 2. Impact of ellagic acid (EL), nano ellagic acid (NEL); and their mixture with metformin (MET) on testis histopathology investigated in high fat diet (HF)/streptozotocin
(STZ)-induced diabetes model. Sections from rats testis stained by H & E (x 20 magnification). Photo A (CON) shows normal size seminiferous tubules (ST), most are of full
thickness germ layers (double head arrows) with mature sperms with their tails extend to the lumina (star). Interstitial Leydig cells are of normal population (white arrow).
Photo B (HF + STZ) shows marked decrease in size of ST, disorganization, degeneration, and loss of germ cells. Some tubules contain seminal fluid (dotted arrows), and
congested blood vessels (V). Interstitial Leydig cells are of nearly normal population (white arrow). Photo C (HF + STZ + MET) shows potential preservation of most germ cell
layers of ST with mature sperms (black star); however, few ST are of decreased thickness with absence of mature sperm (white stars). Interstitial Leydig cells are of normal
population (white arrow). Photo D (HF + STZ + EL) shows better preservation of ST germ cell layers, mature sperms (black stars) and interstitial Leydig cells (white arrow)
which looked more healthier than in MET photo. Photo E (HF + STZ + NEL) shows that most ST looked larger in size, with regular outlines and full thickness germ cell layers,
most tubules contain mature sperms (black stars). Photo F (HF + STZ + MET + EL) and photo G (HF + STZ + MET + NEL) show the best preservation relative to their respective
single treatment photos.
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Table 2

Impact of ellagic acid (EL), nano ellagic acid (NEL); and their mixture with metformin
(MET) on testis total antioxidant capacity (TAC), and lipid peroxide (LPO) contents
investigated in high fat diet (HF)/streptozotocin (STZ)-induced diabetes model.

Experimental groups

CON 0.015 £ 0.001

TAC (mM/mg protein) LPO (nmol/mg protein)

0.50 £0.12

HF + STZ 0.005 * 0.001*"" 228 £0.34%"
HF + STZ + MET 0.008 + 0.001"" 1.24 +0.16°”
HF + STZ + EL 0.007 + 0.001 1.55 + 0.16

133 +0.11°"
1.13 £ 0.03°"
0.71 £ 0.002°™

0.009 * 0.001°"
0.011 £ 0.001>"" <~
0.012 +0.001°7" <™

HF + STZ + NEL
HF + STZ + MET + EL
HF + STZ + MET + NEL

Findings are offered as mean * SE (n = 6). *significant against CON; Psignificant
against HF + STZ; Ssignificant against MET. *p < 0.05; **p < 0.01; ***p < 0.001.

immunoexpression compared to diabetic rats sections (HF + STZ),
diabetic rats treated with MET sections (HF + STZ + MET), and dia-
betic rats treated with EL sections (HF + STZ + EL) (Fig. 3).

These results indicated that diabetes is associated with
impaired spermatogenesis. Administration of EL alone, MET alone,
NEL alone, EL plus MET, and NEL plus MET to diabetic rats promote
spermatogenesis relative to the diabetic rats. Diabetic rats treated
with NEL alone and EL and NEL combined with MET showed better
spermatogenesis protection relative to diabetic, MET alone, and EL
alone.

3.6. Impact of EL, NEL, and their mixture with MET on testis caspase-3
protein expression investigated in HF/STZ-induced diabetes model

CON sections showed reduced testicular caspase-3 immunoex-
pression. Diabetic sections (HF + STZ) showed high caspase-3
immunoexpression in nuclei of damaged tubules compared to
CON sections. Diabetic rats treated with MET sections (HF + STZ +
MET), diabetic rats treated with EL sections (HF + STZ + EL), dia-
betic rats treated with NEL sections (HF + STZ + NEL), diabetic rats
treated with MET plus EL sections (HF + STZ + MET + EL), and dia-
betic rats treated with MET plus NEL sections (HF + STZ + MET +
NEL) show moderate decrease in caspase-3 immunoexpression
compared to diabetic (HF + STZ) sections (Fig. 4).

