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Reproductive  dysfunction  is a common  consequence  of  both  obesity  and  diabetes.  This  study  investigated
the  impact  of obesity  and  diabetes,  alone  or combined,  on  physiological  reproductive  parameters  in male
rats.  Twenty-four  male  Wistar  Albino  rats  were  divided  into  four groups:  Control;  obese  non-diabetic;
diabetic;  and  obese  diabetic.  Obesity  was  provoked  by  consumption  of  a high-fat  diet  (HFD)  consisting  of
40% energy  from  fat for 90 days.  Diabetes  was  induced  by an  intraperitoneal  injection  of  streptozotocin  at
a  dose  of 40  mg/kg/day  for three  consecutive  days.  Semen,  histopathological,  and  morphometric  analyses
were carried  out.  Serum  testosterone,  luteinizing  hormone  (LH),  and  vaspin  and  visfatin  were  measured
using  ELISA  kits.  Hypothalamic  Kiss-1 mRNA  was  detected  using  qPCR  and  pituitary  nitric  oxide  (NO)  was
determined  using  Griess  reagent.  Our  results  showed  a decrease  in  semen  quality  parameters,  testos-
terone,  and LH  levels  with  degenerative  changes  in  the  testes  in experimental  groups  when  compared  to
control  group.  This  had  a positive  correlation  with  hypothalamic  Kiss-1 and  a negative  correlation  with
pituitary  NO  and  serum  vaspin  and  visfatin.  In addition,  adverse  effects  were  more  pronounced  in animals

with  obesity  and  diabetes  combined  compared  to rats  who  were  either  diabetic  or  obese.  In  conclusion,
obesity  and  diabetes,  alone  or combined,  had  a  negative  impact  on male  rat fertility.  Moreover,  obesity
and  diabetes  combined  had  more  harmful  effects  on male  fertility  when  compared  with  obesity  alone.
Hypothalamic  Kiss-1, pituitary  NO,  and  serum  vaspin  and  visfatin  may  play  a role in  the pathophysiology
of male  infertility-associated  with  obesity  and  diabetes.

©  2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Obesity is a substantial health hazard. Many studies have been
onducted in an attempt to find ways to reduce obesity and its
omplications; however, its prevalence is still increasing [1]. Mod-
rn sedentary lifestyles and the consumption of a diet with more
han 40% of its energy derived from animal fat for several weeks

esults in obesity [2]. Obesity is accompanied by a group of compli-
ations including type 2 diabetes mellitus (T2DM), cardiovascular
iseases, and infertility [3,4], all of which have a negative impact
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on psychology and well-being. For every 9 kg increase in body
weight, the incidence of infertility increases by 10% [5]. Numer-
ous mechanisms have been determined that link obesity with
male infertility. For example, reduced levels of plasma sex hor-
mone binding globulin (SHBG) and reduced levels of free and
total testosterone, with a concurrent increase in estrogen levels
[6], have been associated with disruption of the hypothalamic-
pituitary-gonadal (HPG) axis, which is directly proportional to
the increase in body weight. Hyperestrogenemia and increased
peripheral aromatization of androgens resulted in disruption of
the pulses of gonadotropin releasing hormone (GnRH) and sub-
sequently reduced LH and FSH secretions [6]. In addition to these
previously mentioned mechanisms, insulin resistance, hyperinsu-

linemia, hyperglycemia, and increased levels of proinflammatory
cytokines, all of which are observed in combined obesity and dia-
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etes, contributed to reduced male fertility through the reduction
f SHBG and testosterone levels [7].

Kiss-1 performs a crucial role in the control of the hypothalamic-
ituitary-gonadal (HPG) axis [8]. Kiss-1 codes an amino acid
recursor that is cleaved to kisspeptins [9]. Kiss-1 mRNA has been
ound in arcuate nucleus, where GnRH neurons are expressed [10].
isspeptin regulates GnRH release and injection of kisspeptin stim-
lates LH release in rat [11], mice [10], and humans [12]. Kiss-1
utation results in reduced gonadotropins and testosterone levels

nd impaired sexual maturation [13]. Mounting evidence indicates
hat Kiss-1 downregulation is associated with infertility both in ani-

als and in humans [14]. Additionally, NO plays a pivotal role in
eproduction, both centrally and peripherally. Centrally, it controls
he pulsatile release of LHRH and LH [15]. Peripherally, it stimulates
teroidogenesis and spermatogenesis [16]; however, the precise
ffects of NO on LHRH and LH release are still a subject of con-
roversy. Adipose tissue is an active endocrine organ that produces
iverse kinds of adipokines, including vaspin and visfatin. They play

 crucial role in carbohydrate and lipid metabolism and affect feed-
ng behavior [17]. Vaspin and visfatin are expressed from both the
dipose tissue and from the peripheral reproductive tissues [17,18];
owever, little is known about their role in male fertility.

