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Glucocorticoid use is the main cause of secondary osteoporosis. This study aimed to
assess the potential protective effects of tocotrienols (T) and CoQ10(C), singly and in
combination, against dexamethasone (DEX)-induced osteoporosis in rats and their possible
mechanisms. Thirty adult male albino rats were divided into five groups: control group (CON),
DEX-treated group received DEX (2.5 mg/kg) intramuscularly twice weekly. The DEX+C,
DEX+T, and DEX+TC groups received DEX with T (60 mg/kg), C (20 mg/kg) daily, and their
combination respectively, daily orally for 8 weeks. Results revealed that T, C and TC
ameliorated DEX-induced osteoporosis through improved osteocalcin (OC), alkaline
phosphatase (ALP), Ca and TAC serum levels. Restoration of the expression levels of Nrf2,
LC3, and Bcl-2 and improved histological structure of the bones were observed. The
combination of the drugs was more effective than each single agent. Both drugs might be
promising agents as prophylaxis against osteoporosis via suppressing oxidative stress and
apoptosis and enhancing autophagy
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INTRODUCTION and is characterized by impaired bone

formation due to inhibition of osteoblast

Osteoporosis is a skeletal disease function®. Although the pathogenesis of
characterized by a reduction in bone mass and glucocorticoid-induced osteoporosis is not
density with increased susceptibility to completely understood, oxidative stress plays a
fractures. Osteoporosis affects up to 50% of crucial promoting role*. Different bone cells
women and 20% of men in the white e.g. osteoblasts, osteocytes, and osteoclasts
population over the age of 50*. Glucocorticoids have an extensive expression of the
are widely used as an anti-inflammatory. transcription factor nuclear factor erythroid 2-
Osteoporosis induced by glucocorticoids is the related factor 2 (Nrf2) which is a vital
most common form of secondary osteoporosis? transcription factor for endogenous antioxidant
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enzymes. Nrf2 plays an essential role in the
defense against oxidative stress and regulation
of bone homeostasis. Nrf2 inactive form is
constitutively expressed in the cytoplasm, and
its accumulation and activation in the nucleus
are favored in oxidative injury®. Prolonged
glucocorticoid therapy dysregulates
autophagy®. The process of autophagy is an
important player in protection against cellular
death induced by oxidative stress as the
oxidized proteins, lipids, are engulfed up by the
autophagosomes and then destroyed by the
lysosomes’.  The  decreased  autophagy
augments oxidative stress resulting in bone
loss, while increased autophagy inhibits this
effect®. In addition, apoptosis of osteoblasts
and osteocytes is known to play a role in the
pathogenesis of glucocorticoid-induced
osteoporosis®. B-cell lymphoma-2 (Bcl-2) is an
anti-apoptotic marker that regulates skeletal
integrity via enhancing differentiation, and
survival of bone cells'®.

Coenzyme Q10 (CoQ10), a powerful
antioxidant, is a key component in
mitochondrial bioenergy transfer. Few studies
assessed the role of CoQ10 as anti-osteoporotic
and the molecular mechanisms by which
CoQ10 affects bone remodeling are still
incompletely understood® 2, Previous studies
showed the protective effect of CoQ10 against
age-induced osteoporosis® and postmenopausal
osteoporosis* but the effects of CoQ10 against
glucocorticoid-induced osteoporosis are not
clear. Only one study showed its protective
effect against methylprednisolone acetate-
induced osteonecrosis of the femur head*®.

Tocotrienol is a natural product that has
received much attention. Tocotrienol, along
with tocopherol, belong to the lipid-soluble
vitamin E family. The dominant tocotrienol
homolog in palm oil is gamma-tocotrienol. The
antioxidant and anti-inflammatory activities of
tocotrienol make it a promising osteoporosis-
preventing agent as both oxidative stress and
inflammation  are  implicated in  the
pathogenesis of osteoporosis. Tocotrienol
increases  osteoblast number, and bone
formation activity, and reduces bone resorption
activity'>. The mechanism of tocotrienol
protection  against  glucocorticoid-induced
osteoporosis remains to be elucidated. Thus,
our study aimed to assess the potential
ameliorative effects of palm tocotrienols and
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CoQ10 as prophylactic treatment against
osteoporosis. Further, exploration of their
possible anti-osteoporotic mechanisms was
also evaluated.

MATERIAL AND METHODS

Animals

30 Adult male Wistar albino rats (250-280
g body weight) were purchased and housed in
the Animal House, Faculty of Medicine, Assiut
University with a 12 h light/dark cycle and ad
libitum access to food and water. The
procedures of the experiment were carried out
according to the internationally accepted
guidelines for the National Institutes of Health
Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 8523, revised
2011) and approved by the Ethics committee at
the Faculty of Medicine, Assiut University,
Assiut, Egypt.

Chemicals

Dexamethasone phosphate was obtained
from Amriya Pharmaceuticals, Egypt. Coq
enzyme Q10 was obtained from Sigma Aldrich,
USA. Pure palm tocotrienol with enhanced
absorption Tocomin SupraBio® was obtained
from Nutricology, USA.

