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Abstract

Background and Objective: Loss of ovarian function after menopause affects bone metabolism and structure. The present study
examined the synergistic effects of Estradiol (E2) and Resveratrol (RES) on Bone Mineral Contents (BMC) and Bone Mineral Density (BMD)
and biomarkers of bone remodelling in ovariectomized rats. Materials and Methods: For this purpose, this study was conducted
on five (n = 10) groups of female Sprague Dawley rats which were classified into: (1) Sham group, (2) Ovariectomized rats (OVX),
(3) Ovariectomized then treated with resveratrol (OVX+RES), (4) Ovariectomized treated with estradiol (E2) (OVX+E2) and
(5) Ovariectomized treated with (OVX+RES+E2). After 16 weeks, we measured Bone Mineral Density (BMD), Bone Mineral Content (BMC)
were assayed in the tibia. Also, we assayed the serum levels of the bone turnover markers as deoxypyridinoline (Dpd), N-telopeptide of
type | collagen (NTxI), Alkaline Phosphatase (ALP) and osteocalcin (OC) as well as Receptor Activator of Nuclear Factor Kappa B (RANK)
and Osteoprotegerin (OPG). Results: OVX reduced both BMD, BMC, OPG, ALP, OC and increased RANK, DPD and NTXl significantly (p<0.05)
as compared to sham rats. RES or E2 corrected the hypogonadism induced osteoporosis by inhibiting osteoclastogenesis as compared
to OVXrats. RES and E2 produced comparable effects as compared to RES and E2 treated rats. Conclusion: As RES and E2 increased BMD
and BMC after ovariectomy a combination of RES and E2 might be used as a potential therapeutic for osteoporosis in the female after
menopause.
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INTRODUCTION

Menopause is known as the lasting termination of
menstruation resulting from loss and atresia of the ovarian
follicles'. The loss of ovarian activity produces a changein the
hormonal pattern, with a decrease in the levels of circulating
estrogen affecting many tissues of the body and producing a
variety of signs and symptoms3. Bilateral ovariectomy either
surgically or by drugs in rats was used for studying the effects
of ovarian hormone absence in human menopause*. This
procedure results in a rapid dramatic loss of ovarian function
rather than a gradual decline that occurs in perimenopause®.
The ovariectomized rat with female hypogonadism model
remains the most popular choice as it has been proven to
represent some of the most important clinical features of
human menopause as bone loss, cardiovascular dysfunction’,
metabolic changes® and Oxidative Stress (OS)°. Treatment of
the hot flushes and nervousness with estrogen is markedly
utilized, however, its use revealed multiple drawbacks
including increased risks of breast, endometrial and ovarian
cancers'®. Given the former risks, diverse authors suggest
alternative ways of treatment for menopausal disorders
including non-hormonal drugs, herbal remedies, minerals,
antioxidants and vitamins''.

Osteoporosis is known as a systemic skeletal disease
characterized by loss of bone mass and density with
deterioration of the micro architectural as well as a
consequent upstroke in bone fragility and susceptibility to
fracture'. According to data released by the World Health
Organization (WHO), osteoporosis affects approximately 75
million people throughout Europe, the USA and Japan'3. The
incidence of osteoporosis increases dramatically with life
expectancy. Accordingly, the risk of osteoporotic fractures and
their associated costs is rising rapidly due to population
ageing'. In the elderly, hip fractures are closely associated
with mortality'. Accumulating data have indicated that the
loss of estrogen at menopause is a major contributor to the
pathogenesis of osteoporosis because this hormone is a
principal negative regulator of osteoclast activity and
osteoclasts are the chief effector’s cells responsible for bone
resorption in osteoporosis. Osteoporosis is twice as common
in women as in men and approximately one in three women
over 50 years old experiences an osteoporotic fracture in their
lifetime’2.

