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ARTICLE INFO ABSTRACT

Keywords: Backgrounds: Osteoporosis prevailing in elderly involves a marked increase in bone resorption showing an initial
Heamatococcus pluvialis fall in bone mineral density leading to a significant reduction in bone formation.
Osteoporosis Aim: The present study aimed to investigate the effect of Heamatococcus pluvialis microalgae on osteoporosis in
Bone mineral _densny D-galactose-treated rats. The underlying mechanism was tracked targeting the osteoprotegerin (OPG)/ nuclear
;i;olgfomgerm factor-xf ligand (RANKL) pathway using micro-computed tomography scanning.
Rats Methods: Osteoporosis was induced in rats by intraperitoneal injection of D-galactose (200 mg/kg/day) for eight

consecutive weeks. Osteoporotic rats were orally treated with H. pluvialis biomass (BHP; 450 mg/kg), its polar
(PHP; 30 mg/kg) and carotenoid (CHP; 30 mg/kg) fractions for the last 2 weeks of D-Gal injection. Twenty four
hours after the last dose of the treatments, tibia bones of the rats were scanned using micro-computed tomo-
graphy scanning for bone mineral density (BMD), bone volume fraction (BV/TV), trabecular thickness/separa-
tion/number (Tb.Th, Tb.Sp, Tb.N) evaluation, blood samples were withdrawn and sera were used for bio-
chemical assessment. Moreover, femur bones were examined histopathologically using several stains.

Results: Induction of osteoporosis was associated with a marked reduction in BMD, BV/TV, Tb.Th, Tb.Sp, Tb.N
and in serum levels of phosphorus and catalase. On the other hand, a significant elevation in serum levels of
calcium, bone alkaline phosphatase (BALP) and interleukin-6 was observed. Moreover, up-regulation of OPG was
detected in osteoporotic rats. Oral treatment with BHP, and PHP incremented tibia BMD and serum phosphorus
level along with the decrease in serum levels of calcium, BALP, interleukin-6, OPG and RANKL. However,
treatment with CHP almost restored all the fore mentioned parameters to normal values. Furthermore, the
histopathological evaluation emphasized the biochemical outcomes.

Conclusion: H. pluvialis fractions rich in astaxanthin ameliorated bone loss in experimentally-induced osteo-
porosis in rats probably through the down-regulation of serum OPG in concurrence with up-regulation of serum
RANKL.

1. Introduction loss D-galactose is known to cause oxidative stress and induce aging-
related diseases by induction of lipid peroxidation and mitochondrial

Osteoporosis is characterized by low bone mass and micro archi- dysfunction. This results in further increase in the production of re-

tectural deterioration of bone tissue which results in bone fragility and
consequently increases fracture risk [1]. On advanced age, the rate of
bone turnover increases in both genders at the tissue level leading to an
impairment in osteoblastic bone formation along with an increase in
osteoclastic bone resorption [2,3].

Free radical and oxidative stress theory of aging is recognized as one
of the most plausible and convincing explanations for the process of
aging and are involved in inflammatory arthritis and age-related bone
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active oxygen species (ROS) and osteoclasts differentiation through
upregulation of the receptor activator of nuclear factor-xf ligand
(RANKL) which is a signaling pathway that is essential for osteoclast
differentiation, activation and survival [4].

Osteoprotegerin (OPG); a decoy receptor for RANKL produced by
osteoblasts, shows high affinity and competes with RANK for RANKL
binding and thus functions as an inhibitor of RANK-RANKL interaction
and inhibits osteoclast maturation and activation. Thus, OPG prevents
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Fig. 1. Flowchart of H. pluvialis biomass, its polar, and its non-polar fractions extraction routine, docking study and the pharmacological study experimental design.

RANKL from binding to and activating RANK and also inhibits the de-
velopment of osteoclasts and down-regulates the RANKL signaling
through RANK [5].

Heamatococcus pluvialis; a microalgae belonging to Chlorophyta,
family Haematococcaceae is well known for its high content of the
potent antioxidant astaxanthin. Astaxanthin possesses a variety of
pharmacological activities; protective effect against asthma, in-
flammation and liver damage [6]. The high antioxidant effect of H.
pluvialis drew attention to the possible interference with the high oxi-
dative stress associated with aging and consequently with osteoporosis
as one of its manifestations.

The aim of the present study was to investigate the ameliorative
effect of H. pluvialis biomass, carotenoid and polar fractions on osteo-
porosis in D-galactose treated rats and to assess the underlying me-
chanism targeting the OPG/ RANKL pathway using micro-computed
tomography scanning.

