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ABSTRACT vegetables are associated with reduced risk of bone fracture and/or ensuing
Background: The necessity for development of antiosteoporotic drug osteoporosis.

is receiving increased attention because of high mortality and morbidity
rates arising globally. The natural herbal-based compounds such as
fucoxanthin possessed greater therapeutic potentials in biomedical
field. Objective: We planned to investigate the therapeutic effect of
fucoxanthin on ovariectomy-stimulated osteoporosis in experimental
rats. Hence, the study is conducted to evaluate the protective effect of
fucoxanthin against ovariectomy-induced osteoporosis in female Sprague
Dawley (SD) rats. Materials and Methods: Healthy adult female SD
rats weighing about 230-245 g were randomized into four groups of six
animals each. Group | served as sham-operated control. Group Il served
as model (ovariectomized [OVX]) rats. OVX rats were administered with
fucoxanthin at a dose of 20 mg/kg and 40 mg/kg orally for 16 weeks which
served as Group Il and Group IV, respectively. Results: A significant
increase in body weight and decrease in uterine index was observed in OVX
rats, whereas treatment with fucoxanthin substantially reverted the body
weight and uterine mass. Bone turnover markers (Ca, P and osteocalcin), Group Il
levels of estrogen and 1,25-dihydroxycholecalciferol 1,25(OH)2D3,
osteoprotegerin and receptor activator of nuclear factorxB ligand, and  Abbreviations used: = OVX:  Ovariectomized; = E2:  Estrogen;
inflammatory markers were reverted back to a significant extent by = OPG: Osteoprotegerin; RANKL: Receptor activator of nuclear factorkB
treatment with fucoxanthin. The biomechanical stability of bones was  ligand; ERT: Estrogen replacement therapy.
significantly increased with administration of fucoxanthin. The findings

were also substantiated by histopathological analysis. Conclusion: Based

on the outcome of the results, it can be concluded that fucoxanthin showed

better protection against osteoporosis by improving bone mineral content

and bone density in addition to biomechanical parameters. Correspondence:
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unnoticeably until advanced stage but with complex pathophysiology. China.

e Fucoxanthin is a marine carotenoid, where numerous studies have reported E-mail: drxj1018@sina.com
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INTRODUCTION postmenopausal and elderly women.*!” Unfortunately, long-term usage
of HRT results in undesirable side effects, and it predisposes users to risk

Osteoporosis is a multifactorial and chronic disease of bone which ¢ developing ovarian, breast, and endometrial cancers."!! Maintaining

progresses unnoticeably until advanced stage but with complex
pathophysiology.? It is mainly characterized by decreased bone density
and mass which eventually results in increased fracture and fragility of  This is an open access journal, and articles are distributed under the terms of the

bones.?>? It is one of the major health problems of concern with higher Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the identical terms.

incidence rate among postmenopausal and elderly women./’ Menopause in
those women is associated with increased risk of osteoporosis which occurs
as a result of imbalance between the osteoclast formation and resorption  For reprints contact: reprints @medknow.com

capacity of bones due to loss of estrogen (E2).”! Decreased E2 acts as an

effective initiator of loss of bone density and ensuing osteoporosis.'*! Cite this article as: Guo L, Dang M, Song Q, Zhang W, Li B. Protective
Estrogen replacement therapy (ERT) or hormone replacement effect of fucoxanthin on ovariectomy-induced osteoporosis in rats. Phcog Mag
therapy (HRT) has been proven to be beneficial in preventing bone loss in 2020;16:242-9.
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standard levels of calcium (Ca) and Vitamin D helps in prevention of
osteoporosis. In addition to this, regular exercise, avoiding smoking, and
caffeine and alcohol intake also act as preventive actions from developing
osteoporosis.?! Adequate intake of nutrients in diet along with necessary
Ca and Vitamin D helps in minimizing bone loss and density."*""*! Loss
of bone in postmenopausal women arises mainly as a result of oxidative
stress which occurs from overproduction of free radicals and altered or
lowered action of antioxidants and ensuing inflammation. Oxidative
stress increases bone differentiation and osteoclastic function of bones,
thus resulting in loss of bones.!¢18]

At present, osteoporosis has developed as a major threat to humankind
and it results in lack or reduced physical activity, quality of life is lowered,
and mortality rate increased devastatingly.”’ Almost nearly 200 million
people are affected." Increased aging population and poor life quality
worldwide have increased the risk of osteoporosis in those populations. !
Thus, osteoporosis results in overall socioeconomic burden, increased
mortality, and fractures.?’! However, pathological events that lead to
the development of osteoporosis are poorly elucidated. Therapeutic
regimens available for osteoporosis include HRT, modulation of E2
receptor, Vitamin D, and mineral supplementation in addition to various
antiosteoporotic drugs.”! Apart from this, the ovariectomy procedure
was performed to women globally to maintain the homeostatic balance
between bone resorption and formation. However, the methodologies
adopted for treating osteoporosis is reported with adverse side effects such
as bone or muscle pain, nausea, difficulty in swallowing, and heartburn.*!

Thus, effective treatment strategies including intake of healthy
nutrients in diet and proper physical activity might reduce the risk of
osteoporosis.?*?! Therefore, further investigation is needed to find
alternative approaches that might minimize the osteoporotic bone
loss. In such scenario, treatment using nonhormonal methodologies or
compounds derived from natural products might be of great importance
in preventing osteoporosis.?