Recently, it is reported that the route of action of
estrogens on bone remodelling signalling involves
osteoprotegerin (OPG), receptor activator of NF-kB (RANK) and
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RANK ligand (RANKL), identified as the major factors involved
in osteoclastogenesis. RANK is located on the surface of
mature osteoclasts and their precursors, while RANKL is a
protein that belongs to the Tumour Necrosis Factor (TNF)
family’>. The main role of RANKL is to inhibit apoptosis of
osteoclasts and stimulate the differentiation and activation
of these cells. OPG directly inhibit the binding RANKL
with RANK; thus its effects are antagonistic to the effects
of RANK™. Estrogens affect osteoclastogenesis by
regulating the production of RANKL/OPG by stromal cells and
osteoblasts’®. After menopause, bone loss arises because the
RANKL action is favoured above the OPG. The decreased
estrogen level reduces the OPG activity and improves the
RANKL activity, resulting in increased resorption and bone
loss™s7,

In recent years, the potential benefits to bone health of
the natural compound resveratrol (RES) have attracted
attention. Resveratrol is a polyphenolic phytoestrogen that
naturally occurs in the skin of red grapes, various other fruits,
peanuts and root extracts of the weed Polygonum
cuspidatum'. In vitro evidence has shown the ability of Res
to promote the survival and activity of osteoblasts and
suppress the differentiation and action of the osteoclasts
(bone-resorbing cells)?*2'. Also, in vitro RES increased the
activity of Alkaline Phosphatase (ALP) (a biomarker for
osteoblast differentiation) in a dose-dependent manner,
thus indicating its ability to stimulate differentiation of
osteoblasts®2. However, the /in vivo effect of Res is still not
well-demonstrated.

The involvement of oxidative stress in osteoporosis is of
growing interest?. Some studies demonstrated that
oxidative stress is an important mediator of bone loss in
postmenopausal osteoporosis by generating a more oxidized
bone microenvironment?*. /n vivo support of this hypothesis
is found from experiments in which OVX induces oxidative
stress and impairs bone antioxidant expression in adult rats?.
Moreover, it was reported that oxidative stress levels were
negatively associated with bone mineral density and
antioxidant levels were lower in osteoporosis patients?. In
addition, vitamin C intake showed beneficial effects in
increasing bone mineral density inwomen and, more recently,
NAC and vitamin C inhibited ovariectomized-induced bone
loss in a rodent osteoporosis model?.

Therefore, this work aimed to compare the effects of the
estrogen replacement therapy (17 B estradiol) and antioxidant
resveratrol supplements on osteoporosis in ovariectomized
rats.
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MATERIALS AND METHODS

Study area

Animals housing and diet: Fifty female Sprague-Dawley rats,
12-14-weeks-old, weighing 36510 g were purchased
from the Vaccine and Immunization Authority (Helwan, Cairo,
Egypt) and housed (Animal House, Department of Medical
Physiology, Faculty of Medicine, Mansoura University, Egypt)
under same conditions (temperature of 23+ 1°Cand a 12 hrs
light/dark cycle). The animals were allowed free access to food
and tap water. Experiments were performed according to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH publication No. 85-
23, revised 1996). All experimental procedures in this study
were approved by the Medical Research Ethics Committee of
Mansoura University, Egypt. The study was carried out in the
Department of Medical Physiology, College Of Medicine,
Mansoura University between May, 2018-December, 2019.

Experimental design: After 1 week of acclimatization to the
laboratory environment, the animals were randomly divided
into five groups of ten rats each. Group 1 (sham) included
sham-operated rats that underwent sham surgical procedure
received the vehicle (dimethyl sulfoxide) (Sigma, St. Louis, MO,
USA) daily by oral gavage for 16 weeks. Group 2 (OVX)
included OVX rats that were subjected to ovariectomy at
the beginning of the experiment through a midline incision
under ether anaesthesia and allowed to recover while
being treated with the vehicle (dimethyl sulfoxide) (Sigma, St.
Louis, MO, USA) daily by oral gavage for 16 weeks. Group 3
(OVX+E2) included OVX rats that received 17b-estradiol (E2)
(25 pg/kg/day, orally by gavage) for 16 weeks?. Group IV
(OVX+RES)included OVXrats that received RES (45 pg/kg/day,
orally by gavage)? 16 weeks. Group V (OVX+E2+RES) included
OVX rats that received E2 and RES in the same route and
doses?®?, as previously mentioned, for 16 weeks. All the drugs
were dissolved in the vehicle (dimethyl sulfoxide) (Sigma, St.
Louis, MO, USA). Treatments were initiated 4 weeks after OVX
and lasted for 16 weeks.

