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Abstract
Diabetes mellitus is a common chronic metabolic disorder. This study aimed to investigate the effects of co-treatment with L-
carnitine (LC) and zinc oxide nanoparticles (ZnONPs) on serum levels of sex hormones, oxidative stress, and ovarian histopathol-
ogy in streptozotocin (STZ)-induced diabetic rats. Female Wistar rats (n = 56, 180–220 g) received a single intraperitoneal (IP)
injection of STZ (65 mg/kg). They were randomly assigned into the following groups: diabetic group (Dia), Dia+Met group
(100 mg metformin/kg/day), Dia+LC group (200 mg/kg/day), Dia+ZnONPs group (10 mg/kg/day), and Dia+LC+ZnONPs group
(200 mg LC/kg/day and 10 mg ZnONPs/kg/day). Control group (Ctl) received the same volume of STZ solvent. After 21 days of
treatment, blood serum was centrifuged for sex hormone assays. The right ovary was used for biochemical analysis, and the left
ovary was fixed in 10% neutral buffered formalin for histological assessment. The levels of estradiol, progesterone, FSH, and LH
significantly increased in the Dia+ZnONPs+LC group (P < 0.001) compared with the Dia group. Co-treatment with LC and
ZnONPs reduced malondialdehyde and carbonyl protein and increased glutathione, catalase, and superoxide dismutase activities
in ovarian tissue compared with theDia group (P < 0.05).Moreover, the number of all ovarian follicles significantly increased in this
group compared with the Dia group (P < 0.05). The results of this study indicated that co-treatment with LC and ZnONPs could
preserve ovarian function by increasing sex hormones levels and antioxidant activity and decreasing lipid peroxidation in diabetic
rats. Therefore, this compound supplementation may improve ovulation and fertility in people with diabetes mellitus.
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Introduction

Diabetes mellitus is one of the most common noncommunicable
chronic diseases in the world, which is a major public health

problem. Type I diabetes (insulin-dependent) and type II diabetes
(non-insulin-dependent) are the two main types of diabetes
mellitus [1]. Diabetes mellitus causes oxidative stress owing to
increased lipid and protein oxidation and decreased antioxidant
enzymes, such as catalase (CAT), superoxide dismutase (SOD),
and glutathione peroxidase (GPx) [2]. Evidence links diabetes-
related oxidative stress to infertility [3]. Diabetic women are at
higher risk of developing polycystic ovary syndrome, hirsutism
[4], menstrual irregularity [5], and premature menopause [6].
The condition also decreases the number and diameter of ovarian
follicles [7, 8] and ovulation rate [9]. On the other hand, it in-
creases the number of atretic follicles [8] and oocyte aneuploidy
[9].

Nowadays, there are many medications available to lower
high blood glucose levels or prevent and treat diabetes.
Metformin is an antihyperglycemic drug that is orally used
to control type II diabetes [10]. Nanoparticles are also among
the medications that have recently been considered the drug of
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choice in treatment of diabetes owing to reduced side effects,
tissue selectivity, and reduced toxicity [11]. Metal nanoparti-
cles, such as gold, silver, iron, zinc, and oxide nanoparticles,
have many medical applications [12]. Zinc nanoparticles
(ZnONPs, 1–100 nm) are one of these drugs that have been
demonstrated to reduce blood glucose in diabetes [13].

L-carnitine (LC), a small water-soluble molecule, is synthe-
sized in human liver and kidneys [14, 15]. It exerts its antiox-
idant effects directly as a free radical scavenger or indirectly
by affecting antioxidant enzymes [16]. In addition, LC trans-
ports long-chain fatty acids into the mitochondria, protects
mitochondria against oxidative stress, and reduces apoptosis
[17]. LC has been shown to increase insulin sensitivity and
improve insulin resistance in patients with type II diabetes
[18]. The simultaneous use of LC with ZnONPs as a supple-
ment or drug may improve fertility process in diabetic
patients.