Fucoxanthin is one such marine carotenoid which is extracted from
brown seaweeds. Fucoxanthin has attracted attention because of its wide
range of beneficial properties which include its antioxidant, anticancer,
antidiabetic,  cardioprotective, anti-inflammatory, anti-malarial,
hepatoprotective, and its protective effects in brain, bones, eyes, and
skin.”””? Bone resorption, suppressed osteoclast formation, and apoptosis
in in vitro have been reported.”®*! Fucoxanthin has been reported to
be safe for animal consumption which makes it a promising medicinal
agent for treating wide range of pathologies.?**!) In view of this, the
present study assessed the efficacy and mechanism of fucoxanthin action
using ovariectomy-induced osteoporotic rats.

MATERIALS AND METHODS

Healthy female Sprague Dawley rats weighing about 230-245 g were
used in this study. The animals were purchased and maintained under
standard animal house conditions in air-conditioned environment
with adequate light. The rats were fed with commercially procured
standard pellet diet and allowed free access to water throughout the
experimental period. The experiments were carried out according to
the guidelines approved by the Institutional Animal Ethical Committee
(Approval number: 2019-1016).

The rats used for the experimental study were randomized into four
groups of six animals each. Group I was sham (SHAM) which were fed
with standard pellet diet. Group II rats were ovariectomized (OVX)
and maintained for 3 weeks after operative procedure. Group III rats
were OVX and administered fucoxanthin (20 mg/kg body weight)
orally for 16 weeks. Group IV rats were OVX and administered
fucoxanthin (40 mg/kg body weight) for 16 weeks.
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After the end of the treatment period, the animals were anesthetized
with ketamine inhalation and sacrificed, and blood was collected by
cardiac puncture for biochemical analysis. The body weight of all the
rats was measured from day 0 till the final day of the experiment, and the
alterations in their weight gain were calculated. The uteri were isolated
and measured at the end of the experimental period.

The uterine horns were dissected following anesthesia and weighed.
Following centrifugation, serum was obtained and maintained at —80°C
for further analysis. Femurs were also dissected from all experimental
groups and wrapped in cotton gauze soaked in saline and stored at —20°C
for biomechanical examination.

Ovariectomy procedure

Either rat was anesthetized and bilateral ovariectomy procedure was
performed by making incisions dorsolaterally using scissors under ketamine
anesthesia. The dorsal muscles and the skin of the rats were cut, and the fat
tissues around the ovary were removed. The junction between the uterine
horn and fallopian tubes was clamped, and the cut was made to remove the
ovary. After the removal of ovary, the skin was closed by suture. The method
of ovariectomy was carried out as described previously.*” In SHAM control
rats, the procedure was performed, but the ovaries were exposed.

Assessment of serum concentration of
inflammatory markers, bone turnover markers,
estrogen, 1,25-dihydroxycholecalciferol,
osteoprotegerin, and receptor activator of nuclear
factor-xB ligand

Concentration of inflammatory markers such as interleukin-6 (IL-6),
tumor necrosis factor-ot (TNF-ot), and IL-1f and bone turnover
marker osteocalcin (OC) and the levels of E2 and 1,25(OH)2D3)
osteoprotegerin (OPG),"**! and receptor activator of nuclear factor-xB
ligand (RANKL)®" in serum sample were assayed using ELISA
kits (Thermo Fisher Scientific Inc., MA, USA), and the procedure was
performed according to the protocol given by the supplier.

Blood samples collected by cardiac puncture were left to clot for about
10 min. Then, the serum was collected by centrifuging blood for 5 min
at 12000 rpm. Serum Ca and phosphorus (P) concentrations were
determined colorimetrically using specific diagnostic kits (Thermo
Fisher Scientific Inc., MA, USA), and the absorbance was measured
spectrophotometrically.?>3¢!

Assessment of bone mineral content and bone
mineral density

Bone mineral content (BMC) and mineral density of the bones (BMD)
of the left femur of control and OVX rats were measured at the end of
the experimental period using lunar prodigy advance dual-energy X-ray
absorptiometry which is equipped with specific software for assessing
bone density in rats.*”! The results were represented as g and g/cm?

Biomechanical examination of femur (bending test)

The femurs which were stored at —20°C were thawed and brought to room
temperature to examine the biomechanical stability using MTS 858 Mini
Bionix testing machine. The procedure was performed as instructed
by the manufacturer. The length and diameter of the femur were
calculated before testing by caliper. The biomechanical stability of the
femur was determined at a rate of 2 mm/min and the load-deformation
curve calculated.® Calculating the load-deformation curve helps in
determining the energy absorption, stiffness, young modulus, and
maximum load and stress.
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Histopathological examination of femur

The sections of femur were excised and fixed in phosphate-buffered
formaldehyde solution for 24 h and then decalcified for 3 weeks in
formic acid. The tissues were cut using a microtome longitudinally at
5 um and stained with hematoxylin and eosin (H and E) for histological
examination.®

Statistical analysis

The data were represented as mean + standard deviation. Comparisons
between the groups were made statistically using one-way analysis
of variance, and the intercomparison between the groups was made
using least significant difference method. Statistical analysis was done
with SPSS software (version 21 (SPSS Inc., Chicago, IL, USA)) which was
used for data processing, and the level of significance was represented as
P <0.05.

RESULTS

Effect of fucoxanthin on body weight and uterine
index of sham-operated control and experimental
rats

The body weight analysis of control and experimental animals revealed
that OVX rats have gained more body weight than the sham-operated
control animals [Figure la]. OVX rats treated with fucoxanthin at
20 mg/kg and 40 mg/kg showed a significant (P < 0.05) decrease in body
weight in comparison to that of untreated Group II OVX rats. Figure 1b
portrays the uterine index of control and OVX experimental rats.
Ovariectomy in rats resulted in a significant decrease in uterine index
than the sham control rats (Group I). Fucoxanthin-administered OVX
rats displayed an increase in uterine weight than OVX rats.