These results showed that HF + STZ induced diabetes is associ-
ated with caspase-3 mediated apoptosis in rats testis. Administra-
tion of MET alone, EL alone, NEL alone, EL plus MET, and NEL plus
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MET to diabetic rats protects the testis against diabetes-induced
apoptosis.

4. Discussion

In the present study, HF plus STZ were used to induce diabetes
in experimental rats. Previous studies confirmed that HF prompts
insulin resistance, and consequently, a small STZ dose will produce
pancreatic beta-cells damage (De MagalhAes et al., 2019). A estab-
lished model for type 2 diabetes is a HF fed and low-dose STZ-
treated rodent (Long et al., 2018). The most significant HF- and
STZ-induced testicular disruption mechanisms have been identi-
fied as increased oxidative stress, reduced antioxidant capability,
inflammation, and programmed cell death (Dkhil et al., 2016, Al-
Megrin et al., 2020, Saeedan et al., 2021).

Testicular weight and testis histopathological changes are the
most sensitive markers of male reproductive injury (Ceribasi
et al., 2012). The significant loss of testis weight and lower
testis-to-bodyweight ratio observed in HF plus STZ diabetic rats
in this study were consistent with several previous studies
(Wang et al., 2018; Wang et al., 2019, Al-Megrin et al., 2020). This
study showed that HF plus STZ-induced diabetes produced a
marked decrease in testicular germ cell layers and mature sperms.
Sertoli cells play a crucial role in spermatogenesis, and using
energy from sources apart from glucose metabolism can disrupt
their organelle structures, leading to cellular injury and imperfect
sperm maturation (Almeer et al., 2020). Notably, EL, NEL, and their
combination with MET were able to reduce testicular destruction
by reducing testis weight loss and raising the testis-bodyweight
ratio. The combination therapy has superior activity. The results
indicated that both EL and NEL have a protective effect and that
they should be used in conjunction with MET. In agreement with
our results, a recently published study reported that EL improved
testis histopathological structure in STZ-induced diabetic rats
(Akarca Dizakar et al., 2021). EL has also been shown to protect tes-
ticles from Adriamycin (Ceribasi et al., 2012), monosodium gluta-
mate (Hamza and Al-Bagami 2019), arsenic (Mehrzadi et al.,
2018), acetic acid (Kaya et al., 2017), and cisplatin (Ates xs xahin
et al., 2008)-induced testicular damage.

It appears from the results of this study that other mechanisms
lie behind the testicular protective effect of EL, as it did not show a
comparable hypoglycemic effect to the MET and NEL regarding

Fig. 3. Impact of ellagic acid (EL), nano ellagic acid (NEL); and their mixture with metformin (MET) on testis PCNA protein expression investigated in high fat diet (HF)/
streptozotocin (STZ)-induced diabetes model. Sections from rats testis immunohistochemically stained (x 20 magnification). Photo A (CON) shows high PCNA
immunoexpression. Photo B (HF + STZ) shows decreased PCNA immunoexpression in nuclei of damaged tubules compared to CON photo. Photo C (HF + STZ + MET) and
photo D (HF + STZ + EL) show preserved PCNA immunoexpression compared to HF + STZ photo. Photo E (HF + STZ + NEL), Photo F (HF + STZ + MET + EL), and photo G
(HF + STZ + MET + NEL) show increased PCNA immunoexpression compared to HF + STZ, HF + STZ + MET, and HF + STZ + EL.
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Fig. 4. Sections of rat testis immunostained against caspase-3 (Cas-3, the apoptotic marker) and photographed at x100 bar=200 pm showing: (a) Normal control group: with
negative immunostaining for cas-3 in seminiferous tubule germ cells (white arrow) and interstitial cells (dotted black circle). (b) Diabetic group (b.1, b.2): showing higher
activity of cas-3 in degenerated seminiferous tubules cells (thin black arrows) and more in the interstitial cells (red circles). (c) Metformin (Met) treated group: nearly normal
cas-3 level in both seminiferous tubules (white arrow) and interstitial cells (dotted black circle), and some tubules still showed degenerated germ cells with some positive
reaction (thin black arrows). (d) Ellagic acid group: moderate reduction in cas-3 activity. Interstitial cells, still, displayed positive reaction (dotted black circle). Some tubules
displayed desquamated germ cells (thin black arrow). (e) Ellagic acid + Met group: showing decreased of Cas-3 activity in seminiferous tubules (white arrow), moderate level
in interstitial cells (dotted circle); However, some tubules still showing degenerated cells (thin black arrow). (f) Nano-Ellagic acid group: Showing the same expression of cas-
3 activity as compared to the control. Few interstitial cells still revealed positive staining of Cas-3 (circle). Nano-Ellagic acid treated group displayed the same cas-3 expression
as compared to the control and few interstitial cells still revealed positive Cas-3 staining (doted circle). (g) Nano ellagic + Met group: marked improvement in cas-3
immunostaining in both seminiferous tubules (white arrow) and interstitial cells (circle).