Sampling protocol

Blood samples: At the end of the experimental period, blood
samples were collected by cardiac puncture under diethyl
ether anaesthesia. These blood samples were collected
withoutanticoagulant, left for 10 min and then centrifuged for
10 min at 4,000 r min~" to obtain serum, which was stored at
-20°C until further biochemical analysis for determination of
serum calcium, Alkaline Phosphatase (ALP), osteocalcin, acid
phosphatase, osteoprotegerin and RANKL.
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Tissue samples: Tibias from rats of all groups were harvested.
The right tibia from each rat was stored in formalin buffer 10%
for dual-energy X-ray absorptiometry (DEXA). Bone mineral
density (BMD) and bone mineral content (BMC) of each tibia
were measured by DEXA using Norland XR-46, version
3.9.6/2.3.1instrument (Norland X-R-46 version 3.9.6, Peachtree
City, GA, USA) equipped with dedicated software for small
animal measurements. The other tibia from each rat was
stored in liquid nitrogen for gene expression of RANKL and
osteoprotegerin.

Image analysis procedure: Tibia from each rat was embedded
in paraffin sections and was stained with hematoxylin and
eosin for image analysis technique as following, Slides were
photographed using an Olympus® digital camera installed on
the Olympus® microscope with 1/2 X photo adaptor, using a
40X objective. It is made in Vietham. The resulting images
were saved as TIFF files to be analyzed with Intel® Core I3®
based computer using Video Test Morphology® software
(Russia) with a specific built-in routine for length and area
fraction measurement.

Cortical bone thickness was measured by a freehand line
tool which is calibrated against a micrometre slide
photographed under the same conditions.

The trabecular bone area was manually extracted with the
aid of a genius® G-Pen F509® tablet. The total area of the
extracted trabecular bone was measured. Then the empty
areas were subtracted according to colourvariation and the
area was measured again. Area fraction was calculated in
percentage. Mean Cortical Bone Thickness (CBT) (um) and
mean trabecular bone density (TBD) (%) were obtained by
measuring 5 fields/slide from 5 slides for each rat. The reading
of each animal was considered as one variable.

Serum total calcium (25) and
alkaline phosphatase (ALP) activity (26) were measured by
colorimetric method (Chemroy, Biochemical Trade, Inc. USA)
in Beckman Coulter DU-70 spectrophotometer (Beckman
Coulter Inc., CA, USA). and osteoprotegerin (OPG), Tartrate-
resistant acid Phosphatase 5b, Cross-linked N-Telopeptide of
type 1 collagen (NTXI), osteocalcin (OC), Deoxypyridinoline
(DPD) and Receptor Activator Of Nuclear Factor Kappa B
(RANk) were determined using rat specific ELISA kits (Cat.
No. MBS2700368, Cat. No. MBS27101236, Cat. No.
MBS2702692; Cat. No. MBS2700254, Cat. No. MBS2701838,
Cat. No. MBS2506789 and Cat. No. MBS2704130,
respectively) (MyBioSource, CA, USA). All samples were
analyzed for n 10 rats per group and as per the
manufacturer’s instructions.

Serum measurements:
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Estimation of tibial bone oxidative and anti-oxidative
parameters: The tibia was cleaned from surrounding soft
tissue and specimens were removed, weighed, crushed and
homogenized in cool distilled water and then centrifuged at
3000 r.p.m. the supernatant was kept at -80°C until used for
the analysis of MDA, GSH, CAT and SOD using a colorimetric kit
(Bio-Diagnostics, Dokki, Giza, Egypt) according to the
manufacturer’s instructions.

