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Objective: This study investigated the effect of crocin in methylglyoxal (MGO)-induced diabetic male mice.

Methods: Seventy 1-month-old male NMRI mice weighing 20-25 g were divided into seven groups (n=10): sham, MGO (600 mg/kg/day),
MGO-crocin (15, 30, and 60 mg/kg/day), MGO+metformin (150 mg/kg/day), and crocin (60 mg/kg/day). MGO was administered orally for 30
days. Starting on day 14, after confirming hyperglycemia, metformin and crocin were administered orally. On day 31, plasma and tissue sam-
ples were prepared for experimental assessments.

Results: Blood glucose and insulin levels in the MGO group were higher than those in the sham group (p<0.001), and decreased in response
to metformin (p<0.001) and crocin treatment (not at all doses). Testis width and volume decreased in the MGO mice and improved in the cro-
cin-treated mice (p<0.05), but not in the metformin group. Superoxide dismutase levels decreased in diabetic mice (p<0.05) and malondial-
dehyde levels increased (p<0.001). Crocin and metformin improved malondialdehyde and superoxide dismutase. Testosterone (p<0.001)
and sperm count (p<0.05) decreased in the diabetic mice, and treatment with metformin and crocin recovered these variables. Luteinizing
hormone levels increased in diabetic mice (p<0.001) and crocin treatment (but not metformin) attenuated this increase. Seminiferous diam-
eter and height decreased in the diabetic mice and increased in the treatment groups. Vacuoles and ruptures were seen in diabetic testicular
tissue, and crocin improved testicular morphology (p<0.01).

Conclusion: MGO increased oxidative stress, reduced sex hormones, and induced histological problems in male reproductive organs. Crocin
and metformin improved the reproductive damage caused by MGO-induced diabetes.
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ual and reproductive disorders are among the most important sec-

reproductive organs of the male, the testes are subjected to various

*This research was extracted from the MSc thesis of Maryam Kheirollahi Khorasani. This . X X
study was labeled Project No. APRC-9805. This research was supported finandially by the  lism; decreased Leydig cell number and function; testosterone de-

Physiology Research Center, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, pIetion [2]; and dam age of the spermatozoa cell membrane in the
Iran. ’
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sperm motility and concentration, erectile dysfunction [5], and de-
creased fertility in men with diabetes [6]. In people with diabetes,
more severe androgen deficiency has been reported than in those
without diabetes [7]. Diabetes causes disorders in the precise molec-
ular processes that are essential for sperm quality and function. Vari-
ous mechanisms can explain diabetes-associated destruction of
sperm and damage to the reproductive system, including endocrine
disruptions and increased oxidative stress [8].

Methylglyoxal (MGO), the levels of which increase with age and
hyperglycemia, is a highly reactive compound and a strong precur-
sor to the creation of advanced glycation end products (AGEs), which
are mainly derived from glucose and fructose metabolism and are
detoxified by the glycemic system under physiological conditions [9].
Diabetes-induced vascular dysfunction [10] and oxidative stress-in-
duced apoptosis in the vascular endothelium [11] have been linked
to the presence of MGO. Since MGO is detoxified through two stages
of enzymatic reactions by glyoxalase 1 and 2, using glutathione as a
cofactor [12], glyoxalase inducers can be used to prevent and treat
possible complications of diabetes [13]. MGO is a toxic byproduct of
glycolysis and intracellular stress [14], and it has been noted that
MGO can contribute to molecular damage in ovarian dysfunction in
the female reproductive system [15].

Metformin treatment is the first line of diabetes mellitus manage-
ment. Due to the high risk of lactic acidosis [16] and induction of
acute kidney injury [171, metformin’s future was initially precarious,
but the ability of metformin to counter insulin resistance and to re-
duce hyperglycemia without weight gain or an increased risk of hy-
poglycemia have enabled it to play a major role in diabetes treat-
ment. Sixty years after its introduction in diabetes treatment, met-
formin has become the most prescribed glucose-lowering medicine
worldwide [16].