Effect of fucoxanthin on serum concentration

of inflammatory markers, bone turnover
markers, estrogen, 1,25-dihydroxycholecalciferol
(1,25(0H),D,), osteoprotegerin, and receptor
activator of nuclear factor-«xB ligand

The concentration of IL-6, TNF-o, and IL-1P in serum were increased
concomitantly in the OVX-induced group (Group II) when compared
to sham-operated control rats [Figure 2]. However, intervention with
fucoxanthin was downregulated the expression of pro-inflammatory
cytokines in Group IITand Group IV animals to a significant extent (P < 0.05)
as compared to OVX Group II animals in a dose-dependent manner.

The results of serum bone turnover markers in control and
OVX-induced experimental animals are represented in Figure 3. The
results indicated that the levels of OC were increased to a significant
level in OVX rats when compared to sham control animals. OVX rats
which were supplemented with fucoxanthin (20 mg/kg and 40 mg/kg) in
a dose-dependent manner markedly reduced the levels of OC in serum
of Group IIT and Group IV rats when compared to Group II. In contrast,
serum levels of Ca and P were found to be lowered in OVX rats than
control animals. Ca and P levels were upregulated by supplementation
of fucoxanthin to OVX rats, which are represented in Group III and
Group IV rats.

The serum levels of E2 and 1,25(OH),D; in different groups of rats were
represented in Table 1. The findings indicated that the serum levels of E2
and 1,25(0OH),D, in OVX rats were increased to a marked level compared
to sham-operated control animals. OVX animals treated with fucoxanthin
showed a significant improvement in serum levels of E2 and 1,25(OH),D,
in Group III and Group IV animals. Interestingly, fucoxanthin treatment has
increased the levels of E2 and 1,25(0OH),D, in a dose-dependent manner.

Osteoporotic OVX rats (Group II) displayed a noticeable elevation
in the levels of RANKL, whereas OPG levels were lowered in serum
with respect to Group I animals [Figure 4]. Oral supplementation
of fucoxanthin (20 and 40 mg/kg) to OVX rats portrayed a marked
reduction in RANKL and increase in OPG levels (Groups III and IV),
respectively, when compared to Group II.

Effect of fucoxanthin on bone mineral content and
bone mineral density

BMC and BMD of sham-operated control and experimental animals
are represented in Figure 5. Ovariectomy significantly decreased the
BMC and BMD in Group II animals compared to the sham control

Table 1: Effect of fucoxanthin on the serum levels of E2 and 1,25(0H),D, of
sham-operated control and experimental animals

Group E2 (ng/L) 1,25(OH)2D3 (ng/ml)
Group I 346.94 0.833333
Group II 576.89* 2.763333%
Group IIT 473.6633* 1.836667*
Group IV 398.9633* 1.11*

Values are expressed as mean+SD for six animals in each group. “Control versus
other groups; *Group 2 versus Group 3, 4, and 5. Values are statistically significant
at the level of P<0.05. Group I: Control animals; Group II: Ovariectomy-induced
animals; Group III: Ovariectomy-induced and 20 mg/kg of fucoxanthin-treated
animals; Group IV: Ovariectomy-induced and 40 mg/kg of fucoxanthin-treated
animals; SD: Standard deviation; E2: Estrogen
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Figure 1: Effect of fucoxanthin on body weight (a) and uterus index (b) of sham-operated control and experimental animals. Values are expressed as
mean + standard deviation for six animals in each group. *Control versus other groups, *Group Il versus Group Il and IV. Values are statistically significant at

the level of P < 0.05
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Figure 2: Effect of fucoxanthin on the concentration of serum levels
of inflammatory markers in sham-operated control and experimental
animals. Values are expressed as mean * standard deviation for six
animals in each group. #*Control versus other groups, *Group Il versus
Groups Ill and IV. Values are statistically significant at the level of P < 0.05
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Figure 4: Effect of fucoxanthin on osteoprotegerin and receptor activator
of nuclear factor-«B ligand levels in the serum of sham-operated control
and experimental animals. Values are expressed as mean * standard
deviation for six animals in each group. *Control versus other groups,
*Group Il vs. Groups Ill and IV. Values are statistically significant at the level
of P< 0.05

group (Group I). Fucoxanthin administration to OVX rats resulted in a
marked increase (P < 0.05) in BMC and BMD in Group I1I and Group IV
animals. Treatment with fucoxanthin to OVX rats improved BMC and
BMD in a dose-dependent manner.

Effect of fucoxanthin on biomechanical parameters

of control and experimental animals

Table 2 illustrates the potent efficacy of fucoxanthin on biomechanical
parameters (bending test) in left femur diaphysis of control and
experimental animals. The levels of all biomechanical parameters such as
energy absorption, maximum load and stress, and stiffness were reduced
significantly in Group II (OVX) rats compared to sham-operated
animals. However, fucoxanthin administration in a dose-dependent
manner increased the levels of all biomechanical parameters to a marked
extent in Group III and Group IV.
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Figure 3: Effect of fucoxanthin on serum bone turnover

markers (osteoclastic factors) of sham-operated control and experimental
animals. Values are expressed as mean + standard deviation for six animals
in each group. *Control versus other groups, *Group Il versus Groups |lI
and IV. Values are statistically significant at the level of P < 0.05
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Figure 5: Effect of fucoxanthin on bone mineral content (a) and
bone mineral density (b) in the femur of sham-operated control and
experimental animals. Values are expressed as mean + standard deviation
for six animals in each group. *Control versus other groups, *Group I
versus Groups Il and IV. Values are statistically significant at the level of
P<0.05

Effect of fucoxanthin on histological examination of
femur in control and experimental animals

