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Abstract

Background: Obesity is amajor health problem which
may lead to infertility, vitamin D has anti-inflammatory, anti-
oxidant, anti-apoptotic properties and metabolic activities
Nano emulsions are very effective delivery system for medicines
and nutrients. Nano vitamin D has a greater water solubility
and stability compared to the conventional vitamin D.

Aimof Sudy: The study aims to evaluate the potential
protective effects of vitamin D3nanoemulsionintervention
against some altered testicular, metabolic and hormonal
changesin high-fat diet (HFD)-induced obese rats.

Material and Methods: 32 adult male albino rats were
equally and randomly divided into four groups: Group |
(control group on standard diet), group Il (untreated HFD),
group Il (HFD + conventional vitamin D) and group IV (HFD
+ Nano vitamin D3). Vitamin D3 administration was begun
along with the start of introduction of the high fat diet. After
eight weeks, body weight (BW) was measured and body mass
index (BMI) was calculated then rats were euthanized. Serum
testosterone, insulin and glucose levels were measured; home-
ostasis model assessment of insulin resistance (HOMA-IR)
was calculated. In addition, testicular levels of malondialdhyde
(MDA), superoxide dismutase (SOD), reduced glutathione
(GSH), TNF-a and IL-6 were measured. The changesin the
histopathol ogical aspects of the testis were examined. The
testicular weight, testicular coefficient, epidydimal sperm
count and motility al were investigated.

Results: Nano vitamin D3 treatment showed significant
reductionsin BMI, fasting serum glucose, insulin resistance,
total cholesterol, LDL-c, with significant elevations in serum
HDL-c, final testicular weight, testicular coefficient, epidy-
dimal sperm count, sperm motility, and serum testosterone.
Moreover, Nano vitamin D3 significantly increased the tes-
ticular SOD and GSH with significant decline in the lipid
peroxidation contributed to MDA, testicular TNF- a and IL-
6 content. Improvement of the metabolic and biochemical
measurements induced by Nano vitamin D3 is linked toim-
provement of testicular histology in obese rats. Interestingly,
Nano vitamin D3 has more significant protective effects
against HFD-induced testicular dysfunction compared to the
conventional vitamin D3.
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Conclusions: Nano vitamin D3 has a potential protective
role in improving the adverse effects of HFD induced obesity
on testicular functions, withmore prominent protective effects
than conventional vitamin D3.

Key Words: Vitamin D3 — Nanoemulsion — High -fat diet —
Testicular — Obesity — Rats.

Introduction

OBESITY isaprevalent increasing mgor health
problem leading to numerous diseases and even
death. It isaleading risk factor for dyslipidemia,
insulin resistance, type 2 diabetes, metabolic dys-
function, cardiovascular diseases, endocrine disor-
ders and infertility [1,2] . Obesity inducedhormonal
dysregulation and metabolic dysfunction may result
in adecline in semen quality and spermatogenesis
[34]. Moreover, visceral obesity and insulin resist-
ance are associated with low serum testosterone
concentrations and poor sperm quality [5,6]. Addi-
tionally, in high-fat diet fed animals, sperm energy
metabolism isimpaired and sperm quality is de-
clined as well. Hence, the model of high fat diet-

induced obesity has been used to investigate sperm
dysfunction in rats [7]. Vitamin D is afat-soluble
steroid produced from 7-dehydrocholesterol in the
skin or ingested from the dietary sources. It en-
hances the intestinal absorption of calcium, phos-
phate, zinc and magnesium playing a centra role
in bone physiology and calcium homeostasis. Cal-

citriol (1, 25(0OH) 2V D3) is the active form of
vitamin D traditionally known for regulating cal-
cium and phosphorus homeostasis. Interestingly,
vitamin D has anti-inflammatory, anti-oxidant,

anti-apoptotic properties and immune modul ating
activitiesaswell [8-10]. Vitamin D deficiency may
be implicated in the development of abdominal

adiposity, insulin resistance, hypertension, dyslip-
idemia, cardiovascular diseases, cancer, and au-

toimmune diseases [11-13] . Specifically, vitamin D
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receptor and vitamin D metabolizing enzymes are
expressed in the human g aculatory duct, germ

cells and mature spermatozoa [14] . Therefore, its
deficiency may result in some fertility problems
[15] . Nanoemulsions are very effective delivery
system for medicines and nutrients. They arelig-
uefied dispersions where the dropletssize range
from 50 to 500nm [16] . This delivery systemhas-
greater bioavailability and larger absorptive capa

bility of hydrophobic complexes compared to other
systems [17]. Nano vitamin D has a greater water
solubility and stability upon exposure to light or
elevated temperature as compared to the conven-
tional vitamin D. Hence, the therapeutic potential

of vitamin D Nano emulsion may be maximized
[18] . The current study was designed to evaluate
the potential impact of Nano vitamin D and tradi-
tional vitamin Don high-fat diet induced testicular
dysfunction.