Study design

Animals were divided into five equal
groups: Control group (CON): Rats received
intramuscular injections of sterile saline 0.9%
twice a week, Dexamethasone-treated group
(DEX): Rats received intramuscular injections
of 2.5 mg/kg dexamethasone twice a week for
induction of osteoporosis'/, CoQ10-treated
group (C): Rats administered dexamethasone
and received concurrently oral CoQ10 at a dose
of 20 mg/kg daily*®, Tocotrienol-treated group
(T): Rats received dexamethasone in addition
to oral tocotrienol at a dose of 60 mg/kg
daily®, and the Combined group (TC): Rats
received dexamethasone in combination with
both CoQ10 and tocotrienol in the same
previous doses. All treatments continued for a
period of 8 weeks. Body weight (BW) was
measured weekly and the doses of the drugs
were modified according to the changes in BW.

At the end of the experiment, fasting
venous blood samples were collected in plain
tubes from the retro-orbital wvein. Blood



samples were centrifuged at 3000 rpm for 15
min and the clear supernatant sera were
removed and kept at —20°C until use. Animals
were sacrificed by cervical dislocation and both
tibia bones were removed. One tibia was fixed
in formalin for further histological analysis and
the other was stored at -80 °C for further PCR
detection.

Biochemical analysis

Detection of serum osteocalcin (OC) levels
They were assessed using rat ELISA kit

(SinoGeneClon Biotech Co., Ltd) following the

manufacturer's protocol.

Detection of serum alkaline phosphatase
(ALP) activity and calcium (Ca) levels

They were detected by the commercially
available assay Kkits (Bio-Diagnostics, Cairo,
Egypt) according to the manufacturer's
instructions.

Estimation of serum total antioxidant
capacity (TAC) levels

They were detected using a commercially
available kit  (Bio-Diagnostics,  Egypt)
according to the manufacturer's protocol.

Extraction of messenger ribonucleic acid
(mMRNA)

RNAs were extracted from the tibia using
Qiagen RNeasy Mini Kit, USA. The purity and
concentration of RNA  fraction were
determined by biotech nanodrop, USA.
Reverse transcription was conducted by
Applied Biosystems™ High-Capacity cDNA
Reverse Transcription Kit (USA) and cDNA
was diluted after the transcription.

Table 1: Sequences of the primers used in the study.

Quantitative real-time PCR (gRT-PCR)
analysis for RNAs

QRT-PCR was carried out on 7500 fast
real-time PCR (Applied Biosystems, USA) un-
der the following conditions, hot start step at
95°C for 7 min, initial denaturation for 20 sec
at 95 °C, annealing and extension for 60 sec at
59 °C, in 40 cycles. The relative transcription
levels of mRNA were calculated using the
equation of fold change = 2722 method®.
GAPDH acted as an internal control. All
primers were synthesized by Thermo Fisher
Scientific (USA) and their sequences are
presented in Table (1).
Histological analysis

The tibias were fixed in 10% formalin for
24 hours, then decalcification by 10% ethylene
diamine tetra-acetic acid (EDTA) (7-7.4 pH)
for two weeks was done. After decalcification,
gradual dehydration by ascending grades of
alcohol followed by paraffin embedding was
performed. Each block was cut into 5
micrometers thick sections and stained by
hematoxylin and eosin (H&E). The H&E-
stained slides were examined and photographed
by a Toup-Cam Full HD Digital Camera
(model number XCAM1080PHB) attached to
Olympus CX21 microscope. Images were
analyzed by the open-access image-J
(https://imagej.nih.gov/ij/).  The  following
histologic parameters were assessed in five
fields per slide: cortical bone thickness,
trabecular bone thickness (at magnification
100x) and the number of osteocytes (all
osteocyte lacunae containing nuclei) (at
magnification 400x). Then, the mean cortical
and trabecular bone thickness and the mean
number of osteocytes were measured.

Primer Sequence

GAPDH F: GGGTGTGAACCACGAGAAAT
GAPDH R: ACTGTGGTCATGAGCCCTTC
N2 F: GCAACTCCAGAAGGAACAGG
NIf2 R: AGGCATCTTGTTTGGGAATG
LC3 F: GACTTCCGGAAAGCTCTGCT
LC3 R: ACCAGCATCGTAGAGGGTCT
Bcl-2 F: GTGGCCTTCTTTGAGTTCGGTG
Bcl-2 R: ATCCCAGCCTCCGTTATCCTG
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Statistical analysis

Values were analyzed wusing SPSS
software ver. 20.0 (Chicago, IL, USA). They
were expressed as the mean+standard
deviation (SD). Differences between the
various groups were compared using ANOVA
followed by Tukey’s test for multiple
comparisons. Differences were considered
statistically significant at p-value < 0.05.
Pearson correlation was performed.

RESULTS AND DISCUSSION

Results
Changes in the OC, ALP, Ca, and TAC in
the experimental groups

Table 2 illustrated that the levels of OC in
the serum were significantly decreased in the
DEX group versus the CON group (P<0.001).
In comparison with the osteoporotic DEX
group, a marked significant increase of both
OC levels was noticed in the T (P<0.05) and
TC (P<0.001) groups. An insignificant
difference was observed when comparing the
DEX group to the C group. In comparison with
the CON, levels of OC in TC group were
insignificant while in C (P<0.001) and T
(P<0.01) groups were significantly lower.
Insignificant differences were present when
comparing OC levels between rats in the T, C
or TC groups.

The activity of ALP in the serum was
significantly decreased in the DEX group
against the CON group (P<0.001). In
comparison with the osteoporotic DEX group,
a marked significant increase in the activity of
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ALP was noticed in T (P<0.001), C (P<0.01) or
the combination TC (P<0.01). The activity of
ALP in all treated groups was insignificant
compared to the CON group. No significant
differences were found when comparing the
activity of ALP in between rats of Tor Cor TC
groups (Table 2).