The representative histopathological images of femur of control
and experimental animals are shown in Figure 6. The architecture
of the bone was analyzed using H and E stain. Sham-operated
control rats displayed a normal density of the diaphysis and normal
trabeculae (Group I). OVX rats showed abnormal thinning of the
trabeculae with increased interspace in trabeculae (Group II). Group III
animals treated with 20 mg/kg fucoxanthin exhibited minimal changes,
along with uniform interstitial trabecular space together with mild
bone mineralization, whereas Group IV rats supplemented with
40 mg/kg fucoxanthin resulted in a complete reversal of normal bone
architecture and trabecular formation noticed which was similar to that
of sham-operated Group I animals.
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Table 2: Effect of fucoxanthin on biomechanical parameters (bending test) in left femur diaphysis of sham-operated control and experimental animals

Group Group | Group Il Group Il Group IV
Energy (N) 55.47+7.36 43.14+4.28% 49.63+5.14* 51.74+5.96*
Maximum load (N) 113.41+10.21 83.61+8.47% 102.87+9.65% 108.32+9.30*
Stiffness (N/mm) 188.28+21.66 167.56+17.50° 174.97+19.36% 181.69+20.03*
Young Modulus (MPa) 6741.77+798.19 5839.49+764.87* 6124.33+767.99* 6452.49+786.94*
Maximum stress (MPa) 215.23+24.88 167.83+19.64" 194.68+21.94% 202.61+22.51*

Values are expressed as mean + standard deviation for six animals in each group. “Control versus other groups, *Group II versus Groups III and IV. Values are

statistically significant at the level of P < 0.05

Figure 6: Histopathological examination of femur of sham-operated
control and experimental animals. Femur tissue histology of control
and ovariectomized rats with/without treatment with fucoxanthin
(H and E, x400)

DISCUSSION

Aging is typically accompanied by deterioration of bone architecture,
composition, and function, thus resulting in osteoporosis. Bone is highly
prone to age-related loss and fragility, and the research areas at present
are mainly focusing on age-related bone loss."**!) In postmenopausal
women, deficiency of ovarian hormone E2 acts as an important risk
factor in development of osteoporosis. A well-established model of
animals in osteoporosis research is the ovariectomy procedure. OVX
rats show several similarities with that of bone loss in postmenopausal
condition, and it is reccommended to study the effectiveness and safety
of therapies involved in treating osteoporosis.**! Ovariectomy in
rats results in a significant decrease in weight of uterus, BMC, and
density and alteration in various other biomechanical and biochemical
parameters which are due to deficiency of E2.*

Fucoxanthin is a marine carotenoid isolated from brown seaweeds, and
it has been reported with numerous beneficial therapeutic properties.
Literature evidence has described that fucoxanthin possesses a potent
promising application relating to human health. Fucoxanthin is reported
to suppress the osteoclast formation and differentiation and induce
apoptosis in in vitro cell lines.* It is also reported to be beneficial in
prevention of rheumatoid arthritis and osteoporosis.*” Bone remodeling
and mineralization is maintained mainly by the action of E2 which acts
by regulating homeostasis among osteoclast and osteoblast."*! Hence, the
present study was conducted to evaluate whether the fucoxanthin was
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effective in preventing bone loss in ovariectomy-induced osteoporosis in
rats.

Body weight gain is a more prominent phenomenon observed in both
OVX rats and in women who attained menopause.?! The results also
revealed that OVX-induced osteoporotic rats showed a significant
increase in body weight and decrease in uterine index compared with
the sham-operated control group. The reduction in uterine weight
in OVX rats might be due to deficiency of E2 which is supported
by earlier evidence*! that showed a significant increase in body
weight and decrease in uterine weight in OVX rats. Fucoxanthin
administration alleviated the excess body weight gain and improved
uterine index in the OVX rats. Fucoxanthin even at lower doses
was shown to be beneficial in lowering the body weight gain, fat
accumulation, and visceral fat'***®) which correlates with our present
findings.

Osteoporosis mainly results from an imbalance or homeostasis
which occurs between bone resorption and formation. Therefore, we
investigated further the bone turnover and inflammatory markers in
serum samples of sham control and experimental animals. Ovariectomy
causes increased accumulation of ROS resulting in oxidative stress
and increases the production of inflammatory cytokines that promote
generation of osteoclasts and bone loss. A sufficient intake of Ca and
Vitamin D is associated with lowered incidence of osteoporosis.’®!!
Cholecalciferol-D3 plays a major role in absorption of Ca and P in
the body which are essential for the development of bones."”! Ca and
P also holds an important role as a marker of bone mineralization. Ca
and P levels in serum are lowered significantly in OVX rats compared
to sham control animals which might be because of E2 deficiency
observed commonly in OVX rats.*>**) Markers of bone formation such
as OC are synthesized by the osteoblasts, and they directly correspond
to their specific functions.® Increased or upregulated levels of bone
formation indicate osteoporosis in menopausal women, which is in
agreement with our present findings.***® In the present study, the
increase in the serum level of OC in OVX rats could possibly be due to
osteoblast formation in order to compensate bone loss caused due to
E2 deficiency.””!

RANKL/OPG axis is a vital pathway in regulating the homeostatic
balance between bone formation and resorption."®*! They also serve
as crucial factors in mediating differentiation of osteoclasts. OPG
produced by the lineage of osteoblasts has an inhibitory effect on bone
formation, whereas elevated RANKL is mainly related to fracture of
bones, thus resulting in increased osteoclast formation./®®! Thus, the
ration between OPG and RANKL is essential to determine the bone
density and integrity.®? We also assessed the concentration of OPG
and RANKL in serum of control and experimental animals. We found
that in OVX rats, serum OPG level is decreased, whereas RANKL
level is increased. Fucoxanthin-supplemented animals displayed a
significant increase in OPG and decrease in RANKL levels in serum
of OVX rats. Thus, the results specify that fucoxanthin protects rats
against ovariectomy-induced bone loss through upregulating the ratio

Pharmacognosy Magazine, Volume 16, Issue 69, April-June 2020



LICHUN GUO, et al.: Effect of Fucoxanthin in Osteoporosis Rats

of OPG/RANKL in experimental animals. Thus, the study supports that
fucoxanthin supplementation could be effective in prevent bone loss in
postmenopausal women.