Material and M ethods

Animals and obesity induction: This study was
done from June to September 2019. The experi-
mental procedures were approved by the animal
research Ethical Committee (IACUC), Faculty of
Medicine, Zagazig University, Egypt following
the international guidelines set by National Insti-
tutes of Health guide for the care and use of Lab-
oratory animals [19] . Healthy thirty two adult male
albino rats weighing 250-270 gmselected from the
animal house of Faculty of Veterinary Medicine,
Zagazig University. Animals were kept in steel
wire cages, 5 rats per cage; they were kept under
comfortable temperature (20-24°C) and were main-
tained on anormal light/dark cycle. After acclima-
tization for one week, the rats were equally and
randomly divided into a control group (standard
diet), non-treated HFD group, conventional vitamin
D-treated group and vitamin D nanoemulsion-
treated group. The control group (group I) (n=8
rats) was fed on acommercial rat standard chow
that consisted of 25.8% protein, 62.8% carbohy-
drates and 11.4% fat [20] . The controls were given
0.9% saline only as a vehicle. For induction of a
rat obese model, rats inthe other three groups were
fed onHFD that consisted of high amounts of corn
oil, containing >98% w-6 poly unsaturated fat acid
(PUFA) (21.4% fat, 17.5% protein, 50% carbohy-
drate, 3.5% fiber, and 4.1% ash) for 8 weeks [21].
HFD-fed rats were further classified into three
groups: Group I (untreated HFD), group 111 (HFD
+ conventional vitamin D3 (cholecalciferol) from
(SigmaAldrich), by adaily oral doseof 1 p(4&@lU)/
kg) [22] and group IV (HFD + Nano vitamin D3)
by daily oral dose of 40 |U/Kg/day orally [23],
where adose of 9 gg-ofNano-vitamin D powder

dissolved in 1ml distilled deionized water producing
3.241U/ml.Vitamin D3 administrationwas begun
along with the start of introduction of the high fat
diet.

Vitamin D nanoemulsion: In the current study,
the used vitamin D3 (cholecal ciferol) containing
nanoemulsion (VDN) was formed by sonication
and pH-Shifting of pea protein isolate and canola
oil (Pea Protein Nano-Particles (VD) powder (Sig-
ma Aldrich). Peaprotein isolate (PPl, NUTRALYS,
S85F, 85% pea protein based on dry basis) was
formedbythe wet extraction method from dry yel-
low peas. Soluble pea protein wasinvestigated for
the particle size, water solubility, surface hydro-
phobicity, solution turbidity, free sulfhydryl group
content, and sodium dodecyl sulfate polyacrylamide
gel eectrophoresis (SDS-PAGE). To formulate
nanoemulsions (0.25% oil) and nano complexes
loaded with vitamin D3, the pea protein isolate
samples (10mg/ml) were treated by pH-shifting at
pH 12 combinedtothe ultrasound (pH 12 + U 5)
with a greatest solubility. The loading capacity of
pea protein isolate-based nanoparticleswas 1.5 +
0.2 p/mepeaproteins [24].

Calculation of body mass index (BMI): The
total body weight (gm) was measuredby a digital
scale; the rats were weighed the day before the
experiments, then twice aweek and at the final
day of experiment. The nose to anus length (cm)
and the weight (gm) were measured at the end of
the experiments for calculation of body mass index
(BMI) (gm/cm?) by dividing the body weight (gm)/
length? (cm?) [25].