In response to the prevalence of obesity and its complications,
ncluding diabetes and infertility, this study aimed to determine
he impact of obesity and diabetes, alone or combined, on repro-
uctive parameters in male rats. Hypothalamic Kiss-1 and pituitary
O levels were investigated as central regulators of GnRH [19,20],
hile serum vaspin and visfatin levels were determined as markers

f impaired male fertility [21].

. Materials and methods

.1. Animals

Adult male Wistar Albino rats, weighing about 115–150 g, were
sed in the study. Animals were housed in clean, appropriately ven-
ilated cages (4 rats per cage) in the animal house of the Faculty
f Medicine, Assiut University. Their quarters maintained a stan-
ard light-dark cycle, at room temperature, with access to food
nd water ad libitum throughout the entire study period. The rats
ere left for a week to acclimatize before the experimental pro-

edures began. The research procedures were in accordance with
he ‘Guidelines of Experiments on Animals’ and were accepted by
he Ethics Committee at the Faculty of Medicine, Assiut University,
gypt (approval number #17200214#). The rats were cared for in
ccordance with the Guide for the Care and Use of Laboratory Animals
22].

.2. Experimental design

Twenty-four rats were arbitrarily allocated into one of the four
ollowing groups (six rats per group):

Control group: fed a standard laboratory diet consisting of 14%
energy from fat and received the vehicle (saline) via intraperi-
toneal (IP) injection;
Obese non-diabetic (OND) group: fed a high-fat diet (HFD) con-
sisting of 40% energy from fat for 90 days [23];
Diabetic group: fed a standard laboratory diet consisting of 14%
energy from fat from the first day of the experiment until the end.

At day 67, overnight-fasted rats received a freshly prepared strep-
tozotocin (STZ, Sigma-Aldrich, St. Louis, MO,  USA), dissolved in
ice-cold sterile saline (0.9%) IP injection at a dose of 40 mg/kg/day
for three consecutive days [24];
t al. / Pathophysiology 26 (2019) 181–189

• Obese diabetic (OD) group: fed a high-fat diet consisting of 40%
energy from fat for 90 days from the first day of the experiment
until the end. At day 67, overnight-fasted rats received an IP injec-
tion of freshly prepared STZ at a dosage of 40 mg/kg/day for three
successive days. The reason for choosing the 67th day resulted
from our preliminary data, which showed that obesity was well
established by this time.

Induction of diabetes was confirmed by measuring fasting blood
glucose levels from tail vein using an On-Call Ez glucometer (ACON
Laboratories, Inc., USA). Rats with a fasting blood glucose level
exceeding 300 mg/dL were considered diabetic [25].

2.3. Anthropometrical measures

Body weight was measured at the beginning of the experiment
(initial body weight), at regular two  week intervals throughout
the entire study period, and on the day of euthanasia (final body
weight). Abdominal circumference, measured just anterior to the
forefoot, was used as a guide for abdominal and intra-abdominal
fat content. Finally, the Lee index was  calculated as the cube root
of body weight (g) divided by the naso-anal length (cm). Rats were
considered obese when the abdominal circumference >14.9 ± 2 cm
and the Lee index >0.33 [26].

2.4. Blood and tissue sampling

2.4.1. Blood sampling
Fasting blood samples were obtained at the end of the

experiment and centrifuged for 15 min at 3000 RPM. The clear
supernatants (sera) were taken and distributed into small aliquots
and kept at −20 ◦C until use. After euthanasia of all fasting rats, the
hypothalamus and pituitary glands were rapidly dissected, frozen
in liquid nitrogen, and stored at −80 ◦C until further use. Testes
were rapidly dissected and processed for histological examinations.

2.4.2. Tissue sampling
Pituitary glands were homogenized in a cold phosphate buffer

and the homogenates centrifuged at 4000 RPM for 10 min  at 4 ◦C.
Pituitary homogenates were used for nitric oxide estimation. The
hypothalamus was  used for determination of Kiss-1 mRNA by qPCR.

2.5. Biochemical examinations

2.5.1. Determination of serum luteinizing hormone (LH) and
vaspin and visfatin levels

Levels of serum LH and vaspin and visfatin were determined
using commercially available enzyme-linked immunosorbent
assay kits (ELISA) (Weka Med  Supplies Corp., Changchun, China). All
analyses were conducted according to the manufacturer’s instruc-
tions.

