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Low-dose dexamethasone prevents
endotoxaemia-induced muscle protein loss and
impairment of carbohydrate oxidation in rat skeletal
muscle
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Centre for Integrated Systems Biology and Medicine, School of Biomedical Sciences, Queen’s Medical Centre, University of Nottingham,
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We recently provided evidence suggesting a role for cytokine-mediated inhibition of
Akt/Forkhead box O 1 (FOXO1) signalling in the induction of muscle atrophy and impairment
of muscle carbohydrate oxidation during lipopolysaccharide (LPS)-induced endotoxaemia
in rats. We hypothesized that a low-dose dexamethasone (Dex; anti-inflammatory agent)
infusion during endotoxaemia would prevent the LPS-induced impairment of Akt/FOXO1
signalling, and therefore prevent the muscle atrophy and impairment of carbohydrate oxidation.
Chronically instrumented Sprague–Dawley rats received a continuous intravenous infusion of
LPS (15 μg kg−1 h−1), Dex (12.5 μg kg−1 h−1), Dex+LPS or saline for 24 h at 0.4 ml h−1. LPS
infusion caused haemodynamic changes consistent with a hyperdynamic circulation and induced
increases in muscle tumour necrosis factor-α (TNF-α; 10-fold, P < 0.001), interleukin-6 (IL-6;
14-fold, P < 0.001) and metallothionein-1A (MT-1A; 187-fold, P < 0.001) mRNA expression.
Dex co-administration abolished most of the haemodynamic effects of LPS and reduced the
increase in muscle TNF-α, IL-6 and MT-1A by 51% (P < 0.01), 85% (P < 0.001) and 58%
(P < 0.01), respectively. Dex infusion during endotoxaemia also prevented the LPS-induced
40% reduction in the muscle protein:DNA ratio and decrease in Akt phosphorylation, and
partially prevented the reduction in FOXO1 phosphorylation. However, Dex did not prevent the
LPS-mediated increase in muscle atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF1)
mRNA expression, but did significantly reduce the LPS-mediated increase in cathepsin-L
mRNA expression and enzyme activity by 43% (P < 0.001) and 53% (P < 0.05), respectively.
Furthermore, Dex suppressed LPS-induced pyruvate dehydrogenase kinase 4 (PDK4) mRNA
upregulation by ∼50% (P < 0.01), and prevented LPS-mediated muscle glycogen breakdown
and lactate accumulation. Thus, low-dose Dex infusion during endotoxaemia prevented muscle
atrophy and the impairment of carbohydrate oxidation, potentially through suppression of
cytokine-mediated Akt/FOXO inhibition, and blunting of cathepsin-L-mediated lysosomal
protein breakdown.
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Introduction

Sepsis is a complex disorder that arises from an
uncontrolled systemic inflammatory response to an
infection, and is a major cause of mortality in critically

ill patients (Angus et al. 2001). The rapid and marked
loss of skeletal muscle mass (Hasselgren et al. 2005) and
the development of muscle insulin resistance (Lang et al.
1990) are two metabolic consequences of sepsis. Increased
muscle protein breakdown during sepsis is considered to
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be primarily mediated by ubiquitin–proteasome pathway
(UPP) ATP-dependent protein degradation (Voisin et al.
1996; Lecker et al. 1999), although other systems
contribute to muscle atrophy during sepsis, including
lysosome- (Deval et al. 2001) and calpain-dependent
pathways (Smith et al. 2008).

We have previously shown that during
lipopolysaccharide (LPS)-induced endotoxaemia in
rats, muscle atrophy and impaired muscle carbohydrate
oxidation occurred concomitantly with the inhibition
of muscle Akt, activation of Forkhead Box O (FOXO)
transcription factor family members (FOXO1/FKHR,
FOXO3a/FKHRL1, FOXO4/AFX and FOXO6), and
transcriptional upregulation of FOXO gene targets, i.e.
muscle atrophy F-box (MAFbx), muscle RING finger 1
(MuRF1) and pyruvate dehydrogenase kinase 4 (PDK4)
(Crossland et al. 2008). Activation of FOXO, as a result
of impaired Akt signalling, has been implicated in
the induction of muscle atrophy, via upregulation of
E3-ubiquitin ligases MAFbx and MuRF1 (Stitt et al.
2004), which are considered to be key regulators of muscle
protein degradation via the UPP (Bodine et al. 2001).
Impaired Akt/FOXO signalling has also been implicated
in muscle insulin resistance, through FOXO-mediated
upregulation of PDK4 (Furuyama et al. 2003; Kim et al.
2006). Furthermore, increased muscle PDK4 expression
downregulates the activity of the pyruvate dehydrogenase
complex (PDC), leading to an impairment of muscle
carbohydrate oxidation at rest and during contraction
(Constantin et al. 2007; Constantin-Teodosiu et al.
2009). Therefore, the findings from our previous study
(Crossland et al. 2008) strongly suggest a role for
Akt/FOXO signalling in the simultaneous induction of
muscle atrophy and impairment of muscle carbohydrate
oxidation during endotoxaemia.

