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a b s t r a c t

Glucocorticoid-induced myopathy is a common side effect of chronic glucocorticoid therapy. Several
mechanisms are currently being examined as ways in which glucocorticoid-induced myopathy occurs.
These include apoptotic signaling through mitochondrial-mediated and Fas-mediated apoptosis, the role
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of the proteosome, the suppression of the IGF-1 signaling, and the role of ceramide in glucocorticoid-
induced apoptosis and myopathy. It is difficult to differentiate which mechanism may be the initiating
event responsible for the induction of apoptosis; however, all of the mechanisms play a vital role in
glucocorticoid-induced myopathy.
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rointestinal upset, arthralgias, immunosuppression, edema and
yopathy [1].

With over 50 years of use [2], glucocorticoids are one of the
ommon medications known to cause myopathy, especially with
rolonged high doses. The incidence of muscle weakness and
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myopathy can reach as high as 50% of persons receiving long-term
glucocorticoid therapy [3,4]. Characteristics of myopathy include
muscle atrophy and weakness, insulin resistance, oxidative stress,
and mitochondrial dysfunction. Steroid-induced myopathy is prox-
imal and symmetrical and may involve both upper and lower
extremities. Histological changes may include type II specific atro-
phy of muscle fibers, loss of myosin filaments in sarcomeres with
preservation of thin filaments and Z-bands, and necrosis [5]. Steroid
myopathy is more commonly associated with the use of fluorinated
steroids, such as dexamethasone, betamethasone, and triamci-
nolone, but can also be caused from nonfluorinated steroids, such
as prednisolone and hydrocortisone [6].

While mechanisms of glucocorticoid-induced myopathy are not
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1. Introduction

Glucocorticoids are immunosuppressants that are clinically
used to reduce acute inflammation and swelling. Millions of peo-
ple take glucocorticoids for chronic therapy to treat diseases such
as rheumatoid arthritis, asthma, organ transplants, and primary
or secondary adrenal insufficiency (Addison’s disease). Common
side effects of glucocorticoids include insomnia, nervousness, gas-
completely understood they are being slowly elucidated. Apopto-
sis may be a contributing mechanism and therefore is the focus
of this review. Glucocorticoid-induced apoptosis has been shown
to involve mitochondrial-mediated and Fas-mediated signaling.
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Fig. 1. Simplified scheme of mitochondrial-mediated and Fas-mediated apoptosis.
Cytochrome c (Cyto c) release from the mitochondrion leads to formation of the
apoptosome (Cyto c, dATP, Apaf-1, and procaspase-9) and activation of procaspase-
9. Active caspase-9 cleaves and activates procaspase-3 which leads to apoptosis. Bax
and Bak favor Cyto c release while Bcl-2 and Bcl-XL inhibit Cyto c release. IAPs inhibit
apoptosis by inhibiting activation of procaspase-9 and -3. Smac/Diablo is released
from the mitochondrion and inhibits the IAPs, relieving their inhibitory effect on
apoptosis. Fas-mediated apoptosis involves recruitment of FADD to the cytoplas-
mic domain of the Fas receptor which then recruits Procaspase-8. Once activated,
caspase-8 can then activate caspase-3 directly and/or activate Bid which then acti-
vates the mitochondrial-mediated signaling pathway. Arrows signify a stimulatory
A.J. Dirks-Naylor, C.L. Griffiths / Journal of Stero

t has also been shown that the proteosome, the suppression of
he IGF-1 signaling, and the accumulation of ceramide may play
mportant roles in glucocorticoid-induced apoptosis and myopa-
hy. Most of what we know about glucocorticoid-induced apoptosis
omes from data regarding immune cells. There are far less data
pecifically focused on glucocorticoid-induced apoptosis in skele-
al muscle. Using the data from immune cells and evidence that
lucocorticoid-induced apoptosis in skeletal muscle may be by a
imilar mechanism to that of immune cells, we have hypothe-
ized that myopathy may involve activation of Fas signaling leading
o caspase-8 activation via generation of ceramide. Activation of

itochondrial-mediated signaling may be a mechanism to amplify
he apoptotic signal. Moreover, the proteosome and IGF-1 signal-
ng play a role in regulating this apoptotic process by increasing
he apoptotic potential. The role of these apoptotic pathways and
ignaling molecules in glucocorticoid-induced apoptosis in skeletal
uscle and immune cells will be discussed. Better understanding of

hese mechanisms may help to develop therapies to preserve mus-
le mass and function in those patients on chronic glucocorticoid
herapy.