Blood samplingand biochemical analyses: Rats
were sacrificed by large dose of ether anesthesia
and then blood samples were immediately obtained-
directly from cardiac puncture, blood allowed to
clot and then centrifuged at approximately 3000
rpm for 10 minutes. The separated serum was used
to measure free testosterone levels according to
the method of Tietz [26] by using rat kits (Sigma
Aldrich). Moreover, serum levels of glucose (mg/dl)
[26] and insulin ( gU/ml) [27]. Insulin resistance
(IR)wascal cul ated by homeostasis model assess-
ment of insulin resistance (HOMA-IR)using the
following formula: HOMA-IR = Fasting serum
glucose (mg/dL) x fasting serum insulin ( gU/mal )/
405 [28]. Moreover, serum levels of total cholesterol
(TC), high density lipoprotein (HDL), triglycerides
(TGs) were assayed following the manufacturer's
protocols as described by various previous studies
[26,29] . However, serum low density lipoprotein
(LDL) levels were calculated by Friedewal dequa-
tion [30] asfollows: LDL = TC - HDL - TG/5. The
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kits used for estimation of serum glucose, insulin,
cholesterol, TG and HDL levels were purchased
from Biosource (Europe S.A. Belgium). All steps
were performed following the manufacturer'sin-
structions.

Gonadal extraction: Laparotomy was conduct-
ed. Testes and epididymis were extracted and
dissected cautiously [31] . The weights of the testes
were measured using an electronic balance.Then,
the testicular coefficient was calculated according
totheformulaofYan et al. [32]: Testicular coefficient
(gm/Kg) = The weight of the testes (the mean of
the weight of the two testes in gm)/final body
weight (kg).

Sperm analysis: The right epididymis of each
rat was dissected, removed and minced in 2ml of
Hank's buffer salt solution (HBSS) at 37°C [33].
After 5 minutes incubation at 37 ° C, the caudal
epididymis sperm was determined using the stand-
ard haemocytometric method [34] . The samples
placed on the glass slides were evaluated for mo-
tility and total sperm counts. The epididymal fluid
was drawn up to the 0.5 mark of White Blood Cell
pi pette and the semen diluting fluid (sodium bicar-
bonate 5 grams, formalin 1ml, distilled water
99.0ml) was drawn up to ' 11' mark, and then mixed
well. One drop was added to the haemocytometer
chamber and allowed the spermsto settle by keep-
ing haemocytometer in wet humid chamber for 1
hour after incubation, the number of spermatozoa
in the appropriate squares of the haemocytometer
was counted under the light microscope at 400X
[34] . The sperm concentration refers to the number
of spermatozoa/ml fluid, and calculated using the
following formula. Sperm count=No. of spermato-
zoa counted x dilution factor x volume factor/No.
of areas counted. For motility evaluation, at least
200 static sperm were recorded. The percentage
of sperm motility was calculated using the number
of live sperm cells over the total number of sperm
cells [35] . Moreover, sperm samples from each
group were smeared on glass slides, and examined
for malformations using alight microscope at 200
sperm/smear.

Evaluationof testicular oxidative and antioxi-
dants factors, and inflammatory markers: Speci-
mens from testis were collected from all experi-
mental and control groups. The tissues were
homogenized in 50mM potassium phosphate (pH
7.4). The samples were centrifuged at 4000 rpm
for 15min, at 4°C and the supernatants were stored
at —80°C until analysis. Testicular superoxide dis-
mutase (SOD) activity, reduced glutathione (GSH)
and malondialdhyde (MDA) were assayed by using
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spectrophotometer (spectronic 3000 Array, Germa-
ny) following the manufacturer's protocols. More-
over, the inflammatory markers (tissue IL-6 and
TNF-a) were measured by ELISA using kits pur-
chased from Sigma Aldrich following the manu-
facturer'sinstructions.

Histopathol ogical examination: Testes were
dissected out and cleaned with cold physiological
saline to remove blood and the adhering tissues.
One of samples were then fixed in 10% formalde-
hyde in fresh alcoholic bouin's fluid for 8 hours,
and then processed and embedded in paraffin wax,
sectioned at 5 guthlicknesses and stained in hema-
toxylin & eosin. The sections were examined or
observed under alight microscope and the general
histological appearance was assessed [36] .

Satistical analysis: The data obtained in the
present study were expressed as mean * SD for
guantitative variables and statistically analyzed by
using SPSS program (19) (SPSS Inc. Chicago, IL,
USA). ANOVA with [Post hoc (LSD)] test was
used to compare means among all studied groups,
p-value <0.05 was considered statistically signifi-
cant [37].