2.5.2. Determination of serum testosterone level
Serum testosterone levels were determined using a commer-

cially available ELISA kit bought from BioCheck (California, USA)
following the manufacturer’s instructions.

2.5.3. Determination of nitric oxide (NO) in the pituitary
homogenate

Nitric oxide (NO) levels were determined in the pitu-
itary homogenates using the Biodiagnostic Nitrite Assay Kit
(Sigma-Aldrich, St. Louis, MO,  USA) following the manufacturer’s

instructions. Briefly, endogenous nitrite concentration, a marker
of nitric oxide production, was colorimetrically measured in the
pituitary homogenate by the addition of Griess Reagents, which
transformed nitrite into a dark purple azo compound. NO levels
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Table  1
Anthropometric measures and fasting blood glucose in all groups studied.

Control OND Diabetic (D) OD

Initial body weight (g) 114.6 ± 4.5 119.8 ± 5.1 124.3 ± 6.6 118.6 ± 6.4
Final  body weight (g) 216.3 ± 13.9 402.3 ± 14.6a 169 ± 11.9b 302.2 ± 16.7 a,b,c

Lee index 0.33 ± 0.01 0.41 ± 0.01a 0.32 ± 0.01b 0.37 ± 0.01 a,b,c

Abdominal circumference (cm) 14.2 ± 0.8 17.1 ± 0.8a 14.8 ± 0.36 b 16.3 ± 0.5a,c

Fasting blood glucose (mg/dL) 70.6 ± 1.5 71.2 ± 1.3 366.8 ± 25.5 a,b 388.5 ± 28.6a,b

Mean ± SEM (n = 6) shown.
OD, obese diabetic; OND, obese non-diabetic.
The Kruskal-Wallis H test followed by the Mann-Whitney U test was  used for statistical analysis.
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a Significant as compared with the control group, P < 0.05.
b Significant as compared with the obese non-diabetic group, P < 0.05.
c Significant as compared with the diabetic group, P < 0.05.

ere expressed relative to the protein content in each sample. Pro-
ein contents were measured according to the methods of Lowry
t al. [27].

.6. Semen analyses

Semen was obtained as formerly described by Gomaa et al. [28].
riefly, a longitudinal cut was made in the cauda epididymis and
he contents released into a sterile glass. To disperse spermatozoa,
he sperm suspension was diluted to 1:100 with Tyrode’s albu-

in  lactate pyruvate (Sp-TALP) and analyzed immediately after
ollection. Using a light microscope (Olympus CH, Japan) at x10,
he motile sperm (those showing flagellar oscillation for more
han 10 s) and the non-motile sperm were counted in five differ-
nt fields [29]. The percentage ratio of motile sperm to the sum
f motile and non-motile sperm was calculated. Sperm concen-
rations (millions/mL) were assessed using a hemocytometer [30]
ith the improved Neubauer chamber (Deep 1/10 mm,  LABART,
ermany). Briefly, counting was performed in two  chambers using

 light microscope at x200 magnification. Counting was  done in
ach chamber’s central area, which contains 25 large squares;
ach ‘large square’ is bounded by a triple line on all sides. The
verage number of sperm counted in both chambers divided by
he volume obtained was calculated and expressed as x106/mL
31].

After application of alkaline Methyl Violet, the sperm morphol-
gy was evaluated using the light microscope at x40 objective
agnification; the sperm appeared violet in color. The percentage

atio of morphologically normal sperm to the total sperm examined
200 sperm examined from each rat) was calculated. The viabil-
ty was assessed using Eosin & Nigrosine stain; non-viable sperm
bsorbed the stain and appeared red, while viable sperm did not
bsorb the dye and appeared colorless. Viability was  calculated as
he percentage of the number of colorless sperm compared to the
otal number of sperm examined [32].

.7. Histological and morphometrical analyses of testes

After euthanasia, one testis was removed from each rat, fixed
n Bouin’s solution overnight, dehydrated in increasing concen-
rations of ethanol, and set in paraffin. Coronal sections, 5 �m in
hickness, were cut and stained using Haematoxylin and Eosin
H&E) and examined under the light microscope. For morphometric
nalysis, the diameter of the seminiferous tubule and the epithe-
ial height was evaluated in 10 non-overlapping fields from ten
andomly chosen sections per rat. For seminiferous tubule diam-
ter measurement, the most circular seminiferous tubules were

dentified in each section and captured at x400 magnification with
he assistance of a digital camera located on a Leica microscope
sing image-analyzing system software (Leica Q 500 MCO) at the
istology Department, Faculty of Medicine, Assiut University.
2.8. Quantitative PCR