Therefore, the current study aimed to investigate the effects
of co-treatment with LC and ZnONPs on serum concentra-
tions of estrogen, progesterone, FSH, and LH; the levels of
antioxidants such as glutathione (GSH), CAT, and SOD;
stress biomarkers, including malondialdehyde (MDA) and
protein carbonyl (PC); and ovarian histology in adult
streptozotocin (STZ)-induced diabetic rats.

Materials and Methods

Chemicals

All chemicals were purchased from Sigma-Aldrich Chemical
(St. Louis, MO, USA). Sex hormone kits were provided by
East Bio-Pharm (USA), and SOD and CAT activity assay kits
were obtained from ZellBio GmbH (Germany).

Animals

All animal experimentation protocols were approved by the
Ethics Committee of Mazandaran University of Medical
Sciences (IR.MAZUMS.REC.1398.3038).

Adult female Wistar rats (n = 56) weighing 180–220 g
were provided from the Laboratory Animal Breeding Center
in Mazandaran University of Medical Sciences. The animals
were kept in 12 h light and dark conditions at approximately
22 ± 2 °C and had easy access to water and food during the
study. After 2 weeks, their estrous cycle was assessed by vag-
inal smear and hematoxylin and eosin (H&E) staining [19].
Rats in the estrous phase were randomly assigned into the
following groups:

1- Control group (Ctl): a single intraperitoneal (IP) injection
of 0.2 ml sodium citrate buffer (STZ solvent) was given,

followed by 0.2 ml distilled water daily (as solvent of LC
and ZnONPs).

2- Diabetic group (Dia): the rats received an IP injection of
STZ (65 mg/kg). STZ was freshly dissolved in sodium
citrate buffer (pH 4.6), and after 72 h, their blood was
taken from tail vein to measure the fasting blood glucose
level using a glucometer (Bionime model, Taiwan), and
those with a blood glucose level > 300 mg/dl were con-
sidered diabetic [20].

3- Dia+Met group: diabetic rats received an IP injection of
100 mg metformin/kg/day for 21 days.

4- Dia+LC group: diabetic rats received IP injection of
200 mg LC/kg/day for 21 days.

5- Dia+ZnONPs group: diabetic rats received IP injection of
10 mg ZnONPs/kg/day for 21 days.

6- Dia+LC+ZnONPs group: diabetic rats received simulta-
neous IP injection of 200 mg LC/kg and 10 mg ZnONPs/
kg/day for 21 days.

Fasting blood glucose levels were measured 1 day after the
last injection. The animals were then weighed and anesthe-
tized using a combination of ketamine-xylazine. Then, the
ovaries were removed and weighed after removing extra tissue
and surrounding fat.

Biochemical Analyses

The right ovary was placed in a microtube containing manni-
tol and frozen at − 80 °C until the experiment. During the
study, the ovaries were homogenized in tris buffer [21].
Thereafter, GSH levels, the activity of antioxidants (CAT,
EC 1.11.1.6; SOD, EC 1.15. 1.1), and oxidative stress bio-
markers (MDA and PC) were evaluated in all groups. The
levels of GSH in ovarian tissue were determined by the meth-
od described by Beutler et al. [22]. A total of 1.5 ml EDTA
and 1.5 ml of 10% TCA were added to each sample. After
centrifugation for 15 min at 3500 rpm, 2.5 ml tris buffer
(pH 8.9) and 500 μl TNB were added to the supernatant.
The resulting yellow was read at 412 nm using a spectropho-
tometer. Glutathione was expressed in nmol/mg protein.

CAT activity was measured using ELISA kits (Cat No: ZB-
CAT-48A) according to the manufacturer’s instructions. In
this study, the CAT activity unit was calculated and expressed
as a unit/mg protein based on the amount of sample that cat-
alyzed the decomposition of 1 μMH2O2 into water and O2 in
1 min.

ELISA kits (Cat No: ZB-SOD-48A) were used to measure
SOD activity, following the manufacturer’s instructions. The
SOD activity was defined and expressed in units/mg protein
as the amount of sample that catalyzed the decomposition of
1 μM of O2− to H2O2 and O2 in 1 min.

