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Abstract
Because elevated ubiquitin ligase atrogin-1/MAFbx and MuRF1 mediate skeletal muscle wasting
associated with various catabolic conditions, the signaling pathways involved in the upregulation
of these genes under pathological conditions are considered therapeutic targets. AKT and NF-κB
have been previously shown to regulate the expression of atrogin-1/MAFbx or MuRF1,
respectively. In addition, we recently found that p38 MAPK mediates TNF-α upregulation of
atrogin-1/MAFbx expression, suggesting that multiple signaling pathways mediate muscle wasting
in inflammatory diseases. To date, however, these advances have not resulted in a practical
clinical intervention for disease-induced muscle wasting. In the present study, we tested the effect
of curcumin—a non-toxic anti-inflammatory reagent that inhibits p38 and NF-κB—on
lipopolysaccharide (LPS)-induced muscle wasting in mice. Daily intraperitoneal (i.p.) injection of
curcumin (10–60 μg/kg) for 4 days inhibited, in a dose-dependent manner, the LPS-stimulated (1
mg/kg, i.p.) increase of atrogin-1/MAFbx expression in gastrocnemius and extensor digitorum
longus (EDL) muscles, resulting in the attenuation of muscle protein loss. It should also be noted
that curcumin administration did not alter the basal expression of atrogin-1/MAFbx, nor did it
affect LPS-stimulated MuRF1 and polyubiquitin expression. LPS activated p38 and NF-κB, while
inhibiting AKT; whereas, curcumin administration inhibited LPS-stimulated p38 activation,
without altering the effect of LPS on NF-κB and AKT. These results indicate that curcumin is
effective in blocking LPS-induced loss of muscle mass through the inhibition of p38-mediated
upregulation of atrogin-1/MAFbx.
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Muscle wasting is a major feature of the cachexia associated with such diseases as sepsis,
cancer, AIDS, diabetes, uremia, congestive heart failure, and chronic obstructive pulmonary
disease (COPD) [Hasselgren, 1995; Tisdale, 1997]. Muscle wasting increases patient
morbidity and mortality through disability, injury, osteoporosis, impairment of respiratory
function, and depletion of the free amino acid pool for enzyme and antibody production. The
progressive loss of body protein becomes lethal when it depletes approximately 40% of lean
body mass [Winick, 1979]. However, to date, no drug has been approved for muscle
wasting.
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Muscle wasting is primarily caused by accelerated muscle protein breakdown via the
ubiquitin–proteasome pathway [Jagoe and Goldberg, 2001]. Proteins degraded by this
pathway are first covalently linked to a chain of ubiquitin molecules that marks them for
rapid breakdown by the 26S proteasome. The selectivity of ubiquitin targeting is primarily a
function of ubiquitin ligase (E3 protein) [Hershko and Ciechanover, 1998]. Two muscle-
enriched ubiquitin ligases, atrogin-1/MAFbx and MuRF1, are rate limiting for muscle
protein loss in various catabolic conditions. Expression of these two ubiquitin ligases is
upregulated in the muscle of various animal models of muscle atrophy, including fasting,
disuse, denervation, cancer, diabetes, uremia, and sepsis [Bodine et al., 2001; Gomes et al.,
2001; Dehoux et al., 2003; Wray et al., 2003; Lecker et al., 2004], and in humans suffering
from immobilization [Jones et al., 2004], acute quadriplegic myopathy and neurogenic
atrophy [Di Giovanni et al., 2004]. Individual knockout of the atrogin-1/MAFbx or MuRF1
gene results in the attenuation of denervation-induced muscle atrophy [Bodine et al., 2001],
suggesting that atrogin-1/MAFbx and MuRF1 are critical to muscle protein loss.
Consequently, these genes are considered important targets for therapeutic intervention.