Total RNA was  extracted from the hypothalamic samples using
a QIAamp RNA Mini Kit (Qiagen, USA), according to the man-
ufacturer’s instructions. RNA (100 ng) was  reverse transcribed
into cDNA using a high capacity cDNA reverse transcription kit
(Applied Biosystems, USA) following the manufacturer’s instruc-
tions. SYBR Green-based quantitative polymerase reaction (qPCR)
was carried out using a QuantiTect SYBR Green PCR Kit (Qiagen,
USA) and Mx3000 P qPCR detection system (Agilent Technolo-
gies, USA). The PCR protocol consisted of 5 min  at 95 ◦C; 40
cycles of denaturation (30 s at 95 ◦C); annealing (30 s at 55 ◦C for
Kiss-1 and 53 ◦C for RP-S 11); and polymerization (extension)
at 72 ◦C for 1 min. Product purity was  confirmed by a melt-
ing dissociation curve, which was generated by heating to 95 ◦C
for 15 s, 60 ◦C for 15 s, and 95 ◦C for another 15 s, followed by
agarose gel electrophoresis. Each sample was  run and analyzed
in duplicate. The sequences of primers used are as follows: for
Kiss-1 (forward, 5′- TGGCACCTGTGGTGAACCCTGAAC-3′, reverse
5′- ATCAGGCGACTGCGGGTGGCACAC-3′) and for RP-S11, the
housekeeping gene (forward, 5′-CATTCAGACGGAGCGTGCTTAC-3′,
reverse 5′-TGCATCTTCATCTTCGTCAC-3′) [33]. The relative expres-
sion level of the Kiss-1 gene versus the housekeeping reference
gene (ribosomal protein S11; RPS11) was  calculated using the equa-
tion of 2−��Ct as described by Navarro et al. [33]. The relative
expression level of the Kiss-1 gene is represented as the fold change
relative to the control group; its value is 100.

2.9. Statistical analyses

Data are presented as the mean ± standard error of the mean
(SEM). Statistical differences between groups were analyzed
using the non-parametric Kruskal-Wallis H test followed by the
Mann–Whitney U test. A value of P ≤ 0.05 was considered statisti-
cally significant. Spearman’s rank correlations were used according
to Knapp and Miller (1992). All statistical analyses were carried out
with SPSS software version 20 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Anthropometric measures and fasting blood glucose

There were no significant differences in the initial body weight
among the studied groups. Final body weight, abdominal circum-
ference, and the Lee index significantly increased in rats fed a HFD
(the OND and OD groups) compared to those parameters in the con-
trols, confirming the induction of obesity (Table 1). Fasting blood

glucose levels increased significantly in the diabetic and OD rats
compared to those in the control group and OND  rats, confirming
the induction of diabetes (Table 1). Combined obesity and dia-
betes in the OD rats resulted in a significant increase in final body
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Table  2
Changes in semen quality parameters and serum levels of LH and testosterone in all groups studied.

Control OND Diabetic OD

Sperm concentration (x106/mL) 39 ± 1.86 27 ± 1.59a 29 ± 1.3a 17.8 ± 1.37a,b,c

Motility (%) 71.6 ± 2.47 48.3 ± 4.59a 48.3 ± 4.2a 31.6 1.6a,b,c

Normal Morphology (%) 89.5 ± 2.43 66.6 ± 4.77a 66.6 ± 1.05a 50.83 ± 3a,b,c

Viability (%) 83.3 ± 3.07 66.2 ± 4.58a 63.3 ± 2.1a 45.8 ± 2a,b,c

LH (ng/mL) 2.2 ± 0.07 2 ± 0.01a 1.7 ± 0.05a,b 1.8 ± 0.03a,b

Testosterone (ng/mL) 8.5 ± 0.27 3.6 ± 0.38a 2.6 ± 0.41a 2.3 ± 0.18a,b

Mean ± SEM (n = 6) shown.
OD, obese diabetic; OND, obese non-diabetic.
The Kruskal-Wallis H test followed by the Mann-Whitney U test was used for statistical analysis.

a Significant as compared with the control group, P < 0.05.
b Significant as compared with the obese non-diabetic group, P < 0.05.
c Significant as compared with the diabetic group, P < 0.05.

Table 3
Seminiferous tubule diameter (mm)  and epithelial height (mm)  in all of the experimental groups.

