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ABSTRACT

Aim of the Work: To evaluate the role of Alendronic acid (Fosamax), vitamin K2, and/or fennel essential oil in treating
ovariectomy-induced osteoporosis in adult female albino rats.

Materials and Methods: Forty-eight adult female Wistar albino rats weighing 180+20g, aging 12-14 weeks were divided
into the following groups: Group I (control group). Group II (sham-operated group), and group III (ovariectomized group).
Bilateral ovariectomy (OVX) was performed for thirty rats and twelve weeks later, rats were further subdivided equally into
five subgroups. Group IIla (osteoporotic group); Group I1Ib (Fosamax-treated group).Group Illc (Mena Q- treated group);
Group I11d (Fennel oil-treated group); Group Ille (Mena Q and Fennel-treated group). All treatments were administered by
oro-gastric tube and were continued for 12 weeks. Serum analysis was assessed for the appropriate laboratory tests. Femur
bone specimens were processed for histological examination. Morphometric and statistical analyses were performed.

Results: The osteoporotic group showed a non-homogenous acidophilic matrix with osteoporotic cavities, large bony tunnels,
areas devoid of osteocytes, empty lacunae, and unevenly eroded endosteum. These findings were supported by a significant
decrease in serum calcium and phosphorus levels coupled with a significant increase in levels of the enzymes bone-specific
alkaline phosphatase and tartrate-resistant acid phosphatase and a significant reduction in the area percentage of collagen fibers
and Periodic-Acid-Schiff reaction within the bone matrix. The immunohistochemical studies detected a positive RANKL
immune expression in the osteoporotic cavities and weak osteopontin expression within the bone matrix. Whereas, Fosamax,
Vitamin K2, and fennel essential oil revealed obvious improvement in the histological changes depicted previously.

Conclusion: Combined administration of fennel essential oil and Vitamin K2 has a more pronounced enhancing healing effect
in PMO than Vitamin K2, fennel separately, or Fosamax. This could be attributed to the synergistic antioxidant and anti-
inflammatory properties in addition to the potent estrogenic effect of fennel.
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INTRODUCTION postmenopausal females. Age-related bone loss is caused
by hormonal changes as well as decreased ability to
utilize calcium, decreased vitamin D supply through
lower synthesis and absorption, and decreased enzymatic
hydroxylation of 25-hydroxycholecalciferol by the
kidneys(*!,

Low bone mass and microarchitectural deterioration of
bone tissue are the hallmarks of osteoporosis, a systemic
skeletal disease that raises the risk of fractures due to
weakened bone strength!!, Until a fracture occurs, it is a
silent disease without evident symptoms or signsf!.

Following a bilateral oophorectomy, women experience
surgical menopause since they lose most of their capability
to produce estrogen and progesterone at substantial
levels. The physiologic changes related to menopause in
oophorectomy occur swiftly, with the more sudden and
severe onset of symptoms having a major influence on a
woman’s well-being and quality of lifel*].

Menopause is the period in an adult woman's life when
the ovaries gradually become inactive and menstruation
ceasest’. Following menopause, there is typically a
dramatic decline in circulating estrogen levels, which
results in accelerated bone resorption but not reformation
and sets the stage for postmenopausal osteoporosis
(PMO), a worldwide metabolic bone disorder affecting

DOI: 10.21608/ejh.2023.223198.1924

1030



Aboudighied et. al.,

Alendronic acid promotes osteoblast differentiation and
modifies the osteoclasts' capacity for bone resorption, which
may contribute to bone remodeling in postmenopausal
osteoporosis,

Vitamin K2 exerts a profound influence on bone
building and has been listed as one of the most frequently
prescribed therapies for osteoporosis and fracture!®’.

Foeniculum Vulgare Mill (fennel) is one of the most
widespread and well-known phytoestrogens due to its
structural resemblance to diethylstilbestrol, a synthetic
estrogen. Recently, phytoestrogens have received
considerable interest as an implicit treatment for PMO,
preventing cancer, and relieving menopausal symptoms’-#,

The current work aimed to assess the role of
Alendronic acid (Fosamax), vitamin K2, and fennel
essential oil separately or in combination in ameliorating
ovariectomized-induced osteoporosis in adult female
albino rats.

MATERIALS AND METHODS

Animals, drugs, and chemicals

In the current study, 48 adult female Rattus norvogicus
albino rats, aged 12—-14 weeks and weighing 180 + 20
g, were used. They had been purchased from the animal
breeding farm, Helwan, Egypt. Rats were scttled in
standard-clean, adequately ventilated stainless steel mesh
cages in a pathogen-free environment at the Faculty of
Medicine for Girls, Al-Azhar University, Cairo, with a
room temperature of 25 £2°C, a humidity of 54 + 5%, and
alternate light/dark cycles. Before the experiment began,
rats were adapted for a week. During the experiment, rats
had unrestricted access to food and water. According to the
institutional animal care and use committee's (FMG-IRB)
established ethical guidelines and procedures accepted by
the Faculty of Medicine for Girls, Al Azhar University, all
ethical protocols for treating animals were followed.

Fosamax (Alendronic acid), manufactured by Aecica
Pharmaceuticals GmbH, Germany, was used. The 70 mg
tablet was ground and dissolved in saline, then 1 ml of
solution (0.2 mg/ml/rat) was administered orally once a
week at an equivalent human dose of 70 mg/adult®!%,

Mena Q: A highly purified long-acting form of vitamin
K2 was used, manufactured by Dulexlab Devartlab
Pharmaceuticals, Egypt. Each one-gram pill was ground
and dissolved in saline, before being given orally once
daily to rats (0.5 mg/ml/rat) at an equivalent human dose
of 1 g/adult!'!l.

Fennel essential oil (Foeniculum vulgare Mill): Sigma-
Aldrich Chemical Company (CAS Number 8006-84-6), St.
Louis, Missouri, USA, was purchased from The Egyptian
International Center for Import, Nasr City, Cairo, Egypt.
1 ml of fennel essential oil was given daily to the animals
orally at an equivalent dose of 100 mg/kg body weight,
according to the study of Kim et al.l'.

Experimental design
The rats were divided into three main groups:

Control group (GI, n= 12): that was further subdivided
equally into two subgroups (6 animals each):

e Subgroup Ia: which served as a negative control,
received no treatment.

*  Subgroup Ib: included rats which received 1 ml of
saline (a drug vehicle) orally once daily during the
experimental period (24 weeks).

Sham-operated group (GII, n = 6): the ovaries were
exteriorized but not removed, and then rats had unrestricted
access to food and water with no treatment intervention
during the entire experiment.

Ovariectomized group (GIII, n = 30): bilateral
ovariectomy (OVX) was performed for thirty adult female
albino rats according to Liu et al.l"¥l. The ovariectomized
rats were then maintained for a further 12 weeks to induce
osteoporosis, according to Liu et al.["¥! and Rajfer et al.l'.
Rats from this cohort were further subdivided equally into
five subgroups (6 animals each):

Osteoporotic group (Group Illa): OVX rats were left
without any treatment for another 12 weeks.

Fosamax-treated group (Group IIIb): OVX rats were
given 1 ml of Fosamax solution (0.2 mg/ml/rat/week).

Mena Q-treated group (Group Illc): OVX rats were
administrated 1 ml of Mena Q solution once daily (0.5 mg/
ml/rat).

Fennel-treated group (Group I1Id): OVX rats received
1 ml of fennel essential oil daily at a dose equivalent to 100
mg/kg body weight.

Mena Q and Fennel-treated group (Group Ille):
OVX rats received Mena Q one hour prior to fennel in the
same doses as groups Illc and I1Id, respectively.

All the treatments were introduced through an oro-
gastric tube at 9:00 a.m. for 12 weeks following induced
osteoporosis, and after that, rats were sacrificed.

Animals of all groups were weighted separately at
the beginning and end of the experiment prior to sample
collection.

By the end of the experiment, blood was collected
from the retro-orbital sinuses of the anesthetized rats
in sterile tubes using heparinized capillary tubes!' for
measuring serum calcium, phosphorus, bone-specific
alkaline phosphatase (BALP), and tartrate-resistant acid
phosphatase (TRAP) levels among the overnight fasted
rats of the studied groups!'®l.

The levels of calcium and phosphorous were measured
using an automated colorimetric technique (Biodiagnostic
Company, Egypt), while BALP and TRAP levels were
assessed by the enzyme-linked immunosorbent assay
(ELISA) using commercially available kits (CSB-E11865r
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and NPB2-76464; CUSIA Bio BIOTECH CO., Houston,
USA), respectively!!”-' at the Pharmacognosy Department,
Faculty of Pharmacy (Boys), Al Azhar University, Cairo,
Egypt. Results for calcium and phosphorus were given
in mg/dl, while those for BALP and TRAP were given in
IU/L and ng/mIU'181,

The femurs were dissected out and fixed in buffered
formaldehyde 10% for 4 days, then decalcified using
formic acid 10%. The decalcified specimens had been
processed to obtain paraffin sections of Sum thickness and
were then stained with:

*  Hematoxylin and Eosin (H&E) for studying the
general structure.

*  Masson’s trichrome stain for staining the collagen
fibers.

e Periodic acid Schiff's (PAS) technique for
studying the cement substances of bone trabeculae
(glycoproteins and glycosaminoglycans)!'”!,

Immunohistochemical technique

Immunohistochemical techniques were used to
detect the protein expression of receptor activator of
nuclear factor-kB ligand (RANKL) and osteopontin
(OPN) in formalin-fixed bone tissue sections in the
different experimental groups using avidin-biotin
immunoperoxidase techniques®*?!, They were performed
at the Cancer Institute, Cairo.