Statistical analysis: Statistical analysis for all measured
parameters was done using GraphPad Prism statistical
software package (Version 8/Australia). Normality was tested
using the Kolmogorov-Smirnov test. Differences among the
experimental groups were assessed by the Kruskal-Wallis
non-parametric analysis. Data were presented as Mean=+SD.
Values will be considered significantly different when
p =0.05.

RESULTS

Resveratrol and estradiol increased BMD and BMC in
ovariectomized rats: As depicted in Fig. 1a-b, female
hypogonadism by ovariectomy decreased both BMD and BMC
significantly (p<0.01) as compared to the sham group. In
response the oral intake of RES, E2 and both of them
significantly (p<0.01) increased the BMD and BMC as
compared to the ovariectomized rats. RES increased both BMD
and BMC respectively. While E2 increased both BMCand BMD.
Administration of both them increased BMC and BMD to a
value non-comparable from the sham rats.
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Resveratrol and estradiol increased both cortical and
trabecular bone thickness in ovariectomized rats: As
depicted in Fig. 2a-b, surgical ovariectomy decreased the CBT
and TBD significantly (p<0.01) by 36 and 43% as compared to
the sham group. Oral intake of RES increased CBT and TBD
significantly (p<0.05) by 17 and 15%, respectively. However,
there was a significant (p<0.05) increase in both CBT and TBD
as compared to OVXand OVX+RES. Both RES and E2 increased
both CBT and TBD significantly as compared to OVX, OVX+RES
and OVX+E2 and insignificant to sham rats.

Resveratrol and estradiol increased OPG and decreased
RANK: As depicted from Fig. 3a-b, the ovariectomized rats
showed a significant increase in RANK (p<0.001) with
decreased OPG of 59% (p<0.05). However, RES and E2 either
separated or in combination increased the inhibitor of bone
resorption OPG significantly (p<0.01) and decreased
significantly (p<0.01) the bone resorption marker (RANK)
compared to OVX rats. Interestingly, RES and E2 produced
incomparable changes (p>0.05) to the sham group.

RES and E2 decreases circulatorylevels of DPD, TRAP 5b and
NTXI: As depicted from Fig. 4a-c, the bone resorption markers
(DPD, TRAP 5b and NTXI) increased significantly (p<0.01) in
OVX rats as compared to sham rats. E2 or RES decreased DPD,
TRAP 5b and NTXI significantly (p<0.05) as compared to OVX
rats. In addition, treatment of female hypogonadism with
combined E2 and RES significantly decreased (p<0.05) and
even normalized the bone resorption markers as compared to
the other studied groups.
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Fig. 1(a-b): Effect of ovariectomy, resveratrol and estradiol treatment on bone mineral density (BMD) and bone mineral

content (BMC)

Data were expressed as mean=SD of 10 rats. *p<0.05 versus sham, #p<0.05 versus OVX, A: p<0.05 versus OVX+RES, y: p<0.05 versus OVX+E2.

OVX: Ovariectomized, RES: Resveratrol and E2: Estradiol
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Fig. 2(a-b): Effect of ovariectomy, resveratrol and estradiol treatment on cortical bone thickness (CBT) and trabecular bone

density (TBD)

Data were expressed as Mean=+SD of 10 rats. *p<0.05 versus sham, “p<0.05 versus OVX, A: p<0.05 versus OVX+RES, y; p<0.05 versus OVX+E2. OVX:

Ovariectomized, RES: Resveratrol and E2: Estradiol
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Fig. 3(a-b): Effect of ovariectomy, resveratrol and estradiol treatment on serum level of OPG and RANK

Data were expressed as Mean®SD of 10 rats. *p<0.05 versus sham, #p<0.05 versus OVX, A: p<0.05 versus OVX+RES, y: p<0.05 versus OVX+E2.
OVX: Ovariectomized, RES: Resveratrol and E2: Estradiol, OPG: Osteoprotegerin, RANK: Receptor activator of nuclear factor kappa B

