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Abstract: Glucocorticoids (GC) play a significant role in body metabolism. In the last few
years, advances and highlights have been made to understand the role of oxidative
stress induced by corticosteroids in the pathogenesis of osteonecrosis (ON) and osteo-
porosis (OP) and the door for digging in GC mechanistic has been opened by the newly
detection of high-affinity receptors for glucocorticoids and calcitriol in bones. The harmful
free radicals produced by corticosteroid administration are strong emitters of many regu-
latory cytokines such as tumor necrosis factor (TNF), nuclear factor kappa B (NF-kB)
and interleukins. For this, a great attention has been directed toward the possibility of
using a novel free radical scavenger like natural antioxidant, e.g. ginseng, that can be
helpful in the management of ON and OP. The use of antioxidants for the management
of osteoporosis characterized by many improvements in the way of control the incidence
rate of ON and OP. Many antioxidants have an anti-osteoporotic effect, with an overall
redox state maintenance. Also, the lipid peroxides are alleviated and the intraosseous
vascular integrity within the bone marrow are repaired. Moreover, the oxidative damage
of DNA is contoured. The objective of this review is to highlight the role of oxidative
stress in the pathogenesis of corticosteroid-induced osteonecrosis (ON) and osteoporo-
sis (OP) and studying the possibility of using a novel free radical scavenger, a natural
antioxidant, e.g. Ginseng, that can be helpful in the management of OP & ON.
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Introduction

Osteoporosis (OP) which is a widespread
disease characterized by an abnormal mass,
tissue, fragility and fracture risk of bones (1).
Although, it is well known that impairment in
the blood supply of the bone and administra-
tion of corticosteroids can lead to osteonecro-
sis, the actual mechanisms of steroid hormone
action on bone and how glucocorticoid-
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induced osteoporosis (GIOP) and how the cel-
lular composition of bone is altered is still ob-
scure. Secondary osteoporosis and fracture
may occur in patients receiving corticosteroids
either in high-doses or chronic therapy, which
is considered as one of the major risk factors
for ON (2). The oxidative stress was found to
inhibit the differentiation and mineralization of
bone and consequently induces necrosis of
osteoblasts (3), and increases the expression of
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cytokines in the bone and thus induces osteo-
porosis. The effects of free radicals on the
bone can be countered by the use of a proper
antioxidant in a way that can prevent osteopo-
rosis.

The main topics which will be discussed in
the review are:

1. Glucocorticoids.

2. Free radicals involved in osteoporosis
and osteonecrosis and the possible role of an-
tioxidants.

3. Involvement of oxidative stress in
bone pathophysiology: Apoptosis and Caspa-
Ses.

4. Steroid-induced OP- animal models.

5. Osteoporotic biomarkers.

1. Glucocorticoids

Owing to the potent anti-inflammatory ef-
fects of glucocorticoids, they are widely used
as an essential mendicant (4). The prolonged
use of these drugs may provide adverse effects
not only on the metabolism of proteins, lipids
and carbohydrates, but also has immunosup-
pressive effects.

Hyperglycemia is one of the most important
effects that may play a role in the stress re-
sponse and osteoporosis induced by glucocor-
ticoids. The age-associated loss of bone mass
and strength or the aging skeleton can be con-
tributed to the inflammatory cytokines, but
without clear molecular declare (5). In human
subjects, GIO occurs in two phases: a rapid
early phase in which bone mineral density
falls, occurs 5-15% per year, probably due to
excessive bone resorption. A slower phase,
characterized by a more slowly decline of
bone mineral density, and occur 2% per year,
which mainly attributed to bone formation
defect (6).