Positively charged 5-pum sections proceeded to
deparaffinization in xylene and hydration in descending
grades of ethanol, and afterwards endogenous peroxidase
was blocked using 0.3% hydrogen peroxide (0.3% H,0,)
for 30 min., and then a serum blocking solution of 5%

normal goat serum (cat. no. ZL19022; Beijing Zhongshan
Golden Bridge) was applied in a moist chamber for 30 min.
at room temperature prior to incubation with the primary
antibody

The bone sections recognizing RANKL were
subsequently incubated overnight at 4°C with primary
antibody using mouse anti-RANKL monoclonal antibody
(1:800 dilution; cat. no. ALX-804-244-C100, Alexis
Biochemicals, San Diego, CA, USA). While the bone
sections recognizing OPN were incubated using rabbit
anti-OPN polyclonal antibody (1:200 dilution; cat. no.
ab8448; Abcam, Cambridge, MA, USA) in humidified
chambers following the manufacturer’s instructions?-2!,
The sections were incubated with biotinylated secondary
antibodies (goat anti-rabbit/mouse immunoglobulin G)
(Dako Ltd., diluted 1:200) for the corresponding primary
antibody, and thereafter sections were incubated with the
avidin—biotin-conjugated peroxidase complex (Vector
Laboratories Ltd., UK) for 15 min. Visualisation of the
antigen-antibody reaction by incubating bone sections
in 3,3’-diaminobenzidine-substrate chromagen (DAB)
solution 0.05% (Sigma Chemical Co., Poole, UK)
for 15 min. Subsequent counterstaining with Mayer’s
hematoxylin for 5 sec, was conducted, dehydrated, and
mounted with DPX.

Apositive RANKLimmunereactionrevealscytoplasmic
brown punctuations or granular staining substances. While
a bone section with an extracellular localization of brown
punctuates or granular staining substances in the bone
matrix was considered OPN-positive immune reactive.

Positive control slides were applied (Figures la,b).
Negative control for RANKL and OPN was achieved by
replacing the primary antibody with PBS (Figures 1c,d).
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Fig. 1: Photomicrographs of the immunohistochemical reaction: (a) Positive RANKL immune expression in the bone marrow section shows a dark brown
reaction within the cytoplasm of the immunogenic cells (black arrows). (b) Positive OPN immune expression in the lung section shows a dark brown reaction
within the cytoplasm of the type II pneumocytes and fibroblasts of interstitial tissue (red arrows). (¢, d) Negative controls for RANKL and OPN, respectively,
in the femurs' shafts where the primary antibodies are omitted. [Immunohistochemical technique; (a, b, ¢ & d) x 400, scale bar = 50 pm]

Quantitative, Morphometric, and Statistical Studies

Various quantitative morphometric parameters were
detemined in bone sections, including; the osteocyte
count at X200 magnification, the cortical bone thickness
in micrometers from the periosteum to the endosteum at
five different points spaced 0.5 mm apart in each section,
0.2 mm below the lowest point of the growth platel??, the
area percentage (%) of the thickness of bone trabeculae,
and the thickness of the epiphyseal cartilage plate in
the hematoxylin and eosin stained sections, all at X100
magnification. Additionally, in the Masson trichrome and

PAS-stained sections, respectively, the area % of collagen
fibers and the optical density of the PAS-positive cement
ground matrix were measured at X200 magnification.
Finally, the area % of RANKL and OPN immune expression
in the immunohistochemically treated sections at x200
magnification was also detected. Non-overlapping randomly
selected 10 fields from five sections of each rat in each group
were chosen and morphometrically analyzed using Leica
light microscope MDLSD and image analysis software
at the Regional Center for Mycology and Biotechnology
(RCMB), Al-Azhar University, Cairo, Egypt.
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All data were statistically represented in mean + SD.
The one-way analysis of variance (ANOVA) and Tukey's
post hoc test were used to compare them. The P-value
< 0.05 was used as the significant value. The Statistical
Package for the Social Sciences, Version 22 for Windows
(California, USA), was used to apply the statistical analysis.

RESULTS

Histological results
Hematoxylin and Eosin (H&E) stain (Figures 2-8)

H&E-stained sections from the femurs' shafts of the
control and sham-operated groups (GI and GII) displayed
nearly similar results in the periosteum, endosteum,
and the acidophilic matrix of compact bone in between
(Figures. 2a,b). The compact bone showed concentrically
arranged bone lamellae, osteocytes in their lacunae between
lamellae, as well as centrally located Haversian canals
lined by osteoprogenitor cells that made up the Haversian
system. External, internal, and interstitial bone lamellae
were also seen (Figure 2b). The periosteum consisted of
an outer fibrous layer formed of dense collagen fibers
with fibroblasts in between, and an inner osteogenic layer
made up of spindle-shaped osteoprogenitor cells with
elongated nuclei and osteoblasts (Figure 2c). A single layer
of osteoprogenitor cells with flat nuclei and osteoblasts
with nearly rounded nuclei appeared lining the endosteum
(Figure 2d).

Normal trabecular bone architecture consisted of thick
interconnected bony trabeculae containing numerous
osteocytes entrapped within their lacunae, surrounded bone
marrow cavities containing a large number of hemopoietic
cells, and were lined by the endosteum, formed mainly of
osteoprogenitor cells and osteoblasts (Figures 3a,b).

Well-organized epiphyseal cartilage appeared to be
formed of histologically distinct zones, including the resting
zone of small and randomly distributed chondrocytes,
the proliferative zone of organized adjacent columns of
stacked chondrocytes, the hypertrophy zone of enlarged
chondrocytes, and the calcification zone, whic contained
empty lacunae (Figure 3c).

H&E stained sections from the osteoporotic group
(GllIa) showed different degrees of osteoporosis and loss of
normal bone architecture in the form of large bony tunnels
(Figure 4a), apparent decreased and irregular cortical bone
thickness, thickened outer fibrous layer of the periosteum,
osteoporotic cavities, a non-homogenous acidophilic
matrix with focal faintly stained regions, and irregular
basophilic areas in between, areas devoid of osteocytes, and
irregularly arranged osteocytes. The endosteum displayed
an irregularly eroded surface (Figures 4b,c,d).

The osteoporotic group (GIIla) also revealed
deteriorated cancellous bone in the form of discontinuous,
thin, widely separated bone trabeculac with a non-
homogenous acidophilic matrix containing basophilic
irregular areas. There were blind-ended trabeculae

associated with minor fractures and fissures, as well as
islets of very small bone trabeculae representing button
phenomena. Wide bone marrow spaces were evident
between trabeculae, containing abundant adipocytes
and fewer hemopoietic cells than in the control group
(Figures S5a,b). Additionally, some empty lacunae in the
bone trabeculae were detected (Figure 5c¢).

The epiphyseal cartilage of the Gllla exhibited a
marked reduction in thickness and appeared disorganized
with disruption in the chondrocyte's columnar arrangement.
Comparatively to the control group, some homogenous
regions of the cartilaginous matrix lacked chondrocytes
(Figure 5d).

Inversely, examination of the H&E-stained sections
from all treated groups, including the Fosamax-treated
group (GIIIb), the Mena Q-treated group (GIIIc), the
Fennel-treated group (GIIId), and the combined Mena
Q and Fennel-treated group (Gllle), revealed some
improvement in bone structure, with a noticeable
increase in cortical bone thickness concurrent with a
decrease in the thickness of the outer fibrous layer of
the periosteum and the presence of irregular basophilic
cement lines indicating new bone formation. Osteocytes of
normal shape and distribution were evident between the
regularly arranged bone lamellae in the Haversian system
(Figure 6a-d). Few osteoporotic cavities, basophilic areas
within the acidophilic bone matrix, and slight endosteal
erosions were found only in GIIIb, GIlIc, and GIIId (Figures
6a,b,c). Furthermore, the Fennel-treated group (IIId)
displayed a thick inner osteogenic layer of the periosteum
and a subperiosteal groove in the underlying bone lamellae
(Figure 6c¢). On the other hand, Gllle showed marked
improvement with the preservation of nearly normal bone
histoarchitecture (Figure 6d).

The femurs' epiphyses of the treated groups (GIIIb,
Glllc, GIIId, and Gllle) showed thick and relatively thin
interconnected irregular bone trabeculaec with wide bone
marrow cavities between them containing hematopoietic cells.
Bone trabeculae contained osteocytes within their lacunae.
They were lined by the endosteum. Few osteoporotic cavities
were also observed within the bone trabeculae (Figures 7a-
d). Basophilic areas were observed in Glllc (Figure 7b),
while GIIId revealed disconnected bone trabeculae, more
osteoporotic cavities, and endosteal erosions (Figure 7c¢).
Gllle displayed the best histological result and a regular
continuous endosteum, however, few osteoporotic cavities
were found within the bone trabeculae (Figure 7d).

In the treated groups (GIIIb, Glllc, and GIIId), the
epiphyseal cartilage appeared well-organized with the
preservation of chondrocyte arrangement in the different
histological zones, except for some regions that appeared
devoid of chondrocytes (Figures 8a,b,c). While Gllle
revealed restoration of the -cartilage plate's normal
thickness as well as nearly normal chondrocytes arranged
in the different histological zones comparable to the control
group (Figure 8d).
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Masson’s trichrome stain (Figures 9-11)

Masson's trichrome-stained bone sections from the
femur of the control and sham-operated groups (GI &
GII) showed the normal distribution of the collagen fibers
within the periosteum and closely packed fibers within the
bone matrix of the diaphysis (Figure 9a). Normal collagen
fiber distribution was also detected in the matrix of the
cancellous bone trabeculae within the epiphysis of both
groups (Figure 9b).