Control OND Diabetic OD

Tubular diameter (mm) 331.4 ± 4.6 304.8 ± 5.0a 254.2 ± 6.9a,b 285.1 ± 4.1a,b,c

Epithelial Height (mm) 51.8 ± 1.4 36 ± 1a 23.5 ± 0.9a,b 30.1 ± 0.9a,b,c

Mean ± SEM (n = 6) shown.
OD, obese diabetic; OND, obese non-diabetic.
The Kruskal-Wallis H test followed by the Mann-Whitney U test was used for statistical analysis.
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a Significant as compared with the control group, P < 0.05.
b Significant as compared with the obese non-diabetic group, P < 0.05.
c Significant as compared with the diabetic group, P < 0.05.

eight, abdominal circumference, and Lee index as compared to
hose parameters in non-obese diabetic rats.

.2. Semen quality parameters and levels of reproductive
ormones

A significant reduction in semen quality parameters was
oted in the experimental groups (OND, diabetic, and OD) com-
ared to those in the control group in the form of reduced
perm concentration and a reduced percentage of motile, viable,
nd morphologically normal sperm (Table 2). Additionally, these
arameters were significantly lower in the combined obesity and
iabetes group (OD) as compared to the groups with obesity alone
OND) or diabetes alone (diabetic group), with no significant dif-
erences observed between the OND and diabetic groups.

LH and testosterone levels were significantly lower in experi-
ental groups (OND, diabetic, and OD) as compared to those in

he control group. Combined obesity and diabetes in the OD group
esulted in a significantly lower level of LH compared to that in the
besity alone group (OND) and a significantly lower level of testos-
erone compared to those in both the obesity alone and diabetes
lone groups (Table 2).

.3. Testicular morphological structure

Microscopic examination of the testes from the control group
howed firmly packed seminiferous tubules regular in form and
ontour (Fig. 1A). The seminiferous tubules were lined with many
ayers of spermatogenic cells. The interstitial tissue in between
ontained Leydig cells near blood capillaries (Fig. 1B).

In the rats with obesity alone (OND), testicular sections revealed
rregularly shaped seminiferous tubules with acidophilic degener-
ted hyalinized exudates in the interstitium (Fig. 1C), which made
t difficult to recognize the Leydig cells. Moreover, the basement
embranes of the seminiferous tubules were thickened, with an
nterrupted outline, and expulsion of their contents was noted
Fig. 1D). The nuclei of the spermatogonia and primary sperma-
ocytes were darkly stained (Fig. 1D).
Diabetic rats showed degenerative changes in the form of dis-
torted seminiferous tubules, the presence of sloughed cells in the
lumen of them, and the presence of acidophilic exudate in the
interstitial space (Fig. 1E). Seminiferous tubules had an irregular
basement membrane with darkly stained apoptotic nuclei of the
spermatogenic cells and Leydig cells (Fig. 1F).

The testes of rats with combined obesity and diabetes (OD)
showed marked morphological alterations such as distorted archi-
tecture of the seminiferous tubules, some of which exhibited an
acidophilic hyalinized center with depletion of the spermatogenic
cells (Fig. 1G&H). The interstitial compartment showed thickened
interstitial capillaries surrounded by Leydig cells and an acidophilic
exudate (Fig. 1H).

Morphometric analysis of the seminiferous tubules revealed
that the diameter and the epithelial height in the lining of the
seminiferous tubules were reduced significantly in the experimen-
tal rats (OND, diabetic, and OD) as compared with the controls
(Table 3).

3.4. Expression of the hypothalamic Kiss-1 mRNA

Quantitative PCR showed that the fold expression of Kiss-1
mRNA in the hypothalamus was  significantly lower in the experi-
mental rats (OND, diabetic, and OD) compared with the control rats
(Fig. 2A). Also, expression of the hypothalamic Kiss-1 mRNA was
significantly lower in the rats with combined obesity and diabetes
as compared with rats with obesity alone (OND) but not significant
compared with expression in rats with diabetes alone. Moreover,
there was  no significant change in the expression of the hypotha-
lamic Kiss-1 mRNA between the OND and diabetic rats (Fig. 2A).