Measurement of the MDA levels in the ovarian tissue was
done using thiobarbituric acid (TBA) method. The reaction of
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TBA with fatty acids produced a purple complex, and absorp-
tion was measured at 532 nm by ELISA. Tissue MDA levels
were expressed as μM/mg protein [23].

PC content in ovarian tissue was determined by spectro-
photometry using the method of Levine et al. [24]. Briefly,
EDTA+TCA solution (20%) was added to each microtube
containing homogenized ovarian tissue. After centrifugation
for 10 min at 6500 rpm, the remaining precipitate was dis-
solved in 0.1 M NaOH solution; thereafter, DNPH (10 mM)
was added to the microtube. After incubation for 30 min at
room temperature, 500 μl of 20% EDTA+TCA was added
and centrifuged at 6500 rpm for 10 min. The remaining pre-
cipitate was dissolved in 1000 μl of ethanol + ethyl acetate
solution (50:50, v/v). After double-centrifugation at the previ-
ous speed and time, the precipitate was dissolved in 200 μl of
6 M guanidine hydrochloride, and the absorbance of the final
solution was measured at 365 nm by spectrophotometer. The
PC content was expressed as mM/mg protein.

Hormonal Measurements

Blood samples were taken from the heart; thereafter, the se-
rum was separated and frozen at − 80 °C until testing. Serum
levels of estrogen, progesterone, FSH, and LHwere measured
by ELISA kits (rat estradiol hormone Cat No: CK-E30608, rat
progesterone Cat No: CK-E30580, rat follicle-stimulating
hormone Cat No: CK-30597, rat luteinizing hormone Cat
No: CK-E90904, respectively), according to the manufac-
turer’s instructions. The absorbance of the specimen and stan-
dard solution were read at 450 nm by ELISA (BioTeK-
Synergy H1, USA).

Histopathological Study

Left ovarian tissues saved for histopathological studies were
fixed in 10% neutral buffered formalin. After molding with
paraffin, 5-μm-thick sections were prepared and stained with
hematoxylin and eosin. The numbers of primordial, primary,
secondary, tertiary, graafian follicles, corpus luteum, and
atretic follicles were recorded using light microscopy
(NIKON, Japan). The primordial follicle contains a squamous
cell layer around the oocyte. The primary follicle contains a
layer of cubic cells. The secondary follicle contains 2–5 layers
of granulosa cells. A tertiary follicle is a follicle with a multi-
layered granulosa cell containing a number of small holes, and
the graafian follicle has a large hole that occupies most of the
follicle volume. An atretic follicle was discovered based on
morphological criteria such as pyknotic granulosa cells and
degenerated oocyte. Examinations of primordial, primary,
and secondary follicles were performed at 40× magnification,
and tertiary follicles were assessed at 10× magnification. Each
follicle was counted in at least three sections and then
expressed in total [25].

Statistical Analysis

Data were analyzed by using Graph Pad Prism 6.01 software.
The results were expressed as mean ± standard error of mean
(S.E.M.). One-way analysis of variance was performed, and
Tukey’s post hoc test was used for multiple comparisons.
Differences of P < 0.05 were considered significant.

Results

Effect of LC and ZnONPs on Body Weight, Ovarian
Weight, and Serum Glucose Levels in STZ-Induced
Diabetic Rats

There were no significant differences in initial weight of rats
between the experimental groups and the Ctl group.
Nonetheless, the final weights of rats in the experimental
groups were significantly lower than that of rats in the Ctl
group (P < 0.001). Compared with the Dia group, the final
weights of rats were significantly higher in Dia+Met, Dia+
LC, and Dia+LC+ZnONPs groups (P < 0.001). Diabetic rats
showed reduced ovarian weight compared with the Ctl group,
but this decrease was not significant (Table 1).