Crocin, a water-soluble carotenoid, is an active ingredient of saf-
fron. Pharmacological studies have shown that crocin has anti-in-
flammatory, anticoagulant, and antitumor activity. Crocin has also
been proposed for use as a chemical preservative. Recent studies
have shown that crocin exerts antioxidant activity through free radi-
cal scavenging [18]. Crocin has also been shown to have a protective
effect on sperm parameters and seminiferous tubules in mice under
oxidative stress induced by paraquat and in diabetic rats [19].

Diabetes results in increased levels of reactive oxygen species
(ROS) and free radicals. ROS include hydroxyl radicals, superoxide an-
ion, hydrogen peroxide, nitric oxide, and lipid peroxidation products
such as malondialdehyde (MDA). All ROS are able to react with mem-
brane lipids, nucleic acids, proteins, enzymes, and other small mole-
cules and eventually lead to cellular damage. Antioxidant defense
systems include free radical inhibitors including catalase, glutathione
peroxidase, and superoxide dismutase (SOD). Whenever the balance
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between ROS production and antioxidant defense disappears as a
result of oxidative stress, various pathological conditions arise that
can impair diabetes-related reproductive function [20,21]. Although
it has been reported that metformin is the most commonly pre-
scribed glucose-lowering medicine worldwide [16] and crocin is a
well-known antioxidant component [18], no study has yet investi-
gated the effects of crocin and metformin on MGO-induced diabe-
tes. Therefore, this study was conducted to evaluate the effects of
crocin and metformin on the male reproductive system in an
MGO-induced diabetic mouse model.

Methods

1. Animals

The study was performed in 70 1-month-old mice (NMRI) weigh-
ing 20-25 g. One week before the study, they were transferred to the
animal room and experienced a 12-hour light-dark period with free
access to food and water. The mice used in this study were treated in
accordance with institutional principles and guidelines on animal
care (IR.AJUMS.ABHC.REC.1398.035).

2. Experimental design

The mice were randomly divided into seven groups with 10 mice
in each group. The experiment lasted for 30 consecutive days. The
groups included: group 1, Normal saline administered by gavage;
group 2, MGO (600 mg/kg/day) administered by gavage [22]; group
3, MGO+metformin administered at a dose of 150 mg/kg/day; group
4, MGO+crocin administered at a dose of 15 mg/kg/day; group 5,
MGO-+crocin administered at a dose of 30 mg/kg/day; group 6,
MGO+crocin administered at a dose of 60 mg/kg/day; group 7, cro-
cin administered at an effective gavage dose based on a pilot study.

The duration of diabetes induction was 30 days, and all mice ex-
cept the sham group received MGO at a dose of 600 mg/kg/day by
gavage for 30 consecutive days. To test the induction of diabetes at
the end of each week, the animals’ blood glucose was measured us-
ing a tail vein blood sample and a glucose level above 180 mg/dL
considered as indicating diabetes [14]. On day 14, after confirming
hyperglycemia, metformin and crocin were administered orally. On
day 31 of the study, plasma and tissue samples were prepared for ex-
perimental assessments. After blood sampling and separation of the
epididymis and testis, biochemical parameters were evaluated. Final-
ly, anesthesia was performed 24 hours after the last dose of crocin
and metformin with ketamine-xylazine, and after chest dissection,
blood samples were taken from the left ventricle and centrifuged.
The obtained plasma was stored at —=70°C for subsequent experi-
ments, including glucose, insulin, follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and testosterone plasma levels, as well as
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oxidative stress parameters including MDA and SOD. For histological
examinations, the testes were isolated and stained with Bouin’s solu-
tion and prepared for histological studies. Cauda epididymis isolation
was also performed to measure the sperm count. Plasma levels of in-
sulin, testosterone, FSH, LH, and oxidative stress-related factors in-
cluding MDA and SOD were measured using an enzyme-linked im-
munosorbent assay (ELISA) kit. The sperm count was performed us-
ing a hematocytometer. The testes of the animals were quickly fixed
in 10% formalin. After tissue processing, 5- to 7-micron paraffin sec-
tions were prepared. Sections were then stained with Bouin’s solution,
and testicular tissue changes (including testicular weight, width, and
length and vacuolation of epithelial cells) were evaluated. The volume
of the testes was analyzed using the formula: volume = (D*/4 xmL x K,
where L=length, D=width, K=0.9, and m=3.14 [23]. The slides were
finally examined by light microscopy.