3.5. Pituitary NO

Pituitary NO levels were significantly higher in the OND, dia-
betic, and OD groups compared to levels in the controls. In addition,

the diabetic group had significantly higher pituitary NO levels com-
pared to those in OND rats (Fig. 2B). Rats with combined obesity
and diabetes showed no significant change in pituitary NO levels
compared to rats with obesity alone or diabetes alone.
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Fig. 1. (A–H) Photomicrographs of H&E-stained testicular sections from all experimental groups. A: Control rat testis showed normal architecture in the form of closely
packed seminiferous tubules (T) regular in form and contour (x100). B: Seminiferous tubules from control rats were lined with healthy multi-layers of spermatogenic cells
and  separated with interstitial tissue containing Leydig cells (L) (x400). C: Obese non-diabetic rat testis (OND) showed irregularly shaped seminiferous tubules (T) with
acidophilic degenerated exudates in the interstitium (*) (x100). D: Seminiferous tubules from the OND rats had thickened basement membranes (arrow) with interrupted
outlines and expulsion of their contents (�). Darkly stained nuclei were also observed in spermatogonia (s) and primary spermatocytes (Ps) (x400). E: Diabetic (CD) rat
testis  showed distorted seminiferous tubules (T), the presence of sloughed cells in the lumen of the seminiferous tubules (s) and the presence of acidophilic exudate in the
interstitial space (*) (x100). F: Higher magnification of the diabetic rat testis showed irregular basement membrane (curved arrow) and darkly stained apoptotic nuclei of
t  rat te
a  irregu
N  (L) an

3

c
c

he  spermatogenic cells (white star) and Leydig cells (L) (x400). G: Obese diabetic
cidophilic hyalinized centers (*) (x100). H: Seminiferous tubules of OD rats were
otice  the thickened interstitial capillaries (c) surrounded by atrophied Leydig cells

.6. Serum vaspin and visfatin
Fig. 3 shows that serum vaspin and visfatin levels were signifi-
antly higher in OND, diabetic, and OD rats compared to those in the
ontrols. Also, combined obesity and diabetes and diabetes alone
stis (OD) had seminiferous tubules with distorted architecture (T) that exhibited
lar and atrophied (T) with depletion of the spermatogenic cells in most of them.
d acidophilic exudate (*) (x400).

resulted in significantly higher levels of both serum vaspin and vis-
fatin as compared to those in obesity alone as demonstrated in OND

rats.

Spearman’s correlation was  carried out within the combined
groups of the control, OND, diabetic, and OD. Kiss-1 had sig-
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Fig. 2. (A) The fold expression of the hypothalamic Kiss-1 mRNA and (B) pituitary nitric oxide (NO) levels in the different experimental groups. Mean ± SEM (n = 6) are shown.
The  relative expression of the Kiss-1 gene versus a housekeeping reference gene (ribosomal protein S11; RPS11) was calculated using the equation of 2−��Ct and represented
as  fold change relative to the control group. OD, obese diabetic; OND, obese non-diabetic.
a Significant as compared with the control group P < 0.05. b Significant as compared with obese non-diabetic group P < 0.05. The Kruskal-Wallis H test followed by the
Mann-Whitney U test were used for statistical analysis.

Fig. 3. (A) Serum vaspin and (B) visfatin levels (ng/mL) in all experimental groups. Data are presented as Mean ± SEM (n = 6). OD, obese diabetic; OND, obese non-diabetic.
a Significantly different vs the control group P < 0.05. b Significantly different vs the obese non-diabetic group P < 0.05. The Kruskal-Wallis H test followed by the Mann-Whitney
U  test were used for statistical analysis.

Table 4
Correlations between the hypothalamic Kiss-1 mRNA, pituitary nitric oxide (NO), and serum levels of vaspin and visfatin and semen quality parameters and reproductive
hormones (LH and testosterone).

Sperm con-
centration
(x106/ml)

Motility (%) Normal
Morphology
(%)

Viability
(%)

LH (ng/mL) Testosterone
(ng/mL)

Kiss-1 r: 0.766
p: 0.000

r: 0.749
p: 0.000

r: 0.778
p: 0.000

r: 0.791
p: 0.000

r: 0.652
p: 0.001

r: 0.724
p: 0.000

NO  (�moL/mg protein) r: -0.472
p: 0.02

r: -0.571
p: 0.004

r: -0.623
p: 0.001

r: -0.566
p: 0.004

r: -0.664
p: 0.000

r: -0.607
p: 0.002

Vaspin  (ng/mL) r: -0.578
p: 0.003

r: -0.736
p: 0.000

r: -0.656
p: 0.001

r: -0.664
p: 0.000

r: -0.928
p: 0.000

r: -0.902
p: 0.000

Visfatin  (ng/mL) r: -0.593
p: 0.002

r: -0.766
p: 0.000

r: -0.645
p: 0.001

r: -0.691
p: 0.000

r: -0.947
p: 0.000

r: -0.954
p: 0.000

Spearman’s correlation was  carried out within the combined groups of the control, OND, diabetic, and OD.
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Table  5
Correlations between the hypothalamic Kiss-1 mRNA and pituitary nitric oxide (NO)
and serum levels of vaspin and visfatin.