The levels of Ca in the DEX group
revealed a significant reduction against the
CON (P<0.001). In contrast, all the treated
groups showed significantly increased levels of
Ca in comparison with the DEX group e.g. T
(P<0.001), C (P<0.001) and TC (P<0.001).
Insignificant differences in the levels of Ca
were noted when comparing the three treated
groups T, C, and TC against each other.
Further, the treated groups revealed
insignificant differences versus the CON one
(Table 2).

The levels of TAC in the serum of DEX
group showed a significant marked reduction
versus the CON (P<0.001). All rats in the
treated groups revealed a significant
improvement when compared with the DEX
group; T (P<0.001), C (P<0.001) and TC
(P<0.001). An insignificant difference was
present when comparing both T and C groups.
However, rats administered the combination of
the two drugs in the TC group revealed a
significantly higher TAC level than T (P<0.05)
or C (P<0.05) groups. Still the levels of TAC in
all treated groups were significantly lower than
the normal group (P<0.001, P<0.001, P<0.001)
(Table 2).

Table 2: Serum levels of OC, ALP, Ca, and TAC in the experimental groups.

CON DEX T C TC
(nm%CL_l) 0.26+0.06 0.1+0.02? 0.17+0.02% 0.14+0.03% 0.20+ 0.03°
(IGLLFL) 211.97+37.91 | 82.63+8.54° | 201.62+48.71° | 162.35+27.67° | 159.95+31.81°
(m;j‘L_l) 10.64+1.03 | 555:0.28° | 12.38+1.29° | 12.09+1.33" | 12.44+1.18°
(m;gcl_-l) 1.02+0.14 | 0.06+0.008% | 0.32+0.06% | 0.34+0.06% | 0.49+0.082

Each value represents the mean + SD of 6 observations. 2 P<0.05 vs. CON, ® P<0.05 vs. DEX, ¢ P<0.05
vs. T, 9P<0.05 vs. C values. OC: Osteocalcin, ALP: Alkaline phosphatase, Ca: Calcium, TAC: Total

antioxidant capacity.
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Changes in the fold change expression levels
of Nrf2, LC3, and Bcl-2 in the experimental
groups

DEX significantly suppressed  Nrf2
expression when compared with the CON
(P<0.001). In contrast, all kinds of treatments
resulted in an effective increased expression
level of Nrf2 versus the DEX group e.g. T
(P<0.001), C (P<0.05) and TC (P<0.001).
Insignificant difference was present when
comparing both T and C groups. Rats in the TC
group that received the combination of the two
drugs showed a significantly higher Nrf2
expression level than T (P<0.001) or C
(P<0.001) groups. The levels of Nrf2
expression in the treated groups were still
significantly lower than the CON one (P<0.01,
P<0.001, P<0.001, P<0.001) (Fig 1).

LC3 expression was significantly
downregulated in the DEX group versus the
CON (P<0.001). All treatments administered to
the osteoporotic rats succeeded in a significant
upregulation of LC3 expression versus the
DEX group e.g. T (P<0.001), C (P<0.001) and
TC (P<0.001). Rats treated with CoQ10 in C
group had a significantly lower expression
(P<0.05) of LC3 versus those treated with
tocotrienol. Rats treated with CoQ10 and
tocotrienol combination revealed a
significantly higher LC3 expression than T

(P<0.001) or C (P<0.001) groups. Although
improved, LC3 expression in the treated groups
was still significantly downregulated than the
CON group (P<0.001, P<0.001, P<0.001) (Fig
2).

Regarding Bcl-2  expression, DEX
significantly downregulated its expression
versus the CON (P<0.001). However, treatment
of the osteoporotic rats with T or C or TC
significantly promoted Bcl-2 expression
compared with the DEX group (P<0.001,
P<0.05, P<0.001,; respectively). An
insignificant difference was observed between
rats treated with CoQ10 and those administered
tocotrienol. Rats treated with CoQ10 and
tocotrienol combination showed a significantly
elevated Bcl-2 expression compared with T
(P<0.001) or C (P<0.001) groups. Moreover,
Bcl-2 expression in those rats revealed
insignificant difference in comparison with the
CON group. Bcl-2 expression in both T and C
groups was still significantly lower when
compared to the CON group (P<0.001,
P<0.001). (Fig 3).

Moreover, significant positive correlations
were detected between the expression levels of
Nrf2 and LC3 (r=0.975, P<0.001) and between
Nrf2 and Bcl-2 (r=0.911, P<0.001).
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Fig .1 : Fold change expression levels of Nrf2 in the experimental groups. Each value represents the
mean * SD of 6 observations. @ P<0.05 vs. CON, ? P<0.05 vs. DEX, ¢ P<0.05 vs. T, 4 P<0.05
vs. C values. Nrf2: nuclear factor erythroid 2-related factor 2.
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Fig .2 : Fold change expression levels of LC3 in the experimental groups. Each value represents the
mean * SD of 6 observations. @ P<0.05 vs. CON, ? P<0.05 vs. DEX, ¢ P<0.05 vs. T, 4 P<0.05
vs. C values. LC3: nuclear factor erythroid 2-related factor 2.
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Fig .3 : Fold change expression levels of Bcl-2 in the experimental groups. Each value represents
the mean + SD of 6 observations.  P<0.05 vs. CON, ? P<0.05 vs. DEX, ¢ P<0.05 vs. T, 9
P<0.05 vs. C values. Bcl-2: B-cell lymphoma-2.