Results

Obesity induction and testes gross features:
Body weights and BM| were significantly higher
in the untreated HFD group (group I1) than in the
control ratsin group |. However,a significant
decline in body weights and BMI was observed in
HFD fedrats supplemented with conventional vi-
tamin D (group I1). Surprisingly, HFD fed rats
treated with nano-vitamin D (group 1V) showed
higher significant reductions in body weights and
BMI when compared to conventional vitamin D
treated rats (p<0.001) (Table 1). However, the
opposite was observed as regard to the testes
weights. The testes of control ratswere opagque
white, oval, smooth, elastic and vascular. They
were larger in size in comparison to the testes of
untreated HFD fed rats. In addition, the present
study showed that obesity significantly reduced
testis weight and testis coefficient in HFD fed rats
compared with the control group (p<0.001). Inter-
estingly, with conventional vitamin D intervention,
the testis weight was significantly higher compared
with the untreated HFD fed rats (p<0.001). How-
ever, nano-vitamin D group showed more signifi-
cant increase in the testis weight andtestis coeffi-
cient than conventional vitamin D (p<0.001)
indicating thatits protective value against the tes-
ticular atrophy observed in the untreated HFD

group.
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Effect of HFD and vitamin D on sperm exami-
nation and serum testosterone levels: Sperm con-
centration, motility and morphology in addition to
serumtestosterone levels play central rolesin as-
sessment of male fertility. Serum Testosterone,
sperm density and motility rate in HFD group were
significantly reduced in comparison to the controls
(p<0.001, as summarized in Table (1). They im-
proved with vitamin D intervention, however, these
parameters significantly increased in response to
nano-vitamin D treatment compared to those treated
by conventional vitamin D (p>0.001). Moreover,
HFD group had higher abnormal sperm ratio than
that of the control rats and vitamin D-treated rats
aswell (p<0.001). Nano-vitamin D significantly
cut down the abnormal sperm ratio in comparison
to conventional vitamin D-treatment ( p<0.001).

Assessment oftesticular oxidative stress and
inflammatory markers: Thetesticular MDA content
as amarker of lipid peroxidation and the inflam-
matory markersIL-6 and TNF-a, all are elevated
significantly in non-treated obese rats compared
to the controls (p<0.001), in association withsig-
nificant reductions of testicular SOD and the con-
tent of GSH (p<0.001), while these parameters

were significantly reversed in vitamin D-treated
rats with more significant values in nano-vitamin
D treated group when compared with conventional
vitamin D treated group as shown in Table (2)
(p<0.001).

Effect of vitamin D on metabolic parameters:
The total cholesterol level, LDL-cholesterol and
triglyceride levels were significantly higher and
HDL -cholesterol was significantly lower in non-
treated obese rats than in the controls ( p<0.001),
these disturbances were reversed by vitamin D
intervention. Nano-vitamin D-treated group showed
more significant improvement than conventional
vitamin D-treated group (p<0.001). Moreover, non-
treated obese rats showed significantly higher
glycaemia, insulin levels and insulin resistance
compared with control rats ( p<0.001).

Interestingly, all rats treated with vitamin D
had normal glycaemia values with significant
decrease in insulin levels and insulin resistance
when compared with non-treated obese rats
(p<0.05, p<0.001) with more significant improve-
ment observed in nano-vitamin D group than con-
ventional vitamin D group (p<0.001).

Table (1): Body weights, BMI, testicular coefficient, sperm parameters and serum testosterone in all the studied groups (mean

* SD).
Parameters Group | Group 11 Group 111 Group IV
(Controls) (HFD) (HFD + conventional vit. D) (HFD + nano-vit. D)
Final body weight (gm) Mean £ SD 300.4£125 451.3+21.5 351.7+20.1 320.2+185
p-value of LSD p<0.001a p<0.001b p<0.001ab.c
BMI (g/cm?) Mean £ SD 0.48+0.04 0.72+0.1 0.56+0.04 0.51+0.06
p-value of LSD p<0.001a p<0.001b p<0.001ab.c
Testicular weight (gm) Mean £ SD 3.36£0.23  2.46+0.13 2.82+0.19 3.22+0.2
p-value of LSD p<0.001a p<0.001b p<0.001ab.c
Testicle coefficient (%) Mean £ SD 11.2+0.13  6.15+0.13 8.1+0.13 9.75+0.13
p-value of LSD p<0.001a p<0.001b p<0.001ab.c
Sperm count Mean £ SD 161+060 1.36+0.51 1.41+0.39 1.58+0.52
(x10° spermatozoa/ml) p-value of LSD p<0.001a p<0.001b p<0.05a
p<0.001b'c
Sperm motility rate (%) Mean £ SD 71.5+9.7 47+7.11 54.6+7.71 62.5+6.51
p-value of LSD p<0.001a p<0.001bP p<0.001ab.c
Sperm abnormality rate (%) Mean + SD 0.31+0.06 0.49+0.1 0.39+0.05 0.34+0.04
p-value of LSD p<0.001a p<0.001b p<0.0012.b.c
Free Testosterone (ng/ml) Mean = SD 4.16+0.71 2.92+0.51 3.48+0.72 3.88+0.64
p-value of LSD p<0.001a p<0.001b p<0.001a.b.c