1.1 Glucocorticoids mechanism

The mechanism of glucocorticoids action is
found to be mediated by glucocorticoid recep-
tors (GCR), belong to the nuclear steroid hor-
mone receptor family, expressed in bone cells
(7). In spite of the recent success in the molec-
ular biological techniques, the precise molecu-
lar mechanism of steroid hormone action has

remained obscure. These receptors include
cytosolic glucocorticoid receptor (cGCR) for
both the classical genomic and non-genomic
mechanism of glucocorticoid action and mem-
brane-bound glucocorticoid receptor (MGCR)
for the mediated non-genomic effects. While,
the interactions with cellular membranes result
in a non-specific, non-genomic effects caused
by direct interaction with the cell membranes
(8). Seven members of steroid receptors are
recognized: estrogen receptor a & b, estrogen-
related receptors 1 & 2, and the receptors for
mineralocorticoids, androgens and progester-
one (9, 10). The gene encoding the human GR
(hGR) is located on chromosome 5 in loci 31-
32 (5931-32) (11). Three main functional do-
mains are included in each receptor; N-
terminal domain, DNA-binding domain
(DBD), and ligand-binding domain (LBD).
Two distinct receptor forms for glucocorti-
coids in human, arise from alternative splicing
of exon 9: hGR-a and hGR-B. While the clas-
sical signaling and modulation of gene expres-
sion are attributed to a- receptor form, while -
form may function only as a dominant nega-
tive inhibitor of a-signaling (8).

The effects of glucocorticoids on bone dif-
fer according to the developmental stage i.e.
from the beginning stage to the late stage,
from human to animal species and moreover in
a cell-type-specific manner (3). While GCs
appear to be essential for the early osteoblastic
stage, responsible for the differentiation of
osteoblasts into bone-forming osteoblasts, act
as inhibitory at the very late stages of osteo-
blast differentiation and osteocytes (12). In
bone, local activation of the inactive cortisone
into the active cortisol by 11p-hydroxysteroid
dehydrogenase is a pivot point, is responsible
for function of osteoblasts, differentiation,
proliferation and. One of the most important
factors that cause increases in the bone turno-
ver, loss of bone mass and fracture risk is the
changes in the levels of steroid hormone as
occurs in the adulthood of either sex. In oste-
oblasts and osteoclasts, estrogen receptor o
(ERa) has a protective effect on bone (14, 15).
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Figure 1: Pathophysiology of glucocorticoid-induced osteoporosis, adapted from (12, 13)

2. Free radicals involved in osteoporo-
sis and osteonecrosis

The proper bone modeling is controlled
mainly by the function of two types of bone
cells, osteoclasts (bone formation) and osteo-
blasts (bone resorption), and OP occurs when
the balance between both functions is disrupt-
ed (16-18) . This balance is affected by many
risk factors including high-doses of cortico-
steroids, alcohol abuse, genetic, race, hormo-
nal, mechanical and nutritional factors.

2.1 Free radicals

The presence of unpaired electron(s) in
atomic or molecular orbitals makes the mole-
cule unstable and highly reactive and consid-
ered a free radical. As shown in table (1), free
radicals are usually, but not always oxygen,
which include reactive oxygen species (ROS)
and reactive nitrogen species (RNS) (19) .
Numerous agents and factors can induce sig-
nificant generation of ROS, including drugs as
anticancer, diseases as diabetes and environ-
mental as UV irradiation, pollutants and tox-
icity (12).

As mitochondria is the major generator of
ROS. In cells, the main source of Oz~ is the
leakage of electron(s) from the mitochondrial
ETC, and therefore the damage occurs mainly
for mtDNA leading to apoptosis (20). Under

physiological conditions, H2O>, but not O is
produced by the peroxisomes (21). Oxygen

free radicals can also be produced by NADPH
oxidase on osteoclasts, and xanthine oxidase
and NOS (22, 23). Also, treatment with inter-
feron (IFN)-y, which act as a stimulator of the
activity of NADPH-oxidase enzyme lead to
liberation of free radicals.