On fucoxanthin supplementation, the serum levels of E2 and
1,25(0H),D, were markedly increased in a dose-dependent manner. The
study also demonstrated that there was a significant increase in the level
of pro-inflammatory cytokines such as TNF-o,, IL-6, and IL-1f3 in OVX
rats than the sham-operated control animals. These pro-inflammatory
cytokines are increased in osteoporosis and involved mainly in the
regulating turnover of bone by increasing bone resorption.®®! Our
results are in correlation with a previous study which inferred that the
serum levels of IL-6, IL-1P, and TNF-a were increased significantly in
OVX rats than control rats.® It has also been reported that the levels
of these cytokines are expressed highly in postmenopausal women than
those who are undergoing ERT.[! Increased levels of these cytokines
predispose an increased release of free radicals and inhibit bone
formation and stimulate bone resorption.[%! Treatment of OVX rats
with fucoxanthin attenuated the levels of pro-inflammatory cytokines in
a dose-dependent manner which is due to antiosteoporotic efficacy of
fucoxanthin. [2$2%6°]

BMC and density are the important factors that reflect the quality
and integrity of bones. Hence, in the present study, we evaluated the
BMC and BMD using DEXA. Both BMD and BMC are suppressed
to the maximum extent in OVX rats than sham control rats.
Previous literature evidences have proved that the BMC and BMD
were reduced significantly in OVX-induced osteoporotic rats due
to E2 deficiency.” Treatment with fucoxanthin for 16 weeks in
a dose-dependent manner considerably increased the levels of
both BMD and BMC as compared to Group II (OVX) rats. In a
recent study, it has been reported that fucoxanthin exhibits bone
differentiation property in in vitro cells and it displays capability of
bone mineralization in in vivo.""

The biomechanical efficacy of the fucoxanthin was determined by a
three-point bending test which portrays the rigidity and tensile strength
of bone under stress. The antiosteoporotic efficacy of fucoxanthin is
evaluated by the biomechanical characteristics of bone which serves
as a more consistent test.”? All biomechanical parameters such as
load, maximum stress, young modulus, energy level, and stiffness were
reduced significantly in OVX rats due to increased inflammation which
might have triggered the resorption and loss of bones. Administration
of fucoxanthin in a dose-dependent manner (20 and 40 mg/kg) to OVX
rats increased the biomechanical parameters in a significant manner
similar to that sham control rats. Fucoxanthin must have acted on E2
receptor and stimulated synthesis of osteoblasts, thereby preserving the
homeostasis of bone as well as bone density and quality. Both doses of
fucoxanthin (20 and 40 mg/kg) were found to be potent in mitigating the
osteoporosis induced by OVX.

To substantiate the present findings, we further performed
histopathological analysis of the bone architecture of OVX rats and
sham-operated control rats in femur. The cortical bone thickness,
osteoclasts, and resorption of bones in OVX rats were decreased
significantly compared to sham control rats. These are major factors
which contribute to the pathogenesis of osteoporosis. Fucoxanthin
supplementation effectively increased the thickness of cortical bone
and the trabecular space in a dose-dependent manner. The results
suggest that fucoxanthin has a protective effect in minimizing bone
loss in OVX-induced osteoporosis. Our findings were in corroboration
with earlier studies which explained a close correlation with E2
deficiency and increased bone resorption.”*”¥ Fucoxanthin is a
marine carotenoid, where numerous studies have reported that various
antioxidants and carotenoids available in abundance in fruits and
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vegetables are associated with reduced risk of bone fracture and/or
ensuing osteoporosis.”>78!

CONCLUSION

The present investigation clearly shows that treatment with fucoxanthin
significantly reduced the body weight gain, uterine index, bone turnover
markers (Ca, P, and OC), and inflammatory markers such as TNF-q,
IL-6, and IL-1f in OVX rats. In addition to biochemical parameters,
fucoxanthin administration also improved BMC and BMD and
biomechanical parameters considerably in a dose-dependent manner.
Histopathological evidences also confirmed the same. Thus, fucoxanthin
can be validated as an alternative therapeutic regimen for treating
osteoporosis in postmenopausal women. However, further mechanistic
action of fucoxanthin needs to be explored to recommend it as an
effective compound in treating osteoporosis.

Acknowledgements

The authors would like to thank the Shandong Provincial Hospital
Afhiliated to Shandong University for instrumentation facilities support.

Financial support and sponsorship
Nil.

Conflicts of interest

There are no conflicts of interest.

REFERENCES

. Sipos W, Pietschmann P Rauner M, Kerschan-Schindl K, Patsch J. Pathophysiology of
osteoporosis. Wien Med Wochenschr 2009;159:230-4.

2. Kanis JA, McCloskey E, Johansson V, Cooper H, Rizzoli CR, Reginster JY. European guidance
for the diagnosis and management of osteoporosis in postmenopausal women. Osteoporos
Int 2013;24:23-57.

3. Gallagher JC, Tella SH. Controversies in osteoporosis management: Antiresorptive therapy
for preventing bone loss: When to use one or two antiresorptive agents? Clin Obstet
Gynecol 2013;56:749-56.

4. Coughlan T, Dockery F Osteoporosis and fracture risk in older people. Clin Med (Lond)
2014;14:187-91.

5. Totosy de Zepetnek JO, Giangregorio LM, Craven BC. Whole-body vibration as potential
intervention for people with low bone mineral density and osteoporosis: A review. J Rehabil
Res Dev 2009;46:529-42.