2. Material and methods
2.1. Preparation of algal material

The dried biomass of H. pluvialis was obtained from Algal
Technology Lab., NRC. It was grinded thoroughly for cell wall disrup-
tion. The dried powder was subjected to successive extraction using
petroleum ether (40-60 °C) till exhaustion to render a non-polar frac-
tion. The residue is allowed to dry and further extracted with 70%
methanol till exhaustion to render a polar fraction. Both fractions were
dried under reduced pressure in a rotatory evaporator under a tem-
perature not exceeding 40 °C. The dried fractions were kept in dark
bottles at a temperature less than 4 °C. The phytoconstituents of the
non-polar fraction were investigated using LC-DAD/ESI-MS in our
previous work [7]. The non-polar fraction was found to be rich in
carotenoids the most abundant of which was astaxanthin (49.99 mg
total astaxanthin per 100 g) in free and in esterified form [8] as illu-
strated in Fig. 1.

2.2. Docking study
Docking calculations were carried out using MOE. The MMFF94

force field was used for energy minimization of ligand molecule (all-
trans astaxanthin) using MOE. Gasteiger partial charges were added to

the ligand atom. Non-polar hydrogen atoms were merged, and rotatable
bonds were defined. Docking calculations were carried out on OPG-
RANKL complex protein model. Essential hydrogen atoms, Kollman
united atom type charges, and solvation parameters were added.
Affinity (grid) maps of 20 x 20 x 20 A grid points and 0.375 A spacing
were generated using the Autogrid program. AutoDock parameter set-
and distance-dependent dielectric functions were used in the calcula-
tion of the van der Waals and the electrostatic terms, respectively.
Docking simulations were performed using the Lamarckian genetic al-
gorithm (LGA) and the Solis & Wets local search method.

2.3. Biological assay

2.3.1. Animals

Male albino rats weighing 130-150 g were obtained from the animal
house colony of the National Research Centre. They was kept and
housed under suitable environmental conditions throughout the period
of investigation; ambient temperature (25 * 2°C), humidity
(60 = 10%), and alternating 12h light-dark cycles. Rats was fed a
standard rat pellet diet and allowed free access to water.

2.3.2. Experimental design

Osteoporosis was induced in rats by intraperitoneal injection with
D-Gal (200 mg/kg/day) for eight consecutive weeks according to the
method described by [9]. Thirty albino rats were assigned into five
groups, each group includes six rats. Group I served as a negative
control group receiving no treatment, group II served as positive control
which received D-Gal, while groups III, IV and V received D-Gal then
orally treated with H. pluvialis biomass (BHP; 450 mg/kg; p.o.), its polar
fraction (PHP; 30 mg/kg; p.o.) and carotenoid fraction (CHP; 30 mg/kg;
p.o.), respectively for the last 2 weeks of D-Gal injection (fractions
doses were calculated according to their yield) as illustrated in Fig. 1.

Twenty-four hours after the last dose of the H. pluvialis treatments,
blood samples were withdrawn from the retro-orbital plexus at the
same time intervals. Moreover, femur and tibia bones were removed;
tibia bone scanned by with a micro-CT scanner and femur preserved in
10% formalin/saline and used for histopathological examination.

2.3.3. Micro-computed tomography scanning
Samples were scanned with a micro-CT scanner (GE eXplore Locus
SP Micro-CT; GE Healthcare, Waukesha, WI, USA) with a 16-um voxel
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Fig. 2. Plot of the interaction (a) and docking of astaxanthin on active sites of OPG-RANKL complex protein (b).

size. The scanning procedure lasted about 1 h per sample and generated
approximately 700 images of 1024 x 1024 pixels. Three-dimensional
microarchitecture of the alveolar bone was analyzed using MicroView
ABA 2.2 (GE Healthcare). The grayscale CT images were segmented
using a constrained Gaussian filter (sigma = 1.2, support = 2) to re-
move noise, and a fixed threshold (25.5% of maximal grayscale value)
was used to extract the mineralized tissue structure. Morphological
measurements, including bone mass density (BMD), bone volume
fraction (BV/TV), trabecular thickness/separation/number (Tb.Th,
Tb.Sp and Tb.N) were estimated.

2.3.4. Biochemical parameters

Serum levels of calcium and phosphorus were measured color-
imetrically at 585nm according to the method described by
Goonasekera et al. [10] and at 640 nm according to the method de-
scribed by Dai et al. [11], respectively. Additionally, bone specific al-
kaline phosphatase (BALP), osteoprotegrin (OPG) and nuclear factor-kf3
ligand (RANKL) were determined by enzyme immunoassay according

to Tahtela et al. [12], Pineda et al. [13] and Hofbauer et al. [14], re-
spectively. Catalase and interleukin 6 were also measured by enzyme
immunoassay and the concentrations were expressed as pg/ml ac-
cording to [15] and [16], respectively.