2.3 Hyperglycemia-induced oxidative stress

Various mechanisms were adopted to de-
scribe the hyperglycemia-induced oxidative
stress. One mechanism is the increased pro-

duction O2" by the disrupted ETC, which is
increased according to diabetic complication
state. Also, the oxidative stress is increased in
diabetes because of the accelerated poly-
ol/sorbitol pathway and the decrease in
NADPH availability and thereby GSH deple-
tion (24-26).

2.4 Oxidative stress

Although, free radicals have been shown to
play beneficial roles in biology, especially
when present in physiological concentrations,
may act as a second messenger in some of the
signal transduction pathways. When the pro-
duction of these free radicals is greater than
the ability of the cell to detoxify, an oxidative
stress is developed and oxidative damage of
many biological molecules, especially proteins
and nucleic acids occurs (27, 28). The levels of
G-SH, is decreased, while the lipid peroxides
(LPO) and advanced glycation end product
(AGE) are accumulated (28-30).
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Table 1: Different reactive species

Reactivity / Remarks Half life Symbol Reactive species
(in sec)
I. Reactive oxygen species
Generated in mitochondria , in cardiovascular system 10* s O, - Superoxide
and others, very highly reactive , generated during iron - Hydroxyl Radical
overload and such conditions in our body 1095 -OH
Formed in our body by large number of reactions and Stable H20; - Hydrogen Peroxide
yields potent species like *OH
Reactive and formed from lipids, proteins, DNA, sug- S ROO - Peroxyl radical
ars etc.
During oxidative damage
Reacts with transient metal ions to yield reactive spe- Stable ROOH - Organic hydroperoxide
cies
Highly reactive , formed during photosensitization 10°S 10, - Singlet oxygen
and chemical reactions
Present as an atmospheric pollutant , can react with S O3 - Ozone
various molecules, yielding 0,
I1. Reactive nitrogen species
Neurotransmitter and blood pressure regulator, can S NO- - Nitric oxide
yield potent oxidants during pathological states
Formed from NO; and 10%s ONOO" - Peroxynitrite

The induction of OP and/or ON by the ac-
cumulated free radicals can be explained by
several axes. An important axis occurs by inhi-
bition the differentiation of two vital cell lines,
the marrow stromal M2-10B4 cell line, and the
pre-osteoblastic cell line. In this mechanism,
the early differentiation marker, alkaline phos-
phatase (ALP) was found to be markedly in-
creased and the mineralization in these cell
lines is lowered (31). Another one, is the foun-
dation that metallothionein (MT) has a protec-
tive effect against H202-induced inhibition of
the differentiation of osteoblasts and has the
ability to scavenge "OH & O~ free radicals by
mechanisms similar to G-SH and superoxide
dismutase, respectively (32-34).

It has been reported that the free radicals is
a strong emitter of the expression of many
cytokines and many of these cytokines are
involved in bone osteoporosis including TNF-
a, NF-xB, IL6 and IL-1 (35). The production
of these signals is regulated by steroids. While
TNF-o and IL-1 are a powerful bone resorp-
tion effectors by increasing the number of os-
teoclasts, IL-6 is an osteotropic (36, 37). NF-
kB is involved in the regulation of cell growth,
differentiation, death and development of bone
and is a downregulator of the differentiation of

osteoblasts (38-40).
2.5 Role of antioxidants in osteoporosis

Oxidative stress arise when the production
of the radicals oxygen and non-oxygen free
radicals exceed the capacity of the antioxidants
to overcome. A proper antioxidant (enzymes
and non-enzymes) is essential to protect
against free radicals (41, 42). Enzyme antioxi-
dants include: superoxide dismutases, gluta-
thione peroxidases, catalase, glutathione S-
transferase, glutathione reductase, peroxire-
doxins, glutaredoxin and thioredoxin Non-
enzyme antioxidants include: Reduced gluta-
thione (G-SH), tocopherols and [-carotenes
(43).