6. Tabatabaei-Malazy O, Salari P Khashayar P Larijani B. New horizons in treatment of

osteoporosis. Daru 2017;25:2.

~

Strait K, Li Y, Dillehay DL, Weitzmann MN. Suppression of NF-kappaB activation blocks

osteoclastic bone resorption during estrogen deficiency. Int J Mol Med 2008;21:521-5.

8. Mirkin S, Pickar JH. Management of osteoporosis and menopausal symptoms: Focus on
bazedoxifene/conjugated estrogen combination. Int J Womens Health 2013;5:465-75.

9. Al-Anazi AF, Qureshi VF, Javaid K, Qureshi S. Preventive effects of phytoestrogens against
postmenopausal osteoporosis as compared to the available therapeutic choices: An
overview. J Nat Sci Biol Med 2011;2:154-63.

10. Zérate A, Hernandez-Valencia M, Saucedo R, Basurto L, Manuel-Apolinar L. Current position
about the use of estrogen therapy in women during the climacteric period. Rev Med Inst
Mex Seguro Soc 2014;52:66-9.

11. Lacey JV Jr.,, Mink PJ, Lubin JH, Sherman ME, Troisi R, Hartge R et al. Menopausal hormone
replacement therapy and risk of ovarian cancer. JAMA 2002;288:334-41.

12. Sanders S, Geraci SA. Osteoporosis in postmenopausal women: Considerations in
prevention and treatment: (women's health series). South Med J 2013;106:698-706.

13. Gennari C. Analgesic effect of calcitonin in osteoporosis. Bone 2002;30:67-70.

14. Palacios C. The role of nutrients in bone health, from A to Z. Crit Rev Food Sci Nutr
2006;46:621-8.

15. Suntar |, Akkol EK. Beneficial effects of plant sources on the treatment of osteoporosis. Curr

Drug Targets 2013;14:1611-8.

247



LICHUN GUO, et al.: Effect of Fucoxanthin in Osteoporosis Rats

. Yang S, Madyastha R Bingel S, Ries W, Key L. A new superoxide-generating oxidase in

murine osteoclasts. J Biol Chem 2001;276:5452-8.

17. Sontakke AN, Tare RS. A duality in the roles of reactive oxygen species with respect to bone
metabolism. Clin Chim Acta 2002;318:145-8.

18. Sendur OF, Turan Y, Tastaban E, Serter M. Antioxidant status in patients with osteoporosis:
A controlled study. Joint Bone Spine 2009;76:514-8.

19. Law YY, Chiu HF, Lee HH, Shen YC, Venkatakrishnan K, Wang CK. Consumption of onion
juice modulates oxidative stress and attenuates the risk of bone disorders in middle-aged
and post-menopausal healthy subjects. Food Funct 2016;7:902-12.

20. Shen CL, Chyu MC, Wang JS. Tea and bone health: Steps forward in translational nutrition.
Am J Clin Nutr 2013;98:1694S-9.

21. Pisani R Renna MD, Conversano F, Casciaro E, Di Paola M, Quarta E, et al. Major osteoporotic
fragility fractures: Risk factor updates and societal impact. World J Orthop 2016;7:171-81.

22. Qaseem A, Snow V, Shekelle P Hopkins R Jr., Forciea MA, Owens DK, et al. Pharmacologic
treatment of low bone density or osteoporosis to prevent fractures: A clinical practice
guideline from the American College of Physicians. Ann Intern Med 2008;149:404-15.

23. Lee MY, Kim HY, Singh D, Yeo SH, Baek SY, Park YK, et al. metabolite profiling reveals the
effect of dietary rubus coreanus vinegar on ovariectomy-induced osteoporosis in a rat model.
Molecules 2016;21:149.

24. Park SJ, Joo SE, Min H, Park JK, Kim Y, Kim SS, et al. Dietary patterns and osteoporosis
risk in postmenopausal Korean women. Osong Public Health Res Perspect 2012;3:199-205.

25. Michael Lewiecki E. Osteoporosis: Treat-to-target. Curr Osteoporos Rep 2017;15:103-9.

26. Zhao X, Wu ZX, Zhang Y, Yan YB, He Q, Cao PC, et al. Anti-osteoporosis activity of
Cibotium barometz extract on ovariectomy-induced bone loss in rats. J Ethnopharmacol
2011;137:1083-8.

27 Martin LJ. Fucoxanthin and its metabolite fucoxanthinol in cancer prevention and treatment.
Mar Drugs 2015;13:4784-98.

28. Das SK, Ren R, Hashimoto T, Kanazawa K. Fucoxanthin induces apoptosis in osteoclast-like
cells differentiated from RAW264.7 cells. J Agric Food Chem 2010;58:6090-5.

29. Kose O, Arabaci T, Yemenoglu H, Kara A, Ozkanlar S, Kayis S, et al. Influences of fucoxanthin
on alveolar bone resorption in induced periodontitis in rat molars. Mar Drugs 2016;14:70.

30. Peng J, Yuan JR Wu CF, Wang JH. Fucoxanthin, a marine carotenoid present in brown
seaweeds and diatoms: Metabolism and bioactivities relevant to human health. Mar Drugs
2011;9:1806-28.

31. Mikami K, Hosokawa M. Biosynthetic pathway and health benefits of fucoxanthin, an
algae-specific xanthophyll in brown seaweeds. Int J Mol Sci 2013;14:13763-81.

32. Lasota A, Danowska-Klonowska D. Experimental osteoporosis—different methods of
ovariectomy in female white rats. Rocz Akad Med Bialymst 2004;49 Suppl 1:129-31.