Changes in the histopathological
examination of the tibias in the experimental
groups

Microscopic examination of the tibias of
the CON group revealed the typical

structure of bone; a shell of cortical
(compact) bone and an inner cancellous bone
which is composed of connected networks of
bone trabeculae having osteocytes inside their
lacunae and bone marrow spaces in between.
The tibias of DEX group showed that cortical
bone thickness, trabecular bone thickness, and
the number of osteocytes inside lacunae were
significantly lower than the CON group
(P<0.01, P<0.01, P<0.01; respectively). The
cancellous bone trabeculae were thinned and
appeared as small bony ossicles with loss of
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connectivity and wide bone marrow spaces in
between. On the other hand, a significant
improvement was detected in the T, C & TC-
treated groups. The cortical bone thickness,
trabecular bone thickness and the number of
osteocytes was significantly higher in all these
treated groups when compared to the DEX
group.

Comparing cortical bone thickness,
trabecular bone thickness and the number of
osteocytes of the three treated groups; T, C &
TC with the CON group revealed that the
measurements of T (P<0.01, P<0.05, P<0.05;
respectively) and C (P<0.01, P<0.01, P<0.01;
respectively) groups were significantly less
than that of the CON group. However, the TC
group showed nearly normal bone tissue as the



osteocyte's numbers inside lacunae and both
cortical and trabecular bone thickness were
insignificant in comparison to the CON group.
Comparing cortical, trabecular bone thickness,
and the number of osteocytes among the treated
groups showed that these parameters in the T
group were significantly higher than the C
group (P<0.05, P<0.05, P<0.05; respectively).
The measurements of the TC group were

significantly higher than those of T (P<0.05,
P<0.05, P<0.05; respectively) and C (P<0.01,
P<0.01, P<0.01; respectively) groups. The
mean number of osteocytes and the cortical and
trabecular bone thickness of the study groups
are summarized in table (3) and (Fig. 4; A-E
& Fig. 5; A-E).

Table 3: Cortical thickness, trabecular thickness, and the number of osteocytes in the experimental

groups.
CON DEX T C TC
Cortical
thickness | 1795+257.42 | 733+114.86% | 1217.83+216.73% | 905+102.05%¢ | 1633.33+329.95 bcd
(um)
Trabecular
thickness | 230.6+19.1 | 76.73+11.312 200.5+16.49% | 125.32450.7%¢ | 224 .5+20.26 b
(um)
Number of | 56411500 | 27.50+0.38° 49.8845.12 37.17+9.24 ¢ 59.17+5.18 bxd
osteocytes

Each value represents the mean + SD of 6 observations. 2 P<0.05 vs. CON, ? P<0.05 vs. DEX, ¢P<0.05

vs. T, 9P<0.05 vs. C values.

CON

Cortical bone thickness

Fig. 4 : Histopathologic examination of the tibias in the experimental groups (scale bar 100um): A) Sections
from the CON group show no histopathologic changes with increased number of osteocytes (arrows)
inside lacunae (inset,400x). B) Sections from the DEX group show a marked reduction of the cortical
bone thickness and decreased number of osteocytes (arrows) inside lacunae (most of the lacunae are
empty) (inset,400x). C-E) Sections from the treated groups (T, C, TC) respectively show increased
cortical bone thickness and increased number of osteocytes inside lacunae (arrows) (inset,400x) as

compared to DEX group.
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Trabecular bone thickness

Fig . 5: Histopathologic examination of the tibias in the experimental groups (scale bar 100um): A) Sections
from the CON group show connected networks of bone trabeculae (arrow). B) Sections from the DEX
group show thinned bone trabeculae which appeared as small bony oscicles (arrow) with loss of
connectivity and wide bone marrow spaces in between. C-E) Sections from the treated groups (T, C,
TC) respectively show increased trabecular bone thickness (arrows) as compared to DEX group.

Discussion

In the current study, using a known model
of induction of osteoporosis in rats by
glucocorticoids, we found that the combination
of tocotrienol and CoQ10 was more effective in
ameliorating DEX-induced osteoporosis in rats
than each separate agent. This was evidenced
by the improved levels of OC, ALP, Ca, and
TAC in the serum of animals. Further,
restoration of the expression levels of Nrf2,
LC3, and Bcl-2 associated with an improved
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histological structure of the bones were also
observed in the treated rats.

The use of DEX in this study reduced
levels of OC, the activity ALP and calcium in
the serum. This was in line with other studies?"-
23, 0OC is a protein involved in bone formation
and it has an important role in bone
mineralization as it binds with calcium and
enhances the differentiation of osteoblasts and
its reduction in the serum indicates a reduction
in bone formation. ALP is a non-specific
biomarker for bone formation and its serum



levels are reduced when bone formation is
impaired®. The decreased OC and ALP levels
might be a direct glucocorticoid action that
leads to a decrease in the number and activity
of osteoblasts with  suppressed bone
formation?*. Reduced bone formation is the
main pathology in long-term glucocorticoid
use?. In our study, a significant increase of OC
and ALP levels towards normal in CoQ10,
tocotrienol and CoQ10 & tocotrienol-combined
groups suggested their potential to increase the
osteoblastic activity and hence, the increased
bone formation. In support to our results, a
study performed by Zheng et al., (2018)* on
ovariectomized rats found that CoQZ10 induced
the expression of OC and ALP indicating its
possible role in maintaining the normal
osteoblastic activity. Tocotrienol's ability to
increase OC and ALP levels agrees with Xu et
al., (2018)? who explained this increase as a
result of induction of the osteoblast
differentiation by y-tocotrienol. Corticosteroid
therapy impairs intestinal calcium absorption
and inhibits renal calcium re-absorption. These
effects resulted in negative calcium balance
and were involved in increasing bone
resorption?’. The reduction in serum calcium in
DEX-induced osteoporosis was also reported
previously by Hozayen et al., (2016)%. In our
study, treatment with tocotrienol and CoQ10
singly or in combination improved the DEX-
induced reduction in serum levels of calcium.
Improved serum calcium levels toward normal
with CoQ10 was in accordance with Zheng and
his co-workers* and the improved serum
calcium with tocotrienol was in line with Chin
et al., (2016)%°.