Intense research has been devoted to the elucidation of signaling mechanisms that control
expression of these two ubiquitin ligases. AKT-regulated FOXO transcription factors have
been shown to control atrogin-1/MAFbx and MuRF1 expression. Anabolic signals such as
IGF-I activate AKT, resulting in the suppression of atrogin-1/MAFbx and MuRF1
expression. Conversely, catabolic signals such as glucocorticoids inhibit AKT activity,
resulting in the upregulation of atrogin-1/MAFbx and MuRF1 expression [Sandri et al.,
2004; Stitt et al., 2004; Latres et al., 2005]. In addition, MuRF1 expression is stimulated by
NF-κB [Cai et al., 2004], an inflammatory stimulus-activated transcription factor that
mediates muscle protein loss via multiple components of the ubiquitin proteasome pathway
[Li and Reid, 2000; Li et al., 2003b]. We recently found that atrogin-1/MAFbx expression is
upregulated by TNF-α via a p38 MAPK-dependent mechanism in C2C12 myotubes [Li et
al., 2005]. Although the p38, ERK1/2, and JNK MAPKs are all activated by TNF-α, only
the inhibition of p38 blocks atrogin-1/MAFbx upregulation [Li et al., 2005]. This suggests
the existence of a specific signaling mechanism that upregulates atrogin-1/MAFbx
expression via p38 in response to inflammatory stimuli. In fact, increased muscle p38
activity has been reported in a number of pro-catabolic states, including limb immobilization
[Childs et al., 2003; O’keefe et al., 2004], type 2 diabetes [Koistinen et al., 2003], acute
quadriplegic myopathy [Di Giovanni et al., 2004], neurogenic atrophy [Di Giovanni et al.,
2004], and aging [Williamson et al., 2003]. Considering that p38 and NF-κB are activated
by cytokines TNF-α and IL-1 [Zarubin and Han, 2005]—two recognized mediators of
muscle catabolism [Jackman and Kandarian, 2004]—it is likely that these molecules
mediate the excessive muscle protein breakdown often associated with inflammatory
diseases. Hence, we hypothesized that inflammation-stimulated muscle wasting can be
prevented by inhibiting p38 and NF-κB activation.

Sepsis is an inflammatory condition that causes a severe and rapid loss of body protein,
much of which originates from skeletal muscle [Rosenblatt et al., 1983]. Many studies have
provided evidence that muscle atrophy in sepsis is primarily the result of increased protein
breakdown [Hasselgren et al., 1986, 1989; Ash and Griffin, 1989] via the ubiquitin–
proteasome pathway [Tiao et al., 1994, 1997]. Indeed, both atrogin-1/MAFbx and MuRF1
are upregulated in the muscle of septic models induced by either cecal ligation and puncture
[Wray et al., 2003] or lipopolysaccharide (LPS) administration [Dehoux et al., 2003].
Endotoxemia, which induces a number of catabolic factors in sepsis (e.g., TNF-α, IL-1,
glucocorticoids, and glucocorticoid receptors), also suppresses anabolic factor IGF-I [Vary,
1998]. These catabolic factors contribute to the ensuing muscle catabolism by activating p38
and NF-κB (TNF-α and IL-1), while inhibiting AKT (glucocorticoid secretion and IGF-I
suppression).
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As a widely used muscle catabolism model with a major inflammation component, LPS-
induced septic mice were chosen to test our hypothesis; curcumin, a non-toxic inhibitor of
p38 and NF-κB, was employed for the intervention. Similar to the selective p38 inhibitor,
SB203580, curcumin (diferuloylmethane)—the main biologically active phytochemical
compound extracted from turmeric—has a p38-inhibiting property [Carter et al., 2003], and
also obstructs p38-mediated TNF-α upregulation of atrogin-1/MAFbx in C2C12 myotubes
[Li et al., 2005]. Moreover, curcumin is reportedly capable of inhibiting NF-κB [Jobin et al.,
1999], and has no known toxicity to humans, even at very high doses [Chainani-Wu, 2003].
These attributes indicated curcumin would be suitable for testing our hypothesis in mice—
and, if successful, for future use in humans. In the current study, we have demonstrated that
curcumin obstructs the action of p38 induced by LPS, effectively inhibits LPS-induced
atrogin-1/MAFbx upregulation, and averts the loss of muscle mass.

MATERIALS AND METHODS
Materials

Curcumin was purchased from LKT Laboratories, Inc. (St. Paul, MN). LPS (derived from
Pseudomonas aeruginosa) and the antibody against β-actin were obtained from Sigma-
Aldrich Corporation (St. Louis, MO). Antibodies for p38, phospho-p38, AKT, and phospho-
AKT were obtained from Cell Signaling Technology, Inc. (Danvers, MA).