NO (�moL/mg
protein)

Vaspin Visfatin

Kiss-1 r: -0.59
p: 0.01

r: -0.73
p: 0.000

r: -0.75
p: 0.000
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pearman’s correlation was  carried out within the combined groups of the control,
ND, diabetic, and OD.

ificant positive correlations with reproductive hormones (LH,
estosterone) and semen quality parameters, suggesting that Kiss-

 plays a pivotal role in the regulation of reproductive function in
he male rat (Table 4).

Pituitary NO and serum levels of vaspin and visfatin correlated
egatively with reproductive hormones (LH and testosterone) as
ell as with semen quality parameters (Table 4).

Lastly, negative correlations were observed between hypothala-
ic  Kiss-1 and pituitary NO and serum vaspin and visfatin (Table 5).

. Discussion

Obesity, diabetes, and their consequences are increasing world-
ide [34]. Reproductive dysfunction is one of the common

onsequences of both obesity [6,35] and uncontrolled diabetes
36]. Several pathophysiological mechanisms have been sug-
ested; however, the exact mechanism remains unclear. This study
ssessed the effects of obesity, diabetes, alone or combined, on
hysiological and mechanistic reproductive parameters in male
ats.

Our results showed that obesity and diabetes, alone or
ombined, had negative effects on semen quality parameters,
estosterone, and LH levels with degenerative changes in the testes
n the experimental groups when compared to the control group.
hese results are in agreement with data from previous studies
n obese [37] and diabetic rats [38,39], which demonstrated a
educed sperm concentration, increased percentages of non-motile
nd dead sperm and reduced LH and testosterone levels with obe-
ity and diabetes alone. These histopathological changes could be
he result of impaired Leydig cell steroidogenesis [19], oxidative
tress [39], and increased testicular cell apoptosis [37]. Obesity is
ssociated with chronic inflammatory status, both systemic and
ocally in the testes. Inflammation activates the production of
eactive oxygen species, induces testicular apotosis, and disrupts
he blood testicular barrier, resulting in degenerative changes in
he germ cells and impaired spermatogenesis [40]. In diabetes,
yperglycemia boosts the production of reactive oxygen species
esulting in impaired Leydig cell function and subsequent reduction
n testosterone biosynthesis [41]. Since testosterone is essential
or germinal cell mitotic division [42], reduced testosterone could
e responsible for the degenerative changes in the seminifer-
us tubules and the reduction in tubular diameter and epithelial
eight observed in this study. Recently, it has been shown that
2DM reduces the production of vascular endothelial growth factor
esulting in impaired testicular microcirculation and subsequent
egeneration of the testis [43]. In our study, the reduction in semen
uality and degenerative testicular changes were more pronounced

n rats with combined obesity and diabetes than in the rats with
besity or diabetes alone. This could be due to all of the previously
entioned mechanisms occurring together.
Diabetes and obesity are associated with reduced GnRH and
he downstream secretion of basal and pulsatile LH secretion and
estosterone [36,44]. Similarly, our results showed a significant
eduction of LH levels in all experimental groups compared to those
f the controls, suggesting a central impact of obesity and/or dia-
 al. / Pathophysiology 26 (2019) 181–189 187

betes. To investigate the cause of the reduced LH levels noted in this
study, we  measured the expression level of hypothalamic Kiss-1
mRNA, which performs a vital role in regulating GnRH release [45].
Our results showed that hypothalamic Kiss-1 mRNA was substan-
tially lower in animals with obesity and diabetes, alone or combined
(OND, diabetic, and OD), than in the controls, which correlated
positively with semen quality, testosterone, and the levels of LH
hormones, suggesting that impaired semen quality and reduced
reproductive hormones may  be a consequence of reduced Kiss-1
mRNA. Dhillo et al. [46] reported that infusion of kisspeptins to
male volunteers significantly increased LH and testosterone levels.
Central administration of Kisspeptin to diabetic rats also increased
the LH level [36]. Additionally, Dedes [47] reported that muta-
tion of Kiss-1 resulted in arrested spermatogenesis at the early
spermatid stage. Taken together, these observations suggest that
reduced hypothalamic Kiss-1 mRNA could be responsible, in part,
for the reduced LH levels and thereby reduced levels of testosterone
hormone in OND, diabetic, and OD rats. Obese diabetic rats had
significantly lower LH and testosterone levels and semen quality
compared to rats with obesity alone, which could be attributed to
the further reduction in hypothalamic Kiss-1 observed in rats with
combined obesity and diabetes.