Increased ovarian weights were observed in all treatment
groups; nevertheless, the increase was found to be only sig-
nificant in the Dia+Met group (P < 0.001). Initial glucose
levels were significantly high in all experimental groups
(P < 0.001) compared with the Ctl group. The final glucose
levels showed significant elevations in Dia group (P < 0.001),
but they decreased in Dia+Met, Dia+LC, Dia+ZnONPs, and
Dia+LC+ZnONPs groups, which were statistically significant
only in Dia+LC+ZnONPs group (P ˂ 0.001, Table 1).

Effect of LC and ZnONPs on the Biomarkers of
Oxidative Stress in STZ-Induced Diabetics Rats

The information about GSH in different groups is demonstrat-
ed in Fig. 1a. GSH is a non-enzymatic antioxidant, and its low
levels provide a basis for increased levels of cellular oxidative
stress [26]. In current study, GSH levels decreased in all
groups compared with the Ctl group, but the difference were
only significant in the Dia (P < 0.001) and Dia+Met (P < 0.05)
groups. In the Dia+LC+ZnONPs group, the GSH level was
found to be significantly higher than the Dia group (P < 0.05).

CAT is an enzymatic antioxidant that reduces oxidative
stress. As demonstrated in Fig. 1b, CAT activity significantly
decreased (P < 0.05) in the Dia group compared with the Ctl
group. In the Dia+ZnONPs, Dia+LC, and Dia+LC+ZnONPs
groups, CAT activity significantly increased compared with
the Dia group (P < 0.05, P < 0.001, and P < 0.05,
respectively).
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Another enzymatic antioxidant is SOD, which neutral-
izes superoxide and hydrogen peroxide inside the cell and
reduces oxidative stress within the cell [27]. In current
study, SOD activity significantly decreased in the Dia

group (10.4 ± 1.2) compared with the Ctl group (23.3 ±
3.2) (P < 0.05) and increased in all experimental groups,
which was only statistically significant (P < 0.05) in the
Dia+LC+ZnONPs group (Fig. 1c).

Fig. 1 Effects of LC and ZnONPs on GSH levels (a), catalase activity
(b), SOD activity (c), MDA levels (d), and PC content (e) in the STZ-
induced diabetic rats. Values are expressed as mean ± S.E.M. Single
asterisk (*) indicates P < 0.05, double asterisks (**) indicate P < 0.001

compared with control group; single number sign (#) indicates P < 0.05,
double number signs (##) indicate P < 0.001 compared with diabetic
group

Table 1 Effects of LC and ZnONPs on body weight, ovarian weight, and serum glucose levels in STZ-induced diabetic rats

Parameters Control Diabetes Dia+Met Dia+LC Dia+ZnONPs Dia+LC+ZnONPs

Initial weight (g) 201 ± 4.2 192 ± 2.5 192.9 ± 5.3 192.7 ± 2.1 191.8 ± 2.8 191.7 ± 3.1

Final weight (g) 222.2 ± 4.6 159.4 ± 0.4a 194.3 ± 8.5a,b 181.4 ± 5.1a,b 177.2 ± 5.2a 182.5 ± 4.2a,b

Ovarian weight (mg) 51.9 ± 3.7 47.4 ± 1.7 64.9 ± 5.2b 55.9 ± 5.9 56.9 ± 4.5 57.4 ± 6

Initial glucose level (mg/dl) 90.8 ± 3.7 363 ± 40.8a 425 ± 24.6a 357.8 ± 45.6a 444.7 ± 67.9a 434.33 ± 8a

Final glucose level (mg/dl) 90.8 ± 3.7 461.2 ± 19.7a 360 ± 17.8a 363 ± 42.8a 320 ± 30.7a,B 269.5 ± 32.6a,b

Values are expressed as mean ± S.E.M.
aP < 0.001 compared with control group
bP < 0.001 compared with diabetic group
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MDA, one of the products of lipid peroxidation in cells,
showed significantly higher levels in the Dia and Dia+Met
groups (P < 0.001 and P < 0.05, respectively). The Dia+
ZnONPs, Dia+LC, and Dia+LC+ZnONPs groups had lower
MDA levels compared with the Dia group; however, as Fig.
1d demonstrates, the decrease was only statistically significant
(P < 0.05) in the Dia+LC+ZnONPs group.