With evidence supporting a role for pro-inflammatory
cytokines in both loss of muscle mass (see Spate
& Schulze, 2004) and the development of muscle
insulin resistance (Plomgaard et al. 2005), and with
observations of elevated levels of tumour necrosis
factor-α (TNF-α) and interleukin-6 (IL-6) during
LPS-induced endotoxaemia (Crossland et al. 2008), we
hypothesized that pro-inflammatory cytokines were, at
least partly, responsible for driving the induction of
muscle atrophy and the inhibition of carbohydrate
oxidation during endotoxaemia, through alterations in
the Akt/FOXO signalling pathway (Crossland et al. 2008).
Therefore, strategies aimed at suppressing increases in
pro-inflammatory cytokines during endotoxaemia could
potentially be beneficial in facilitating the recovery of
muscle mass and improving insulin sensitivity and/or
carbohydrate oxidation under these conditions.

Glucocorticoids have been proposed to be useful in
the treatment of systemic inflammatory diseases due
to their anti-inflammatory properties (for review see

Rhen & Cidlowski, 2005), but the potential benefit
of glucocorticoid therapy in the treatment of sepsis is
controversial, and may depend on dose (Bone et al.
1987; Briegel et al. 1994; Cronin et al. 1995; Annane,
2001; Keh & Sprung, 2004). Indeed, previous reports
have indicated that glucocorticoids are important in
regulating muscle protein breakdown during sepsis
(Tiao et al. 1996). However, low-dose glucocorticoid
therapy has been proposed to be beneficial in survival
from severe sepsis (Annane, 2001), possibly due to
its anti-inflammatory properties. The anti-inflammatory
properties of glucocorticoids that may be beneficial in
sepsis treatment include inhibition of nuclear factor-κB
(NF-κB) activity, inhibition of the production of most
pro-inflammatory cytokines (including TNF-α and IL-6)
in inflammatory cells, and activation of anti-inflammatory
proteins (Rhen & Cidlowski, 2005).

Given the evidence supporting a role for cytokines in
the aetiology of muscle protein loss and impairment of
carbohydrate oxidation during endotoxaemia (Crossland
et al. 2008), we hypothesized in the present study that a
low-dose infusion of dexamethasone (Dex), a synthetic
glucocorticoid, may suppress pro-inflammatory cyto-
kine levels during endotoxaemia, and therefore protect
against LPS-mediated muscle atrophy and impairment of
carbohydrate oxidation, possibly through maintenance of
Akt/FOXO signalling. Since high doses of Dex (ranging
from 700 to 1000 μg kg−1 day−1 in rats) have been shown
to induce muscle atrophy (Wang et al. 1998; Frost et al.
2007; Zhao et al. 2008b), as well as muscle insulin resistance
(Qi et al. 2004; Buren et al. 2008), we used a much lower
dose (equivalent to 300 μg kg−1 day−1), in an attempt
to suppress pro-inflammatory cytokine levels without
producing the catabolic and insulin resistance effects that
are associated with higher doses of glucocorticoids.

We aimed to determine the effects of Dex on
LPS-induced alterations in Akt/FOXO signalling as well as
downstream gene targets of FOXO (MAFbx, MuRF1 and
PDK4). Additionally, we measured cathepsin-L mRNA
expression and enzyme activity as indices of lysosomal
proteolysis (Deval et al. 2001). Cathepsin-L is known to
be activated by cytokines (Ebisui et al. 1995), and it has
recently been shown that cathepsin-L appears to be a
direct target of FOXO1 in muscle (Yamazaki et al. 2010).
Thus, suppression of cytokines by Dex could potentially
affect lysosomal proteolysis in sepsis, via changes in
FOXO1 signalling. We also measured metallothionein-1A
(MT-1A), a gene associated with oxidative stress that
is markedly upregulated in atrophying muscle (Lecker
et al. 2004; Mallinson et al. 2009). Oxidative stress has
been proposed to play a role in FOXO activation, at
least in cell lines (Nakamura & Sakamoto, 2008), and
could be an important trigger for the signalling changes
associated with muscle atrophy and insulin resistance
during endotoxaemia. Finally, although the present study
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focused on the effects of Dex on muscle during end-
otoxaemia, we also assessed the effects of Dex on the
regional haemodynamic responses to LPS infusion in a
complementary study, as a measure of the systemic effects
of Dex during endotoxaemia.