Since both Kiss-1 and NO play a role in GnRH and LH release [20],
we investigated the role of pituitary NO in obesity and diabetes-
induced male infertility. NO acts as a regulator of gonadotropin
release [15,48]. NOS is expressed from GnRH secreting cells [49]
and LH gonadotropes [50,51]. Yu et al. [48] demonstrated that NOS
inhibition, and thereby NO reduction, suppresses leptin-induced
GnRH and LH release. In contrast, our results showed that obesity
and diabetes, alone and combined, resulted in a subtle significant
increase in pituitary NO as compared with the controls, which was
negatively correlated with semen quality parameters and the lev-
els of testosterone and LH hormones. This increase in the pituitary
NO level could be a compensation for the reduced LH level, either
as an attempt to increase the LH level and reset the reproductive
homeostasis [48] or due to NO formation being freed from the usual
inhibitory effect of testosterone. Testosterone inhibits NO produc-
tion, in vivo, and exerts a negative feedback mechanism on GnRH
and NOS activity [52].

Additionally, this study was conducted to clarify the interplay
between novel adipokines such as vaspin and visfatin and the HPG
axis in obese, diabetic, and obese diabetic male rats.

Vaspin is an insulin-sensitizing adipokine [53], while visfatin
is an insulin-mimicking agent [54]. Although the role of vaspin
and visfatin as insulin sensitizers in obesity and diabetes is well
established, their role in male fertility is still unclear. Our results
showed that levels of vaspin and visfatin were significantly higher
in rats with obesity and diabetes, alone or combined (OND, dia-
betic, and OD), as compared to those in the controls. Their levels
also correlated negatively with all semen quality parameters and
the levels of LH and testosterone hormones, suggesting that they do
play a role in male fertility, both centrally and peripherally. Simi-
larly, Thomas et al. [17] reported higher levels of vaspin and visfatin
in human seminal plasma than in the serum, with vaspin corre-
lated negatively with semen volume and positively with sperm
DNA fragmentation. Riammer et al. [21] detected visfatin in dif-
ferent cell types in human testes, with a higher level in immature
than in mature spermatozoa. These findings identify vaspin and
visfatin as markers of impaired male fertility. Tu et al. [55] demon-
strated that visfatin increases testosterone levels in cultured Leydig
cells, suggesting that it plays a role in steroidogenesis, which seems
to contradict the negative correlation between visfatin and testos-

terone observed in our study. The high visfatin levels observed in
our study could be compensation for the reduced testosterone lev-
els, which was prevented by the degenerative changes in Leydig
cells. In addition, negative correlations were observed between
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evels of vaspin and visfatin and semen quality, levels of LH and
estosterone, and hypothalamic Kiss-1, suggesting that reduced
ypothalamic Kiss-1 could be a consequence of high levels of vaspin
nd visfatin. However, further investigations need be conducted
o localize the receptor for vaspin and visfatin in the brain and
o determine their impact on GnRH and LH secretion and their
nteractions with the Kiss-1 system.

To summarize, obesity and diabetes have negative effects on
emen quality and reproductive hormones, both centrally and
ocally. Reduced hypothalamic Kiss-1 mRNA, higher pituitary nitric
xide (NO), and higher serum vaspin and visfatin levels could be
nvolved in the pathophysiology of male infertility associated with
besity and diabetes. Centrally, reduced Kiss-1 mRNA could be the
ain contributor to the reduced levels of LH and impaired repro-

uctive function. Obesity and diabetes reduce hypothalamic Kiss-1
ither directly or indirectly via increasing serum levels of vaspin
nd visfatin; however, further studies are necessary to elucidate
hese effects.

Raised levels of pituitary NO could be a mechanism used to
estore the regular release of gonadotropins and thereby reestab-
ish normal reproductive function, while raised levels of vaspin and
isfatin mainly reset normal metabolism, insulin sensitivity, and
estosterone levels.

Reduction in semen quality and reproductive hormones was
ore pronounced in animals with obesity and diabetes combined

ompared to that in obese rats. In combined obesity and diabetes,
urther elevation of serum levels of vaspin and visfatin in combined
athology might cause a further reduction in hypothalamic Kiss-1
nd thereby in LH and testosterone levels and semen quality param-
ters. Taken together, data from rats with combined obesity and
iabetes demonstrate that the combination has a more deleterious
ffect on male fertility than obesity alone through the reduction of
ypothalamic Kiss-1 mRNA, elevation of pituitary NO levels, and
levation of serum vaspin and visfatin levels.
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