2.3.5. Histopathological examination

Femur bones were dissected and fixed in 10% formaldehyde/saline
after the removal of soft tissue. The bones were decalcified in formic acid
for 3 weeks, and were kept for histopathological examination using H & E
stain. The thickness of bone trabeculae was estimated in 15 random high
power field/group. Furthermore, alizarin red and alkaline phosphatase
stains; an osteoblast differentiation marker, were used for morphometric
analysis. The number of osteoblasts; the mean osteoblasts count (N.Ob), in
a square area 155,327.7um? in 10 fields was counted. The mean grey le-
vels in 10 fields were also measured using the interactive measurement
software of the system on a total magnification of (100X). The results
appear automatically on the monitor in the form of count, distant mea-
sured in (um) and grey level ranging from 0 white to 255 black.
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Fig. 3. Effect of H. pluvialis on the micro-
architecture of tibia bone in D-galactose in-
duced osteoporotic rats analyzed by pCT. (a)
Bone isolated from normal rat; (b) Bone iso-
lated from osteoporotic rat; (¢, d & e) Bone
isolated from osteoporotic rat treated with
BHP, PHP and CHP, respectively. Images (Ia-e)
representing two-dimensional plane; Images
(ITa-e) representing three-dimensional plane.
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Fig. 4. Effect of H. pluvialis on the microarchitecture of tibia bone in D-galactose induced osteoporotic rats analyzed by uCT. The figure illustrates: bone volume
fraction (BV/TV) (a), bone mineral density (BMD) (b), trabecular thickness (Tb/Th) (c), trabecular separation (Tb/Sp) (d) and trabecular number (Tb/N) (e). Data are

represented as mean *

SEM. Statistical analysis was carried out by one-way analysis of variance (ANOVA) followed by Tukey-Kramer test for multiple comparisons.

(n = 6-8) *Significantly different from normal control group at P < 0.5. © Significantly different from osteoporotic group at P < 0.5.

2.3.6. Statistical analysis

Data was expressed as means = SEM. Statistical significance was
taken as p < 0.05, using one-way analysis of variance (ANOVA) fol-
lowed by Tukey-Kramer multiple comparisons test to verify the differ-
ence between various groups.

3. Results
3.1. Docking study

The docking of all-trans astaxanthin; the major carotenoid found in

H. pluvialis; on OPG-RANKL complex protein showed that it possesses
high affinity towards OPG-RANKL complex where the estimated free
energy of binding —6.2676 kcal/mol as illustrated in Fig. 2.

3.2. Pharmacological study

3.2.1. Effects of H. pluvialis on microarchitectural parametric values of
tibia of osteoporotic rat detected by micro-CT imaging

Two and three dimensional planes have been imaged using. pu-CT
imaging thst morphologically shows trabecular bone and cortical bone
as shown in Fig. 3. Briefly; intraprotonial injection of normal rats with
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Effect of H. pluvialis on serum levels of calcium, phosphorus and bone alkaline phosphatase (BALP) in D-galactose induced osteoporotic rats.

Serum Phosphorus (mg/dl) BALP (pg/ml)

Groups Serum calcium (mg/dl)
Normal control group 10.95 = 0.25
Osteoporotic group 20.76 = 1.03°
Osteoporotic group + BHP (450 mg/kg) 16.38 + 0.27°¢
Osteoporotic group + PHP (30 mg/kg) 15.84 + 0.13"@
Osteoporotic group + CHP (30 mg/kg) 12.18 + 1.08¢

4.62 + 0.096 5.67 + 0.34
2.28 + 0.064" 14.40 + 0.89°
3.57 + 0.02°¢ 12.67 + 0.48
4.07 = 0.05°¢ 9.01 = 0.59¢
4.53 + 0.06¢ 8.65 + 0.88¢

Osteoporosis was induced in rats by intraproteonial injection of D-galactose (200mg/kg) for 8 consecutive weeks. Osteoporotic rats were orally treated with H.
pluvialis biomass, its polar and its non-polar fractions for 14 days. Twenty four hours after the last dose of the extracts, blood samples were withdrawn from the retro-
orbital plexus, centrifugated and the sera were used for estimation of calcium, phosphorus and BALP levels.