Resveratrol and estradiolincreases OCand ALP: As depicted
from Fig. 5a-b, the bone formation markers were reduced
significantly (p<0.05) in OVX rats as compared to sham rats. In
response to E2 or RES, the serum level of OC and ALP
increased significantly (p<0.05) versus the ORX rats. E2 and
RES normalized the levels of OC and ALP and increased
significantly (p<0.05) as compared to OVX, OVX+E2 and
OVX+RES.

Resveratrol and estradiol ameliorated the oxidative stress
parameters: As depicted from Table 1, OVX decreased the
levels of the antioxidant enzymes [SOD from 54.14%3.14-
27.14%+2.51 Ug'tissue, CAT from 0.52%+0.02-0.27£0.0U g™
tissue and GSH from 6.42£0.12-5.75£0.19 mg g~'] tissue
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significantly, (p<0.05) and increased MDA [from 8.21%£0.14-
11.34£0.16 nmol g~' tissue] significantly (p<0.05) as
compared to sham rats. Administration of Res or E2 increased
the antioxidant enzymes significantly (p<0.05) and decreased
MDA significantly (p<0.05) as compared to OVX rats. In
addition, combined treatment of the ovariectomized rats with
Res and E2 normalized the level of the antioxidant enzymes
and decreased MDA as compared to sham rats.

Correlations between different studied parameters: As
depicted from Fig. 6a-b there was a negative correlation
between serum OPG level and MDA (r = -0.9177; p<0.001),
while there was a positive correlation between serum RANKL
and MDA (r = 0.9580; p<0.001).



Serum deoxypyridinoline DPD (ng mL™")

[}
[=3
(=]

—_
W
=}

—_
(=3
(=)

w
(=]

()

Serum N-telopeptide of type I collagen
(NTX) (ng mL™")

Int. J. Pharmacol, 17 (4): 217-228 2027

[9%)
f=}

7®

553
(=}
1

—_
(=}
1

#Ay,

Serum tartrate-resistant acid phosphatase
5b (ng mL™")
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Data were expressed as Mean®SD of 10 rats. *p<0.05 versus sham, #p<0.05 versus OVX, A: p<0.05 versus OVX+RES, y: p<0.05 versus OVX+E2.
OVX:Ovariectomized, RES: Resveratrol and E2: Estradiol, Dpd: Deoxypyridinoline, NTXI: N-telopeptide of type | collagen, TRAP-5b: Tartrate-resistant acid
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Fig. 5(a-b): Effect of ovariectomy, resveratrol and estradiol treatment on serum level of bone formation markers (OC and ALP)
Data were expressed as Mean=SD of 10 rats. *p<0.05 versus sham, *p<0.05 versus OVX, A: p<0.05 versus OVX+RES, y; p<0.05 versus OVX+E2. OVX:
Ovariectomized, RES: Resveratrol and E2: Estradiol, OC: Osteocalcin, ALP: Alkaline phosphatase
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OPG: Osteoprotegerin, RANK: Receptor activator of nuclear factor kappa B
Table 1: Effect of 17 B estradiol and resveratrol on MDA, GSH, SOD and CAT in the tibia of OVX rats
Parameter Sham OovX OVX+RES OVX+E2 OVX+E2+RES
MDA (nmol g~ tissue) 8.21%0.14 11.34%+0.16* 9.61+0.12% 9.87+0.13% 8.55+0.24%
GSH (mg g~ tissue) 6.42%0.12 415%x0.11* 5.75+0.19% 5.62+0.18* 6.22+0.17%
SOD (U g~'tissue) 54.14%+3.14 2714251 38.14+2.61% 36.14+2.43% 49.21+291%
CAT (U g~ tissue) 0.52%0.02 0.27%0.02* 0.391+0.02%# 0.36+0.02%# 0.47+0.02%