a Significant versus group I.
b Significant versus group I1.
¢ Significant versus group I11.
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Table (2): Testicular oxidative stress and inflammatory markersin all studied groups (mean * SD).

Parameters Group | Group 11 Group 111 Group IV
(Controls) (HFD) (HFD + conventional vit. D) (HFD + nano-vit. D)
MDA Mean * SD 0.32£0.05 0.86+0.06 0.7+0.06 0.45+0.07
(pmol/mg protein)  p-value of LSD p<0.0012 p<0.001b p<0.001ab.c
SOD Mean * SD 42+9.1 26175 29479 40+8.5
(u/mg protein) p-value of LSD p<0.0012 p<0.01b P<0.05a
p<0.001b'c
GSH Mean £ SD 61£10.9 25+9.7 29+9.6 55+5.7
(nmol/g protien p-valueof LSD p<0.0012 P<0.05b p<0.012
P<0.001b,c
IL-6 Mean + SD 67+16.9 120+ 15.4 100+ 14.2 81143
(ng/ml) p-value of LSD p<0.0012 p<0.001b p<0.001ab.c
TNF-a Mean £ SD 33+4.9 60%4.6 57+6.3 40+5.2
(ng/g) p-value of LSD p<0.0012 P<0.05b p<0.001&b.c
a Significant versus group I.
b Significant versus group I1.
¢ Significant versus group I11.
Table (3): Metabolic profile and HOMA-IR in al studied groups (mean * SD).
Group | Group 11 Group 111 Group IV
Parameters (Controls) (HFD) (HFD + conventional vit. D3) (HFD + nano-vit. D3)
Tota cholesterol Mean + SD 1.55+0.15 1.96+0.11 1.87+0.18 1.61+£0.15
(mmol/L) p-vaue of LSD p<0.001a p<0.05b p<0.012, p<0.001b.c
HDL-cholesterol Mean = SD 0.820.04  0.59+0.06 0.76+0.04 0.80£0.06
(mmol/L) p-value of LSD p<0.0012 p<0.001bP p<0.012, p<0.001b.c
LDL- cholesterol Mean = SD 0.49+0.02 0.78+0.04 0.56+0.07 0.51£0.05
(mmol/L) p-value of LSD p<0.0012 p<0.001bP p<0.012, p<0.001bc
Triglyceride Mean = SD 0.53+0.08 1.28+0.1 1.24+0.06 0.68+0.03
(mmol/L) p-value of LSD p<0.0012 p<0.001b p<0.001ab.c
Serum glucose Mean + SD 91.9+5.9 140.6+7.6 128.7£9.5 100.245.1
(mg/dl) p-value of LSD p<0.0012 P<0.05b p>0.05a, p< 0.001 bc
Insulin (glUaL) Mean = SD 27.3+9.1 120.1+£10.1 99.3+6.7 44.7+7.8
p-value of LSD p<0.0012 P<0.05b P<0.05a, p<0.001b'c
HOMA-IR Mean = SD 6.2£1.30 44.80+8.89 31.6+5.25 11.1+4.25
p-value of LSD p<0.0012 p<0.001b p<0.001a.b.c

a Significant versus group I.
b Significant versus group I1.
¢ Significant versus group I11.