FBG. At the same time, they were all similar in improving testicular
weight. This also appears with MET, which did not affect the testis-
bodyweight ratio, while it lowered FBG to near the normal level. A
growing body of evidence shows that high blood glucose levels
may trigger oxidative stress and apoptosis by increasing the forma-
tion of reactive oxygen species (ROS) and decreasing the effective-
ness of the antioxidant defense system. ROS are produced early
during diabetes and play a pivotal function in its complications,
including male reproductive complications (Long et al., 2015).
The data indicated that inducing diabetes in rats increased LPO
levels while decreasing TAC levels, contributing to increased oxida-
tive stress in the testis (Dkhil et al., 2016). Lipid peroxidation, a
chemical process able to disrupt testicular structure and function,
which may explain the histopathological changes found in the tes-
tis sections in this study (Ceribasi et al., 2012). These findings
revealed that NEL, MET, and their mixture have an antioxidant
effect, while EL alone has no antioxidant effect, but when com-
bined with MET, it does. The low antioxidant activity of EL may
be attributed to its weak biopharmaceutical properties, such as
low solubility and bioavailability, which was improved with nano
formulation (NEL) (Harakeh et al., 2020).

PCNA is an excellent marker used for studying cell kinetics. It is
an inexpensive, convenient, and accurate method for determining
germ cell proliferative activity (Altay et al., 2003). Examining the
impact of HF plus STZ-induced diabetes on the expression of the
PCNA in rats testicular tissue revealed a reduced number of
immunostained basal germ cells in the seminiferous tubule. An
earlier study found an inverse correlation between the number of
suppressed PCNA nuclei in germ cells and the duration of type 2
diabetes in rats (Salama et al,, 1998, Altay et al., 2003). They
reported that the longer the diabetic state, the reduced PCNA index
(Salama et al., 1998). These results may explain diabetes associated
impaired spermatogenesis. In diabetic rats, administration of EL

alone, NEL alone, and their combination with MET promotes sper-
matogenesis with superior activity to NEL and the combination
regimens.

Testicular apoptosis is triggered by increased ROS and oxidative
stress, which is accompanied by elevated blood glucose levels (Nna
et al., 2019). EL alone, NEL alone, and their combination with MET
significantly decreased caspase-3-mediated apoptosis in this HF
plus STZ diabetes model. Similar results are reported recently by
(Akarca Dizakar et al., 2021) who reported that EL inhibits testicu-
lar programmed cell death (TUNEL) during STZ-induced diabetes in
rats. EL exerted also a protective effect on adriamycin-induced tes-
ticular apoptosis (Bax and Bcl-2) in rats (Ceribasi et al., 2012).

5. Conclusion

Nano formulation of EL (NEL) improved EL bioavailability and
improved its antihyperglycemic activity to reach MET activity.
Antioxidant activity was observed with NEL, not EL. Both EL and
NEL protect against diabetes-induced testicular damage and apop-
tosis with NEL more effective. Both EL and NEL promote normal
spermatogenesis during diabetes. These results recommended
NEL as a single or combined with MET to protects against male
reproductive diabetic complications.

5.1. Animal rights

The protocol of the current study was in accordance to both the
Declaration of Helsinki’s recommendations for using experimental
animals and the NIH protocol (Touitou et al., 2004) and All experi-
mental protocols were approved from animal ethical committee
with at faculty of medicine at Assiut University, with ethical
approval number 17300570.
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