3. Sperm assessment

The cauda epididymis of every mouse was separated and trans-
ferred into a petri dish containing normal saline (0.9%) and minced
into small pieces. The spermatozoa were then vented into surround-
ing fluid after the pieces were squashed. A drop of petri dish solution
was transferred into a Neubauer chamber (depth 0.100 mm and area
0.0025 mm?). The sperm count was assayed manually in white blood
cell chambers under light microscopy. Data were expressed as the
number of sperm per milliliter [24].

4. Hormonal and antioxidant assessment

The plasma levels of insulin, FSH, LH, and testosterone levels were
measured by ELISA kits (DRG Instruments, Marburg, Germany). The hor-
mone detection sensitivity was 1.27 mlU/mL for FSH, 0.856 mIU/mL
for LH, and 0.287 nmol/L for testosterone. Glucose assessment was
performed using biochemical assay kits (Pars Azmoon, Tehran, Iran),
with a detection limit of 0.182 plU/mL in each test tube. SOD (Ran-
dox Laboratories, Crumlin, UK) and MDA testing were performed us-
ing an ELISA assay kit (ZellBio, Lonsee, Germany). The assay detects
the MDA level calorimetrically in a range of 0.78-50 uM with 0.1 uM
sensitivity.

5. Histopathological assessment

After blood sampling, the left testes of each mouse separated and
fixed in 10% formalin solution. After tissue processing, 5-to 7-micron
paraffin sections were prepared and stained with hematoxylin and
eosin. Seven microscopy slides were examined to assess the histo-
logical changes (e.g., vacuolation of epithelial cells) in each mouse in
all groups. The diameters of the seminiferous tubules and the lumen
diameter were measured using Motic Images Plus 3.0 software. The
height of the seminiferous epithelium was calculated by subtracting
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the lumen diameter from the tubules’ diameter. For each animal, 100
tubules were analyzed [23].

6. Statistical assessment

Data were statistically analyzed using IBM SPSS ver. 25 (IBM Corp.,
Armonk, NY, USA) as mean + standard error of mean. The Kolmogor-
ov-Smirnov test was used to determine the normality of the distribu-
tion of the variables in the study. The variance was also tested for ho-
mogeneity. One-way analysis of variance and the post hoc least signif-
icant difference test were used to determine differences between
groups. Differences were considered statistically significant at p < 0.05.

Results

1. Blood glucose, insulin, and antioxidant levels

Blood glucose levels were higher in the MGO group (p <0.001)
than in the sham group and decreased with crocin treatment
(p<0.01) and metformin (p <0.001). MGO enhanced insulin levels
(p<0.001) in comparison with the sham group, while crocin (30 mg/
kg/day, p <0.05) and metformin (p < 0.001) significantly decreased
insulin levels. A crocin dose of 60 mg/kg/day led to significantly
higher insulin levels compared to metformin (p < 0.05). The MGO
group had lower SOD levels (p <0.05) than the sham group, and
SOD levels increased with crocin treatment (MGO+crocin 30 mg/kg/
day and crocin 60 mg/kg/day, p <0.05) and metformin (p <0.01).
The levels of MDA in the MGO group were higher than in the sham
group (p<0.001) and decreased with crocin and metformin treat-
ment (p <0.001) (Table 1).

2. Animal weight and reproductive organ weight

The animal weight and the reproductive organ weight did not
change significantly. Testicular width and testicular volume were sig-
nificantly lower in the MGO group than in the sham group (p < 0.05),
and the administration of 30 and 60 mg/kg of crocin increased these
parameters (p < 0.05). Metformin treatment did not change these
values (Table 2).

3. Sex hormones and sperm count

The sperm counts in the MGO and metformin groups were lower
than in the sham group (p <0.05) and increased with crocin treat-
ment at all doses in comparison with metformin (Table 3). Testoster-
one levels were clearly lower in the MGO group than in the sham
group (p<0.001) and increased with crocin (p <0.001) and met-
formin (p < 0.05) treatment. Crocin doses of 30 and 60 mg/kg/day
led to significant increases in testosterone levels compared to met-
formin (Figure 1). LH levels (Figure 2) were significantly higher in the
MGO group than in the sham group (p < 0.001) and decreased with