Animals
Experimental protocols were approved in advance by the Institutional Animal Care and Use
Committee (IACUC) at Baylor College of Medicine. Adult male ICR mice (~30 g)
purchased from Harlan (Indianapolis, IN) were preconditioned by intraperitoneal (i.p.)
injection of 100 μl curcumin (10–60 μg/kg) or an equal volume of vehicle (PBS containing
0.1% DMSO) for 4 consecutive days. After the fourth injection of curcumin, one injection
(i.p.) of LPS (1 mg/kg in 50 μl) or an equal volume of vehicle (PBS) was administered. At
the indicated times, gastrocnemius and extensor digitorum longus (EDL) muscles were
collected from the mice immediately after rapid euthanization. In the experiment testing
prolonged exposure to LPS, curcumin and LPS were concomitantly administered (daily)
over the course of 3 days.

Northern Blot Analysis
Northern blot analysis was conducted, as previously described [Li et al., 2003a]. Levels of
mRNA were quantified by determining the optical density of bands through the use of
densitometry software (ImageQuant, GE Healthcare).

Western Blot Analysis
Muscle proteins were extracted by homogenization using a glass homogenizer, followed by
three cycles of freezing-thawing in a buffer solution containing 20 mM HEPES-KOH (pH
7.9), 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM dithiothreitol, 0.5
mM PMSF, 1 μg/ml leupeptin, 2 μg/ml aprotinin, 2 mM Na3VO4, 10 mM Na4P2O7, and 10
mM NaF. Protein concentrations were determined with the Bio-Rad protein assay kit (Bio-
Rad Laboratories, Hercules, CA). Western blotting was conducted, as previously described
[Li et al., 2005].

Electrophoresis Mobility Shift Assay (EMSA)
Gastrocnemius muscle was homogenized in a glass homogenizer; nuclear proteins were
extracted and EMSA was performed, as previously described [Li et al., 2003a]. The DNA
fragment used for probing NF-κB binding was 5′-AGTTGAGGGGACTTTCCCAGGC-3′.
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Statistical Analysis
The data were analyzed with SigmaStat software (Chicago, IL), using a one-way analysis of
variance (ANOVA) combined with Tukey’s multiple comparison test, or the Student’s t-test,
when appropriate. Differences between groups were considered significant at P < 0.05;
values are reported as means ± SE.

RESULTS
Curcumin Inhibits LPS Stimulation of Atrogin-1/MAFbx Gene Expression in a Dose-
Dependent Manner

Northern blot analysis was performed to evaluate atrogin-1/MAFbx mRNA levels. Multiple
atrogin-1/MAFbx mRNA transcripts ranging from ~6.5 to ~ 2.4 kb were detected, which is
consistent with data from previous studies [Gomes et al., 2001; Li et al., 2005]. Similar to a
prior report of data in rats [Dehoux et al., 2003], at 12 h, LPS administration (1 mg/kg, i.p.)
induced a 36-fold increase in atrogin-1/MAFbx mRNA levels in the gastrocnemius muscle
of adult mice (Fig. 1A and By). The administration of 10, 20, or 40 μg/kg of curcumin daily
for 4 consecutive days prior to LPS injection blunted LPS-stimulation of atrogin1-/MAFbx
mRNA expression to 30-, 11-, and 6-fold, respectively. To evaluate the effect of curcumin
on atrogin-1/MAFbx expression during longer term LPS exposure, mice were injected daily
with LPS and curcumin for an additional 3-day period. A similar dose-dependent inhibition
of LPS-induced atrogin-1/MAFbx upregulation by curcumin was observed in gastrocnemius
upon termination of the 3-day exposure to LPS (data not shown). Since the inhibitory effect
of 40 μg/kg curcumin appeared still well within the linear range, we increased the dose
range to 60 μg/kg and observed a dose-dependent inhibition of LPS-stimulated atrogin-1/
MAFbx upregulation in the EDL muscle—although the inhibitory effect appeared less
potent than in gastrocnemius (Fig. 1C). Due to the fact that atrogin-1/MAFbx is
constitutively expressed in muscle, and may have a role in normal protein turnover [Bodine
et al., 2001; Gomes et al., 2001], we examined the effect of curcumin administration (60 μg/
kg i.p. daily for 4 consecutive days) on the basal expression of the atrogin-1/MAFbx gene.
As shown in Figure 1D, curcumin did not alter the basal levels of atrogin-1/MAFbx mRNA
in gastrocnemius muscle (P > 0.05).