Histopathol ogic results: Spermsare produced

in the testis and stored in the epididymis, so we
observed the morphological structure of the testic-
ular spermatogenic epithelium stained with Hema-
toxylin & eosin (HE). The control group showed
normal structure of testis with normal tubular pattern
of spermatids and spermatogonia maturation (Fig.
1A). However, in obese rat testes, the seminiferous
tubules were deformed and atrophied, decreasein

spermatogonia lining the seminiferous tubules and
interstitial compartment filled with extracellular
matrix (Fig. 1B). Moderate damage was observed
in ratstreated withconventional vitamin D3 (Fig.
1 C). Meanwhile, ratstreated with Nano vitamin D3
(Fig. 1D) exhibited nearly normal tubule diameter
andshape with nearly normal number of cellsin
each seminiferous tubule when compared with
group treated with conventional vitamin D.
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(€)

(B)

(D)

Fig. (1): Histological morphology of testis from the four groups; A: Control group, having normal structure of testis with normal
tubular pattern of spermatids and spermatogonial maturation. B: HFD-induced obese rat testes showing atrophy of
tubule with decrease in spermatoginia lining the seminiferous tubules and interstitial compartment filled with extracellular
matrix (arrow). C: Conventional vitamin. D-treated testes show intact tubular basal compartment with presence of
some spermatogonia (arrow), decrease in extracellular matrix in interstitial space. D: Nano vitaminD-treated testes
showing increase in spermatidewith nearly normal tubular pattern (H& E staining magnification x200).

Discussion

In the current study, arat model of the HFD-
induced obesitywas used to investigatetesticul ar
dysfunction as Ferramoscaet al. [7] documented
that sperm quality and function are affected by
dietary fatty acids. In addition, abdominal obesity,
dyslipidemia, insulin resistance,metabolic syn-
drome and type 2 diabetes mellitusare linked to
male infertility [38-40]. Interestingly, it has been
suggested that vitamin D synthesis declinesin
obese males and vitamin D deficiency is 35%
higher in obese individuals, its deficiency resulting
in semen quality worsening [41-43] .

The present study revealed that HFD cause
adiposity and worsened the lipid profile resulting
in dyslipidemia characterized by significant higher
levels of triglycerides, total cholesterol and LDL-
c and lower levels of HDL ¢ compared to controls.
As previously mentioned, long lasting HFD results
in altered lipid profile [44].

In our study, Nano vitamin D3 protect against
adiposity and dydlipidemiainduced by HFD asit

significantly reduced final body weights, BMI and
corrected dydlipidemia by decreasing triglycerides,
total cholesterol and LDL-c levels and elevating
HDL-c levels. These findings were in coincidence
with other studies [8,23,45] . Interestingly Nano
viitamin D3 more effectively improved the BMI
and lipid profile more than the conventional one.

The findings were in agreement with the results
of El-Sherbiny et a. [23] who implied the superiority
of Nano vitamin D3 over the conventional one as
an effective protective agent against the diet-

induced dysdlipidemia by modulating lipid metab-
olism. This Nano vitamin D3 superiority may be
explained by findings of Almajwal et al. [46] who
reported that the bioavailability and intestinal

absorption of Nano vitamin D3 were enhanced
compared to oral conventional vitamin D3. The
antiadipogenic property of vitamin D may be due
to elevation of the intracellular ionized calcium
enhancing the fat cells apoptosis via activating

sympathetic nervous system, furthermore, it aug-
ments the diet-induced thermogenesis and fat ox-

idation resulting in increasing the energy expend-
iture [47] . Moreover, it enhances the release of
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gastrointestinal hormones controlling appetite and
excretion of fecal fat [48] . In addition, it might
increase the lipolysis controlling genes at the
expense of lipogenesis controlling genes [49] . There-
fore, it was recommended that vitamin D restoration
may enhance weight loss improving many altered
metabolic markers [50].

In addition, this work showed that Nano vitamin
D3 significantly reduced the elevated fasting serum
glucose, insulin and the HOMA values compared
to the non-treated HFD group. This indicates that
Nano vitamin D3 might have arole in glycemic
control, insulin sensitivity and protection against
type 2 diabetes in comparison with the conventional
one as well. These findings are supported by the
findings of Chiu et a. [51] . Interestingly, pancreatic
B-cells have vitamin D receptors and 1- o -
hydroxylase enzymes [52]. Moreover, 1, 25(0H)2
D was found to enhance insulin gene transcription,
glucose transporter 4 upregulation, and glucose
utilization in fat cells [53].