Data are represented as mean + SEM. Statistical analysis was carried out by one-way analysis of variance (ANOVA) followed by Tukey-Kramer test for multiple

comparisons. (n = 6-8).
* Significantly different from normal control group at P < 0.5.
@ Significantly different from osteoporotic group at P < 0.5.
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D-galactose for eight consecutive weeks led dramatic to decline in the
tibia BMD by about 32% as compared to normal control group. Oral
treatment of osteoporotic rats with BHP (450 mg/kg), PHP (30 mg/kg)
and CHP (30 mg/kg) for 14 days incremented the tibia BMD by about
23%, 26% and 36%, respectively, as compared to the osteoporotic
control group as presented by Fig. 4.

Statistical analysis of the microarchitectural parameters indicated
prominent decrease in BV/TV, Tb.Th., and Tb.N. of the tibia bone be-
tween normal and D-galactose injected rats by 32%, 94% and 95%,

EZ1 Normal control group
EZ3 Osteoporotic group
E3 D-GAL+BHP

[0 D-GAL+PHP
D-GAL+CHP

Fig. 5. Effect of H. pluvialis on serum inter-
leukin-6 (a) and catalase (b) in D-galactose in-
duced osteoporotic rats. Osteoporosis was in-
duced in rats by intraproteonial injection of D-
galactose (200mg/kg) for 8 consecutive weeks.
Osteoporotic rats were orally treated with H.
pluvialis biomass (BHP; 450 mg/kg), its polar
(PHP; 30 mg/kg), and its non-polar fractions
(CHP; 30 mg/kg), for 14 days. Twenty four hours
after the last dose of the extracts, blood samples
were withdrawn from the retro-orbital plexus,
centrifugated and the serum were used for in-
terleukin-6 estimation. Data are represented as
mean *+ SEM. Statistical analysis was carried
out by one-way analysis of variance (ANOVA)
followed by Tukey-Kramer test for multiple
comparisons. (n = 6-8). *Significantly different
from normal control group at P <0.5. @
Significantly different from osteoporotic group at
P <0.5.

E= Normal control group
B3 Osteoporotic group
E3 D-GAL+BHP

[ D-GAL+PHP
D-GAL+CHP

respectively; with no change estimated in the Tb.Sp. Treatment of os-
teoporotic rats with BHP (450 mg/kg) elevated the BV/TV, Tb.Th., and
Tb.N. of the tibia bone by 33%, 1.6 and 1.7 folds respectively. Similarly,
PHP (30 mg/kg) and CHP (30 mg/kg; p.o) showed an elevation in the
Tb.Th., and Tb.N. by 1.4 and 8 folds, respectively. However, oral
treatment of PHP (30 mg/kg) and CHP (30 mg/kg) for 14 days aug-
mented the tibia BV/TV reaching nearly the normal values as presented
by Fig. 4.
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Fig. 6. Effect of H. pluvialis on serum osteo-
protegerin (OPG) (a) and RANKL (b) in D-ga-
lactose induced osteoporotic rats. Osteoporosis
was induced in rats by intraproteonial injection
of D-galactose (200mg/kg) for 8 consecutive

B * weeks. Osteoporotic rats were orally treated
[ with H. pluvialis biomass (BHP; 450 mg/kg), its
1504 E:Ej;j;:; polar (PHP; 30 mg/kg), and its non-polar
E i & fractions (CHP; 30 mg/kg), for 14 days. Twenty
=3 L *
> L =g *@ four hours after the last dose of the extracts,
£ 100+ [ +@ E3 Normal c on.trol group blood samples were withdrawn from the retro-
(L) o EE3 Osteoporotic group orbital plexus,centrifugated and the serum
% :EEE;EEEE E3 D-GAL+BHP were used for odsteoprotegerin estimation. Datz;
L are represented as mean * SEM. Statistica
E:E:S:Z:: [ D-GAL+PHP analysis was carried out by one-way analysis of
s A D-GAL+CHP variance (ANOVA) followed by Tukey-Kramer
' test for multiple comparisons. (n = 6-8).
*Significantly different from normal control
group at P < 0.5. @ Significantly different from
osteoporotic group at P < 0.5.
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3.2.2. Effects of H. pluvialis on serum levels of calcium, phosphorus bone
alkaline phosphatase (BALP) of osteoporotic rats

D-galactose treated rats exhibited a marked elevation of serum
calcium level by nearly 2 folds as compared to the normal control
group. Treatment with BHP (450 mg/kg) and PHP (30 mg/kg) for 14
days elevated serum calcium levels by 21% and 23% after 2 weeks,
respectively, as compared to the osteoporotic control. Similarly, ad-
ministration of CHP (30 mg/kg; p.o) showed a dramatic elevation in
serum calcium level by about 41% showing no significant difference
from the normal rats as shown in Table 1.