While in the osteoporotic group (Gllla), an apparently
thickened periosteum with a predominant outer fibrous
layer and few irregular distributions of the collagen
fibers were evident within the bone matrix, as shown by
the faint green coloration of the bone matrix. Abnormal
collagen fibers at the endosteal surface could be detected
(Figure 9c). Additionally, an apparent decrease in the
collagen fibers distribution in the bone trabecular matrix
within the epiphysis was also observed (Figure 9d).

Inversely, examination of the Masson’s trichrome-
stained sections from all treated groups (GIIIb, Glllc,
GIIId, and GIIIe) showed a reduction in the thickness of
the periosteum's outer fibrous layer and a densely packed
collagen fibers distribution in the compact bone matrix
that was quite similar to the control (Figures 10a-d). On
the other hand, compared to the control group, there was
a slight reduction in the collagen fibers distribution in the
matrix of the bone trabeculae of the femur's epiphysis in the
GIIIb, Glllc, and GIIId (Figures 11a,b,c). While the bone
trabeculae in the GIIle had more collagen fibers distributed
throughout the matrix that appeared more or less similar to
the control group (Figure 11d).

Periodic acid Schiff technique (Figures 12-14)

PAS-stained sections from the femurs of the control
and sham-operated groups (GI and GII) showed an intense
PAS-positive reaction in the cement lines within the
compact bone matrix (Figure 12a) and in the cancellous
bone trabeculae (Figure 12b).

The osteoporotic group (GIIla) showed few ill-defined
PAS-positive cement lines within the bone matrix of the
shaft (Figure 12¢) and in the matrix of thin discontinuous
bone trabeculae within the epiphysis comparable to the
control group (Figure 12d).

Inversely, examination of the PAS-stained sections
from all treated groups (GIIIb, Glllc, GIIld, and Gllle)
displayed a nearly normal PAS-positive reaction with an
intense reaction in the cement lines distributed throughout
the compact bone matrix of the shaft (Figures 13a—d) and
in the cancellous bone trabeculae of the femur's epiphysis
that appeared more or less similar to the control group
(Figures 14a —d).

Immunohistochemical results (Figures 15-21)

Immunohistochemical results for receptor activator
of nuclear factor-kB ligand (RANKL)

RANKL immune expression was undetectable in
the compact bone matrix of the femurs' shafts and the
cancellous bone trabeculae of the control (GI) and sham-
operated (GII) groups (Figures 15a,b).

While in the osteoporotic group (GlIlla), strong
positive RANKL immune expression was detected in the
osteoporotic cavities, within the endosteum of the femurs'
shafts (Figure 15c¢), and in the trabecular bones' endosteum
of the femurs' epiphyses (Figure 15d).

In contrast, examination of the femur sections of
the treated groups (GIIIb, Glilc, and GIIId) revealed
a mildly positive RANKL immune expression in the
osteoporotic cavities within the compact bone matrix of
the shaft (Figures 16a,b,c). While GlIlle displayed a faint
RANKL immune expression in the compact bone matrix
(Figure 16d). As regards the femurs' epiphyses, all treated
groups IIIb, Illc, 1I1d, and Ille displayed weak RANKL
immune expression in the endosteum of the trabecular
bone (Figures 17a —d).

Immunohistochemical results for osteopontin (OPN)

Positive osteopontin (OPN) protein immune expression
was detectable as brown granules in the bone matrix
with increased inductive effect around osteoblasts at the
periosteum, in the cement lines of the shaft, around the
osteocytes resident in lacunae, around the Haversion canals,
as well as at the endosteal surface close to the bone marrow
(Figures 18a—c). Strongly positive osteopontin was also
detected in the cement lines of the femur's trabeculae in the
control (GI) and sham-operated (GII) groups (Figure19a).

OPN immunohistochemical staining of the femur
sections of the osteoporotic rats (Gllla) revealed a
decreased osteoinductive effect around the osteoblasts and
osteocytes as evidenced by a weak osteopontin protein
immune reactivity within the bone matrix of the femur's
shaft (Figure 18d). On the other hand, other sections
showed strong positive osteopontin immune expression
within the degenerative areas, osteoporotic cavities, and
at the endosteum of the femur's shaft (Figures 18e—g).
Additionally, weak OPN immune expression was also
detected in the cement lines of the bone trabeculae of the
osteoporotic group (Figure 19b).

Inversely, examination of the femur sections from the
treated groups (GlIIb, Glllc, GlIld, and Gllle) revealed a
nearly normal positive OPN immune expression in the bone
matrix and in the cement lines of the femur's shaft and at the
endosteal surfaces (Figures 20a—h). Furthermore, strong
positive OPN expression was evident in the osteoporotic
cavities of GIIIb (Figures 20a,b), Glllc (Figures 20c,d),
and GIIId (Figures 20e,f). Additionally, all treated groups
showed strong positive OPN reactions within the bone
matrix and in the cement lines of the trabecular bone
(Figures 21a—d).
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Statistical results
Body weight

All of the studied groups' mean initial body weights
(IBW) were quite similar, with no statistically significant
values. They varied between 145.8+4.9 and 152.5+5.2

At the end of the experiment, the studied groups' mean
final body weights (FBW) significantly increased. The
osteoporotic group (GIIla) had the highest recorded mean
of the FBW when compared to the other experimental
groups, followed by those of the Fosamax-treated group
(GIIIb), Mena Q-treated group (Glllc), and Fennel-treated
group (GIIId). While the control group (I) recorded the least
mean of the FBW, followed by the sham-operated group
(GII) and then the combined Mena Q and Fennel-treated
group (Gllle), with a statistically significant difference
(P<0.05) (Table 1, Histogram 1).

Biochemical results

The statistical study concerning serum calcium,
phosphorus, bone-specific alkaline phosphatase (BALP),
and tartrate-resistant acid phosphatase (TRAP) among rats
of all experimental groups showed that the osteoporotic
group (GlIIa) had the least mean values of serum calcium
and phosphorus coupled with the highest mean of BALP,
and TRAP levels when compared to the other experimental
groups (Table 2).

Inversely, the treated groups (GIIlb, Glllc, GIIId,
and GllIle) enhanced these parameters, as evident by a
significant increase in serum calcium and phosphorus
along with a significant decrease in both BALP and TRAP
levels comparable to the osteoporotic group (Gllla).
Interestingly, the improvement could not reach the control
values as there was a significant difference when compared
to the control group (P<0.05), with the exception of Gllle,
which recorded significant values when compared with the
treated groups Illc, and IIId (P<0.05) but non-significant
values when compared with the control group and GIIIb
(p>0.05) (Table 2).

Histomorphometric results

1. The osteocyte count: There was a significant
decrease in the mean value of osteocyte count in the
osteoporotic group (Illa), which showed the least value
compared to the other experimental groups.

On the other hand, all treated groups (GIIIb, GllIc,
GIIId, and GllIle) showed a clear improvement with a
significant increase in the osteocyte count when compared
to the osteoporotic group (P<0.05) with the highest mean
value among GIlIle when compared with the other treated
groups IIIb, Illc, and IIId (P<0.05). However, GIIIb,
Gllle, GIIId, and Gllle showed significantly decreased
values when compared with the control group (p<0.05)
(Table 3, Histogram 2).

2. The cortical thickness (um) and the area
percentage (%) of the trabecular bone thickness:
Comparing the osteoporotic group (Illa) to the other

experimental groups, the osteoporotic group showed the
lowest mean values of the cortical thickness and the area
% of trabecular bone thickness.

Contrarily, all treated groups (GIIIb, Glllc, GlIld, and
Gllle) showed a noticeable improvement, with a significant
increase in cortical and trabecular bone thickness
comparable to the osteoporotic group (P<0.05), however,
it could not approach the control values. Interestingly,
Gllle recorded the best improvement, with a significant
difference compared to the treated groups IlIb, Illc, and
II1d (P<0.05) but a non-significant value when compared
with the control group (p>0.05) (Table 3, Histograms 3,4).

3. The thickness of epiphyseal growth plate cartilage
(nm): There was a significant decrease in the mean value of
the epiphyseal cartilage plate thickness in the osteoporotic
group (IIla), which recorded the least value compared to
the other experimental groups.

On the other hand, as compared to the osteoporotic
group, all treated groups (GIIIb, Gllic, GIIId, and Gllle)
showed a clear improvement with a significant increase
in the mean thickness (P<0.05). Gllle had the highest
mean value and showed a non-significant difference when
compared with the GIIIb, and the control group (p>0.05),
whereas GllIb, Glllc, and GIIld showed significantly lower
values when compared with the control group (p<0.05)
(Table 3, Histogram 5).

The area percentage of collagen fibers in the cortical
and trabecular bone matrix: Using Masson's trichrome
stained sections, the osteoporotic group (Gllla) had the
lowest mean values for the mean area% of collagen fibers
in the cortical and trabecular bone matrix in comparison to
the other experimental groups.

All treated groups (GIIIb, Glllc, GIIld, and Gllle)
showed a marked improvement when compared to the
osteoporotic group, with a significant increase in the area%
of collagen fibers (P<0.05), but they could not reach the
control values and displayed significantly lower values
when compared to the control group (p<0.05). Additionally,
Gllle had significantly increased values when compared to
Glllc, and GIIId (P<0.05) but showed non-significantly
elevated values when compared to GIIb (p>0.05)
(Table 4, Histogram 6).