Targets of antioxidants
020' + H202 02+ OH- » 'OH
I Fes+
| CAT Radical
soD GPx scavenger
H,0, H,0 H,0

Figure 2: Possible mechanisms of antioxidants
adapted from (44)
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In the post-menopause, the bone mineral
density is decreased, the susceptibility for OP
is increased and the antioxidants are depleted.
Such condition can be alleviated by regular
intake of exogenous antioxidant (45). The me-
tabolism of calcium is dramatically affected,
because of a decrease in the gastrointestinal
calcium absorption and increase in the renal
calcium loss. These manifestations are record-
ed in glucocorticoid administration. It was
reported that co-administration of the antioxi-
dants tocopherol or ascorbate can withstand
the development of corticosteroid-induced ON
(46-48). In addition, a secondary hyperpara-
thyroidism has been suggested as a determi-
nant effector of bone (49).

3. Osteoporotic biomarkers

It have been suggested that osteoporosis is
associated with several biochemical markers
that can be taken as a monitor for the oxidative
stress-induced OP and ON to follow-up and
the possible ameliorative effect of a natural
antioxidant.

4. Antioxidants
4.1 Genistein (Giensing or Ginseng)

Ginseng, one of the most popular oriental
medicinal herbs, widely used as an herbal
remedy for various physiological and patho-
logical disorders. White and red ginseng have
been used as an excellent stimulant for the
immune and antimicrobial defenses (51).
Genistein is not only an effective scavenger of
free radicals in vitro, but also a strong inhibitor
of cell-derived H20, formation in vivo. It has
an antioxidant capacity that may exceed that of
acrobate and tocopherols (52).

4.2 Ginseng as a hypoglycemic effector

An proposed and accepted anti-osteoporetic
effect of ginseng is the hypoglycemic effect. It
has been reported that the blood glucose level
and the glycogen content are improved and
controlled in ginseng-supplemented diabetics.
One possible mechanism of this hypoglycemic
effect of ginseng is the antioxidant scavenging
effect, enhancement of the aerobic glycolysis
through stimulation of B-adrenoreceptor and
increase of various rate-limiting TCA enzyme

activities (53). Ginseng supplementation sig-
nificantly reduce the incidence of ON in the
most studied corticosteroid- induced ON ani-
mal models, characterized by a marked in-
crease in the GSH content and MDA levels
decreased. Thus providing a fact that oxidative
stress and ON was inhibited by ginseng (16,
28).

5. Involvement of oxidative stress in
bone pathophysiology

The pathophysiology of the oxidative stress
varies according to the load of the stress and
the provided antioxidant capacity. Oxidative
stress in low levels may function as a signal
mediator for cell growth and cellular signaling
(54). In contrast, higher oxidative stress is
harmful, causing cellular injury and involved
in various disease pathogenesis. The damage
include enzymes, structural proteins, lipids,
and DNA are seriously affected in a way can
lead to apoptosis (55). Bone architecture and
osteoblast / osteoclast balance is also altered
(28).

6. Apoptosis

The programmed cell death (PCD), apopto-
sis, is actually essential for the normal devel-
opment and homeostasis and the removal of
the damaged, infected and potentially neo-
plastic cells (56). Glucocorticoids are potent
inducers of apoptosis in many cells(30). GCs
have proapoptotic effects on osteoblasts and
osteocytes due to activation of caspase-3, the
key mediator of apoptosis (56). As previously
mentioned, apoptosis-induced by intake of
corticosteroids varies according to the form of
the receptor present; glucocorticoid receptors
a-C (GRa-C) is a potent apoptotic inducer
than GRa, while GRa-D is less (57).

6.1 Caspases

Caspases are major player in the cell death
by apoptosis. These cysteine-dependent caspa-
ses are affected by many factors especially the
redox state of the cell. As shown in figure (3):
The function of glucocorticoid receptors can
propagate signals either for pro-apoptotic
genes or for anti-apoptotic genes that can ei-
ther lead to apoptosis or cell survival, respec-
tively depending on the cell type or tissue (58,
59).
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Table 2: Biomarkers can be used to follow-up the oxidative stress-induced osteoporosis, adapted from
(50).