. Apoptotic signaling

Apoptosis is an evolutionary conserved process by which
ndividual cells of a multicellular organism commit suicide.
lthough apoptosis is important in maintaining health, excessive
r inadequate apoptosis can contribute to disease pathophys-

ology. Apoptosis is executed by specific cellular signaling
athways and is therefore characterized by specific biochemi-
al and morphological events. Some of these identifying features
f apoptosis include chromatin condensation and DNA frag-
entation into mono- and oligonucleosomes, cellular shrinkage,

ranslocation of phosphatidylserine to the outer leaflet of the
lasma membrane, and membrane blebbing forming apoptotic
odies which are engulfed by macrophages or neighboring
ells.

Apoptosis is mediated by the activation of a variety of cys-
eine proteases, known as caspases. Caspases normally exist in an
nactivated state called procaspases but can be activated by pro-
eolytic cleavage and subsequent heterodimerization. Initiation of
poptosis involves activation of a caspase cascade in which “initia-
or” caspases (i.e., caspase-8, caspase-9, caspase-12) first become
ctivated and then cleave and activate “effector” caspases (i.e.,
aspase-3, caspase-6, caspase-7). The effector caspases carry out
he proteolytic events that result in cellular breakdown and demise.
here are 14 known mammalian caspases (i.e., caspase-1–caspase-
4), which participate in the apoptotic process depending on the
timulus and respective signaling pathway activated and/or cell
ype undergoing apoptosis.

Mitochondria play a central role in initiating apoptosis (see
ig. 1). Upon stimulation, mitochondria can release cytochrome c
nto the cytosol which forms a complex, known as the apopto-
ome, with procaspase-9, Apaf-1, and dATP. Once the apoptosome
s formed, procaspase-9 can cleave and activate itself. The active
nzyme, caspase-9, can cleave and activate effector caspases such
s procaspase-3, which leads to the typical morphological fea-
ures of apoptosis. The Bcl-2 family of proteins regulates the
elease of cytochrome c. This family consists of a number of
roteins, which are anti-apoptotic or pro-apoptotic. For exam-
le, Bcl-2 and Bcl-XL protect against cytochrome c release and
re therefore anti-apoptotic while Bax, Bak, Bad, and Bid favor

ytochrome c release and are therefore pro-apoptotic. The ratio
nd interaction of the anti-apoptotic and pro-apoptotic Bcl-2 fam-
ly proteins determines the fate of cytochrome c release from the

itochondria. Often the Bcl-2/Bax ratio is used as an indicator of
poptotic potential where a high ratio protects against apoptosis
effect and blunt lines signify an inhibitory effect. Superscript arrows represent the
known effects of glucocorticoid treatment in skeletal muscle.

and a low ratio favors apoptosis. Another regulatory mechanism
of apoptosis involves the inhibition of caspases by inhibitor of
apoptosis proteins (IAPs). The IAPs (i.e., XIAP, cIAP1, cIAP2) can
bind to and inhibit activity of caspase-9 and -3. Lastly, the mito-
chondria can release additional proteins, along with cytochrome
c, to relieve the inhibition exerted by the IAPs so indeed apop-
tosis can be executed. These proteins include Smac/Diablo and
Omi/HtrA2.

Mitochondria can also release pro-apoptotic proteins that are
involved in caspase-independent apoptosis. Mitochondria can
release apoptosis inducing factor (AIF) and endonuclease G (EndoG)
which translocate to the nucleus to induce chromatin condensation
and DNA fragmentation in a caspase-independent manner.

Several other apoptotic pathways require an alternate ini-
tiator caspase to initiate the caspase cascade (i.e., caspase-8).
Receptor-mediated pathways can be activated by tumor necrosis
factor-alpha (TNF-�) or Fas ligand (FasL) binding to their cognate
receptors and induce apoptosis by the activation of procaspase-8,
which cleaves and activates procaspase-3 to initiate the caspase
cascade. For example, caspase-8 can be activated by the recruit-
ment of Fas associated protein with death domain (FADD) to
the intracellular domain of the Fas receptor, which then recruits
procaspase-8 leading to its activation (see Fig. 1). Once apoptosis
is initiated via caspase-8 the release of cytochrome c, and other
pro-apoptotic proteins, from the mitochondria and activation of
the mitochondrion-mediated signaling may occur, but is down-
stream from caspase-8 activation. Active caspase-8 cleaves Bid,

which then stimulates Bax and Bak activity resulting in cytochrome
c release. Some cell types require activation of the mitochondrion-
mediated signaling via Bid to execute apoptosis and others
do not.
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. Mechanisms of glucocorticoid-induced apoptosis and
yopathy