Since LPS has been shown to upregulate MuRF1 and polyubiquitin [Dehoux et al., 2003],
we employed Northern blot analysis to evaluate whether curcumin also affects LPS
upregulation of these two genes. We observed the upregulation of MuRF1 gene expression
by LPS at 12 h; however, curcumin did not inhibit this action (Fig. 2A). Moreover, LPS
stimulation of polyubiquitin expression was not inhibited by curcumin (Fig. 2B). These
results demonstrate that curcumin selectively inhibits LPS stimulation of atrogin-1/MAFbx
expression.

Curcumin Inhibits LPS-Induced Muscle Protein Loss
LPS is known to rapidly induce muscle protein loss within 24 h [Premer et al., 2002]. This is
consistent with LPS upregulation of atrogin-1/MAFbx and MuRF1 expression within 12 h,
as shown above, and by others [Dehoux et al., 2003]. To determine whether curcumin
inhibition of atrogin-1/MAFbx upregulation by LPS results in a blockade of muscle protein
loss, mice with essentially the same average body weight were divided into three groups
(control, LPS, and curcumin plus LPS); subsequently, 18 h after LPS injection, the effect of
curcumin on gastrocnemius mass and protein content was measured. The weight of
gastrocnemius from mice receiving LPS was 11.7% less than that of the control mice (Fig.
3A); however, in mice receiving curcumin, LPS-induced muscle mass loss was largely
prevented (Fig. 3A). Total protein content quantified from gastrocnemius confirmed a
12.3% loss of muscle protein stimulated by LPS—and this loss was blocked by curcumin
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(Fig. 3B). These measurements indicate that curcumin is effective in preventing LPS-
induced muscle protein loss. It should also be noted that we observed no effect of curcumin
administration on body and gastrocnemius weight in the control mice; thus, it appears
curcumin does not affect muscle mass in normal mice.

Curcumin Blocks LPS-Induced Activation of p38 MAPK in Muscle
Although we previously demonstrated that TNF-α upregulates atrogin-1/MAFbx via p38 in
C2C12 myotubes [Li et al., 2005], it was unknown whether LPS activates p38 in skeletal
muscle. To determine this, adult mice were injected with LPS (1 mg/kg, i.p.), and levels of
phosphorylated p38 in gastrocnemius extracts were analyzed by Western blotting at 4, 6, 8,
and 12 h (post-injection). As shown in Figure 4A, we observed increased phosphorylated
p38 in gastrocnemius, which peaked at 8 h (4.1-fold) and continued to be elevated for at
least 12 h (2.3-fold). The time course of LPS-stimulated p38 activity was consistent with
LPS upregulation of atrogin-1/MAFbx expression at 12 h. Four-day curcumin administration
(60 μg/kg, i.p. daily) inhibited LPS stimulation of p38 activity. There was also an increase in
total p38 levels induced by LPS, which peaked at 6 h, but this was unaffected by curcumin
(data not shown). As indicated in Figure 4C, at the peak of p38 activation (8 h), p38
expression (p38/β-actin) was not increased significantly by LPS, while total p38 activity (p-
p38/β-actin) and the ratio of active p38 to total p38 (p-p38/p38) were both increased
significantly by LPS; curcumin, however, inhibited this LPS action. Therefore, curcumin
serves to impede the stimulation of p38 by LPS, primarily through inhibiting the activation
of p38; on the other hand, curcumin had no effect on the basal activity of p38 in control
mice (data not shown). In sum, these findings demonstrate, for the first time, that: (1) LPS
activates p38 in skeletal muscle and (2) curcumin effectively inhibits this action.