The optical density of PAS-positive cement ground
matrix in the cortical and trabecular bones: The
osteoporotic group (I1a) showed the lowest mean values
of the optical density of the PAS-positive cement ground
matrix in the cortical and trabecular bones compared to the
other experimental groups in PAS-stained sections.

While all treated groups (GllIb, Glllc, GIIId, and
Gllle) showed a clear improvement when compared to the
osteoporotic group, there was a significant increase in the
mean values (P<0.05) as well as significant values when
compared to the control group (P<0.05) with the exception
of GIIld, which showed non-significant values when
compared to the control group (p>0.05). Additionally,
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Gllle had significantly increased values when compared
to GllIc, and GIIId (P<0.05) but showed non-significantly
elevated values when compared to GIIb (p>0.05)
(Table 4, Histogram 7).

The area% of RANKL and osteopontin (OPN)
immune expression in the cortical and trabecular
bones: Comparing the osteoporotic group (GlIlla) to the
other experimental groups, the osteoporotic group had
the highest mean area% of RANKL immune expression
coupled with the lowest mean area percentage of OPN
immune expression in the cortical and trabecular bones.

On the other hand, all treated groups (GIIIb, GIllIc,

GIIId, and Gllle) showed marked improvement, with a
significant decrease in RANKL immune expression and
a significant increase in OPN expression in the cortical
and trabecular bones when compared to the osteoporotic
group (P<0.05) as well as significant values when
compared to the control group (P<0.05) with the exception
of Gllle, which showed significantly lower RANKL
values when compared with the treated groups IIIb, Illc,
and IIId (P<0.05) and significantly higher OPN values
only with the GIIId (P<0.05) but showed non-significant
values when compared with the control group (P>0.05)
(Table 5, Histograms 8§, 9).
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Fig. 2: Photomicrographs of sections from the femurs' shafts of the control group (GI), showing: (a, b) The periosteum (P), endosteum (E), and the acidophilic
matrix of the compact bone contain osteocytes (curved arrows). (b) Osteocytes inside their lacunae (curved arrows) are concentrically arranged around centrally
located Haversian canals (HC). Internal (IC), external (EC) circumferential lamellae, and interstitial bone lamellae (IL) are also noticed. The inset, a higher
magnification of the Haversian canal, shows osteoprogenitor cells (OP) with flat nuclei. (c) The outer fibrous layer (f) and the inner osteogenic layer (os) of
the periosteum (P), osteocytes inside lacunae (curved arrows), Haversian canal (HC), and external circumferential lamellae (EC) are seen. (d) Endosteum
(E), osteocytes (curved arrows), Haversian canal (HC), and internal circumferential lamellae (IC) are seen. The inset, a higher magnification of the endosteal
surface, shows multiple osteoprogenitor cells (OP) with flat nuclei and osteoblasts (OB) with rounded nuclei. [H&E; (a) x100, scale bar = 200 pm, (b) x200,
scale bar = 100 um, (c, d) x400, scale bar = 50 um, and (inset in b, d) x1000, scale bar = 20 pum].
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Fig. 3: Photomicrographs of sections from the epiphysis of the femur of a sham-operated rat (GII), showing: (a, b) thick interconnecting cancellous bone
trabeculae (BT) with bone marrow spaces (BM) in between contain hemopoietic cells. (a) The inset, a higher magnification of the endosteal surface, shows
osteoprogenitor cells (OP) with flat nuclei and osteoblasts (OB) with rounded nuclei. (b) The bone trabecula (BT) contains osteocytes (curved arrows) and is
lined by the endosteum (E). The inset at a higher magnification shows osteocytes inside their lacunae (curved arrows), as well as a single layer of osteogenic cells
(yellow arrows) lines the endosteum (E). (¢) Highly organized epiphyseal cartilage ({) contains the resting zone of small chondrocytes (RZ), the proliferative
zone (PZ) of adjacent chondrocyte columns, the hypertrophy zone (HZ) of enlarged chondrocytes, and the calcification zone (CZ) with empty lacunae. [H&E;
(a) x100, scale bar =200 pum; inset x1000, scale bar = 20 um, (b) x200, scale bar = 100 pum; inset x400, scale bar = 50 um , and (c) x200, scale bar = 100 um].

1038



Aboudighied et. al.,

200 Micrometer

Fig. 4: Photomicrographs of femurs' shaft of the osteoporotic group (Gllla), showing: (a) large bony tunnel within a compact bone matrix. (b, ¢) Irregular cortical
bone thickness, non-homogenous acidophilic matrix with faintly stained regions (stars), irregular basophilic areas (1), and erosions (—) of the endosteum (E).
(b) Osteoporotic cavities (OC) appear inside the bone matrix. (¢) Thick outer fibrous layer (f) of the periosteum (P) and areas devoid of osteocytes (A) are
noticed in the acidophilic matrix of compact bone. (d) Irregularly arranged osteocytes (circle), basophilic areas (1), and osteoporotic cavities (OC) are noticed
within the compact bone matrix. [H&E; (a, b) x100, scale bar = 200 pm, (¢ & d) x200, scale bar = 100 um].
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Fig. 5: Photomicrographs of the epiphysis of the femur of the osteoporotic group (Gllla), showing: (a, b) thin and widely separated bone trabeculae (BT) with
minor fissures (yellow arrows) and basophilic areas within the acidophilic bone matrix (thick arrows). Discontinuous bony ossicles (BO) are also seen. (b) Islets
of very small trabeculae represent button phenomena (thin arrows), and apparent wide bone marrow spaces (BM) filled with adipocytes are noticed. (c) Some
empty lacunae (red arrows) in the bone trabeculae (BT) are seen. (d) A reduction in the cartilage plate thickness (), disruption in the chondrocyte's columnar
arrangement, and loss of chondrocytes in some areas of the cartilaginous matrix (o) are noticed. [H&E; (a, b) x100, scale bar = 200 pm, (c) x400, scale bar =
50 um , and (d) x200, scale bar = 100 um]
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Fig. 6: Photomicrographs of the femurs' shafts of the treated groups; (a) Fosamax-treated group (GlIIb), (b) Mena Q-treated group (GllIc), and (c) Fennel-
treated group (GIIId), showing the outer fibrous layer (f) of the periosteum (P), as well as the normal shape and distribution of osteocytes (curved arrows), with
the presence of few osteoporotic cavities (OC) within the compact bone matrix and erosion (—) in the endosteal surface (E). (a) The Fosamax-treated group
(GlIIb) exhibits basophilic cement lines (|) within the acidophilic bone matrix. The inset at a higher magnification shows slight erosion in the endosteum (—).
(b) The Mena Q-treated group (Glllc) shows some basophilic areas (1) within the acidophilic bone matrix. (c) The fennel-treated group (GlIId) shows a thick
inner osteogenic layer (os) of the periosteum (P), a subperiosteal groove (yellow arrows), and basophilic cement lines (]) within the acidophilic bone matrix.
(d)The Mena Q and Fennel-treated group (GllIle) shows nearly normal periosteum (P), endosteum (E), and normal shape and distribution of osteocytes (curved
arrows) in addition to the presence of basophilic cement lines () within the acidophilic matrix of the compact bone. [H&E; (a, b, ¢ & d) x200, scale bar = 100
pum, and (inset in a) x400, scale bar = 50 pm)].
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Fig. 7: Photomicrographs from the epiphysis of femurs of the treated groups; (a) Fosamax-treated group (GlIIb), (b) Mena Q-treated group (GllIc), (c)
Fennel-treated group (GIIId), and (d) Mena Q and Fennel-treated group (Gllle), showing: cancellous bone's trabeculae (BT) contain randomly distributed
osteocytes (curved arrows) and enclosed bone marrow cavities (BM) that are lined by the endosteum (E). Few osteoporotic cavities (OC) within the acidophilic
bone matrix are also seen. (b) The Mena Q-treated group (GIlIc), shows some basophilic areas (1) inside thick bone trabeculae (BT). The inset, at a higher
magnification, shows normal osteocytes (curved arrows) in lacunae and osteoporotic cavity (OC) within the bone trabeculae. (c)The fennel-treated group
(GlIId) shows disconnected bone trabeculae (BT). The inset, at a higher magnification, shows the osteocytes (curved arrows), osteoporotic cavities (OC),
endosteal erosion () and the disconnected bone trabeculae. (d) The Mena Q and Fennel-treated group (GIlle) show regular continuous endosteum (E). The
inset, at a higher magnification, shows normal osteocytes (curved arrows) trapped in lacunae within the trabecular matrix. [H&E; (a, ¢ & d) x200, scale bar=100
um, (b) x100, scale bar = 200 um; (inset in b) X200, scale bar = 100 um , and (inset in ¢, d) x 400, scale bar = 50 um].
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Fig. 8: Photomicrographs of sections from the epiphyseal growth plates of the treated groups: (a) Fosamax-treated group (GIIIb), (b) Mena Q-treated group
(GlIIc) (c) Fennel-treated group (GIIId), showing: well-organized epiphyseal cartilage, chondrocyte arrangement in the resting zone (RZ), stacked chondrocyte
columns in the proliferative zone (PZ), enlarged chondrocytes in the hypertrophy zone (HZ), and empty lacunae in the calcification zone (CZ). Some areas appear
devoid of chondrocytes (0). (d) Mena Q and Fennel-treated group (Gllle), demostrating well-organized epiphyseal cartilage and chondrocyte arrangement in
the RZ, PZ, HZ, and CZm which appear more or less as the control group. [H&E; (a, b, ¢ & d) x200, scale bar = 100 um].
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Fig. 9: Photomicrographs of sections from the femurs' shaft and epiphysis of the control and the osteoporotic groups: (a, b) Control group (GI), showing:
apparent normal periosteal thickness (P), closely packed bundles (green color) of the collagen fibers (1) within the reddish bone matrix of the shaft, and within
the bone trabeculae (BT). The inset, at a higher magnification, shows a normal distribution of the collagen fibers within the bone trabeculae (BT). (c, d) The
osteoporotic group (GllIla), showing: a decrease in the collagen fibers distribution within the matrix of the shaft of compact bone and within the thin bone
trabeculae (BT). Insets, at higher magnifications, show an increase in the thickness of the outer fibrous layer (f) of the periosteum (P), an abnormal presence of
collagen fibers along the endosteal surface (E), and a decrease in the distribution of collagen fibers within the bone trabecular matrix. [Masson’s trichrome; (a,
b, ¢, d) x100, scale bar = 200 pm, and (inset in b, ¢, d) x200, scale bar = 100 um].
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Fig. 10: Photomicrographs of sections from the femurs' shafts of the treated groups; (a) Fosamax-treated group (GIIIb), (b) Mena Q-treated group (GllIc), (c)
Fennel-treated group (GlIIId), and (d) Mena Q and Fennel-treated group (Gllle) showing: reduced thickness of the outer fibrous layer (f) of the periosteum (P)
and increased collagen fibers distribution (green color) within the reddish bone matrix nearly as the control group. The insets, at higher magnifications, show
the dense collagen fibers distribution (arrows) within the compact bone matrix. [Masson’s trichrome; (a, b, ¢ & d) x100, scale bar=200 um & (insets) x200,
scale bar=100 pm].
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Fig. 11: Photomicrographs from the femurs' epiphyses of the treated groups (a) GIIIb, (b) Glllc, and (c) GIIId, showing: a slight reduction in the collagen fibers
distribution (green color) in bone trabeculae (BT) in comparison to the control group. (d) Gllle, demonstrating increased collagen fibers distribution within the
bone trabeculae (BT) more or less as in the control group. The insets, at higher magnifications, show collagen fibers distribution within the reddish trabecular
bone matrix. [Masson’s trichrome; (a, b, ¢ & d) x100, scale bar = 200 um, and (insets) x200, scale bar = 100 pum].
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Fig. 12: Photomicrographs of sections from the femurs' shafts and epiphyses of the control and the osteoporotic groups:(a, b) Control group (GI), showing: a
PAS-positive reaction (arrows) in the cement lines within the matrix of the compact bone and within the bone trabeculae (BT). (¢, d) The osteoporotic group
(GllIa), showing: few ill defined cement lines (arrows) within the matrix of compact bone and within the thin discontinuous bone trabeculae (BT) as compared
to the control group. The insets, at higher magnifications of the same regions, show the PAS-positive cement lines within the compact bone and the trabecular
matrix. [PAS reaction; (a, b, ¢, d) X200, scale bar = 100um , and (inset in a, b & ¢) x400, scale bar = 50 pm].
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Fig. 13: Photomicrographs from the femurs' epiphyses of the treated groups: (a) Fosamax-treated group (GIIIb), (b) Mena Q-treated group (GllIc), (c) Fennel-
treated group (GlIId), and (d) Mena Q and Fennel-treated group (Gllle), showing: intense PAS-positive reactions in the cement lines of the compact bone