Asregard to the testicular function parameters,
the present study revealed that HFD-induced obes-
ity resulted in asignificant decline in the values
of final testicular weight, testicular coefficient,
epidydimal sperm count, sperm motility and serum
testosterone, In accordance with other studiesex-
plaining that long lasting HFD intake could induce
apoptosis and declined sperm viability [3,54] . In
addition, semen quality is closely correlated to
BMI [4,55] . Obesity induced hormonal disorders
and metabolic dysfunction leading to altered sper-
matogenesis. Therefore, insulin resistance and
metabolic syndrome could be predicted by low
serum testosterone in men [56] . Fortunately, the
values of final testicular weight, testicular coeffi-
cient, epidydmal sperm count, sperm motility and
serum testosterone could be compensated by vita-
min D3 treatment. Our findings were supported
by the studies that found out a positive association
between serum vitamin D level and sperm motility
viaelevation of the intracellular calcium stored in
the neck of human sperms indicating that vitamin
D may share in sperm motility induction [57,58].
In contrary to our results, Jensen et al. [59] found
that serum vitamin D level was not associated with
the sperm count. However, we are in agreement
with Sood et a. [60] who documented that vitamin
D deficient and vitamin D receptors knock out
mice have declined sperm count. The enhancement
of these testicular function parameters might follow
the reductions in body weight, BMI in HFD fed
rats treated by vitamin D especially the nano par-
ticlesform. This can be supported by findings of
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Hakonsen et al. [61] who confirmed that weight
loss could recover sperm motility and count in
obese men. Interestingly, in accordance with our
findings, Tirabassiet al. [62] concluded that vitamin
D administration improves the sexual function,

they observed a dight significant rise in testosterone
levels after vitamin D administration indicating a
direct association between vitamin D and testoster-
one levels.

Further, in HFD fed rats, the accumulated fat
stimulates adipocyte to rel ease several adipokines
including TNF-a establishing a chronic inflamma-
tory state [63,64]. We found elevated testicular TNF-
o and IL-6 levelsin HFD fed rats. Moreover,
vitamin D3 diminished the elevated tissue TNF-a
and IL-6 suggesting an anti-inflammatory roleof
vitamin D. These results are consistent with other
findings [65,66] . Anti-inflammatory effect of vitamin
D may be explained by declining IL-6 and inhib-
iting the nuclear factor kB pathway [67] Vitamin
D3 nanoemulsion augmented the anti-inflammatory
effect of vitamin D.

While HFD-induced obesity resulted in asig-
nificant rise of the testicular MDA levels with a
decline of testicular GSH and SOD activities,
exogenous administration of nanoparticles of vita-
min D to these HFD-fed rats resulted in a significant
recovery of all these parameters. The pro-
inflammatory state induced by obesity resultsin
oxidative stress through whichthe mitochondria
produced reactive oxygen species (ROS) damaging
the testicular environment and alteringthe repro-
ductive functions [68] . Of note, the antioxidant
effect of vitamin D was described by Kuz'menko
et a. [69] . Furthermore, vitamin D supplementation
could up-regulate some of the testis-specific genes
in mice [70] . The present study also investigated
the effect of vitamin D on testicular histological
structures and the H& E staining showed that the
testes of untreated HFD fed ratshadreduced sperms
with apparent vacuoles, declined seminiferous
epithelium height and seminiferous tubular diameter
affecting sperms production when compared with
the testes of controls. However, all these adverse
effects were decreased with conventional vitamin
D3 intervention and nearly almost reversed by
Nano vitamin D3 treatment. Finally, we recom-
mended evaluation of vitamin D on the fertilization
capability in obese rats and comparing the preg-
nancy and abortion rates. Furthermore, more cel-
lular and molecular studies are required. In addition,
larger prospective case-controlled studies are re-
quired to clarify the effects of vitamin D on male
reproductive function in obese patients.
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Conclusion:

The present study confirmed the bad effect of
HFD-induced obesity on testicular function in rats.
In addition, we concluded for the first time that
Nano vitamin D3 improves testicular dysfunction
in obese male rats, possibly due to its beneficial
effects on body weight loss, biochemical and met-
abolic status in addition to its antioxidant and anti-
inflammatory properties. Furthermore, the superi-
ority of Nano vitamin D effect above the traditional
vitamin D support the use of nanotechnology for
vitamin D delivery as an approach in managing
and protecting against obesity-induced testicular
dysfunction and hence other therapeutic purposes.
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