It has been consistently shown that glucocorticoids induce
poptosis in skeletal muscle as evidence by the activation of
aspase-3, DNA fragmentation, and/or translocation of phos-
hatidylserine [7–12]. The signaling pathways responsible are
lowly being unraveled. Evidence suggests that the mitochondrial-
ediated apoptotic signaling is activated by glucocorticoid

reatment, but it is not clear if its activation is the initiating
vent in the induction of apoptosis or if it is activated as a result
f an alternative upstream apoptotic signaling pathway, such as
eceptor-mediated apoptotic signaling (see Fig. 1). In the lat-
er case, activation of the mitochondrial-mediated signaling may
unction to amplify the apoptotic signal, however, not required
or the execution of apoptosis in response to glucocorticoids.
lucocorticoid-induced modulation of the ubiquitin–proteasome

ystem, IGF-1 signaling, and ceramide play an important role in the
nduction of apoptosis and myopathy.

.1. The role of mitochondrial-mediated signaling in
lucocorticoid-induced apoptosis

Glucocorticoid treatment leads to activation of the
itochondrial-mediated apoptotic signaling pathway in a variety

f cell types including skeletal muscle [8,13–18]. It was shown
hat protein levels of Bax and Bad were elevated while levels of
cl-2 and Bcl-XL were unaffected by treatment in rat soleus [8].
im et al. reported that glucocorticoid treatment decreased the
rotein levels of Bcl-2 with little effect on Bax in the soleus muscle
f mice [9]. In either case, the ratio between anti-apoptotic and
ro-apoptotic Bcl-2 members in skeletal muscle was decreased
otentiating apoptosis, as also shown to be the case in other cell
ypes. For example, in acute lymphoblastic leukemia (ALL) cell lines
nd ex vivo samples taken from ALL patients that are responsive to
examethasone treatment, dexamethasone was shown to increase
he activation of Bax and Bak and down-regulate Bcl-2 and Bcl-XL
16]. This was not the case in ex vivo samples from dexamethasone-
esistant ALL patients [16]. In the latter case, ex vivo samples
reated with dexamethasone did not show any changes in the
cl-2 family proteins [16]. Glucocorticoid treatment also increases
he expression of pro-apoptotic Bcl-2 proteins and decreases the
xpression of anti-apoptotic Bcl-2 proteins in thymocytes [19,20].
oijman et al. showed that 3 h of glucocorticoid treatment of
rimary thymocytes lead to an increase in Bax and a decrease in
cl-XL protein content, while there was no change in Bcl-2 content
20]. These data suggest that activation of the pro-apoptotic and
own-regulation of anti-apoptotic Bcl-2 proteins occurs during
lucocorticoid-induced apoptosis.

Mitochondrial cytochrome c release from mitochondria in
lucocorticoid-treated skeletal muscle cells has not been measured,
owever it has been shown to be elevated in treated thymocytes
14,15,20,21]. Hoijman et al. reported a correlation between the pro-
ein levels of Bax and the release of cytochrome c [20]. Caspase-9
as also activated in glucocorticoid-treated thymocytes [13,14]. It
as also been shown that glucocorticoid treatment results in ele-
ated protein levels of cleaved caspase-9 in rat soleus muscle [8].
hese data indicate that glucocorticoid-induced apoptosis leads to
he activation of mitochondrial-mediated signaling in both skele-
al muscle and thymocytes, presumably via cytochrome c release.
owever, in multiple myeloma cells glucocorticoid treatment leads
o activation of caspase-9 independent of cytochrome c and Apaf-
[22]. Glucocorticoid treatment leads to Smac/Diablo, but not

ytochrome c, release from mitochondria which then binds to XIAP
ausing dissociation from and activation of caspase-9 [22]. Inhibi-
ion of caspase-9 in these cells significantly attenuated apoptosis,
hemistry & Molecular Biology 117 (2009) 1–7 3

but did not completely abolish it. Taken together, the mechanism of
caspase-9 activation in response to glucocorticoid treatment may
vary depending on cell type, but appears to be dependent on the
release of pro-apoptotic proteins (e.g., cytochrome c, Smac/Diablo)
from the mitochondria. In thymocytes it appears that cytochrome c
release does occur in response to glucocorticoid treatment. Future
studies will determine if this is also the case in skeletal muscle.