Biomarkers
1. Markers of -ALP: An osteoblastic differentiation marker.
bone formation -Serum measurement of total and bone-specific alkaline phosphatase (BALP)

- Osteocalcin (OC),
-Type | collagen extension peptides.

2. Assessment  _ rine specimens were assayed for markers of bone resorption: N - telopeptides (NTX),

of bone resorption free pyridinolines (Pyr), free deoxypyridinoline.
- Measurement of fasting urinary calcium and hydroxyproline,
-Urinary hydroxylysine glycosides, urinary excretion of the pyridinium cross-link and

bone - specific alkaline phosphatase.

- Osteoclast enzymes: . Tartarate-resistant acid phosphatase (TRACP) andCathepsin K.
3. Biochemical -The lipid peroxide marker, MDA.
determinations -Calcitonin.
-DNA damage marker, 8-OHdG.
-Antioxidant status: Reduced blood glutathione (G-SH).
-The antioxidant enzymes: SOD, Catalase and Glutathione peroxidase (GPX).
-Endothelin (ET) in plasma.
-PTH, Calcium & Phosphorus.
4. Immunohisto- -The presence/absence of advanced glycation end-product expression.
chemical investiga- -Proinflammatory cytokines: (IL-1a, 1B, 6, TNF- o).
tions -Anti-inflammatory: (IL-4, 10).
-Bone-marrow-specific cytokines: (IL-7 & 11).
-Caspase: 1, 3,7 & 9.
-Caspase-activated DNase (CAD).
-Adipogenic transcription factor (PPARY).
-TGF-f2.
- Vascular endothelial growth factor (VEGF).
- Tumor necrosis factor-a (TNF- a).
- Tumor necrosis factor-receptor-1 (TNF-R1).
-The pro-apoptotic Bcl-2 (Bim).
-The pro-apoptotic proteins (Bax/Bak).
- NF-«B: For osteoblastic differentiation of BMSCs.
5.  Determina- -Sphingomyelin Synthase-2.
tion the gene ex- -PTH receptor-1.
pression

Table 3: The protective role of different antioxidants in osteoporosis, adapted from (44).

Antioxidant Effect

Reduced glu-  Reduced glutathione is important for the maintenance of the cytoskeleton, stabi-
tathione lizes the lysosomal membrane and suppresses injury to the vascular endothelium
(G-SH) and wall by inhibiting an increase of lipoperoxides.

Vitamin E Vitamin E deficiency impairs calcium transport via the intestine and reduces bone den-

sity, free radical scavenger and has been shown to offer protection against free
radical-associated diseases, such as atherosclerosis, cancer and osteoporosis.

Vitamin C Enhances collagenogenesis, possible effect on bone formation, the antioxidant effect
on osteoporosis is under investigation

Vitamin A Excess vitamin A intake has been associated with accelerated bone loss, but this re-
quires further investigation.

Genistein Free radicals scavenger, inhibitor of cell-derived H,O, formation.

Ginkgo biloba  Free radical scavenger.
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Intrinsic as well as extrinsic apoptotic
pathways are suggested as possible mecha-
nisms of GC-induced apoptosis. The activation
of the intrinsic apoptotic pathway is the classic
mechanism (60). Mitochondrial-dependent or
mitochondrial-independent mechanisms are
involved in the extrinsic apoptotic pathway.
Glucocorticoid signaling increases the expres-
sion of the pro-apoptotic Bcl-2 family member
Bim, which can activate the pro-apoptotic pro-
teins Bax/Bak to disrupt mitochondrial mem-
brane potential, resulting in the release of cy-
tochrome ¢ and other apoptogenic proteins.
This leads to caspase 9 activation and subse-
quent effector caspase 3 activation and apopto-
sis occurs. Other factors that may influence the
intrinsic pathway during GC-induced apopto-
sis include up-regulation of other pro-
apoptotic proteins such as Bad and Puma, or
down regulation of anti-apoptotic proteins
such as Bcl-2 or Bcl-xL. A major checkpoint
in this pathway is the ratio between pro-
apoptotic (Bax) to anti-apoptotic (Bcl-2)

members, which is something unique for apop-
tosis. Caspase-3 and caspase-7 cleave this
ICAD, resulting in the release of active CAD
(61).