(arrows) of the shaft more or less as the control group. The insets, at higher magnifications, show the PAS-positive cement lines within the compact bone matrix.
[PAS reaction; (a, b, ¢ & d) x200, scale bar = 100 pum, and (insets) x400, scale bar = 50 um].
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Fig. 14: Photomicrographs from the femurs' epiphyses of the treated groups: (a) GllIIb, (b) Glllc, (c) GlIld, and (d) Gllle, showing: intense PAS-positive
reactions in the cement lines (arrows) within the spongy bone trabeculae (BT) more or less as in the control group. The insets, at higher magnifications, show
the PAS-positive cement lines within the trabecular bone matrix. [PAS reaction; (a, b, ¢ & d) x200, scale bar = 100 um, and (insets) x400, scale bar = 50 um)].
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Fig. 15: Photomicrographs of sections from the femurs' shafts and epiphyses of the sham-operated and the osteoporotic groups: (a, b) Sham-operated rat (GII),
showing: undetectable RANKL immune expression in the compact bone matrix and within the bone trabeculae (BT). The insets at higher magnifications show
undetectable RANKL immune expression within the same regions. (c, d) The osteoporotic group (GIlla), showing: strong positive RANKL immune expression
(arrows) in the osteoporotic cavities and within the endosteum of the compact bone, as well as within the endosteum of the trabecular bone (BT). The insets, at
higher magnifications, show the positive RANKL immune expression (arrows) within the osteoporotic cavities and the endosteum of the osteoporotic group.
[RANKL immune expression; (a, b, ¢, d) x200, scale bar = 100um, and (inset) x400, scale bar = 50 pmy].
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Fig. 16: Photomicrographs of sections from the femurs' shafts of the treated groups; (a) Fosamax-treated group (GIIIb), (b) Mena Q-treated group (GllIlc), and
(c) Fennel-treated group (GIIId) show: mildly positive RANKL immunoexpression (arrows) in the osteoporotic cavity within the compact bone matrix and at
the endosteal lining of the compact bone. (d) Mena Q and Fennel-treated group (GlIlle), demonstrating: faint RANKL immune expression (arrows) within the
compact bone matrix. The insets, at higher magnifications, show the positive RANKL immune expression (arrows) in the detected regions. [RANKL immune
expression; (a, b, ¢, d) x200, scale bar = 100um, and (inset) x400, scale bar = 50 um].
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Fig. 17: Photomicrographs from the femurs' epiphyses of the treated groups (a) GllIIb, (b) Glllc, (c) GIIId, and Gllle, showing: faint RANKL immune
expression (arrows) within the endosteum of the trabecular bone. The insets, at higher magnifications, show the positive RANKL immune expression (arrows)
at the trabecular bone's endosteum. [RANKL immune expression; (a, b, ¢, d) x200, scale bar = 100um, and (inset) x400, scale bar = 50 pm].
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Fig. 18: Photomicrographs of sections from the femurs' shafts of the control and the osteoporotic groups: (a, b, ¢) control rats (GI), showing: positive
osteopontin (OPN) brown granules in the bone matrix (red arrows), in the cement lines (green arrows), as well as at the endosteum (E) (black arrows). (d) The
osteoporotic group (GIIla) shows: a weak osteopontin immune expression within the compact bone matrix (red arrows). The inset, at a higher magnification,
shows the weak OPN immune expression in the matrix of compact bone. (e, f, g) Another section from the osteoporotic group (Gllla), shows: a strong positive
OPN immune expression (black arrows) within the osteoporotic cavities and at the endosteal surface (E) of the compact bone. [OPN immune expression; (a, d,
g) x200, scale bar = 100 pm, (b, c, e, f and inset in g) x400, scale bar = 50 pm].
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Fig. 19: Photomicrographs of sections from the epiphyses of the femurs of the control and the osteoporotic groups: (a) A control rat (GI), showing: a positive
osteopontin (OPN) immune expression in the cement lines (green arrows) of the bone trabeculae. (b) The osteoporotic group (GlIla) shows: a weak osteopontin
immune expression in the cement lines of the discontinuous bone trabeculae (green arrows). The insets, at higher magnifications, show the OPN osteopontin
immune expression in the detected regions. [OPN immune expression; (a, b) x200, scale bar = 100 pm, and (insets) x400, scale bar = 50 pum].
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Fig. 20: Photomicrographs of sections from the femurs' shafts of the treated groups: (a, b) Fosamax-treated group (GIIIb), (c, d) Mena Q-treated group (GIIIc),
(e, ) Fennel-treated group (GIIId), and (g, h) Mena Q and Fennel-treated group (Gllle), showing: strong positive OPN immune expression in the bone matrix
(red arrows), in the cement lines (green arrows), as well as at the endosteum (E) (black arrows). (b, d, f) Higher magnifications show: Strong positive OPN
immune expressions (black arrows) within the osteoporotic cavities of the compact bone in GIIIb, GllIc, and GIIId. [OPN immune expression; (a, c, e, g) x200,
scale bar = 100 pm, and (b, d, £, h) x400, scale bar = 50 pmy].
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Fig. 21: Photomicrographs of sections from the femurs' epiphyses of the treated groups: (a) GIlIb, (b) Glllc, (c) GllId, and (d) Gllle, showing: strong positive
OPN immune expression in the cement lines (green arrows) and within the bone matrix (red arrows) of the bone trabeculae. The insets, at higher magnifications,

show the OPN immune expression in the detected regions. [OPN immune expression; (a, b, ¢, d) x200, scale bar = 100 um, and (insets) x400, scale bar = 50
pm].
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Table 1: The mean values of initial and final body weight (g) among all the experimental groups.