3.2. The role of Fas-mediated signaling in glucocorticoid-induced
apoptosis

Although glucocorticoid treatment is associated with activation
of mitochondrial-mediated signaling, there is evidence to suggest
that it is activated via receptor-mediated mechanisms. Along with
activation of caspase-9, caspase-8 has been shown to be activated
in the soleus muscle of glucocorticoid-treated rats [7,8]. Further-
more, the protein levels of Bid, FADD, and Fas were also elevated
[7,8]. Typically, Fas-ligand receptor binding induces formation of
this complex. Once the complex is formed, procaspase-8 molecules
cleave and activate each other. Fas is expressed in pathophysio-
logical skeletal muscle, but not in normal healthy muscle cells,
making muscle cells more susceptible to Fas-induced apoptosis.
From these data, it is reasonable to hypothesize that a potential
mechanism of glucocorticoid-induced apoptosis in skeletal muscle
may be activation of caspase-8 via formation of the death-inducing
complex consisting of Fas, FADD, and procaspase-8. Caspase-8 acti-
vates caspase-3 and Bid, with the latter leading to activation of the
mitochondrial-mediated signaling as a mechanism of amplification
of the apoptotic signal. Thus, activation of mitochondrial-mediated
signaling is not obligatory for apoptotic cell death in response to
glucocorticoid treatment.

Although this hypothesis has not been tested in skeletal mus-
cle, it has been tested in glucocorticoid-treated thymocytes. The
data support that activation of mitochondrial-mediated signaling
is not obligatory for glucocorticoid-induced apoptosis in thymo-
cytes [13,14]. It was shown that dexamethasone induces the release
of cytochrome c and the activity of caspase-8, -9, and -3 [13,14].
Using various caspase inhibitors, inhibition of caspase-9 did not
prevent activation of caspase-3, cytochrome c release, or apoptosis
[13,14]. However, inhibition of caspase-8 did prevent the release
of cytochrome c and caspase-3 activation [14] and did signifi-
cantly attenuate apoptosis, although it did not completely abolish
apoptosis [13]. These data are consistent with the effects of dexam-
ethasone in caspase-9 null mice in which apoptosis of thymocytes is
not completely inhibited, suggesting that mitochondrial-mediated
apoptotic signaling is not required for apoptosis to occur [23,24].
Moreover, Bid is not necessary for glucocorticoid-induced apopto-
sis in thymocytes, as shown in Bid deficient knockout mice [25].
The data support the hypothesis that caspase-8 may be important
in activating mitochondrial-mediated signaling as a mechanism of
amplification, but may not be the required and initiating event in
glucocorticoid-induced apoptosis.

How is caspase-8 activated? Marchetti et al. showed that the
glucocorticoid-induced caspase-8 activity in thymocytes corre-
lated with the formation a death-inducing complex with FADD
and caspase-8 [14]. It has previously been reported that formation
of this complex can activate caspase-8 and induce Fas-mediated
apoptosis in a Fas-ligand independent mechanism [26]. It was also
determined that formation of the death-inducing complex and
activation of caspase-8 was dependent upon activation of acidic
sphingomyelinase (aSMase) and production of ceramide [13,14].

Marchetti et al. showed that activation of aSMase in thymocytes
is mediated by protein kinase C (PKC) and phosphatidylinositol-
dependent phospholipase C (PI-PLC) [14]. Glucocorticoid-induced
apoptosis of L6 muscle cells was also shown to be dependent on PKC
and PLC activity, as well as phospholipase A2 (PLA2) [10]; evidence
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hat the mode of glucocorticoid-induced apoptosis in myocytes
ay be similar to that in thymocytes.

In summary, glucocorticoid-induced apoptosis may be due
o the synthesis of ceramide via activation of aSMase leading
o formation of the death-inducing complex and activation of
aspase-8 which, in turn, results in apoptosis via direct cleavage
f caspase-3 and indirectly via activation of the mitochondrial-
ediated pathway. Since caspase-8 inhibition did not completely

bolish apoptosis there may be other apoptotic signaling pathways
nvolved.