Effect of ovariectomy, resveratrol and estradiol treatment on, MDA: Malondialdehyde, GSH: Glutathione, SOD: Superoxide dismutase and CAT: Catalase. Data
were expressed as Mean=®SD of 10 rats. *p<0.05 versus sham, #p<0.05 versus OVX, A: p<0.05 versus OVX+RES, x: p<0.05 versus OVX+E2. OVX: Ovariectomized,

RES: Resveratrol and E2: Estradiol

DISCUSSION

The salient findings of our study showed that female
hypogonadism induced in rats by the bilateral OVX protocol
decreased the estrogen levels, reduced BMD and BMC the
tibia of rats and increased serum levels of major markers
osteoporosis, namely, RANKL, osteocalcin, acid phosphatase.
These findings were also associated with a concomitant
reductionin serum levels of OPG. Additionally, the antioxidant
enzymes decreased significantly with the significant increase
in the MDA.

However, RES and E2 co-treatment significantly
attenuated the loss in BMD and BMC and alleviated all other
biochemical alterations induced by OVX.

Bone remodelling is continuing through adult life and is
regulated by the balance between osteoclasts and osteoblasts
activity. As a result of low estrogen level, it is markedly
prevalent after menopause, thus making such patients
susceptible to bone fracture. The major sits for bone fractures
are the vertebrae, hips and wrist®. For those with hip fracture,
there is overall mortality of up to 33%3'. Many are unable to
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walk independently at one year®2. Menopause and reduced
circulatory sex hormone levels are major treatable causes of
osteoporosisin women.Indeed, itis currently well-established
that the incidence of osteoporosis in women is indirectly
correlated to the reduction in circulating estrogens334,
Nevertheless, locally produced and circulating sex steroid
hormones can module bone formation due to the presence of
aromatase, estrogen and androgen receptors.

The possible negative impact of estrogen deficiency on
BMD and BMC was also confirmed in this rat’s study. Herein,
we are showing a significant reduction in the BMD and BMCin
thetibia of OVX-induced rats. These findings are in agreement
with the studies of Scopacasa et a/*® who have shown a
positive correlation with serum levels of estrogen and BMD.
Supporting our data is also the finding that hip fracture
incidence is increased in hypogonadal aged women.

On the other hand, the bone is continuously remodelled
by bone resorption and formation mediated by both the
osteoclasts and osteoblasts respectively?’. The delicate
balance between the activity of osteoblasts and osteoclasts
determines skeletal integrity®®. Osteoblasts normally secrets
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RANK which acts through special receptors to suppress
osteoclast apoptotic and stimulates the differentiation of the
hematopoietic stem cells into mature osteoclasts®’. OPGis the
natural inhibitor of RNAK that inhibits osteoclastogenesis®,.
Nonetheless, Osteocalcin is released from mature
osteoblastsand hypertrophic chondrocytes to stimulate bone
mineralization BMD3°. However, ALP is considered a valid
marker for the activation of osteoblasts*®. Also, TRAP 5b,
secreted from the active osteoclasts, as we all NTX| and DPD
which are released due to collagen degradation, are novel
markers of bone resorption and low BMD*'42,

To explain the decrease in BMD and BMC after OVX, we
have evaluated the activities of the osteoblasts and osteoclasts
by measuring the above-mentioned markers. In this study, the
induction of menopause by ORX significantly increased
serum levels of TRAP 5b, NIXI, DPD and RANK levels and
concomitantly suppressed those of OPG and ALP, thus
confirming a state of osteoclastogenesis and bone loss, in
absence of estrogen. Based on these observations, we can
strongly argue that estrogen deficiency is associated with
increased osteoclasts activity and bone loss. These results are
supported the available /in vitro evidence which has shown
that estrogen inhibits the activity of isolated osteoclasts®.
Also, it supports the findings of others who have
demonstrated that the late-onset of female hypogonadism is
associated with enhanced RANK activity*#. In line with these
findings, previous studies reported a significant increase in
serum level of RANKL in the femur of ovariectomized rats*.
Furthermore, several other studies have shown that the
urinary execration rates of DPD and NTXI are increased in
patients who have low levels of testosterone and estrogen
without any replacement therapy®.