Glucocorticoids are known to affect the
antioxidant enzymes in different tissues. When
the production of reactive oxygen species
exceeds the natural antioxidants' defense
mechanisms, oxidative stress results and leads
to osteoporosis*?8. Oxidative stress was evident
in our study by the observed marked reduction
in the levels of TAC in the serum of the
osteoporotic DEX group. On the other hand, a
significant improvement of TAC levels in the
T, C and TC-treated groups was noticed. This
could be explained by the proven antioxidant
activity of the used agents*'®. Our results
showed that DEX suppressed significantly the
expression of Nrf2 compared with the control
rats. This was in line with Wang et al.,

(2017). Nrf2 signaling plays a central role in
cellular protection against Reactive Oxygen
Species induced damage® and is considered as a
potential target affecting bone metabolism®.
The upregulation of Nrf2 could prevent or treat
glucocorticoid-induced osteoporosis®’.
Interestingly, this study showed that T, CoQ10
and the combined treated groups had
upregulated expression of Nrf2 and these
results could be also based on their known
antioxidant effects. Moreover, the combination
of drugs provided a better antioxidant effect
against osteoporosis.

Autophagy plays a crucial role in the
control of cellular homeostasis related to bone
remodeling and the pathogenesis  of
glucocorticoid-induced osteoporosis. A
reduction in autophagy increases oxidative
stress, resulting in bone loss, and osteoporosis.
On the other hand, induction of autophagy
prevents osteoporosis®L. In our study, prolonged
use of DEX inhibited autophagy as evidenced
by the significant reduction in LC3 expression
when compared with the normal control group.
The proteins involved in autophagy are
essential for the survival, differentiation, and
function of different bone cells. Therefore,
impaired  regulation of autophagy by
glucocorticoids disrupts the balance between
bone formation and resorption and induces the
onset and progression of osteoporosis®.
Reduction of LC3  expression  with
glucocorticoid was previously reported in other
studies®3*, On the other side, a significant
increased LC3 expression in the treated groups
with more increase in the combined TC group
indicated that tocotrienol and CoQ10 could
induce autophagy of bone cells. Lower
oxidative stress plays a crucial role in the
induction of autophagy® hence, the antioxidant
ability of both tocotrienol and CoQ10 might
explain the induction of autophagy by both
agents. This was evident in our study by the
significant positive correlation found between
the expression levels of Nrf2 and LC3. The
damage resulting from oxidative stress to
osteoblasts might be recovered by the early
induction of autophagy®’. The induction of
autophagy by tocotrienol in our study was
comparable to that of Lekli and his coworkers
in 2010 who reported cardioprotective effects
of gamma-tocotrienol via induction of
autophagy®®.  Tocotrienol also  enhanced
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autophagy in pancreatic stellate cells in rats®’.
Liang and his colleagues in 2017 reported a
protective effect of CoQ10 against acute
myocardial ischemia-reperfusion injury via
induction of autophagy®.

In the current study, the results of RT-
PCR showed that the DEX group had lower
expression levels of Bcl-2. This result was
previously obtained in  postmenopausal
osteoporotic rats induced by ovariectomy®,
The treated groups in the current study
displayed higher expression levels of Bcl-2
which might indicate that T or C could
suppress the occurrence of apoptosis in
osteoporotic rats. Moreover, the combination
of both drugs was more effective in this effect.
In support to our results, CoQ10 enhanced the
expression of Bcl-2 in the hippocampus of rats
subjected to cerebral ischemia/reperfusion®
and protected the hepatocytes from ischemia
reperfusion-induced apoptosis*. The ability of
tocotrienol to reduce apoptosis was obtained
previously by Abd Manan et al., (2012)* who
stated that y-tocotrienol, in small doses,
suppressed apoptosis via promoting the
endogenous antioxidant capacity and decreased
the lipid peroxidation and hence, protected the
osteoblasts subjected to oxidative stress and
apoptosis by hydrogen peroxide. In a previous
study, o- tocotrienol enhanced the survival of
cells by promoting the expression of the
antiapoptotic protein as Bcl-2 and suppressing
the expression of the pro-apoptotic molecules
as caspase-3*2. In support, a positive correlation
was found in this study between the expression
levels of Nrf2 and Bcl-2. This indicated that
the antiapoptotic activity of both drugs might
be related to their ability to reduce oxidative
stress.

In conclusion, the current study
demonstrated that DEX stimulated oxidative
stress and apoptosis, and inhibited autophagy
in the bone. Tocotrienol and CoQ10 were
effective in preventing these effects via
increasing TAC levels and upregulating the
expression of Nrf2, LC3, and Bcl-2.
Augmented effects were obtained when both
drugs were used concurrently. Our results
provided support for further assessment of the
use of both drugs as protective drugs against
the development of osteoporaosis.