.3. Role of the proteasome in glucocorticoid-induced apoptosis
nd myopathy

Glucocorticoids stimulate activity of the proteasome in skeletal
uscle causing significant atrophy via myofibrillar protein degra-

ation [27]. Glucocorticoids stimulate the expression of several
roteins involved in the ubiquitin–proteasome system, including
biquitin, conjugating enzymes, ubiquitin ligases, and subunits of
he proteasome [28,29]. For example, dexamethasone treatment
ncreases the expression of the E3 ubiquitin ligase MuRF1 (muscle
ING finger protein 1) in differentiated myotubes which was shown

o be responsible for degradation of myosin heavy chain (MYH) [30].
uRF1 (−/−) mice experience significantly less dexamethasone-

nduced MYH depletion compared to wild-type mice [30].
The catabolic action of glucocorticoids appears to be mediated

ia the FOXO transcription factors. Overexpression of FOXO causes
nduction of genes involved in the ubiquitin–proteasome sys-
em and muscle atrophy [31]. Furthermore, glucocorticoid-induced
trophy was prevented by overexpressing a dominant-negative
orm of FOXO-3a [31]. Thus, activation of the ubiquitin–proteasome
ystem induced by glucocorticoid treatment is mediated through
OXO transcription factors and plays a central role in myofibril-
ar protein degradation leading to significant atrophy of muscle
bers.

Aside from myofibrillar protein degradation, activation of the
biquitin–proteasome system has also been implicated as an

mportant mediator of glucocorticoid-induced apoptosis [13,15,32].
onomura et al. showed that inhibition of the proteasome partially
nhibited H2O2 production, alterations in mitochondrial membrane
otential, cytochrome c release, caspase-3 activity, and apoptosis in
examethasone treated thymocytes [15]. Furthermore, proteosome

nhibitors also prevented DNA fragmentation and phosphatidylser-
ne exposure on glucocorticoid-treated thymocytes [33]. Lepine et
l. also showed that proteasome inhibition partially attenuated
lterations in mitochondrial membrane potential and significantly
nterfered with activation of caspase-8, -9, and -3 [13]. Data suggest
hat activation of the proteasome is upstream from disruption of the

itochondrial transmembrane potential and caspase activation.
tabilization of the mitochondrial transition pore and inhibition of
aspases by pharmacological agents did not prevent proteasome
ctivation [33,34]. Overexpression of Bcl-2, inhibition of protein
ynthesis, and antioxidant supplementation did prevent protea-
ome activation [34].

The proteins targeted for degradation by the proteasome in
lucocorticoid-induced apoptosis are currently being unveiled.
ome targets of the proteasome during apoptosis induction include
roteins that regulate the cell cycle such as c-Fos [35], p27Kip1 [36],
nd ornithine decarboxylase [37] and proteins that inhibit caspase
ctivity such as XIAP and cIAP1 [32]. Inhibiting degradation of each
f these proteins has shown to attenuate apoptosis [32,35–37].
The ubiquitin–proteosome system is also responsible for reg-
lating myogenic transcription factors (MRFs) and their negative
egulators, the family of inhibitors of DNA-binding (Id) proteins,
hich are involved in muscle differentiation and development [38].
yoD is a central MRF that turns on the transcriptional program for
hemistry & Molecular Biology 117 (2009) 1–7

differentiation and development. The Id proteins inhibit the action
of MyoD and inhibit differentiation of myoblasts into myotubes to
potentiate proliferation of myoblasts. It has also been shown that
the Id proteins may be involved in the induction of apoptosis of
cardiac and skeletal muscle cells [39–41]. Skeletal muscle apop-
tosis associated with unloading-induced muscle atrophy involves
Id2 [40]. It was found that muscle unloading lead to increased pro-
tein content of cytoplasmic Id2 with no change in nuclear levels
of Id2 [40]. The cytoplasmic content of Id2 positively correlated
with pro-apoptotic markers such as the TUNEL index, Bax, AIF, and
p53 and negatively correlated with anti-apoptotic markers such
as Bcl-2. Interestingly, nuclear levels of Id2 negatively correlated
with pro-apoptotic markers [40]. These data suggest that the Id
proteins may have different functions depending on cellular local-
ization in skeletal muscle. Nuclear localization may be associated
with proliferation, while cytoplasmic localization may be associ-
ated with apoptosis induction. In cardiac myocytes, overexpression
of Id1 causes apoptosis [39]. In addition, overexpression of Id1 in
C2C12 myoblasts lead to decreased cell viability, however, the mode
of cell death was not determined [41]. These data suggest that the Id
family may play an important role in determining the life or death
of a cell.