PC is commonly used criteria for the measurement of pro-
tein oxidation in cells [24]. Our findings showed significant
increase in PC levels in the Dia group compared with the Ctl
group (P < 0.001). The Dia+ZnONPs, Dia+Met, Dia+LC, and
Dia+LC+ZnONPs groups displayed a statistically significant
decrease compared with the Dia group (P < 0.001, Fig. 1e).

Effect of LC and ZnONPs on the Serum Levels of FSH,
LH, Progesterone, and Estrogen Hormones in STZ-
Induced Diabetic Rats

Data on the effect of LC and ZnONPs on sex hormones levels
in diabetic rats are presented in Table 2. FSH levels in Dia
group were significantly lower than those of the Ctl group
(P < 0.001). Treatment of diabetic rats with LC, ZnONPs,
and LC+ZnONPs significantly improved FSH levels
(P < 0.001). Serum levels of LH significantly decreased in
Dia group compared with the Ctl group, but increased in ex-
perimental groups (P < 0.05). Moreover, diabetes significant-
ly decreased estradiol and progesterone levels compared with
the Ctl group (P < 0.05). In this study, metformin, LC,
ZnONPs, and LC+ZnONPs were found to significantly in-
crease estradiol and progesterone levels, and the latter was
observed to be significantly different in Dia+ZnONPs and
Dia+LC+ZnONPs groups (P < 0.05).

Effect of LC and ZnONPs on Ovarian Histopathological
Changes in STZ-Induced Diabetics Rats

The numbers of preovulatory follicles and corpus luteum in
Dia group were lower than the Ctl group (P < 0.05), but the

numbers of atretic follicle were higher than the Ctl group
(P < 0.001). Treatment with metformin increased the number
of follicles and the corpus luteum in the ovaries; however, this
increase was not statistically significant. The numbers of pri-
mordial, primary, and secondary follicles demonstrated signif-
icant increase in Dia+LC group (P < 0.05) compared with the
Dia group. Also, ZnONPs treatment caused significant in-
crease in the numbers of primordial and primary follicles
(P < 0.05). Compared with the Dia group, the Dia+LC+
ZnONPs group was found with significant increase in the
numbers of all preovulatory follicles (P < 0.05). Moreover,
the number of atretic follicles significantly decreased in the
Dia+Met (P < 0.05), Dia+LC, Dia+ZnONPs, and Dia+LC+
ZnONPs groups (P < 0.001) compared with the Dia group
(Table 3; Fig. 2).

Discussion

Diabetes mellitus is one of the most common chronic meta-
bolic disorders that is associated with hyperglycemia and sev-
eral complications, such as retinopathy, hyperlipidemia, and
polyneuropathy [18, 28]. In the present study, co-treatment
with LC and ZnONPs increased antioxidant levels (GSH,
CAT, and SOD), decreased the MDA levels and carbonyl
protein content, and increased the number of preovulatory
follicles in the ovarian tissue of diabetic rats. It also increased
serum levels of FSH, LH, estradiol, and progesterone.

In rodents, a single dose of STZ with partial destruction of
pancreas induces type I diabetes [29]. In current study, STZ-
induced diabetes decreased body weight and increased blood
glucose levels in rats, and the weight loss could be linked to
diabetes-induced hyperglycemia. These findings are in agree-
ment with a previously published work of authors [21].
Diabetes could decrease ovarian weight especially after
4 weeks [28]. However, the current study lasted less than this
time, and the ovarian weight did not demonstrate a significant
decrease.