Moreover, the present results revealed that induction of osteo-
porosis was associated with a decline in serum phosphorus level by
50%, as compared to the normal control group. Administration of BHP
(450 mg/kg) and PHP (30 mg/kg) for 14 days showed marked increase
in serum phosphorus level by 57% and 79%, respectively as compared
to the osteoporotic rats. Similarly, osteoporotic rats treated with CHP
(30 mg/kg; p.o) normalized the serum phosphorus level after 2 weeks of
treatment as represented in Table 1.

Serum BALP was augmented by nearly 2.5 folds after 8 weeks of D-
galactose injection as compared to normal control group. A prominent
decline in serum BALP was observed after administration of both BHP
and CHP by 37% and 40%, respectively, as compared to the osteo-
porotic group which is presented in Table 1.

3.2.3. Effects of H. pluvialis on serum levels of interleukin-6 and catalase of
osteoporotic rats

Osteoporosis was associated with a marked increase in serum in-
terleukin-6 level by 78% with respect to the normal group. Oral treat-
ment of osteoporotic rats with CHP (30 mg/kg) for 2 weeks showed a
pronounced decline in serum interleukin-6 by 22% as illustrated in
Fig. 5a.

Induction of osteoporosis for was accompanied with a dramatic
decrease in serum catalase level by about 87% as compared to the
normal control group. Serum catalase level was significantly elevated
after oral treatment with BHP (450 mg/kg), PHP (30 mg/kg) and CHP
(30 mg/kg) for 2 weeks by 4, 3 and 6 folds respectively after 2 weeks as
compared to the osteoporotic control group. However, the carotenoid
fraction of H. pluvialis nearly restored the serum level of catalase to the
normal value as graphically illustrated in Fig. 5b.

3.2.4. Effects of H. pluvialis on serum levels of osteoprotegerin (OPG) and
nuclear factor-«f3 ligand (RANKL) of osteoporotic rats

Osteoporotic rats showed a pronounced elevation in serum levels of
OPG and RANKL by 3.8 folds and 35%, respectively, with respect to the
normal control group. Oral administration of BHP (450 mg/kg), PHP
(30 mg/kg) or CHP (30 mg/kg) depicted a reduction of OPG levels by
41%, 46% and 58%, respectively as compared to the osteoporotic
control group as illustrated in Fig. 6a. Similarly, treatment of these rats
with BHP (450 mg/kg), PHP (30 mg/kg) or CHP (30 mg/kg) succeeded
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Effect of H. pluvialis on mean thickness of bone trabeculae in D-galactose induced osteoporotic rats.

Parameters Mean thickness of Mean osteoblast Mean grey level

bone trabeculae count

Groups (xm/HPF)  (N.Ob/155327.7pm?)

Normal control

group 133.224+8.28 31 157.6

Osteoporotic

group 55.25+5.52% 23 184.7

Osteoporotic group

+BHP (450 mg/kg)  83.78+7.9%¢ 26 185.06

Osteoporotic group

+ PHP (30 mg/kg) 130.52a +8.2¢ 30 158.9

Osteoporotic group

+ CHP (30 mg/kg) 92.66°+6.98*¢ 28 174.33

Osteoporosis was induced in rats by intraproteonial injection of D-galactose (200mg/kg) for 8 consecutive
weeks. Osteoporotic rats were orally treated with H. pluvialis biomass, its polar and its non-polar fractions for 14
days. Twenty four hours after the last dose of the extracts, the animals were sacrified, the bones were dissected
and fixed in 10% formaldehyde/saline after the removal of soft tissue. The bones were decalcified in formic acid
for 3 weeks, and were kept for histopathological examination using H & E stain and alkaline phosphatase stain.
The thickness of bone trabeculae were estimated in 15 random high power field (HPF)/group and the mean
osteoblasts count (N.Ob/155,327.7um?) and grey level were estimated per square area 155,327.7um? Mean
thickness of bone trabeculae are represented as mean = SEM. Statistical analysis was carried out by one-way
analysis of variance (ANOVA) followed by Tukey-Kramer test for multiple comparisons.

*Significantly different from normal control group at P < 0.5.

@ Significantly different from osteoporotic group at P < 0.5.

to normalize the serum RANKL levels as illustrated in Fig. 6b.