It is known that glucocorticoids lead to a decreased content of
MyoD and an increased content of Id1 [38]. Other Id proteins have
not been investigated. Glucocorticoids differentially regulate degra-
dation of these proteins by N-terminal ubiquitination leading to
degradation of MyoD, but not Id1, in differentiated myotubes to
promote muscle protein catabolism and possibly apoptosis [38].
In undifferentiated myoblasts, Id1 localized to the nucleus, but
in differentiated myotubes Id1 is localized to the cytoplasm [42],
therefore, it is possible that increased cytoplasmic levels of Id1
induced by glucocorticoid treatment may potentiate apoptosis in
skeletal muscle cells, similarly to Id2, and also possible that over-
expression of Id1 has the same effect in skeletal muscle cells as that
shown in cardiac myocytes.

These data suggest that the proteasome may play an important
role in glucocorticoid-induced apoptosis by degrading cell-cycle
and anti-apoptotic regulatory proteins, thereby, increasing the
apoptotic potential.

3.4. Suppression of IGF-I signaling in glucocorticoid-induced
apoptosis and myopathy

The loss of muscle mass in glucocorticoid treatment is, in part,
due to suppression of IGF-1 signaling [43]. In fact, it has been
shown that systemic administration of IGF-1 and IGF-1 gene trans-
fer can attenuate glucocorticoid-induced muscle atrophy [43–45].
IGF-I has an anabolic effect in skeletal muscle by increasing rate of
protein synthesis [46] and by stimulating satellite cell proliferation
and differentiation for growth and repair [47]. IGF-1 signaling plays
an anti-catabolic role in skeletal muscle by suppressing the activ-
ity of the ubiquitin–proteasome system and also by suppressing
apoptosis [12].

Many of the effects of IGF-1 are mediated through phosphory-
lation of Akt. First, Akt phosphorylation leads to inhibition of FOXO
transcription factors and, therefore, expression of proteins involved
in the ubiquitin–proteasome system. Secondly, activation of Akt
suppresses apoptosis by inhibiting Bad [48] and also prevents cleav-
age of procaspase-9 [49], both via phosphorylation. Thirdly, Akt
phosphorylates and inhibits pro-apoptotic Forkhead transcription
factor, FKHRL1, which is thought to regulate the expression of many

pro-apoptotic genes, such as Fas ligand [50]. Indeed, Akt phospho-
rylation has been found to be suppressed in glucocorticoid-treated
muscle tissue, as much as 50% [8,12,51]. Thus, decreased IGF-I
signaling induced by glucocorticoids may potentiate apoptosis by
relieving inhibition on Bad, procaspase-9, and FKHRL1 and also by
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ncreased degradation of XIAP and cIAP1 via upregulaton of the
biquitin–proteasome system.

Factors that are responsible for glucocorticoid-induced suppres-
ion of IGF-1 signaling are under investigation. Dexamethasone
nhibited IGF-I-mediated Akt phosphorylation in L6 myoblasts
nder conditions of metabolic stress, which led to enhanced apop-
osis via the induction of the PI3K inhibitor, p85�. p85� interferes
ith PI3K activation via IGF-I, thereby, inhibiting Akt phosphoryla-

ion [12]. Others have shown that inhibition of IGF-1 signaling may
lso be due to reduced muscle content of IGF-1 [43] and insulin-
eceptor substrate-1 (IRS-1) [52] or increased levels of myostatin
27] and ceramide [53], both of which inhibit Akt phosphorylation.

In summary, suppression of IFG-1 signaling by glucocorticoids
ontributes to myopathy by suppressing anabolic processes and
timulating catabolic processes such as proteolysis and apoptosis.

.5. The role of ceramide in glucocorticoid-induced apoptosis and
yopathy

Ceramide is a sphingosine-based lipid second messenger pro-
uced by de novo synthesis and sphingomyelin degradation.
lucocorticoid treatment increases the production of ceramide in
variety of cell types, including skeletal muscle [13,14,53] and
ay be a central player in many of the pathological effects asso-

iated with glucocorticoid-induced myopathy, including insulin
esistance, atrophy, and apoptosis.