223



B CERM

Clin Exp Reprod Med 2021;48(3):221-228

Table 1. Effects of MGO, MT, and crocin on blood glucose, plasma insulin, SOD, and MDA levels in normal and diabetic male mice

Group Insulin Glucose SOD MDA
Sham 41+0.1 11374158 9496+ 1.42 256+33
MGO 77+06° 1793+15.6° 812+8.12" 69.1+3.4°
MGO+MT 43+04" 1275+27" 953+ 1.57 286+94"
MGO+CRO15 65+1.6" 161.5+15.5° 926+2.18 520+3.0%"
MGO+CRO30 564097 139.0+20.0° 955+1.2" 387+1.7%°
MGO+CRO60 72+097 151.0+3.0” 926+243 40.0+0.58""
CRO60 6.5+0.8"9 1382+11.5° 935+04" 246+13"

Values are presented as meanzstandard error of the mean.

MGO, methylglyoxal; MT, metformin; SOD, superoxide dismutase; MDA, malondialdehyde; CRO, crocin.

Ip<0.05, "p<0.01, and “p<0.001 compared to the sham group; “p<0.05, ?p<0.01, and "p<0.001 compared to the MGO group; ?p<0.05 compared to the
MGO-+MT group (analysis of variance, followed by the post hoc least significant difference test).

Table 2. Effects of MGO, MT, and crocin on animal weight and male reproductive organs

Group Body weight (g) Testis weight (mg) Testis width (mm) Testis length (mm) Testis volume (mm?)
Sham 270+09 882+66 48+04 75+02 129.7+27.7
MGO 2502+0.7 85.75+2.7 40+00” 7.03+0.0 7941+3.3”
MGO+MT 280+1.1 91.8+17.3 42+07 7.16+04 90.07+13.2
MGO+CRO15 23.8+0.7 89.3+20 46+0.2 70403 105.8+10.9
MGO+CRO30 262+18 85.6+85 50403 70+0.1 1269+17.8”
MGO+CRO60 254+27 96.4+10.0 50+0" 75+03 1325+5.1
CRO60 265+36 98.7+79 53403 74+03 131.8+5.1”

Values are presented as meanzstandard error of the mean (n=10).

MGO, methylglyoxal; MT, metformin; CRO, crocin.

?p<0.05 compared to the sham group; ”p<0.05 compared to the MGO group (one-way analysis of variance, followed by the post hoc least significant
difference test).

Table 3. Effects of MGO, MT, and crocin on seminiferous morphology and sperm count in normal and diabetic male mice

Group Seminiferous diameter (um) Seminiferous height (um) Sperm count (x 10°)/mL
Sham 2722+233 159.6+189 32407

MGO 211.1+25.17 128.1+126" 14+0.17
MGO+MT 271.8+24.6° 159.1+ 164" 17+0.17
MGO+CRO15 2532+1547 1353+12.8” 27+03Y
MGO-+CRO30 264.1+20.2" 146 +16.6” 44408
MGO+CRO60 2232+11.7” 129.3+14.2” 314019
CRO60 273442187 158.5+22.5% 6.5+0.9°"

Values are presented as meanzstandard error of the mean.
MGO, methylglyoxal; MT, metformin; CRO, crocin.

?p<0.05, "p<0.01, and “p<0.001 compared to the sham group; *p<0.05, °p<0.01, and "p<0.001 compared to the MGO group; ®p<0.05, "p<0.01, and
"p<0.001compared to the MGO+MT group (analysis of variance, followed by the post hoc least significant difference test).

crocin treatment (15 and 30 mg/kg/day p < 0.001, and 60 mg/kg/day
p <0.01). Metformin treatment did not change this parameter. FSH
levels did not show significant between-group differences (Figure 3).