3.2.5. Effects of H. pluvialis on histopathological examination of
osteoporotic rats

The histopathological specimens were examined for the integrity of
the periosteum and endosteum, the proliferation of the fibrous layer in
response to treatment as well as the defects of inner endosteum, in-
dicating attempts of regeneration and improvement. Lacunae of the
osteoblasts widening indicates under laying pathology, the more the
widening and its persistence the more deteriorated the case is. The
mean thickness of bone trabculae recorded in the normal and treated
group is illustrated in Table 2.

Normal rats showed normal bone epiphyseal structure with normal
bone trabeculae (Fig. 7a) with normal quiescent osteoblast (Fig. 7b).
The mean thickness of bone trabeculae recorded in this group is
133.22 + 8.28 um (Fig. 7a & b). The N.Ob/155,327.7um? and the grey
level are recorded in alkaline phosphatase-stained sections 31 and
157.60, respectively (Table 2 and Fig. 9a—c). On the other side, bone of
D-galactose-treated rats revealed apparent thinning of bone trabrculae,
with mean bone thickness of 55.25 * 5.52um, and with remarkable
increase of the marrow fat (adipogenesis) in addition to marked bone
resorption represented by presence of numerous osteoclasts on the
surface of the trabeculae (Fig. 7c & d) as well as increased micro cracks
in the bone. One of the characteristic histopthological alterations de-
monstrated in this group was reduction of the bone mineralization rate
indicated by the number of mineralized nodules in osteoporotic group
was less than that in normal that are confirmed in alizarin red-stained
sections (Fig. 7c¢ & d) compared to the normal group (Fig. 7a & b). The
mean N.Ob/155,327.7um? and the grey level are recorded in alkaline
phosphatase-stained sections 23 and 184.7, respectively (Table 2 and
Fig. 9d-f).

Examination of bone sections obtained from osteoporotic rats

treated with BHP (450 mg/kg), PHP (30 mg/kg) or CHP (30 mg/kg)
revealed reparative and regenerative changes, however, bone sections
obtained from osteoporotic rats treated with BHP (450 mg/kg) revealed
showed marked regression of osteoclastic activity together with in-
creased thickness of the trabeculae reaching a mean of 83.78 = 7.9 um
(Fig. 7e & f). Alizarin red stained sections revealed mild increase in the
bone mineralization rate (Fig. 8e & f). The N.Ob/155,327.7um? and the
grey level are recorded in alkaline phosphatase-stained sections 26 and
185.06, respectively (Table 2 and Fig. 9g—i). Likewise, variable areas of
bone sections obtained from rats treated with PHP (30 mg/kg) revealed
prominent increase of bone trabeculae with remarkable activation and
proliferation of osteoblasts which appeared plump with abundant ba-
sophilic cytoplasm (Fig. 7g &h). The mean thickness of bone trabeculae
is 130.52 = 8.2um (Fig. 7g & h). The bone trabeculae are more in-
tensely stained with Alizarin red compared to the D-galactose treated
group (Fig. 8g & h). The N.Ob/155,327.7um?* and the grey level are
recorded 30 and 158.9, respectively (Table 2 and Fig. 9j-1).

Similarly, bone sections obtained from osteoporotic rats treated
with CHP (30 mg/kg) revealed thickening of bone trabeculae with a
mean of 92.66 * 6.98 um as well as increased osteoblastic activity and
diminished osteoclasts (Fig. 7i & j). Increased bone density was de-
monstrated in this group, in which the bone trabeculae appeared in-
tensely red indicating high bone mineralization rate (Fig. 8i & j). The
N.Ob/155,327.7um? and the grey level are recorded in alkaline phos-
phatase-stained sections 28 and 174.33, respectively (Table 2 and
Fig. 9m, n &o).

4. Discussion

Aging is accompanied by bone deterioration regarding composition,
architecture and function, thus predisposes osteoporosis [17]. Aging
process of bone and osteoporosis are closely related thus recently,
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Fig. 7. Effect of H. pluvialis on bone histopathological examination of D-ga-
lactose induced osteoporotic rats using H&E stain. Bone tissue of, (a & b)
normal rats showing normal epiphyseal structure with normal bone trabeculae
(a) with normal quiescent osteoblast (arrows) (b), (c & d) D-galactose treated
rats showing apparent thinning of bone trabeculae (c) with presence of multi-
nucleated osteoclasts on the surface of the trabeculae (d), (e,f) H. pluvialis
biomass (BHP; 450 mg/kg) group showing increased thickness of the trabe-
culae, (g & h), Polar fractions (PHP; 30 mg/kg) group showing prominent in-
crease of bone trabeculae (g) with remarkable activation and proliferation of
osteoblasts which appeared plump with abundant basophilic cytoplasm (ar-
rows) (h), and (i & j)), and non-polar fractions (CHP; 30 mg/kg) group showing
thickening of bone trabeculae with increased osteoblastic activity (arrows) and
diminished osteoclasts. (stain: H&E, scale bar 100um).

research on the mechanisms of age-related bone loss has been elevated
dramatically [18].