Ceramide is known to interfere with IGF-1/insulin signaling
esulting in decreased expression and decreased phosphorylation
nd activation of Akt [51,53]. Due to the many protein targets
f Akt, reduced signaling has a plethora of consequences. First,
eramide production and reduced Akt signaling contributes to
nsulin resistance. A strong negative correlation exists between
eramide content in human skeletal muscle and insulin sensitivity
54]. It has also been shown that infusion of ceramide into cul-
ured myotubes inhibits insulin signaling [55,56]. Skeletal muscle
ccounts for approximately 80% of whole body insulin-stimulated
lucose disposal [57]. A blunted insulin response and suppressed
kt activation in skeletal muscle leads to decreased glucose uptake
ue to reduced Glut4 translocation and decreased glycogen synthe-
is via insufficient glycogen synthase activity [51]. Using physiologic
evels of insulin, a blunted response in glucocorticoid-treated rats
ead to a 40% reduction in glucose uptake and a 70% reduction in
lycogen synthesis in the soleus muscle [51]. Akt expression was
educed by 50% [51].

Secondly, ceramide production and reduced Akt signaling can
ontribute to myofiber atrophy. Ceramide inhibits IGF-1 induced
rotein synthesis and differentiation which would inhibit mus-
ular growth and repair [58]. Addition of ceramide and inducers
f intracellular ceramide production inhibit IGF-1 induced pro-
ein synthesis and expression of myogenin and MyoD, which leads
o reduced differentiation of myoblasts and fusion into myotubes
58]. The same treatment was shown to inhibit protein synthe-
is in myotubes [58]. Ceramide was also shown to inhibit amino
cid uptake into skeletal muscle [59]. Furthermore, ceramide was
hown to induce G(2) cell cycle arrest in rhabdomyosarcoma cells
ia the rapid induction of p21, consequently resulting in apopto-
is at a later time point [60]. Ceramide was also shown to stimulate
he ubiquitin–proteasome system [61]. In summary, ceramide accu-

ulation likely contributes to glucocorticoid muscle atrophy by
ttenuating growth and repair via inhibition of amino acid uptake,
uppression of IGF-1 induced protein synthesis and differentia-

ion, and the induction of cell cycle arrest while also stimulating

yofibrillar protein degradation via the ubiquitin–proteasome sys-
em.

Thirdly, ceramide production can induce apoptosis in a variety of
ell types, including muscle cells [13,14,60,62]. As previously men-
hemistry & Molecular Biology 117 (2009) 1–7 5

tioned, ceramide can induce apoptosis in rhabdomyosarcoma cell
lines, following cell cycle arrest [60]. It was shown that overex-
pression of Bcl-2 could prevent apoptosis induced by exogenous
ceramide treatment, but did not prevent induction of p21 and cell
cycle arrest. Inhibition of p21 attenuated apoptosis [60]. The data
suggests that the actions of Bcl-2 are downstream of p21 induction.
Ceramide has also been shown to induce apoptosis in myotubes
[62]. Glucocorticoids cause an increase in circulating free fatty
acids (FFAs) and accumulation in insulin-dependent tissues, such
as skeletal muscle [53,63]. The intramyocellular lipid accumulation
can lead to apoptosis via the production of ceramide, as well as
insulin insensitivity previously described [62]. Apoptosis was con-
firmed via caspase-3 activation, phosphatidylserine exposure, and
positive TUNEL staining. Interestingly, inhibition of caspase-3 not
only attenuated apoptosis but also restored insulin sensitivity [62].
It was noted that cytochrome c release from mitochondria and
caspase-9 activation is associated with ceramide-induced apop-
tosis, but it was not determined if these events were required
for apoptosis to occur [62]. The authors noted that exposure of
myotubes to FFAs also lead to endoplasmic reticulum (ER) stress
[62]. It is known that ER stress and calcium dyshomeostasis can
induce apoptosis via activation of calpain and caspase-12. It is also
known that glucocorticoid-induced apoptosis is associated with
elevated intracellular calcium [10,18]. Calcium sequestration and
calpain inhibition attenuated glucocorticoid-induced apoptosis in
L6 muscle cells [10]. It is possible that apoptosis was mediated
through calpain activation of caspase-12. However, the role of
caspase-12 in glucocorticoid-induced apoptosis has not been stud-
ied.