Table 2 Effects of LC and ZnONPs on serum FSH, LH, estradiol, and progesterone levels in STZ-induced diabetic rats

Parameters Control Diabetes Dia+Met Dia+LC Dia+ZnONP Dia+LC+ZnONP

FSH (mIU/ml) 7.7 ± 0.7 4.7 ± 0.3a 6.7 ± 0.5 7.4 ± 0.3B 8.1 ± 0.5b 7.7 ± 0.7b

LH (mIU/ml) 8.5 ± 0.8 5.3 ± 0.5a 8.1 ± 0.7B 7.9 ± 0.5B 8 ± 0.4B 8.3 ± 0.7B

Estradiol (ng/l) 41.2 ± 3 27.6 ± 2A 40.8 ± 3.9B 39 ± 2B 43.6 ± 2.6b 42.2 ± 2.6b

Progesterone (ng/ml) 82.5 ± 7.7 53.4 ± 3.5A 76 ± 7.3 76.3 ± 3.6 93.3 ± 8b 107.2 ± 8.6b

Values are expressed as mean ± S.E.M.
AP < 0.05 compared with control group
aP < 0.001 compared with control group
BP < 0.05 compared with diabetic group
bP < 0.001 compared with diabetic group
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Metformin as an antidiabetic agent in patients with type
II diabetes is also found to reduce insulin dose requirement
and LDL cholesterol levels in patients with type I diabetes.
It provides a new perspective in therapy of type I diabetes
[30, 31]. In current study, metformin improved body and
ovarian weight in diabetic rats, and also diminished blood

glucose concentrations, although not in a significant
manner.

In addition, LC and ZnONPs are reported to reduce blood
glucose levels and improve insulin resistance in patients with
diabetes [13, 18]. Similarly, present findings suggest an asso-
ciation between co-treatment with LC and ZnONPs and

Fig. 2 Ovarian histological sections of all experimental groups (H&E staining, 200x). a: Control, b: Dia group, c: Dia+Met group, d: Dia+LC group, e: Dia+
ZnONPs group, f: Dia+LC+ZnONPs group. (SF: Secondary Follicle, TF: Tertiary Follicle, GF: Graafian Follicle, AF: Atretic Follicle, CL: Corpus Luteum)

Table 3 Effects of LC and ZnONPs on ovarian histopathology in STZ-induced diabetic rats

Parameters Control Diabetes Dia+Met Dia+LC Dia+ZnONP Dia+LC+ZnONP

Primordial follicles 14 ± 1.6 5.25 ± 1.7A 11.7 ± 1.3 12.5 ± 1.5B 12.7 ± 1.6B 12.5 ± 1.9B

Primary follicles 11 ± 1.1 3.75 ± 0.5a 8.2 ± 0.8 9.7 ± 1.1B 9.5 ± 1B 9.2 ± 1.4B

Secondary follicles 7.2 ± 0.8 2.5 ± 0.3a 5.2 ± 0.5 6.5 ± 0.6B 5.2 ± 1.1 6.7 ± 1.1B

Tertiary follicles 5.2 ± 0.5 1.7 ± 0.5A 3.7 ± 0.5 4.7 ± 0.8 4.2 ± 0.9 5 ± 0.7B

Graafian follicles 3.7 ± 0.5 1.2 ± 0.2A 2.7 ± 0.5 3 ± 0.4 2.5 ± 0.6 3.5 ± 0.6B

Corpus luteum 6.2 ± 1.1 3.5 ± .6A 7.5 ± 0.6 6.7 ± 0.7 7.5 ± .6 11 ± 2.9B

Atretic follicles 6 ± 1.1 21.7 ± 1.7a 12.2 ± 1.6B 11.2 ± 1.3b 10.5 ± 1.7b 9.5 ± 1b

Values are expressed as mean ± S.E.M.
AP < 0.05 compared with control group
aP < 0.001 compared with control group
BP < 0.05 compared with diabetic group
bP < 0.001 compared with diabetic group
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increased body and ovarian weight and reduced blood glucose
levels in diabetic rats.