4, Testicular histopathology and sperm count

The observations of testis histology were normal in the sham
group. Many vacuoles and epithelial ruptures were observed in the
seminiferous tubule epithelium of the MGO-treated diabetic male

mice compared to the sham group (Figure 4). The number and size
of these vacuoles and damage (Table 4, Figure 4) were lower in the
crocin- and metformin-treated diabetic groups (especially at a dose
of 30 mg/kg). Clear areas of tissue damage such as sloughing of sem-
iniferous epithelium and atrophy were seen in the MGO group
(p<0.001), which demonstrated relative improvement in the MGO +
crocin group at all doses (p < 0.001) and the MGO+metformin group
(p<0.001) (Table 4, Figure 4). It has been proven that the diameters
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Table 4. Effects of MGO, MT, and crocin on testis damage in normal and diabetic male mice

Group Normal Sloughing (%) Vacuolization (%) Atrophy (%)
Sham 97.140.2 0.7+0.1 22+0.1 0.00

MGO 304+4.3" 1174219 487+54° 82+19°
MGO+MT 969+ 1.57 0.8+0.2° 23+02" 0.0+00"
MGO+CRO15 86.0+5.7Y 33+04”° 95+2.1%9 1240299
MGO+CRO30 912459 0.5+0.2"" 6.8+1.7° 0.5+0.1%"
MGO+CRO60 354+52" 10.7+2.3° 46.8+57° 81+179
CRO60 97.6+0.3° 0.5+0.2" 1.9+0.1" 0.00"

Values are presented as meanzstandard deviation.
MGO, methylglyoxal; MT, metformin; CRO, crocin.

9p<0.05, b)p<0.01, and “p<0.001, compared to the sham group; “p<0.05, ?p<0.01, and "p<0.001 compared to the MGO group (analysis of variance,

followed by the post hoc least significant difference test).

16 -
d )
14 oa 99
—
% 12 - 9
£ 10
2 b)
s 81
£ o
2 4
wv -
|2 5 ] a)
0
S & é\ ) o & S
Q
= N AR N N

A\ o o o
N N

Figure 1. Effects of methylglyoxal (MGO), metformin (MT), and
crocin (CRO) on testosterone concentration in all groups. Values are
presented as meanzstandard error (n=10). *p<0.001 compared
with the sham group; ®p<0.01, 9p<0.001 compared with the MGO
group; “p<0.05 compared to the MGO + MT group (analysis of
variance, followed by the post hoc least significant difference test).

of seminiferous tubules and the epithelium height decreased in dia-
betic mice compared to the sham group (p <0.01 and p < 0.05, re-
spectively), and this damage improved in the crocin- and met-
formin-treated groups (Table 3). Sperm count decreased in the
MGO-treated group (p < 0.05), while the administration of crocin im-
proved the sperm count in diabetic and non-diabetic groups (15, 30,
and 60 mg/kg and alone 60 mg/kg crocin) in comparison with met-
formin (p < 0.05).

Discussion

In the present study, the induction of diabetes by MGO was con-
firmed by measurements of plasma insulin and blood glucose levels.
In agreement with this finding, Truong et al. [25] demonstrated that
MGO destroyed pancreatic 3-cells by accumulation of AGEs in the
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Figure 2. Effects of methylglyoxal (MGO), metformin (MT), and
crocin (CRO) on luteinizing hormone (LH) concentrations in all
groups. Values are presented as meanzstandard error (n=10).
?p<0.001 compared with the sham group; "p<0.01 “p<0.001
compared with the MGO group (analysis of variance, followed by the
post hoc least significant difference test).
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Figure 3. Effects of methylglyoxal (MGO), metformin (MT), and
crocin (CRO) on follicle-stimulating hormone (FSH) concentrations in
all groups.
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MGO+WAT

Figure 4. Effects of methylglyoxal (MGO), metformin (MT), and crocin (CRO) on testis histopathology (H&E). S, sloughing of seminiferous

epithelium; V, vacuole; A, atrophy. Scale bar: 100 um.