Ceramide is also known to induce oxidative stress and mito-
chondrial dysfunction; characteristics of glucocorticoid-induced
myopathy. Glucocorticoids have been shown to decrease the
expression of endogenous antioxidants and increase ROS produc-
tion in cultured L6 muscle cells [10]. Furthermore, biopsied muscle
taken from patients undergoing chronic glucocorticoid treatment
showed decreased activity of complex I of the electron transport
chain and increased oxidative damage to nuclear and mitochon-
drial DNA in a dose-dependent manner [64]. Ceramide has been
shown to inhibit complex I in brain mitochondria [65]. There was
also a strong correlation between the dose of glucocorticoids and
the production of lactate at rest and during aerobic exercise in
these patients, suggesting that the treatment may cause mitochon-
drial dysfunction [64]. It has also been reported that mitochondrial
enlargement and aggregation can occur with glucocorticoid treat-
ment [66].

In summary, chronic glucocorticoid treatment causes myopathy
which is characterized by oxidative stress, mitochondrial dysfunc-
tion, insulin resistance, muscle atrophy due to impaired growth
regeneration and excessive proteolysis, and apoptosis. Ceramide
has been shown to play a role in all of these processes and, therefore,
may be a central mediator of glucocorticoid-induced myopathy.
However, more research is needed to verify this hypothesis.

4. Perspective

Aside from its central role in apoptosis, recent data suggests
that caspase-3 also has a non-apoptotic role in skeletal muscle [67].
Research has shown that caspase-3 plays a role in muscle proteoly-
sis in catabolic states by cleaving the actomyosin complex resulting
in 14-kDa actin fragments in which the ubiquitin–proteasome sys-
tem is then responsible for degrading. The role of caspase-3 in

muscle proteolysis yields a 125% increase in protein degradation by
the ubiquitin–proteasome system [67]. Thus, caspase-3 may play a
dual role in glucocorticoid-induced myopathy; death of individual
muscle fibers via apoptosis, as well as, muscle proteolysis leading
to atrophy of muscle fibers.
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Type II muscle fibers appear to be more susceptible to the atro-
hying effects of glucocorticoids compared to type I fibers [6]. The
ause is currently not known. Furthermore, there are currently no
tudies that investigate the differential effects of glucocortoicoids
n apoptotic adaptations in various fiber types.

. Conclusion

Glucocorticoids are pharmacologically used to suppress inflam-
ation and the immune response. These effects are mediated

hrough the induction of apoptosis of thymocytes and other
mmune cells. Glucocorticoids cause significant myopathy, among

any other detrimental side effects, but are continually used to
reat patients due to the targeted effectiveness. It is important to
lucidate the mechanisms of glucocorticoid-induced myopathy to
opefully find ways to alleviate this adverse effect of the drug.
lucocorticoid-induced myopathy is characterized by significant
uscular atrophy which is due to suppressed protein synthesis

nd growth, enhanced proteolysis of myofibrillar proteins, and the
nduction of apoptosis.

Glucocorticoid-induced apoptosis in skeletal muscle is associ-
ted with activation of the mitochondrial and receptor-mediated
ignaling pathways. It has also been shown that the proteasome,
uppression of the IGF-1 signaling, and generation of ceramide
lay a role as well. It is difficult to discern a single clear cut sig-
aling pathway responsible for the induction of apoptosis. It is

ikely that multiple signaling pathways work together to orches-
rate cell death. A possible scheme may involve the activation
f Fas signaling leading to caspase-8 activation via the gener-
tion of ceramide, as shown in thymocytes. Activation of the
itochondrial-mediated signaling pathway may be a mechanism

o amplify the apoptotic signal. The proteasome may play a role
y degrading anti-apoptotic proteins, such as XIAP or cIAP1, and
ell cycle proteins. Suppression of IGF-1 signaling may play a role
y enhancing the ubiquitin–proteasome system and by leading to
he dephosphorylation and activation of pro-apoptotic proteins.

ore research focusing on glucocorticoid-induced apoptosis of
keletal muscle is required to confirm the mechanism and will be
ital in the development of successful preventative measures of
lucocorticoid-induced myopathy in suffering patients.
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