Moreover, in the present study, we found that E2 alone or
in combination with RES caused a significant rise in the
serum level of OPG with a significant decrease in RANK
suggesting that E2 could inhibit the bone resorption and
osteoclastogenesis via targeting the RANK/OPG signalling
pathway. Studies performed on animal models of estrogen
deficiency showed that knockout of both the a-estrogen
receptor and the aromatase gene in mice leads to lower BMD
than in wild-type mice. This is similar to what happens when
aromatase inhibitors are used in rodents*. In agreement with
these findings, Wu et a/* found that inhibition of RANK
ameliorates bone resorption in OVX rats.

On the other hand, the novelist finding reported here
is the protective effect of Res combined with E2 on bone
resorption and stimulation of bone formation in OVX
rats.
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The markers of bone remodelling are secreted from the
bone matrix or bone cells are grouped into 2 categories; bone
resorption markers such as C- or N-terminal telopeptide of
type | collagen (CTX or NTX) and pyridinolines that promote
the bone breakdown and bone-forming markers such as
procollagen type | N-terminal propeptide (PINP), alkaline
phosphatase (ALP), bone-specific alkaline phosphatase, or
osteocalcin that help in bone formation. So, in the current
research, we measured the effect of E2 and RES on the bone
resorption biomarkers including DPD, NTXI and TRAP-5b
and bone-forming biomarkers including OC and ALP in
ovariectomized rats. So, in the current study, we found a
significant rise in the bone resorption biomarkers with a
significantincrease in bone resorption biomarkers. Following
these findings, Sims et a/>° found a systemic increase in bone
resorption markers at 6 days post ovariectomy. Furthermore,
this was confirmed by other studies by Yoon et a/>'.

Tartrate-resistant Acid Phosphatase (TRACP) is a bone-
resorbing biomarker that is expressed in activated
macrophages, dendritic cells and osteoclasts®. Serum
TRACP5bis produced from bone-resorbing osteoclasts and its
assay reflects the occurrence of bone resorption in multiple
systemic diseases that influence bone turnover33. Also, it has
been confirmed that serum N-telopeptide of type | collagen
(NTXI) is a subtle indicator for bone resorption®. Also, NTXI
excreted urine after bone resorption and
considered as urinary markers of bone resorption>>. Moreover,
Deoxypyridinoline (DPD) is released into the blood as a result
of collagen decomposition during bone turnover and
considered as a specific marker of bone resorption?®.

Accordingly, we are showing that chronic administration
of RES significantly improved values of BMD and BMC in the
tibia with the attenuation of all osteoporosis markers (NIXI,
TRAP 5b and DPD). However, the mechanism of protection
involves increasing circulatory levels of osteocalcin, OPG and
ALP.Similarto ourdata, RES inhibited osteoclastogenesisin an
ovariectomized (OVX) rat model of osteoporosis by decreasing
RANKL and TRAP 5b and increasing OPG®”. This effect could be
explained by the phytoestrogen nature of Res and its
biological activity including anti-apoptotic, antioxidant and
anti-inflammatory properties as discussed below.

Additionally, In both men and women, Estrogen is the
best-known hormone that regulates bone metabolism in
women and men during growth by inhibition of bone
remodelling and resorption, increasing the thickening of bone
cortices (i.e.,, maintain BMD) and preventing bone loss>¢. The
molecular mechanisms by which estrogen stimulates bone
formation are described in excellent reviews and involve, at

is in
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least, suppression of osteoblast oxidative stress, inflammation
and apoptosis, as well as activating Src/Shc/ERK signalling
pathway®®. E2 replacement to the ovariectomized rats
increased the BMC and BMD, with the significant increase in
OPG as well bone formation markers ALP and OC. The effects
of E2 were significantly non-comparable to RES. On the other
hand, it reduced the circulating level of RANK, NIXI, TRAP 5b
and DPD. In agreement with our results, previous studies
concluded that E2 directly, but only partially, curtails human
osteoclast formation®. Moreover, Garcia Palacios et a/®,
demonstrated that estrogen inhibits osteoclast precursor
differentiation and may protect bone by reducing osteoclast
production.