LPS is known to increase glucocorticoid activity and decrease IGF-I expression [Vary,
1998]. These events lead to the upregulation of atrogin-1/MAFbx and MuRF1 via
downregulation of AKT activity [Stitt et al., 2004; Latres et al., 2005]. Therefore, it was
necessary to determine whether curcumin inhibits LPS stimulation of atrogin-1/MAFbx
expression by altering the effect of LPS on AKT activity. Although we observed that LPS
downregulated AKT activity in gastrocnemius—as indicated by a 61% decrease in
phosphorylated AKT (P < 0.05) at 8 h post-LPS administration (Fig. 5)—curcumin
treatment did not alter the LPS effect. These data show that curcumin does not inhibit LPS-
stimulated atrogin-1/MAFbx expression through mediating AKT activity.

Curcumin is reported to inhibit NF-κB [Jobin et al., 1999], a transcription factor that has
been shown to upregulate MuRF1 gene expression [Cai et al., 2004]. Utilizing EMSA, we
examined the effect of curcumin on the LPS-induced activation of NF-κB; our results
showed an NF-κB binding pattern similar to that found during our previous study, in which
supershift analysis identified p50 and p65 bands as components of the NF-κB complex
[Durham et al., 2004]. In the current study, LPS administration resulted in increased NF-κB
binding activity in the nuclear protein extracts prepared from gastrocnemius, after 4 h (Fig.
6)—the time point at which NF-κB activation was previously shown to peak in septic
muscle [Penner et al., 2001]. Curcumin, however, did not alter the action of LPS on NF-κB
(Fig. 6). This result is consistent with our observation above that curcumin does not affect
LPS-stimulated MuRF1 expression.

DISCUSSION
Despite recent progress in our understanding of the mechanism of muscle protein
degradation mediated by the ubiquitin–proteasome pathway, no effective intervention has
been established to reverse catabolic disease-induced muscle wasting. It is currently
believed that specific ubiquitin ligases such as atrogin-1/MAFbx and MuRF1 are critical to
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the elevated activity of the ubiquitin–proteasome pathway in various catabolic diseases. Yet,
it is equally probable that these constitutively expressed enzymes play a role in the normal
turnover of cellular proteins. Thus, direct inhibition of the ubiquitin ligases is likely to have
unwanted side effects, independent of any anti-muscle wasting effect. Consequently, a more
desirable therapeutic strategy is to target the signaling mechanisms that mediate the
upregulation of relevant ubiquitin ligases induced under pathological conditions. The present
study in mice demonstrates the feasibility of this strategy and the usefulness of
curcuminasapotentialremedy for sepsis-induced muscle wasting in humans. We have shown
that: (1) curcumin selectively blocks the elevation of LPS-stimulated atrogin-1/MAFbx
expression, in a dose-dependent manner; (2) curcumin does not affect the basal expression
of atrogin-1/MAFbx; (3) curcumin effectively inhibits LPS-stimulated muscle protein loss;
and (4) the inhibition of p38 activity is implicated in the action of curcumin.

A remarkable feature of curcumin is that the dose which effectively blocks LPS-stimulated
atrogin-1/MAFbx upregulation and muscle protein loss is very low (60 μg/kg), indicating a
highly efficient interaction between curcumin and the relevant target(s). In addition,
curcumin is non-toxic [Chainani-Wu, 2003] and readily available as a diet supplement; these
features make it an attractive drug candidate in the treatment of muscle wasting associated
with sepsis—and possibly, other inflammatory conditions.

Our analysis of the potential mechanism of curcumin to inhibit LPS-stimulated atrogin-1/
MAFbx expression also yielded interesting information. Although higher p38 activity in
muscle has been observed in a number of procatabolic states, including acute quadriplegic
myopathy, neurogenic atrophy, Type 2 diabetes, limb immobilization, and aging [Childs et
al., 2003; Koistinen et al., 2003; Williamson et al., 2003; Di Giovanni et al., 2004; O’keefe
et al., 2004], the present study reveals, for the first time, that LPS—a potent catabolic
stimulus—activates p38 in skeletal muscle while stimulating atrogin-1/MAFbx expression.
Moreover, LPS-stimulated atrogin-1/MAFbx expression is blocked when p38 activation is
inhibited by curcumin. We recently observed a positive correlation between p38 activity and
atrogin-1/MAFbx expression in C2C12 myotubes [Li et al., 2005]; this finding suggested a
role for p38 in mediating the intensified muscle protein breakdown associated with
inflammatory stimuli. The current study provides in vivo data that show a similar
relationship between atrogin-1/MAFbx expression levels and p38 activity.