tissue and inflicted insulin resistance. Diabetes induced by MGO
changed testis weight, volume, and morphology. High blood glu-
cose levels might cause abnormalities in homeostatic regulation due
to changes in glucose consumption by cells. The anterior pituitary
gland may be affected by hyperglycemia, resulting in dysfunction of
the pituitary-gonadal axis. This phenomenon can destroy germ cells
and decrease the size of seminiferous tubules and seminal vesicles
[26]. Abnormal glucose homeostasis and hyperglycemia have harm-
ful outcomes on testicular function and spermatogenesis in males
with diabetes [7]. Indeed, the findings of the present study revealed
that MGO-induced diabetes resulted in male reproductive dysfunc-
tion by reducing plasma testosterone levels and sperm count. Fur-
thermore, levels of the antioxidant (SOD) decreased, while those of
MDA increased. Diabetic insulin intolerance and hyperglycemia have
been associated with dysregulation of the testis, resulting in imbal-
ances of sex steroid hormone levels, such as reduced testosterone
secretion by Leydig cells and increased plasma levels of LH. Testos-
terone secretion from Leydig cells is necessary for spermatogenesis
and fertility. This hormone, through its androgen receptors, acts di-
rectly on target cells. As a result of stress induced at the testicular lev-
el, insulin resistance in diabetes is associated with impairments of
Leydig cell testosterone secretion and its receptors [27]. In diabetes
mellitus, the whole-body metabolism is affected, including endo-
crine disruption, testicular energy consumption, and male reproduc-
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tive function. Sertoli cells are protective cells that provide a nutrition-
al supporting environment for somatic and germ cells in the testes,
which could be affected by diabetes mellitus. The relationship be-
tween male infertility and diabetes has been discussed in some
studies based on diabetic models. It has been reported that hyper-
glycemia leads to increased production of oxidant components like
ROS and disruption of antioxidant defenses. Because of excessive
ROS generation through hyperglycemia, oxidation of proteins and
lipids occurs in the cell, which experiences damage to macromole-
cules such as protein, lipids, and DNA [28]. In addition, the mem-
branes of spermatozoa are rich in polyunsaturated fatty acids, and
this fact makes it susceptible to oxidative stress or damage caused
by free radicals [28,29]. Butchi Akondi et al. [28] reported significant
reductions in sperm parameters, such as sperm count and motility,
in diabetic mice through an increase in oxidative stress and ROS gen-
eration. The findings of the present study indicate that diabetes
causes oxidative stress, which might be a major mechanism of sperm
count reduction; however, further studies are required to determine
the exact mechanism.

The present study found that crocin and metformin treatment im-
proved reproductive parameters in diabetic mice. In agreement with
these findings, Sefidgar et al. [18] showed in pharmacological studies
that crocin had anti-inflammatory, anticoagulant, and anti-tumor ac-
tivity. Crocin, which is mainly extracted from the saffron plant, has
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also been proposed as a chemical preservative. It has been shown
that crocin exerts free radical scavenging activity and therefore has
antioxidant activity. Roshankhah et al. [3] also demonstrated that
crocin had a protective effect on sperm parameters and seminiferous
tubule morphology. Of course, many studies have been investigated
to obtain an accurate dose of crocin with the desired antidiabetic ef-
fects. Nikbakht-Jam et al. [30] suggested that crocin could behave as
both an antioxidant and pro-oxidant, and affects pro-oxidant/an-
ti-oxidant status depending on concentration. The results of this
study showed the best effects of crocin at a dose of 30 mg/kg. Inter-
estingly, metformin led to reduced sperm count and testicular vol-
ume; the mechanism of action of these side effects of metformin re-
quire further study.

In accordance with previous research, the present results indicate
that MGO administration changed testis morphology. According to
experimental observations, vacuolation in testis tissue is a major
symptom of Sertoli cell injury. Consistent with these results, Sertoli
cell injury can lead to degeneration of spermatocytes and reduction
in sperm count and reproductive factors [31]. Moreover, the role of
Sertoli cells is to provide an essential environment for spermatogen-
esis and germ cell survival. Diabetes mellitus increases the number
and size of vacuoles in Sertoli cell cytoplasm in the testes, and de-
creases seminiferous tubule diameter and epithelium height. All of
these changes can affect spermatogenesis [32]. In addition, the pres-
ent histopathological results showed seminiferous tubule disruption,
decreased sperm count, and Sertoli cell dysfunction in the diabetic
mice. Any agent resulting in decreased testicular testosterone pro-
duction or secretion causes narrowing of the seminiferous tubular
diameter, luminal epithelium atrophy, or Sertoli cell vacuolization
[33]. Based on the results of this study, treatment with crocin and
metformin improved diabetes-related and reproductive parameters.
However, interestingly, metformin did not improve MGO-induced
damage to testicular volume, testosterone secretion, and sperm
count as much as crocin. A limitation of this study is the lack of an ex-
amination of other sperm parameters such as sperm motility, mor-
phology, and apoptotic changes, and it is suggested that future re-
search should address this gap.
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