1306

Alaa T. Abdelhafez, et al.

Acknowledgement

We wish to express our greatest thanks to
members of the Department of Medical
Physiology lab, for their help and cooperation
during this study. Also, greatest thanks to the
members of the El Raghy Hospital research lab
for their cooperation in the study.

List of abbreviations

ALP: Alkaline phosphatase

Bcl2: B cell lymphoma 2

CoQ10: Coenzyme Q 10

DEX: Dexamethasone

LC3: Phosphatidylethanolamine conjugate
Nrf2: Nuclear factor erythroid2-related factor2
OC: Osteocalcin

TAC: Total antioxidant capacity

REFERENCES

1. S. Galli, M. Stocchero, M. Andersson,
J. Karlsson, W. He, T. Lilin, et al.,
"The effect of magnesium on early
osseointegration in osteoporotic bone:
a histological and gene expression
investigation", Osteoporos Int, 28(7),
2195-2205 (2017).

2. C. S. Allen, J. H. Yeung, B.
Vandermeer, J. Homik.
"Bisphosphonates for steroid-induced
osteoporosis”, Cochrane Database
Syst Rev, 10(10),CD001347 (2016).

3. X. Yang, T. Jiang, Y. Wang and L.
Guo, "The Role and Mechanism of
SIRT1 in Resveratrol-regulated
Osteoblast Autophagy in Osteoporosis
Rats", Sci Rep, 9(1),18424 (2019).

4. Y. Mo, W. Lai, Y. Zhong, Z. Hu, M.
You, M. Du, et al., "TXNIP contributes
tobone lossvia promoting the
mitochondrial oxidative
phosphorylation during glucocorticoid-
induced osteoporosis”, Life Sci, 266,
118938 (2021).

5. Y.-X. Sun, A--H. Xu, Y. Yang and J.
Li, "Role of Nrf2 in bone metabolism",
J Biomed Sci, 22(1), 1-7 (2015).

6. G. Shen, H. Ren, Q. Shang, T. Qiu, X.
Yu, Z. Zhang, et al., "Autophagy as a
target  for  glucocorticoid-induced



10.

11.

12.

13.

14.

osteoporosis therapy"”, CMLS, 75(15),
2683-2693 (2018).

T. Monkkonen and J. Debnath,
"Inflammatory signaling cascades and
autophagy in cancer”, ATG, 14(2),190-
8 (2018).

D. Luo, H. Ren, T. Li, K. Lian and D.
Lin, "Rapamycin reduces severity of
senile  osteoporosis by activating
osteocyte autophagy",Osteoporos Int,
27(3),1093-1101 (2016).

S. Martin-Aragon, P. Bermejo-Bescos,
J. Benedi, C. Raposo, F. Marques, E.

K. Kydonaki, et al., "A
Neuroprotective  Bovine Colostrum
Attenuates Apoptosis in

Dexamethasone-Treated = MC3T3-E1
Osteoblastic Cells”, Int J Mol Sci,
22(19),10195 (2021).

Y. Nagase, M. lwasawa, T. Akiyama,
Y. Kadono, M. Nakamura, Y. Oshima,
et al., "Anti-apoptotic molecule Bcl-2
regulates the differentiation, activation,
and survival of both osteoblasts and
osteoclasts”, JBC, 284(52),36659-
36669 (2009).

H. J. Moon, W. K. Ko, M. S. Jung, J.
H. Kim, W. J. Lee, K. S. Park, et al.,
"Coenzyme @10 regulates osteoclast
and osteoblast differentiation”, Journal
of food science. 78(5),H785-H91
(2013).

D. Zheng, C. Cui, M. Yu, X. Li, L.
Wang, X. Chen, et al., "Coenzyme Q10
promotes osteoblast proliferation and
differentiation and protects against
ovariectomy-induced  osteoporosis",
Mol Med Rep, 17(1), 400-407 (2018).
A. Varela-Lépez, J. J. Ochoa, J. M.
Llamas-Elvira, M. Lbépez-Frias, E.
Planells, L. Speranza, et al., "Loss of
Bone Mineral Density Associated with
Age in Male Rats Fed on Sunflower
Oil Is Avoided by Virgin Olive Oil
Intake or Coenzyme Q
Supplementation”, Int J Mol Sci,
18(7), 1397 (2017).

D. Zheng, C. Cui, M. Yu, X. Li, L.
Wang, X. Chen, et al., "Coenzyme Q10
promotes osteoblast proliferation and
differentiation and protects against

15.

16.

17.

18.

19.

20.

21.

22.

ovariectomy-induced  osteoporosis”,
Mol Med Rep, 17(1),400-407 (2018).

E. Komdircu, M. Oktay, B. Kaymaz, U.
Hatay Golge, F. Goksel and G. Nusran,
"Preventive effects of coenzyme Q10
(CoQ10) on steroid-induced
osteonecrosis in rats", Acta Orthop

Traumatol Turc, 48(2),217-222
(2014).
.-Y. Chin and S. Ima-Nirwana, "The

biological effects of tocotrienol on
bone: a review on evidence from
rodent models"”, Drug Des Devel Ther,
9, 2049-2061 (2015).

S.-Y. Lu, C.-Y. Wang, Y. lJin, Q.
Meng, Q. Liu, Z.-h. Liu, et al., "The
osteogenesis-promoting  effects  of
alpha-lipoic acid against
glucocorticoid-induced  osteoporosis
through the NOX4, NF-kappaB, JNK
and PI3K/AKT pathways"”, Sci Rep,
7(1), 3331 (2017).