33. Pineda B, Laporta P Hermenegildo C, Cano A, Garcia-Perez MA. AC>T polymorphism located
at position — 1 of the Kozak sequence of CD40 gene is associated with low bone mass in
Spanish postmenopausal women. Osteoporos Int 2008;19:1147-52.

34. Hofbauer LC, Schoppet M. Clinical implications of the osteoprotegerin/RANKL/RANK system
for bone and vascular diseases. JAMA 2004;292:490-5.

35. Gindler EM, King JD. Rapid colorimetric determination of calcium in biologic fluids with
methylthymol blue. Am J Clin Pathol 1972;58:376-82.

36. Goodman KS. Psycholinguistic universals in the reading process. Visible Lang 1970;4:103-10.

37 Shen'Y, Li YQ, Li SE Ma L, Ding LJ, Ji H. Alleviation of ovariectomy-induced osteoporosis in
rats by Panax notoginseng saponins. J Nat Med 2010,64:336-45.

38. Zhang R, Hu SJ, Li C, Zhang F, Gan HQ, Mei QB. Achyranthes bidentata root extract prevent
OVX-induced osteoporosis in rats. J Ethnopharmacol 2012;139:12-8.

39. Huang TH, Yang RS, Hsieh SS, Liu SH. Effects of caffeine and exercise on the development
of bone: A densitometric and histomorphometric study in young Wistar rats. Bone
2002;30:293-9.

40. Raisz LG, Rodan GA. Pathogenesis of osteoporosis. Endocrinol Metab Clin North Am
2003;32:15-24.

41. Wheeler C, Antin JH, Churchill WH, Come SE, Smith BR, Bubley GJ, et al. Cyclophosphamide,
carmustine, and etoposide with autologous bone marrow transplantation in refractory Hodgkin's
disease and non-Hodgkin's lymphoma: A dose-finding study. J Clin Oncol 1990;8:648-56.

42. Choi JS, Kim JW, Kim KY, Cho HR, Choi IS, Ku SK. Antiosteoporotic effects of Polycan
in combination with calcium lactate-gluconate in ovariectomized rats. Exp Ther Med
2014,;8:957-67.

43. Li CL, Liu XL, Cai WX, Lu WW, Zwahlen RA, Zheng LW. Effect of ovariectomy on stimulating
intracortical remodeling in rats. Biomed Res Int 2014;2014:421431.

248

44,

45,

46.

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57

58.

59.

60.

61.

62.

63.

64.

65.

66.

Scalbert A, Manach C, Morand C, Rémésy C, Jiménez L. Dietary polyphenols and the
prevention of diseases. Crit Rev Food Sci Nutr 2005;45:287-306.

Ozgocmen S, Kaya H, Fadillioglu E, Aydogan R, Yilmaz Z. Role of antioxidant systems,
lipid peroxidation, and nitric oxide in postmenopausal osteoporosis. Mol Cell Biochem
2007;295:45-52.

Srikanta B Nagarajappa SH, Viswanatha GL, Handral M, Subbanna R, Srinath R, et al.
Anti-osteoporotic activity of methanolic extract of an Indian herbal formula NR/CAL/06 in
ovariectomized rats. Zhong XiYi Jie He Xue Bao 2011;9:1125-32.

sukui T, Baba N, Hosokawa M, Sashima T, Miyashita K. Enhancement of hepatic
docosahexaenoic acid and arachidonic acid contents in C57BL/6J mice by dietary
fucoxanthin. Fish Sci 2009;75:261-3.

Maeda H, Tsukui T, Sashima T, Hosokawa M, Miyashita K. Seaweed carotenoid, fucoxanthin,
as a multi-functional nutrient. Asia Pac J Clin Nutr 2008;17 Suppl 1:196-9.

Jeon SM, Kim HJ, Woo MN, Lee MK, Shin YC, Park YB, et al. Fucoxanthin-rich seaweed
extract suppresses body weight gain and improves lipid metabolism in high-fat-fed C57BL/6J
mice. Biotechnol J 2010;5:961-9.

Norazlina M, Hermizi H, Faizah O, Nazrun AS, Norliza M, Ima-Nirwana S. Vitamin E reversed
nicotine-induced toxic effects on bone biochemical markers in male rats. Arch Med Sci
2010,6:505-12.

Evans DB, Bunning RA, Russell RG. The effects of recombinant human interleukin-1 beta
on cellular proliferation and the production of prostaglandin E2, plasminogen activator,
osteocalcin and alkaline phosphatase by osteoblast-like cells derived from human bone.
Biochem Biophys Res Commun 1990;166:208-16.

Choi MJ, Seo JN. Effect of taurine feeding on bone mineral density and bone markers in rats.
Adv Exp Med Biol 2013;776:51-8.

Delmas PD, Eastell R, Garnero P Seibel MJ, Stepan J. The use of biochemical markers of
bone turnover in osteoporosis. Osteoporos Int 2000;11:2-17.

Garnero P Sornay-Rendu E, Chapuy MC, Delmas PD. Increased bone turnover in late
postmenopausal women is a major determinant of osteoporosis. J Bone Miner Res
1996;11:337-49.

Lumachi F Ermani M, Camozzi V, Tombolan V, Luisetto G. Changes of bone formation
markers osteocalcin and bone-specific alkaline phosphatase in postmenopausal women with
osteoporosis. Ann N'Y Acad Sci 2009;1173 Suppl 1:E60-3.

Szulc P Naylor K, Hoyle NR, Eastell R, Leary ET, National Bone Health Alliance Bone Turnover
Marker Project. Use of CTX-l and PINP as bone turnover markers: National Bone Health
Alliance recommendations to standardize sample handling and patient preparation to reduce
pre-analytical variability. Osteoporos Int 2017;28:2541-56.