Group Group Group Group
Groups parameters (G;I"j‘; a Gr;“f gl) Gr‘;‘p: (gla) (IlIb) (Illc) (111d) (Ille) i ij; erl P
N=6 N=6 N=6 N=6 signicatice
gy . ANOVA
Initial body weight (g) 1458449 146.6+6.0  146.6+6.1  150.0+3.1 147.5427 1483+4.1 1525452 a3 0.231
4 . ANOVA
Final body weight (g) 2308686 2333203 305.0511.8 260.0£7.0 250158 2508273 241.6s5.1 ol 0.000*

Data are presented as means + standard deviation (SD)
N = Number of animals, g = grams
* = P <0.05 = Significant
P> 0.05 = Non significant
significant versus the control group (GI)
significant versus the osteoporotic group (GIlla)
significant versus the Fosamax-treated group (GIIIb)
significant versus the MenaQ -treated group (GllIc)

Table 2: The mean values of Calcium, Phosphorus, Bone specific alkaline phosphatase (BALP) and Tartrate-resistant acid phosphatase

(TRAP) among rats of the experimental groups.

Groups (Group (I Group (II)  Group (Illa) ~ Group (IlIb)  Group (Illc) ~ Group (Illd)  Group (Ille) Test of P
parameters N=6 N=6 N=6 N=6 N=6 N=6 N=6 significance
Calcium (mg/dl): 10.9+1.0  10.1+0.6 3.8£04 8.4+ 0.1 7.9+0.2 6.8+£0.7 9.2£1.0 /]_}59(;2/; 0.000"
Phosphorus (mg/dl):  18.9+0.4  18.3+0.3 12.8+1.2 15.1+3.1 14.8+2.5 14.7+0.9 17.8£1.9 /]?fl(())\(/)? 0.000"
Bone ALP (IU/L): 64.0+1.1 66.1+1.5 130.94£8.6 77.9+3.8 84.0+2.4 100.1+8.3 66.8+1.7 ?522\;? 0.000"
ANOVA .
TRAB-5b (ng/ml):  0.42+0.03 0.45+0.02 3.1+0.04 0.54+0.02 0.76+0.01 0.83+0.04 0.51+0.03 F=07 68 0.000

Data are presented as means + standard deviation (SD)
N = Number of animals

* = P <0.05 = Significant

P> 0.05 = Non significant

significant versus the control group (GI)

significant versus the osteoporotic group (GIlla)
significant versus the Fosamax-treated group (GIIIb)
significant versus the MenaQ -treated group (GllIIc)
significant versus Fennel -treated group (GIIId)

Table 3: The mean values of osteocyte number, cortical thickness (um), area percentage (%) of the trabecular thickness, and the epiphyseal

plate thickness (um) among rats of the experimental groups

Groups (Group (I Group (I) ~ Group (ITIa)  Group (IITb)  Group (Illc)  Group (IT1Id)  Group (I1Ie) Test of
parameters N=6 N=6 N=6 N=6 N=6 N=6 N=6 significance

ANOVA .
Osteocyte Count  150.3+7.7  148.0£11.5  66.546.3 195572 1105859 89.5846 1303855 oo 0.000
Cortical Thickness 40570 4256455 2150662 3921457 3713456 3539473 4114453 ANOVA = h00r

(um) F=866.24

0,

Area % of the 64.1£3.0 62.6+3.6 237422 493238 45.9+3.4 41.8+1.5 59.742.9 ANOVA = h00r

trabecular thickness F=130.98
Epiphyseal plate 50 5 75 2540193 69.6£4.9 2319455  199.8442  1762+7.6  242.145.1 ?552;’? 0.000"

thickness (um)

Data are presented as means =+ standard deviation (SD)

N = Number of animals, pm = Micrometer

* =P <0.05 = Significant

P >0.05 = Non significant

significant versus the control group (GI)
significant versus the osteoporotic group (GIlla)
significant versus the Fosamax-treated group (GIIIb)
significant versus the MenaQ -treated group (GllIc)
significant versus Fennel -treated group (GIIId)
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Table 4: The mean area percentage (%) of collagen fibers in the shaft and the trabeculae, and the mean PAS-Optical density in shaft and the
trabeculae among rats of the experimental groups

Groups Group (I) Group (I) ~ Group (Illa)  Group (IlIb)  Group (Illc)  Group (I1Id)  Group (Ille) Test of
parameters N=6 N=6 N=6 N=6 N=6 N=6 N=6 significance
Area % of collagen ANOVA .
+ + + + + + + .
fibers in the shaft 40.48+3.34  40.02+3.35 8.27£1.04 39.28+1.34  37.2744.28  34.83+1.42  39.40+2.61 F=107.60 0.000
Area % of collagen ANOVA
fibers in the 34.81+£1.62  34.11£2.02 8.01+0.93 28.84+2.84  27.99+0.99  25.46+1.77  29.88+2.51 F=140.25 0.000"
trabeculae '
PAS-Optical density 59,003 0.58:0.01  028:0.01 0732004  0.68:0.06  0.54:0.03  0.79:0.06  “NOVA 00
in shaft F=76.99
_Opti i A
PAS-Optical density ) 53,005 0512003 0312004  0.65:0.01 0594002 050002  0.65:004  “NOV 0.000"
in trabeculae F=60.30

Data are presented as means + standard deviation (SD)
N = Number of animals

* = P <0.05 = Significant
P> 0.05 = Non significant
significant versus the control group (GI)

significant versus the osteoporotic group (GIlla)

significant versus the Fosamax-treated group (GIIIb)
significant versus the MenaQ -treated group (GllIc)

significant versus Fennel -treated group (GIIId)

Table 5: The mean area percentage (%) of the RANKL and OPN immuno-expression in the cortical and the trabecular bone among rats of
the experimental groups

Groups (Group (I Group (I) ~ Group (IlTa)  Group (IIIb)  Group (Illc)  Group (IIId)  Group (Il1e) Test of
parameters N=6 N=6 N=6 N=6 N=6 N=6 N=6 significance
RAE%EZE"(‘;ZS)W" 038£0.07  046+0.06  4.41%0.57  1.16£033  1.55£0.50  1.85:033  0.67+0.11 ?593_\;[; 0.000"
ﬁ:?ﬁ;&i’;ﬂ:iﬁg“ 1414022 1.96£0.08  7.3940.74  226+0.34 2432029  2.86£0.11  2.06+0.23 ?:I\llg);_’% 0.000"
OPNSE’;‘;:?SZ;O“ M 2058£123 2019509 15865103 17285083 16826127  1642:0.65  18.28£0.9 ?Ezoozl; P=0.000"
Ol:::bzfl’flzzsz%i“ 11.8240.61  11.1940.76  8.6£0.97  10.18+0.84  9.66+0.71  9.14+1.8  10.63£1.0 }ff?(f 98 P=0.000"

Data are presented as means =+ standard deviation (SD)
N = Number of animals.

* = P <0.05 = Significant
P> 0.05 = Non significant
significant versus the control group (GI)

significant versus the osteoporotic group (GIlla)

significant versus the Fosamax-treated group (GIIIb)

significant versus the MenaQ -treated group (GIlIc)
significant versus Fennel -treated group (GIIId)
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Histogram 3: The mean cortical thickness (um) of the shaft among all
experimental groups
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Histogram 4: The mean area percentage of the trabecular bone thickness
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Histogram 6: The mean area percentage of collagen fibers in the cortical
and trabecular bone among all experimental groups
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Histogram 9: The mean area percentage (%) of the OPN expression in
the cortical and in the trabecular bone among all experimental groups

DISCUSSION

Osteoporosis is a serious health issue among
postmenopausal females linked to ovarian hormonal
deficiency. An imbalance between bone formation and
resorption, as well as an increase in bone turnover, leads to
rapid bone loss. As a result, most postmenopausal women
have an increased risk of fracture!>??,

Fosamax (Alendronic acid) is one of the most popular
drugs widely used in the treatment of osteoporosis because
it is a nitrogen-containing bisphosphonate that stimulates
the proliferation of preosteoblasts and the apoptosis of
osteoclastst>*3,

Medical services experts are very interested in Mena
Q, a highly purified long-acting form of vitamin K2, for its
possible potential benefits on human health as it promotes
osteoblast proliferation and differentiation while inducing
apoptosis in osteoclasts!l.

Fennel essential oil has attracted the attention of
consumers and healthcare professionals for its potential
effects on human well-being due to its antioxidant
properties and natural estrogenic activity!”.

The current study aimed to assess the effects of
Fosamax, Mena Q, and Fennel essential oil on changes
that occurred as a result of postmenopausal (ovariectomy)
osteoporosis. These alterations include body weight gain,
serum calcium, phosphorous, BALP, and TRAP levels,
as well as the histological structure of the femur in adult
female albino rats.

The animal doses for Fosamax, 0.2 mg/ml/rat once
a week, and Mena Q, 0.5 mg/ml/rat once daily, were
calculated from the human doses of 70 mg/adult human
being'” and 1 g/adult human being!'!, respectively. The
study by Kim et al.l'" found that fennel essential oil at a
dose of 1 ml/day/rat was equivalent to 100 mg/kg body
weight of a human being.

The drugs used in the current study were introduced via
an oro-gastric tube to ensure that the animal consumed the
exact dose of the medications!”.

Ovariectomy in female rats causes menopause-like
symptoms and exhibits the same hormonal changes as seen
in humans with osteoporosis!”. This provides a useful way
to study the pathophysiology of the distinctive metabolic
and reproductive disorders and consequently find novel
and effective treatments??*.

Studies about the time needed for osteoporosis
to develop following experimental menopause were
controversial. According to Liu ez a/.l'" and Rajfer e al.l',
osteoporosis occurred twelve weeks after ovariectomy.
Nevertheless, Zheng et al.*! reported that it occurred fifty
days following an ovariectomy. In the current study's pilot
experiment, postmenopausal osteoporosis was proven
twelve weeks following ovariectomy.