H. A. Murad, "L-Carnitine, but not
coenzyme Q10, enhances the anti-
osteoporotic effect of atorvastatin in
ovariectomized rats", J Zhejiang Univ
Sci, B17(1),43-53 (2016).

I. N. Soelaiman, W. Ming, R. Abu
Bakar, N. A. Hashnan, H. Mohd Ali,
N. Mohamed, et al., "Palm Tocotrienol
Supplementation  Enhanced  Bone
Formation in  Oestrogen-Deficient
Rats", Int J Endocrinol, 2012, 532862
(2012).

K. J. Livak and T. D. Schmittgen,
"Analysis of relative gene expression
data using real-time quantitative PCR
and the 2— AACT method", Methods,
25(4),402-208 (2001).

X. Zhang, K. Chen, B. Wei, X. Liu, Z.
Lei and X. Bai, "Ginsenosides Rg3
attenuates glucocorticoid-induced
osteoporosis through regulating BMP-
2/IBMPR1A/Runx2 signaling
pathway", Chem Biol Interact, 256,
188-197 (2016).

Z. Chen, J. Xue, T. Shen, S. Mu and Q.
Fu, "Curcumin alleviates
glucocorticoid-induced  osteoporosis
through the regulation of the Wnt

1307



23.

24,

25.

26.

27.

28.

29.

1308

signaling pathway", Int J Mol Med,
37(2),329-38 (2016).

A. Malkawi, K. Alzoubi, M. Jacob, G.
Matic, A. Ali, A. Al Faraj, et al,
"Metabolomics Based Profiling of
Dexamethasone Side Effects in Rats",
Front Pharmacol, 9(5),46-49 (2018).
D. B. Ferreira, V. R. Pizziolo, T. T. d.
Oliveira, S. L. P. d. Matta, M. S.
Piccolo and J. H. d. Queiroz,
"Biometric, histomorphometric, and
biochemical profile in atorvastatin
calcium treatment of female rats with
dexamethasone-induced osteoporosis”,

Rev Bras Ortop, 53(5), 607-613
(2018).

P.  Chotiyarnwong and E. V.
McCloskey, "Pathogenesis of

glucocorticoid-induced  osteoporosis
and options for treatment”, Nat Rev
Endocrinol, 16(8), 437-447 (2020).

W. Xu, P. He, S. He, P. Cui, Y. Mi, Y.
Yang, et al., "Gamma-Tocotrienol
Stimulates the Proliferation,
Differentiation, and Mineralization in
Osteoblastic MC3T3-E1 Cells", J
Chem, 2018, 3805932 (2018).

A. Caniggia, R. Nuti, F. Lore and A.
Vattimo, "Pathophysiology of the
adverse  effects of  glucoactive
corticosteroids on calcium metabolism
in man"”, J Steroid Biochem, 15,153-
161 (1981).

W. G. Hozayen, M. A. El-Desouky, H.
A. Soliman, R. R. Ahmed and A. K.
Khaliefa, "Antiosteoporotic effect of
Petroselinum crispum, Ocimum
basilicum and Cichorium intybus L. in
glucocorticoid-induced osteoporosis in
rats", BMC Complement Altern
Med,16, 165 (2016).

K. Y. Chin, D. Gengatharan, F. S.
Mohd Nasru, R. A. Khairussam, S. L.
Ern, S. A. Aminuddin, et al., "The
Effects of Annatto Tocotrienol on
Bone Biomechanical Strength and
Bone Calcium Content in an Animal
Model of Osteoporosis Due to
Testosterone Deficiency”, Nutrients,
8(12), 808 (2016).

30

31.

32.

33.

34.

35.

36.

37.

Alaa T. Abdelhafez, et al.

. Y. Wang, J. Liu, Q. Pang and D. Tao,
"Alpinumisoflavone protects against
glucocorticoid-induced  osteoporosis
through suppressing the apoptosis of
osteoblastic and osteocytic cells",
Biomed Pharmacother, 96 993-999
(2017).

R. Rai, K. B. Singh, S. Khanka, R.
Maurya and D. Singh, "Cladrin
alleviates dexamethasone-induced
apoptosis of osteoblasts and promotes
bone formation through autophagy
induction via AMPK/mTOR
signaling”, Free Radic Biol Med, 190,
339-350 (2022).

X. Yin, C. Zhou, J. Li, R. Liu, B. Shi,
Q. Yuan, et al., "Autophagy in bone
homeostasis and the onset of
osteoporosis”, Bone Research. 7(1),1-
16 (2019).

W.-S. Lian, J.-Y. Ko, Y.-S. Chen, H.-
C. Ke, S.-L. Wu, C.-W. Kuo, et al.,
"Chaperonin 60 sustains osteoblast
autophagy and counteracts
glucocorticoid aggravation of
osteoporosis by chaperoning RPTOR",
Cell Death Dis, 9(10),1-13 (2018).

L. Chen, X. Shi, S.-J. Weng, J. Xie, J.-
H. Tang, D.-Y. Yan, et al., "Vitamin
K2 can rescue the dexamethasone-
induced downregulation of osteoblast
autophagy and mitophagy thereby
restoring osteoblast function in vitro
and in vivo", Front Pharmacol, 11,
01209 (2020).

S. Liang, Z. Ping and J. Ge,
"Coenzyme Q10 Regulates
Antioxidative Stress and Autophagy in
Acute Myocardial Ischemia-
Reperfusion Injury”, Oxid Med Cell
Longev, 2017, 9863181 (2017).