Ando K, Mori K, Rédini F, Heymann D. RANKL/RANK/OPG: Key therapeutic target in bone
oncology. Curr Drug Discov Technol 2008;5:263-8.

Wolski H, Drews K, Bogacz A, Kaminski A, Barlik M, Bartkowiak-Wieczorek J, et al. The
RANKL/RANK/OPG signal trail: Significance of genetic polymorphisms in the etiology of
postmenopausal osteoporosis. Ginekol Pol 2016;87:347-52.

Indridason OS, Franzson L, Sigurdsson G. Serum osteoprotegerin and its relationship with
bone mineral density and markers of bone turnover. Osteoporos Int 2005;16:417-23.
Kostenuik PJ. Osteoprotegerin and RANKL regulate bone resorption, density, geometry and
strength. Curr Opin Pharmacol 2005;5:618-25.

Chen C, Zheng H, Qi
ovariectomy-induced bone loss through upregulating OPG/RANKL ratio. Biol Trace Elem Res
2019;188:441-50.

S. Genistein and silicon synergistically protects against

Rao SS, Hu Y, Xie PL, Cao J, Wang ZX, Liu JH, et al. Omentin-1 prevents inflammation-induced
osteoporosis by downregulating the pro-inflammatory cytokines. Bone Res 2018;6:9.

Orsal E, Halici Z, Bayir Y, Cadirci E, Bilen H, Ferah |, et al. The role of carnitine on
ovariectomy and inflammation-induced osteoporosis in rats. Exp Biol Med (Maywood)
2013;238:1406-12.

Ralston SH. Analysis of gene expression in human bone biopsies by polymerase chain
reaction: Evidence for enhanced cytokine expression in postmenopausal osteoporosis.
J Bone Miner Res 1994;9:883-90.

Das UN. Interaction(s) between essential fatty acids, eicosanoids, cytokines, growth factors
and free radicals: Relevance to new therapeutic strategies in rheumatoid arthritis and other
collagen vascular diseases. Prostaglandins Leukot Essent Fatty Acids 1991;44:201-10.
Wang XM, Zhang YG, Li AL, Long ZH, Wang D, Li XX, et al. Relationship between levels of
inflammatory cytokines in the peripheral blood and the severity of depression and anxiety in
patients with Parkinson's disease. Eur Rev Med Pharmacol Sci 2016;20:3853-6.

Pharmacognosy Magazine, Volume 16, Issue 69, April-June 2020



LICHUN GUO, et al.: Effect of Fucoxanthin in Osteoporosis Rats

67

68.

69.

70.

71.

72.

Mody N, Parhami F Sarafian TA, Demer LL. Oxidative stress modulates osteoblastic
differentiation of vascular and bone cells. Free Radic Biol Med 2001;31:509-19.

Kim KN, Heo SJ, Yoon WJ, Kang SM, Ahn G, Yi TH, et al. Fucoxanthin inhibits the inflammatory
response by suppressing the activation of NF-kB and MAPKs in lipopolysaccharide-induced
RAW 264.7 macrophages. Eur J Pharmacol 2010;649:369-75.

Miao Q, Li JG, Miao S, Hu N, Zhang J, Zhang S, et al. The bone-protective effect of genistein
in the animal model of bilateral ovariectomy: Roles of phytoestrogens and PTH/PTHR1
against post-menopausal osteoporosis. Int J Mol Sci 2012;13:56-70.

Hwang PA, Hung YL, Phan NN, Hieu BT, Chang PM, Li KL, et al. The in vitroand in vivo effects
of the low molecular weight fucoidan on the bone osteogenic differentiation properties.
Cytotechnology 2016;68:1349-59.

LiY, LG SS, Tang GY, Hou M, Tang Q, Zhang XN, et al. Effect of Morinda officinalis capsule on
osteoporosis in ovariectomized rats. Chin J Nat Med 2014;12:204-12.

Goss PE, Qi S, Cheung AM, Hu H, Mendes M, Pritzker KP. Effects of the steroidal aromatase
inhibitor exemestane and the nonsteroidal aromatase inhibitor letrozole on bone and lipid

metabolism in ovariectomized rats. Clin Cancer Res 2004;10:5717-23.

Pharmacognosy Magazine, Volume 16, Issue 69, April-June 2020

73.

74.

75.

76.

77

78.

Grassi F, Fan X, Rahnert J, Weitzmann MN, Pacifici R, Nanes MS, et al. Bone re/modeling
is more dynamic in the endothelial nitric oxide synthase(--) mouse. Endocrinology
2006;147:4392-9.

Wattanapenpaiboon N, Lukito W, Wahlqvist ML, Strauss BJ. Dietary carotenoid intake as a
predictor of bone mineral density. Asia Pac J Clin Nutr 2003;12:467-73.

Maggio D, Polidori MC, Barabani M, Tufi A, Ruggiero C, Cecchetti R, et al. Low levels of
carotenoids and retinol in involutional osteoporosis. Bone 2006;38:244-8.

Yang Z, Zhang Z, Penniston KL, Binkley N, Tanumihardjo SA. Serum carotenoid concentrations
in postmenopausal women from the United States with and without osteoporosis. Int J
Vitam Nutr Res 2008;78:105-11.

Sahni S, Hannan MT, Blumberg J, Cupples LA, Kiel DP Tucker KL. Inverse association of
carotenoid intakes with 4-y change in bone mineral density in elderly men and women: The
Framingham Osteoporosis Study. Am J Clin Nutr 2009;89:416-24.

Das SK, Hashimoto T, Kanazawa K. Growth inhibition of human hepatic carcinoma
HepG2 cells by fucoxanthin is associated with down-regulation of cyclin D. Biochim Biophys
Acta 2008;1780:743-9.

249