Despite osteoporosis is mostly viewed from the scope of sex hor-
monal decline especially in women, age-related osteoporosis or bone
aging attracts much attention in attempts for defining the underlining
mechanisms. In the current study, aging induced by D-galactose
(200 mg/kg) for 8 weeks rendered the rats osteoporotic which is a well-
established model of age-related bone loss and is considered an ap-
propriate way to study bone changes in humans [19]. This model has
shown increased serum levels of calcium and BALP together with de-
creased serum phosphorus.

The current work revealed that the three-dimensional reconstructed

R e e
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Fig. 8. Effect of H. pluvialis on bone histopathological examination of D-ga-
lactose induced osteoporotic rats using Alizarin red stain. Photomicrograph of
bone tissue of (a & b) normal rats showing strong mineralization, (¢ & d) D-
galactose treated rats showing very weak mineralization line, (e & f) H. pluvialis
biomass (BHP; 450 mg/kg) group showing mild mineralization, (g & h) polar
fractions (PHP; 30 mg/kg) group showing increased mineralization, and (i & j),
and non-polar fractions (CHP; 30 mg/kg) group showing strong mineralization.
(stain: Alizarin red, scale bar 100um).

micro-CT images showed an intuitive view of prominent alteration of
the bone of D-galactose injected rats showing dramatic bone loss
manifested by reduction in the tibia BMD, BV/TV, Tb.Th and Tb.N.
These alterations are considered as a result of elevation in alveolar bone
turnover among the osteoporotic in comparison to the normal rats.
These results are in accordance with those of previous studies [20,21].
Reduction of the bone mineralization rate has been confirmed by Ali-
zarin red-stained sections compared to the normal group.

Thus, indicating a state of osteoporosis that has emphasized by a
significant alteration in serum calcium/ phosphorus levels; as expressed
in the elevation of the former and the decline of the latter, accom-
panying D-galactose induced osteoporosis. The change in serum cal-
cium and phosphorus homeostasis which is common in elderly could be
attributed to vitamin D deficiency that directly causes bone loss
through activation of osteoclastic cells leading to the influx of the ex-
tracellular fluid carrying calcium ions thus decreasing the secretion of
parathyroid hormone (PTH) [22]. The decline in serum PTH and
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Fig. 9. Effect of H. pluvialis on bone histopathological examination of D-ga-
lactose induced osteoporotic rats using alkaline phosphatase stain.
Photomicrograph of bone tissue of (a, b & ¢) normal rats, (d, e & f) D-galactose
treated rats showing decrease in the mean oesteoblastic count with elevated
grey level, (g, h & i) H. pluvialis biomass (BHP; 450 mg/kg) group, (j, k & 1)
polar fractions (PHP; 30 mg/kg) group and (m, n & o), and non-polar fractions
(CHP; 30 mg/kg) group showed an increase in the mean oesteoblastic count
with a reduction in the grey level. (stain: Alkaline phosphatase, scale bar
50um).

vitamin D further leads to decrease in the intestinal calcium and
phosphorus absorption [23-25].

As a result of reduction in calcium absorption during osteoporosis,
the mineralization of calcium by BALP was inhibited hence elevating
the levels of these bone formation markers in blood circulation [26].
Moreover, osteoblasts normally express large amounts of the bone
isoenzyme of alkaline phosphatase, and serum levels are usually ele-
vated when osteoblastic activity and bone formation rates are increased
[27]. Such increments can also be attributed to the osteoclastic break
down of bone matrix [28].

In the current study, treatment with BHP and PHP elevated serum
calcium level and decreased serum phosphorus level as compared to the
osteoporotic rats. Similarly, administration of CHP showed a pro-
nounced elevation in serum calcium level and normalized the serum
phosphorus level. Low bone mass which is a major risk factor for
fractures [29] was dramatically reduced in the present study in D-ga-
lactose injected rats demonstrated the induction of osteoporosis. The 3-
D bone microstructure analysis using micro-CT demonstrated
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significant changes in BMD, BV/TV, Tb.Th and Tb.N indicating alle-
viation in the alveolar bone loss in groups treated with BHP, PHP and
CHP for 14 consecutive days with respect to D-galactose injected rats.
These results were confirmed by the histopathological examination of
bone sections obtained from osteoporotic rats treated with BHP
(450 mg/kg), PHP (30 mg/kg) or CHP (30 mg/kg) which revealed re-
generative alterations. Furthermore, the result of alizarin red staining
showed that the number of mineralized nodules in osteoporotic group
was less than that in treated ones thus indicating an increase in the bone
mineralization rate [30]. Similarly, alkaline phosphatase staining
which is an osteoblast differentiation marker [31,32] confirmed the
fore mentioned results; whereas the count of osteoblastic cells has been
boosted by oral treatment of osteoporotic rats with H. pluvialis for 2
consecutive weeks the presenting stimulation of osteoblastic cell pro-
liferation. This mechanism has been illustrated in Fig. 10.