It is noteworthy that p38 mediates diverse cellular events, some of which appear to be in
functional opposition. For example, p38 mediates both insulin stimulation of glucose uptake
[Tremblay et al., 2003] and TNF-α stimulation of insulin resistance in muscle [de Alvaro et
al., 2004]. Additionally, p38 stimulates muscle satellite cell proliferation, as well as
differentiation [Jones et al., 2005]. Also, in muscle protein homeostasis, p38 appears to
respond to both catabolic (LPS, TNF-α, and IL-1, etc.) and anabolic (insulin and exercise)
stimuli [Long et al., 2004]. These discrepancies may result from the presence of p38
subtypes [Raingeaud et al., 1995; Wang et al., 1997; Enslen et al., 1998; Yang et al., 1999]
and the subcellular compartmentalization of p38 [Yu et al., 1998; Chevalier et al., 2000],
through which a variety of extracellular signals can be transduced into distinct nuclear
responses. Interestingly, it has been shown that p38 phosphorylates different protein
substrates, depending on the cellular environment [Jones et al., 2005].

While we observed that LPS downregulates AKT activity, which is known to promote
atrogin-1/MAFbx expression [Sandri et al., 2004; Stitt et al., 2004], curcumin does not alter
the effect of LPS on AKT. Notwithstanding, although curcumin blocks LPS stimulation of
atrogin-1/MAFbx expression by inhibiting p38, our data do not distinguish whether, in
mediating atrogin-1/MAFbx upregulation, p38 acts in a pathway that is independent of AKT
or downstream of AKT.
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Another unresolved issue is that we do not yet know why curcumin does not exert an
inhibitory effect on NF-κB activation, as previously reported. It does not appear that this is
due to poor bioavailability, since curcumin effectively blocks p38 activation. In a prior
study, we observed that curcumin supplementation in the diet inhibited NF-κB activity in the
peripheral tissues of ambulatory mice, but not in unloaded soleus muscle [Farid et al., 2005].
As LPS activates NF-κB through both classical and alternative pathways [Mordmuller et al.,
2003], it is possible that curcumin only inhibits the classical [Jobin et al., 1999], but not the
alternative, pathway of NF-κB activation. Due to the ineffectiveness of curcumin in
inhibiting NF-κB activation, it is not surprising that curcumin does not prevent LPS-induced
upregulation of MuRF1 expression. Considering that curcumin does not affect LPS
stimulation of MuRF1 expression, atrogin-1/MAFbx upregulation appears to be responsible
for a significant portion of muscle protein loss caused by LPS.

Independent of its p38 inhibitory effect, curcumin has multiple pharmacological effects
[Carter et al., 2003], including an antioxidant effect [Araujo and Leon, 2001]. Reactive
oxygen species (ROS) is implicated in muscle wasting, and LPS is known to induce
oxidative stress [Reid and Li, 2001]. However, our finding that activation of the redox-
sensitive transcription factor NF-κB [Li et al., 1999] by LPS in muscle is not affected by
curcumin suggests that curcumin does not inhibit atrogin-1/MAFbx upregulation by
functioning as a general antioxidant. In addition, we previously observed that the general
antioxidant N-acetylcysteine did not inhibit the effect of curcumin on p38-dependent
atrogin-1/MAFbx upregulation by TNF-α in C2C12 myotubes (unpublished data).
Cumulatively, these observations suggest that the general antioxidant effect of curcumin is
not responsible for its inhibition of atrogin-1/MAFbx upregulation.