I. Lekli, D. Ray, S. Mukherjee, N.
Gurusamy, M. K. Ahsan, B. Juhasz, et
al., "Co-ordinated autophagy with
resveratrol and vy-tocotrienol confers
synergetic cardioprotection”, J Cell
Mol Med, 14(10), 2506-2518 (2010).
M. Rickmann, E. C. Vaquero, J. R.
Malagelada  and X. Molero,
"Tocotrienols induce apoptosis and
autophagy in rat pancreatic stellate



38.

39.

cells through the mitochondrial death
pathway", Gastroenterology, 132(7),
2518-2532 (2007).

L. Xu, L. Shen, X. Yu, P. Li, Q. Wang
and C. Li, "Effects of irisin on
osteoblast apoptosis and osteoporosis
in postmenopausal osteoporosis rats
through  upregulating Nrf2  and
inhibiting NLRP3 inflammasome",
Exp Ther Med,  19(2),1084-1090
(2020).

S. Tian, D. Wang, X. Li, J. Tang, G.
Han and Y. Dai, "Coenzyme Q10
enhances the expression of Bcl-2 and
inhibits the expressions of Bax and
GSK-3B in the hippocampus of rats
exposed to  ischemia/reperfusion
injury”, Xi Bao Yu Fen Zi Mian Yi
Xue Za Zh, 29(7), 698-701 (2013).

40.

41.

42.

A. R. Mahmoud, F. E. Ali, T. H. Abd-
Elhamid and E. H. Hassanein,
"Coenzyme Q10 protects hepatocytes
from ischemia reperfusion-induced
apoptosis and oxidative stress via
regulation of Bax/Bcl-2/PUMA and

Nrf-2/FOXO-3/Sirt-1 signaling
pathways"”, Tissue Cell, 60, 1-13
(2019).

N. Abd Manan, N. Mohamed and A. N.
Shuid, "Effects of low-dose versus
high-dose y-tocotrienol on the bone
cells exposed to the hydrogen
peroxide-induced oxidative stress and
apoptosis”, Evid Based Complement
Alternat Med, 2012, 680834 (2012).

J. Downward, "Pl 3-kinase, Akt and
cell survival”, Semin Cell Dev Biol,
15(2), 177-182 (2004).

1309



Alaa T. Abdelhafez, et al.

Bull. Pharm. Sci., Assiut University, Vol. 47, Issue 2, 2024, pp. 1297-1310.

A sl f o gl 3 it é
bead dwle B A

alial) AdLEA Ma Vv oS dobawal) a3V 9 Y ol oS ill AilBgl) Y
Bcl-2.9 Nrf2 2 dlaisall ) oo s dad) u.°. i o< ) oS oS slal) e Al
"3\1“ etéirg\j
JJS\ (;‘LG:' - °..\...w.1 o JUA - i..\AAi o GLAui _h!’a‘_‘% s 9LA.ui - ‘.Eéhjt R &N
M M = VA a8l s aale o = Tl

0 (gl (gaml Azol (ol A5 B9 ¥l ple pud’
L5 grad! Ay Alood ! (51w (B! ol el Al cdpdad | L gl gl | ol |
0 « Lgam] (ogal Arol (! A5 (gl | L gd gt | uad”
a0 (Dol (Lgml Arolo (Il A5 (2150 ¥ e qud
a0 (gl (Dgaw! Arol> ol A5 Ayghsttl s LY pleg iV e qud”
FU-TIR VW PRETO - PN ES WS RUIE S B vy
a0 (gl (Dgawl Arol> (ol A5
a0 cbgal (g Aol ( QU b Als” Al ¥ 1 2l padall ud”

Al oaa cdan LAy G alaall Adlia Ggand il o) g 0S8 ) o Sl alasii
o Jifia g a8 IS Vv e acluall a3V 5 Y g 5 oS all Al Al gl il as
CAlainall Ll s o3 all 8 o5 sBeluSoall (e dasll alaall Adlia s
Ol 3ok e (&8/ae Y,0) O lelaSaall cdlh Al (5 SBeluSoall o Aallaall de genas
v s aelwall a3 Y e g Sl wSoall Gl e gana)l 88 Lo sl (45 e il
35S 2o buall g 33005 Y 3 5368 Gl 7 Se ae s SlabuSall 5 (Y g3 530S Gl a5 Bl
(H/C_LQ Y~) A }—..‘S KY=S A ﬁ}‘w Z'u:ﬁj c(é/c_‘a W~) &L\‘Y}g_)'-’i)s;ﬂ\ 3\.0_);«“_\:1; ¢Y e
bl A Bad adll @y 5k e Lesy o il o agng e las:

1 ae Y s oS il ey Vo g€ aelusall a3V 5 Y s S o gl el
asomall Ol gie Cpant DA e (9 3lelaSall (e dalill sl d5lis Cuiia Vv 5 ac L)
G b€y ol el Adlea) 5 508 5 o sanallSl 5 g ol 3Bl gl 5 ¢ udlS st V) (e
elaall sl (Sl i g Bel-2 5 LC3 s NIMf2 1 juaatl) <l gine salatiad 2daa3le

A B S sach s Jalse UsSy a8y laall IS Lo siay Jule IS (e Aallad ST 4y 0a¥) g e S
(I ALY 335 5 olAl Cgall g (sauSUl dleal) add A (e alaall Ailia aia

1310