Osteoporosis was also accompanied with augmentation in inter-
leukin-6 level. Accelerated osteoclastic activity and bone resorption in
osteoporotic rats in the current work was prominently clarified by the
increased level of osteoclastogenic cytokine interleukin-6 which was
previously reported in experimental animals [33] and in post-
menopausal women [34].

Oral treatment of osteoporotic rats with carotenoid fraction of H.
pluvialis for 2 weeks showed a pronounced decline in serum interleukin-
6. [35] assured that the development of agents that modulate the ac-
tions of interleukin-6 may provide alternative osteoporosis manage-
ment strategy than existing general osteoporosis therapies [35].
Moreover a recent study indicated that blockade of interleukin-6 sig-
naling may prevent tumor-induced bone remodeling thus decreasing
fractures [36]. It has been reported that astaxanthin and astaxanthin-
rich products are commonly indicated as immune modulators probably
by suppressing IkB Kinase-dependent NF-kB activation [37].

Free radicals and oxidative stress have been implicated in the pa-
thogenesis of osteoporosis [38] which is clearly indicated here through
in the marked decline in the serum catalase level. Manolagas [34] re-
ported that the administration of catalase prevented ovariectomy-in-
duced bone loss in rats. Therefore, it has been speculated that com-
pounds with antioxidant properties represent promising candidates for
the prevention and treatment of osteoporosis. Presently, the carotenoid
fraction of H. pluvialis restored the serum level of catalase to its normal
value. This effect is attributed to the potent anti-oxidant property of
astaxanthin-rich carotenoid fraction which has been previously in-
vestigated in our Lab. This is due to its modulatory role of the Nrf2/
Keap pathway [8]. Recently, it was documented that AST has an in-
hibitory effect on osteoclast differentiation in osteoporosis model in
ovarectomized mice [6].

Previous analysis of the carotenoid fraction of H. pluvialis revealed
the presence of astaxanthin, (3-carotene, zeaxanthin, lutein and can-
thaxanthin. Astaxanthin was found to be the major carotenoid.
Quantitative analysis revealed the presence of 49.99 mg total astax-
anthin per 100g of the carotenoid fraction of H. pluvialis (28.7 mg/
100 g free astaxanthin and 21.2mg/100g esterified astaxanthin) as
well as 15.5mg/100g P-carotene ([39,7]). The docking study per-
formed in the presence study has shown a high affinity of astaxanthin
towards the OPG-RANKL complex protein.

In the present study, it has been found that treatment of osteo-
porotic rats with BHP, PHP or CHP depicted a reduction of serum OPG
levels as compared to the osteoporotic control group and succeeded to
normalize the serum RANKL level. A higher production of RANKL has
been previously detected in-vitro in cultures of peripheral blood
mononuclear cells (PBMC) obtained from osteoporotic women [40].

Bone loss in osteoporotic rats in the current study is attributed to the
depression in the RANKL with up regulation in the OPG levels which in
turn, leads to depression in osteoclast cell differentiation and bone re-
sorption [29] indicating that astaxanthin-rich H. pluvialis has a
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Fig. 10. Hypothesis of mechanism of action of astaxanthin-rich H. pluvialis on RANK/RANKL/OPG pathway in bone remodeling in D-galactose-induced osteoporotic

rats.

regulatory effect on OPG/RANKL pathway which is confirmed by as-
taxanthin’s high affinity towards the OPG-RANKL complex protein that
has been revealed by the docking study. The proposed mechanism of
action of astaxanthin-rich H. pluvialis on RANK/RANKL/OPG pathway
in bone remodeling has been illustrated in Fig. 10.

In conclusion, astaxanthin-rich H. pluvialis fraction showed to be
beneficial in the control of age-related osteoporosis not only through
preserving bone mass and serum calcium/phosphorus level but also
through increase in the bone mineralization rate. This effect is most
likely to be exerted via the regulation of OPG/RANKL expression;
promotion of RANKL and inhibition of OPG.
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