Although we concede that the inhibitory action of curcumin on atrogin-1/MAFbx
upregulation may involve currently unidentified mechanisms unrelated to its inhibition of
p38, our current findings indicate that the pathway for this effect is the curcumin-mediated
blockade of atrogin-1/MAFbx gene induction, via inhibition of p38. Nevertheless, the
remarkable effectiveness of curcumin in blocking LPS-induced muscle protein loss suggests
its potential usefulness in the clinical intervention of LPS-induced muscle wasting.
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Fig. 1.
Curcumin inhibits LPS upregulation of atrogin-1/MAFbx gene expression in a dose-
dependent manner. Mice receiving curcumin or vehicle for 4 consecutive days were i.p.
injected with LPS (1 mg/kg). Gastrocnemius and EDL were collected 12 h after LPS
injection. Northern blot analysis was conducted to determine the atrogin-1/MAFbx mRNA
isolated from gastrocnemius (panel A). Four mice were used in each group, excluding the
control group, which contained three mice. The autoradiograph shown in panel A was
quantified via densitometry analysis and normalized to 18S (panel B). Densitometry data
(OD) from the Northern analysis of atrogin-1/MAFbx mRNA isolated from EDL are shown
in panel C. Three mice were used in each group; however, the control group contained two
mice. Panel D shows densitometry data from Northern blot analysis of the effect of
curcumin on the basal levels of atrogin-1/MAFbx mRNA in gastrocnemius. Three mice
were used in each group. Data were analyzed by ANOVA and *(P < 0.05) or **(P < 0.01)
indicates difference from the control group determined by Tukey’s multiple comparison test.
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Fig. 2.
Curcumin does not affect LPS upregulation of the MuRF1 and polyubiquitin genes. Mice
receiving curcumin or vehicle for 4 consecutive days were i.p. injected with LPS (1 mg/kg).
Gastrocnemius was collected 12 h after LPS injection. Northern blot analysis was performed
for MuRF1 mRNA (panel A) or polyubiquitin mRNA (panel B). Data were analyzed by
ANOVA (three mice per group), and * indicates difference (P < 0.05) from the control
group determined by Tukey’s multiple comparison test.
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Fig. 3.
Curcumin inhibits LPS-induced muscle mass/protein loss in gastrocnemius. Following
curcumin (60 μg/kg, i.p., daily) or vehicle administration for 4 consecutive days, mice were
i.p. injected with LPS (1 mg/kg). Gastrocnemius was collected 18 h after LPS injection. A:
Muscle mass was assessed by weighing gastrocnemius from both legs. B: Protein content in
the gastrocnemius was measured. Data were analyzed by ANOVA and *(P < 0.05) or **(P
< 0.01) indicates difference from the control group determined by Tukey’s multiple
comparison test.
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Fig. 4.
LPS activates p38 in gastrocnemius muscle and curcumin inhibits this action. Following
curcumin (60 μg/kg, i.p., daily) or vehicle administration for 4 consecutive days, mice were
i.p. injected with LPS (1 mg/kg). At the indicated times, gastrocnemius was collected for
analysis. Panel A shows optical density data (OD) (derived from Western blot analysis) on
the activation (phosphorylated form) of p38 (p-p38); for loading control p-p38 level was
normalized to β-actin. Data were analyzed by ANOVA, combined with Tukey’s multiple
comparison test. A statistically significant difference (P < 0.05) from the control is indicated
by *, while a difference from the LPS-treated group is indicated by **. Panel B shows
Western blot analysis of p38, phosphorylated p38 and β-actin from samples collected at 8h.
Panel C shows optical density data derived from panel B. Data were analyzed by ANOVA
and *(P < 0.05) or **(P < 0.01) indicates difference from the control group determined by
Tukey’s multiple comparison test.
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Fig. 5.
Curcumin does not alter LPS downregulation of AKT activity in gastrocnemius. Mice were
injected with LPS following curcumin or vehicle administration, as described in Figure 3.
Gastrocnemius was collected 8 h after LPS injection. A: Gastrocnemius protein extracts
were analyzed with Western blotting using an antibody against AKT or phosphorylated
AKT (p-AKT). Three mice were used in each group. B: Optical density data (OD) of p-AKT
normalized to AKT were analyzed by ANOVA combined with Tukey’s multiple comparison
test. A statistically significant difference (P < 0.05) from the control is indicated by *.
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Fig. 6.
Curcumin does not inhibit LPS stimulation of NF-κB binding activity in gastrocnemius.
Mice were injected with LPS following curcumin administration, as described in Figure 1.
Gastrocnemius was collected 4 h after LPS injection. A: NF-κB DNA-binding activity in
nuclear extracts prepared from gastrocnemius was determined by EMSA. Five mice were
used in each group. B: Optical density data (OD) derived from panel A were analyzed using
ANOVA combined with Tukey’s multiple comparison test; * indicates a statistically
significant difference (P < 0.05) from the control.
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