Interestingly, the Addition of RES to E2 produced
significant comparable effects versus the groups treated either
by RES and E2. So, we can consider that both RES and E2
produced synergistic effects on bone. To the best of our
knowledge, we are the first to investigate the combination of
E2 and RES on bone health. This might help to add RES and
reduce the E2 dose as well as the side effects arising from it
like ovarian cancer or adenocarcinoma of the breast in female
complaining from osteoporosis.

In general, bone oxidative stress and inflammation are
highly associated with osteoporosis. high levels of reactive
oxygen species negatively affect bone formation and
remodelling by suppressing the proliferation and
differentiation of mesenchymal stem cells into osteoblasts and
increase the proliferation and activity of osteoblasts®'4. An
increase in systemic and bone reactive oxygen species is
increased with ageing and testosterone administrations
attenuated this in aged mice®.

On the other hand, RES is a potent estrogen agonist
(phytoestrogens)®. Low circulating testosterone in
orchiectomies male animals is associated with a reduction in
locally produced estradiol which negatively affects the BMD
and BMC3. Therefore, at this stage and in addition to its
potentantioxidant and anti-inflammatory potentials, we could
assume that Res stimulated bone formation and suppressed
bone resorption by antagonizing estrogen which has a
direct effect on bone and exerting antioxidants and
anti-inflammatory effects. However, one limitation still exists
here is that we couldn't measure levels of circulatory
estrogen and levels of ROS, antioxidants and inflammatory
markers in the different cell populations including osteoclast,
osteoclast and mesenchymal stem cells to confirm these
hypotheses. This requires further attention to ion future
studies.
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In the present, the bone antioxidant enzymes decreased
significantly with increased MDA in ORX rats. Following our
data, previous studies showed that ORX and estrogen
deficiency is associated with bone oxidative stress,
inflammation and apoptosis in the bony tissues mediated by
anincrease in the generation of reactive oxygen species (ROS),
suppression of endogenous antioxidants and activation of
nuclear factor kappa-beta (NF-kB), which are associated with
bone loss, activation of osteoclasts and inhibition of
osteoblasts ENREF64%. Interestingly, the administration of
the antioxidant, Pyrrologuinoline Quinone (PQQ) significantly
attenuated oxidative stress and inflammation in ORCD-
induced rats and significantly increased bone osteoblastic
bone formation and inhibited osteoclastic bone resorptions*.

The antioxidant and anti-inflammatory effect of RES is
well reported in different organs and under various
conditions'', Indeed, RES has been suggested as an effective
therapy to suppress osteoporosis by inhibiting the production
of ROS production in bone mesenchymal stem cells through
activation of AMPK®. In addition, RES suppressed osteoporosis
in ovariectomized (OVX) rat model and H,O,-induced oxidative
cell injury model in RAW 264.7 cells by attenuating RES
through upregulation of FOXO-1. In the same line, Res
prevented bone loss during mechanical unloading by
improving total antioxidant potentials.

CONCLUSION

In conclusion, our data suggest that chronic
administration of RES to OVX rats increased BMD and BMC
by increasing osteoblastic bone formation and inhibiting
osteoclastic bone resorption. This will through a beam of
light on the use of resveratrol with estradiol to reverse the
osteoporosis induced after menopause.

SIGNIFICANCE STATEMENT

This studies that resveratrol alone or in combination with
estradiol could be beneficial in the maintenance of the bone
mass and architecture after menopause. This study will help
the researcher to reveal the several mechanisms played by
resveratrol to modulate the balance between osteoblasts and
osteoclasts as well as the role of the circulating cytokines.
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