In the present study, the increased body weight was a
well-documented observation in the osteoporotic group
(GIIIa), which could be related to the disturbance of
the gut hormones that regulate satiety, such as ghrelin
and adiponectin, and the occurrence of neural leptin
resistance as a result of ovarian hormones withdrawal®®),
with subsequent increasing local cortisol concentrations
and declining thyroid gland activities, followed by sleep
deprivation, exhaustion, and diminishing motor activity,
which may end in postmenopausal obesity?2%],
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As post-menopausal women lack ovarian hormone
production with a decline in systemic estrogen levels,
the gut microbiome may be altered and the enterohepatic
recycling of hormones may be disturbed, which are linked
to substantial changes in metabolic health?).

The osteoporotic group (GIlla) had lower serum
calcium and phosphorus levels coupled with significantly
higher levels of bone-specific alkaline phosphatase (BALP)
and tartrate-resistant acid phosphatase (TRAP-5b) when
compared to the control group. According to Bhadarge
et al™ and Shakoor et alP", reformist withdrawal of
estrogen in postmenopausal women is linked to diminished
calcium absorption by intestinal microvilli and increased
calcium excretion from the aging kidney. Lowering serum
calcium levels reduces the kidney's ability to produce
1, 25-dihydroxy vitamin D, which causes secondary
hyperparathyroidism and, in turn, prompts osteoclasts to
resorb bone.

Additionally, reducing 1, 25 dihydroxy vitamin D
decreases phosphorous absorption by the intestinal villi
and reduces phosphorous renal reabsorption, which could
have an undesirable effect on bone mineral content™3%!,

The increase in BALP and TRAP levels seen in Gllla
was consistent with the findings of Pardhe er a/.*! and
Gurban et al.®¥, who stated that BALP and TRAP5b are
the most specific markers of bone turnover, and their high
levels in postmenopausal females are therefore attributed
to the loss of estrogen's inhibitory effect on the process
of bone resorption. Only osteoblasts produce BALP,
exclusively a glycoprotein that enhances the mineralization
process by degrading pyrophosphate-based mineralization
inhibitors at an alkaline pH and providing a high phosphate
concentration at the osteoblastic surface. However, the
mechanism by which BALP affects bone mineralization is
still poorly understood.

TRAP 5b, an osteoclast-specific product typically
released into the region between the osteoclasts' ruffled
border and the endosteum during bone resorption,
dephosphorylates numerous bone matrix proteins,
including osteopontin and sialoprotein, which increases
bone resorption. Therefore, states of high bone turnover
were linked to a higher TRAP5b level, which correlates
with both the quantity and activity of osteoclasts>33!,

The femur was chosen in the current study as it is
the longest and strongest bone in the body and is easy to
remove from rats and process for histological examination
to examine both types of bone: compact bone in the shaft
and spongy bone in the epiphysis©.

The histological results in the present study were
consistent with the serological results. The most obvious
bone deterioration in the osteoporotic rats (Gllla) in H&E
stained sections was a significant reduction in the thickness
of the shaft and bone trabeculae, and the appearance of
faintly stained focal areas within the acidophilic matrix
with irregular basophilic regions in between. Moreover,

there were fewer osteocytes, empty lacunae, osteoporotic
cavities, and substantial bony tunnels. Thin, discontinuous
trabeculae with wide bone marrow spaces containing fewer
hemopoietic cells and abundant adipocytes could be seen.
Blind-ended trabeculae were accompanied by tiny fissures,
fractures, and button-shaped islets. The endosteum
revealed an unevenly eroded surface. A significant
reduction in epiphyseal cartilage thickness was observed,
and some chondrocytes were disorganized or even missing.
These findings were confirmed by histomorphometric
measurements and statistical analysis.

Reactive oxygen species (ROS) and oxidative stress are
considered the main mechanisms accelerating osteoporosis
in postmenopausal women. Estrogen deficiency induces
an unregulated chronic, low-grade inflammatory disorder
that is responsible for bone aging and deterioration of
bone histoarchitecture by either reducing osteoblast
proliferation with decreasing osteoblastic life span or by
producing various osteoclastogenic cytokines within the
bone micro—environment such as Tumor necrosis factor
alpha (TNF-a) and upregulating stromal cell production
of RANKL and macrophage colony-stimulating factor
(M-CSF) which induce osteoclastogenesis and osteoclast
activity which in turn enhance the occurrence of a gap
between bone formation and resorption, disturbs skeletal
homeostasis, and dysregulates bone density!>*!,

Additionally, the irregularly arranged osteocytes, arcas
devoid of osteocytes, and a few empty lacunae in the current
study's findings were attributed to apoptosis dysregulation
of osteoblasts and osteocytes following estrogen deficiency,
with severely disturbed bone matrix biosynthesis, bone
mineralization, loss of osteon organization, and lamellar
bone structure637,

The wide bone marrow spaces between bone trabeculae
containing abundant adipocytes were explained by the
adipogenic transcription factors, which are expressed and
activated in hematopoietic lineage cells during osteoclast
differentiation and are crucial for lineage priming,
differentiation, and osteoclast activity. It is well established
that the differentiation programes for adipogenesis and
osteoblastogenesis are competitively balanced, and as a
result, increased bone marrow adipogenesis can negatively
affect the mesenchymal stem cell osteoblast differentiation
program, which in turn can have a negative impact on bone
remodelingl*73%1,

A significant decrease in the density and distribution of
collagen fibers within the bone matrix of the compact bone
and the bone trabeculae in Gllla in Masson's trichrome-
stained sections was mainly due to the loss of estrogen's
stimulating effect on the promoters of genes involved in
bone matrix biosyntheses, such as glycosaminoglycans
and collagen type 1, as a consequence of menopause!?*-3¢,

The ill-defined PAS-positive cement lines within the
bone matrix that were detected in the GIlla using the
PAS technique might be due to a combination of altered
cellular activities that are influenced by lower estrogen
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levels in post-menopausal osteoporosis, such as increased
osteoclastic intensity, shortened osteoblastic life span, and
suppression of its spontaneous activity that may reduce
new bone formation and subperiosteal bone deposition and
may have an impact on net bone volume as well as the
capacity to withstand an ideal load™",

Astrong RANKL immune expression in the osteoporotic
cavities and within the endosteum of the femur of the
Gllla could be attributed to increased osteoclast activity
as a consequence of post-menopausal osteoporosis.
RANKL, an uncoupling factor secreted by the stromal
osteoblast lineage cells, including osteoblasts, osteocytes,
and osteoprogenitor cells, coordinates bone remodeling by
binding to RANK receptor in osteoclast precursors and is
involved in osteoclast differentiation and stimulation. As
a result, adjacent osteoblasts are subsequently stimulated
with increased RANKL secretion, which implies an
increase in bone turnover related to bone fracture and
structural alterations!*'!.

Zheng et al®]; Chen et al™ & Rajan et al.™! also
stated that estrogen deficiency causes an imbalance
between serum osteoprotegerin  (OPG)/RANKL ratio,
bone OPG/RANKL mRNA expression ratio, and RANK/
RANKL/OPG, which are crucial pathways in maintaining
an appropriate balance between bone resorption, and bone
formation and play a significant role in skeletal integrity.
OPG, a naturally occurring cytokine primarily produced by
the osteoblastic lineage, blocks the binding of RANKL to
RANK and inhibits the osteoclast formation and activation.
Thereby, the elevation of these ratios following menopause
results in osteoclast activation and the occurrence of
postmenopausal osteoporosis.

Osteopontin ~ (OPN), an extracellular protein
synthesized by fibroblasts and cells of the osteoblastic
lineage, binds tightly to hydroxyapatite crystals in the
bone matrix along with type I collagen bundles, forming
an integral part of the mineralized matrix. Hydroxyapatite
crystals are also expressed between the processes of
osteoclasts' ruffled borders. As a result, positive OPN
reactions normally appear in the vicinity of osteoblasts and
osteocytes, in the cement lines (newly formed bone), and
at the endosteum 236441,

In the present study, a weak osteopontin immune
reactivity within the bone matrix in both shaft and
trabecular bone of the osteoporotic group's femur (GIIla)
might be attributed to the postmenopausal estrogen
deficiency, which may dysregulate OPN expression
through estrogen receptor alpha (ERa) and/or ERRo-
mRNA, either independently or in combination, although
the mechanisms are still unclear®*+1,

On the contrary, strong positive OPN reactions
detected in the osteoporotic cavities and at the endosteal
surface in GIlla were consistent with Baloglu and
Gokalp-Ozkorkmaz®! and Liu et al.*". They stated that
OPN is a versatile multifunctional protein important in
osteoblastogenesis and osteoclastogenesis and plays a

vital role in bone formation or resorption according to the
function of the cells linked to the particle matrix. OPN
activation in osteoblasts may quicken the osteoclasts'
adhesion and activation, thereby enhancing bone resorption,
although the dual mechanism remains uncertain.

In the current study, the groups treated with
Fosamax (GIIIb), Mena Q (GlIIIc), and fennel (GIIId) all
demonstrated improvements in body weight and serological
parameters, with significantly increased serum calcium and
phosphorous levels coupled with a significant reduction in
BALP and TRAP-5 levels indicating a decrease in the bone
turnover process. The best results were recorded among the
Mena Q and fennel-treated group (GIIIe).