Diabetes-induced oxidative stress in the reproductive sys-
tem cause adverse effects on fertility [32, 33]. The GSH, a
non-enzymatic antioxidant, interacts with ROS and leads to
reduced activities of oxidative stress in ovary. CAT and SOD,
enzymatic antioxidants, play fundamental roles in oocyte mat-
uration and follicular development. In the present study, dia-
betes increased MDA and PC levels in ovarian tissue, owing
to reduced GSH level and CAT and SOD activity. These re-
sults are in agreement with the findings of Ranasinghe et al.
who found that diabetes increases lipid peroxidation and de-
creases plasma CAT and SOD levels in rats [26]. Our results
showed that metformin reduced PC levels in diabetic rats.

In patients with type I diabetes, zinc intake can decrease
lipid peroxidation and improve glucose homeostasis [34].
ZnONPs are reported to increase the expression levels of
SOD, CAT, and GPx mRNA in the testis of diabetic rats
[35]. In this study, ZnONPs treatment led to increased CAT
activity and decreased PC levels in the ovary of diabetic rats.

Evidence suggests that LC treatment of grass carp ovary
cell line increases GSH and decreases MDA levels, thereby
increasing cell viability [36]. LC has hypoglycemic and anti-
oxidant effects and exhibits inhibitory effect on protein deg-
radation [37]. Furthermore, LC decreases the formation of free
radicals and mitochondrial dysfunction in the hippocampus of
diabetic rats [38]. In current study, co-treatment of diabetic
rats with LC and ZnONPs resulted in significant decrease in
lipid peroxidation and protein oxidation in diabetic rats and
improved GSH levels, CAT, and SOD activities.

FSH stimulates granulosa cells to produce estrogen and
progesterone. LH stimulates theca cells to synthetize androgen
and then aromatase action of granulosa cells that converts
androgen to estradiol. Diabetes is known to decrease the
FSH level and reduce the conversion of androgen to estradiol
[39]. Disruption of hormone secretion and altered hormonal
balance can lead to various health consequences and diminish
folliculogenesis [40]. Our results showed reduction of FSH,
LH, estradiol, and progesterone levels and a decline in number
of follicles in diabetic rats. In contrast, it was reported that
diabetes does not affect the number of ovarian follicles, but
it increases apoptotic cells in antral follicles in the ovaries of
rats [41]. Our findings are in accordance with previous studies
[42–44] that found association between diabetes and histolog-
ical changes in ovarian structure caused by reduced number of
follicles and the corpus luteum and increased atretic follicles.
Therefore, imbalance in the hypothalamus-pituitary-ovarian
axis, along with increased oxidative stress and reduced anti-
oxidant activity caused by diabetes, influences ovarian histo-
logical structure and has a pivotal role in reproductive tract
dysfunction [45].

In current study, metformin improved LH and estradiol
levels, but had no significant effect on the number of

preovulatory follicles, and caused a significant decrease in
number of atretic follicles.

It was demonstrated that LC treatment during in vitro mat-
uration of oocytes in mice results in increased oocyte matura-
tion, fertilization, and embryo development up to the blasto-
cyst stage and decreased the expression levels of apoptosis-
related genes [46]. In this study, it was noted that co-treatment
with LC and ZnONPs improved the levels of FSH, LH, estra-
diol, and progesterone, in addition to several effects on ovaries
such as increase in number of ovarian follicles and corpus
luteum and decrease in atretic follicles counts. It is believed
that this compound supplementation could balance the
hypothalamus-pituitary-ovarian axis by improving the ovarian
steroid hormones. Improvement in these hormones could be
associated with increased preovulatory follicle counts.

Conclusion

Co-treatment with LC and ZnONPs has more antidiabetic
effects compared with metformin. Administration of this com-
pound supplementation increases body weight and serum
levels of sex hormones and improves histopathological ap-
pearance of the ovaries in STZ-induced diabetic rats by reduc-
ing blood glucose, increasing the levels of enzymatic and non-
enzymatic antioxidants, and reducing oxidative stress. Indeed,
this compound might improve ovulation and fertility rate in
people with diabetes mellitus.
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