6.2 Steroid-induced OP- animal models

Several animal models are proposed to de-
scribe the pathogenesis of corticosteroid-
induced ON and OP, differing according to the
animal used (rabbits or mice or rats), the ster-
oid drug, the dose used either acute or chronic
doses and the period of the experiment (38).

Natural antioxidants could be applied as a
functional material to prevent diseases caused
by oxidative stress. The ginseng can signifi-
cantly decrease the incidence of osteoporosis
and osteonecrosis in the steroid-treated animal
models e.g. rabbit. The oxidative stress is in-
hibited and the vascular endothelial dysfunc-
tion is ameliorated. The precise mechanism
still requires a further in vivo study.

HsP90 + GR Glucocorticoids
\ J
HsP90
GR-complex
r N — 4
I Pro-apoptotic effects Anti-apoptotic effects ]
A A

Of \® Of IO
Anti-apoptotic zenes Pro-apoptotic genes Anti-apoptotic genes

e s OO0 ™ e (DO TreiZ

She sl Bim, &Bad —Bd-XL
>4

Bid .Y-. Inactive
Bax

Bax Activation

Cytochrome C

Figure 3: Glucocorticoid signaling through GR, adapted after (29)
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Apopitosis

Figure 4: Schematic model of mammalian cell death pathway, adapted from (56)

Table 4: Experimental animal models for steroid-induced OP

Animal Drug Dose Exp. Period Biomarkers

Male NewZea- Methylprednisolone 4 mg/kg 14 days ref ¢® GSH and LPO

land white rabbits B.Wit.

Female Japanese  Methylprednisolone 4 mg/kg, Sampling at days: Histopathology, Bio-
white rabbits I.M.once 3™,5"& 14" Ref  chemical and immuno-

Female Japanese = Methylprednisolone 40

white rabbits mg/kg,
I.M. once
Male Japanese Methylprednisolone 20
white rabbits acetate mg/kg,
I.M. once
Male adult Methylprednisolone 20
Newzealand mg/kg,
white rabbits I.M. once
Rats Slow-release Pred- 1.5 mg/
nisone pellets, S.C. KgB.
implanted W,

36) histothemisty
Sampling at days: Histopathology, Bio-
1%, 3¢, 5t & 14 chemical and immuno-

Ref (18) histothemisty

-2- 10 weeks , Ref Histopathology, hemato-

©2) logical and immunohis-
tothemisty

Sampling at days: Histopathology, Bio-

3d 5ih 7t & 14" chemical and immuno-

,Ref(3) histothemisty

6 months Ref®? Histopathology, Bio-
chemical and immuno-
histothemisty

Conclusion

Finally, we can conclude that, the causes of
osteonecrosis and osteoporosis are multifacto-
rial. Both in vitro and in vivo data have recent-
ly shown that steroid-associated oxidative in-

jury exerts a crucial role in the development of
OP and ON. Several antioxidants have been
reported to effectively suppress the develop-
ment of this illness. Soon after steroid admin-
istration, attenuation of the protective antioxi-
dative capability occurs, leading to tissue and
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protein modifications, especially in bone tis-
sues, vascular endothelial dysfunction, which
contributes to local intravascular thrombosis
and circulatory disturbances, concomitantly
with the development of osteoporesis. It is of a
great clinical significance if natural products
without side effects on the human body were
able to indirectly increase the intravital antiox-
idant defense system and directly eliminate
excessive ROS.
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