The precise mechanism by which vitamin K affects
body weight is still controversial. Regular menaquinone
(MK) supplementation, one of the vitamin K forms, may
reduce total fat accumulation and serum triglycerides in
rats by improving osteocalcin carboxylation and increasing
the insulin sensitivity index, suggesting a beneficial
impact of vitamin K on fat and glucose metabolism and
thereby preventing postmenopausal weight gain in rats.
However, it is unclear if the findings can be extrapolated
to humans*647,

Fennel's association with weight control in the fennel-
treated group (GIIId) and in Gllle can be attributed to the
trypsin inhibitors, which decrease food intake, stimulate
cholecystokinin release, and enhance fat utilization as
an energy source. Additionally, the trans-anethole and
phenolic compounds in fennel essential oil have some
estrogenic activity that indirectly improves hepatic and
pancreatic glucose metabolism, regulates fat metabolism!™,
and affects the serotonergic system by preventing the re-
uptake of serotonin and thereby raising the serotonin
levels in synaptic clefts, which increases satiety and has
a reputation as an appetite suppressant. These aspects,
combined with its natural diuretic effect, make fennel a
great remedy for promoting weight loss*34%l.

Improved serum calcium, phosphorous, BALP, and
TRAPSb levels in rats of the Fosamax-treated group
(GIIIb) were in accordance with Gurban et al.** & Bellido
and Plotiken®®), who stated that alendronate is a potential
anabolic factor for bone tissue as well as a potent inhibitor
of osteoclast-mediated bone resorption by direct osteoclast
apoptotic effect and preventing osteoblast and osteocyte
apoptosis, thus reducing BALP and TRAPS5D levels and
primarily increasing renal tubular reabsorption of Ca2+
and phosphorous from the glomerular filtrate.

The improvement that was recorded in the Mena
Q-treated group (GllIc) and in Gllle may be related to the
potent antioxidative properties of vitamin K, which may
improve the intestinal Ca2+ absorption across the brush
border membranes of enterocytes through epithelial Ca2+
channels, potentiate protein expression and/or activate
molecules involved in the transcellular and/or paracellular
Ca2+ pathways such as Calbindin-28 kDa, and enhance
calcium transport by the plasma membrane Ca2+ ATPase

1062



Aboudighied et. al.,

pump or sodium-calcium exchanger, thereby improving
the calcium and phosphorous levelsP!.

Ahmed et al.® attributed the improvement in these
biomarkers in the fennel-treated group (GIIId) and in
Gllle to the bone-sparing properties of fennel essential oil
as a result of powerful antioxidant activity and the strong
estrogenic activity of phytoestrogen components such as
anol or dimethylated anethole, which mitigate osteoclast
differentiation and function and protect osteoblasts from
oxidative stress-induced apoptosis.

Interestingly, the current microscopic study revealed
preservation of the normal bone histoarchitecture in all
treated groups (GIIIb, GlllIc, GIIId, and GIIIe), with some
basophilic areas and irregular basophilic cement lines in the
femur's shaft and epiphysis indicating new bone formation.
However, there were few osteoporotic cavities within
the bone matrix and slight erosions in the endosteum.
Compared to the osteoporotic group (GIIla), the epiphyseal
cartilage had improved, with some homogeneous regions
devoid of chondrocytes.

In sections stained with Masson's trichrome and
PAS, the treated groups displayed increased collagen
fiber distribution within the bone matrix and an intense
PAS-positive reaction with a distinctive magenta color
indicative of newly formed bone in the compact bone
and cancellous bone trabeculae, respectively. Kalleny”
and Sharaf et al.*” explained similar results by the fact
that the newly formed collagen in the bone matrix is
collagen type III, which is the emergency type, and a good
candidate for repairing bone matrix, which will be replaced
by the more robust and permanent collagen type I from
osteoblasts, which plays a crucial role in binding calcium
alongside the bone matrix with extremely strong cross-
links osteocollagenous bundles, allowing more strength
and stability for the newly formed bone and preventing the
loss of bone mineral density.

Additionally, all treated groups revealed a weak
RANKL immune expression in the osteoporotic cavities
and within the endosteum, as well as a positive OPN
expression in the osteoporotic cavities, within the bone
matrix, and in the cement lines of the femur's shaft and
trabeculae in comparison to the osteoporotic group (GIIIa).
Improvement was most evident in the combined Mena
Q and fennel-treated group (Gllle). All these findings
were supported by histomorphometric and statistical
measurements.

Improvement in the histological structure of bone
tissue that was encountered in the Fosamax- treated rats
(GIIIb) could be explained by the fact that Fosamax is a
nitrogen-containing bisphosphonate which has a faster and
more complete removal from the bloodstream, a higher
bone reattachment rate that binds more strongly to bone
mineral and exerts a direct osteoclast apoptotic effect via
inhibiting the enzyme farnesyl pyro phosphatases (FPPs),
the key enzyme of the mevalonate pathway blocks protein
prenylation, which is necessary for osteoclast survival

and function, thereby inhibiting resorption of bone and
increasing mineral density in bone matrix and reducing
fracture risks making it a valuable first-line agent of choice
in the treatment of postmenopausal osteoporosis>*.

Ma et al.*?'and Ukon et al.>¥ stated that bisphosphonates
are able to decrease bone resorption not only through their
direct osteoclast apoptotic effect but also by markedly
promoting the mRNA expression levels of essential
transcription factors for osteoblast differentiation such
as osteocalcin, osterix, and Runt-related transcription
factor 2 (Runx2). As well, bisphosphonates may increase
osteoblasts' production of the anti-resorptive protein
osteoprotegerin and temporarily stimulate the proliferation
and differentiation of preosteoblasts, inevitably preventing
osteoblast and osteocyte apoptosisi??. In conjunction
with the previous effects described, this would work
synergistically to reduce bone resorption.

The improvement in the Mena Q-treated group (GIIIc)
and in Gllle could be attributed to the Menaquinone-7
content, a highly purified long-acting form of vitamin
K2, which has an anabolic role in bone by upregulating
transcription of specific genes in osteoblasts and preventing
osteoblast apoptosis, as well as promoting mesenchymal
stem cell proliferation and differentiation into osteoblasts,
not adipocytes, and increasing osteoblast activity®>4,

Simes et al.P"! added that Mena Q assists in building
and maintaining bones via activating the bone-associated
vitamin K-dependent matrix Gla-protein (MGP) and
calcium-bound proteins, such as osteocalcin, enhancing
proper extracellular bone matrix mineralization with
calcium deposition in bone, not in blood vessels.
Nevertheless, The exact mechanism of action, is not well
understood.

Moreover, vitamin K has antioxidative properties,
protecting phospholipid membranes from peroxidation,
and inhibiting I kappa B kinase (IKB) o/p phosphorylation,
with a consequent decrease in the expression of several pro-
inflammatory cytokines, including TNF-a, which prevents
osteoblast apoptosis, potentiates osteoblast activation,
and promotes 1, 25 dihydroxy vitamin D3 -induced
mineralization by osteoblast-like cells. As a result, Mena
Q has a predominant therapeutic effect on involutional
osteoporosisi®!3,

Furthermore, Dos Santos et al.**! declared that vitamin
K2 prevented the osteoclast differentiation factor (ODF)
/ RANKL expression, a membrane surface molecule
necessary for the osteoclasts' survival, development, and
differentiation, thereby inhibiting osteoclastogenesis and
inducing osteoclast apoptosis.

The improvement detected in the bone sections of the
fennel oil-consuming rats (GIIId) and in Gllle might be
attributed tothe potentestrogenic effectof phytoestrogenthat
resembles stilbene and diethylstilbestrol and the powerful
antioxidants in fennel essential oil, such as anethole,
d-limonene, beta-myrcene, and flavonoids with the highest
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superoxide radical scavenging activity which protect
osteoblasts from oxidative stress-induced apoptosist”, and
repress of pro-osteoclastic cytokines in osteoblasts via
inhibition of nuclear transcription factor-Kappa-B (NF-
«B) pathway, as well as decrease osteoclast activity on the
bone surface, attenuates estrogen-dependent bone loss, and
has a positive impact on matrix mineralization and bone-
forming cell proliferation and ameliorating the associated
biomechanical deterioration in a dose-dependent manner
and thus eliminates postmenopausal osteoporosis/®®l,

Marked improvement in the bone histoarchitecture in
Gllle may be related to the synergistic antioxidant and
anti-inflammatory properties of both Mena Q and fennel
essential oil, as well as the flavonoids and phytosterol
contents in fennel with hormone-like structures that may
bind to estrogen receptor alpha and beta (ERa and ERp)
and exert estrogen-mediated suppression of osteoclasts via
the regulation of the OPG/RANKL ratio, leading to a net
increase in bone building and maintaining bone mineral
density!®1,

CONCLUSION AND RECOMMENDATION

The present study has generated evidence that using
fennel essential oil in combination with Mena Q may be
able to bring a safer and more effective treatment that may
better help the body manage postmenopausal osteoporosis
with preservation of the normal bone histoarchitecture and
may provide a new therapeutic strategy to substitute or
reduce the need for the currently-available oral synthetic
drugs such as Fosamax due to the synergistic antioxidant
and anti-inflammatory properties of both in addition to the
potent estrogenic effect of fennel. The exact mechanism
behind the therapeutic effects of fennel essential oil and
Mena Q in osteoporosis remains unclear, and further
research is still required to study the impact of repeated
use of different amounts and forms of both agents to avoid
any possible undesirable effects if they are found.
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