Methods

Ethical approval

All procedures were approved by the University of
Nottingham Ethical Review Committee and were
performed under Home Office Project and Personal
Licence authority (Animal Scientific Procedures Act 1986),
in accordance with the policies and regulations described
by The Journal of Physiology (Drummond, 2009).

Animals

Male, Sprague–Dawley rats (350–450 g) were purchased
from Charles River (Margate, UK) and housed in the
Biomedical Services Unit, University of Nottingham
for at least 10 days after delivery, with free access to
standard rat chow (Teklad Global 18% protein rodent diet,
Bicester, Oxon, UK) and water. Room temperatures were
maintained at 21 ± 2◦C, and lights were on from 06.00 h
to 18.00 h.

Surgical preparation and experimental design
for haemodynamic studies

Surgery was performed under general anaesthesia
(fentanyl citrate (Janssen-Cilag, High Wycombe, UK)
and medetomidine (Domitor; Pfizer, Sandwich, UK;
300 μg kg−1 of each I.P.)). Anaesthetic reversal and
the provision of analgesia was achieved with S.C.
atipamezole (Antisedan; Pfizer, Sandwich, UK; 1 mg kg−1)
and buprenorphine (Vetergesic; Alstoe Animal Health,
York, UK; 0.03 mg kg−1). Animals were chronically
instrumented with miniature pulsed Doppler flow probes
and intravascular catheters as described previously (Jolly
et al. 2008). The arterial and venous catheters were
connected to double channel fluid-filled swivels for
overnight infusion of heparinised saline (15 U ml−1,
0.4 ml h−1) to maintain catheter patency.

Experiments began 24 h after catheterization and ran
over four experimental days in two groups of rats
(n = 8 in each). On Days 1–2, saline (0.4 ml h−1) or
Dex (12.5 μg kg−1 h−1, Sigma-Aldrich, Poole, UK) was
given for 1 h before and during a 24 h infusion of saline
(0.4 ml h−1). On Days 3–4, saline or Dex was given (as
above) before and during LPS infusion (15 μg kg−1 h−1, E.
coli, serotype 0127: B8, Sigma-Aldrich, Poole, UK). Data
acquisition was as previously described (Jolly et al. 2008).

Surgical preparation and experimental design
for tissue collection

Using the same anaesthetic regime as above, rats were
implanted with a catheter in the jugular vein and
experiments began 24 h later. Prepared rats were divided
into four groups (n = 8 in each), and given saline
(0.4 ml h−1) or Dex (12.5 μg kg−1 h−1) for 1 h before
and during a 24 h infusion of saline (0.4 ml h−1) or
LPS (15 μg kg−1 h−1). After 24 h, animals were terminally
anaesthetised with thiobutabarbital sodium (Inactin;
Sigma-Aldrich; 80 mg kg−1 I.V.), the extensor digitorum
longus (EDL) muscle from both hindlimbs was removed,
and samples were immediately snap-frozen in liquid
nitrogen. The fast-twitch EDL muscle was chosen due to
its higher susceptibility to sepsis than slow-twitch muscle
(Tiao et al. 1997).

Muscle analyses

Protein and DNA measurements. A portion of
frozen muscle was freeze-dried and powdered, and
alkaline-soluble protein and DNA were extracted from
approximately 3 mg powdered muscle, using perchloric
acid (PCA), with the protein finally isolated by the
addition of KOH. Muscle alkaline-soluble protein and
DNA was quantified according to Forsberg et al. (1991).

Real-time PCR measurements. Total RNA was isolated
from frozen wet EDL muscle (20–30 mg) using Tri
Reagent (Sigma-Aldrich), according to the manufacturer’s
protocol. Total RNA quantification, first-strand cDNA
synthesis and real-time PCR protocols were carried out
as previously described (Constantin et al. 2007). Taqman
primer/probe sets were obtained from Applied Biosystems
(Foster City, USA): TNF-α, IL-6, MAFbx, MuRF1, PDK4,
MT-1A and cathepsin-L. The housekeeping gene hydro-
xymethylbilane synthase (HMBS) was used as an internal
control as it was unaffected by the treatments (data not
shown).

Relative quantification of gene expression between
groups was calculated using the 2−��Ct method. The saline
control group was given a value of 1, and fold changes in
mRNA expression for the LPS-treated, Dex-treated and
Dex+LPS-treated groups were calculated, relative to the
control group.

Protein extraction and Western blotting measurements.
Cytosolic and nuclear proteins were extracted from
approximately 30 mg frozen wet tissue using a
modification of the method by Blough et al. (1999).
Extracted proteins were quantified using the Bradford
assay (Bio-Rad, UK) and Western blotting was carried
out, as previously described (Constantin et al. 2007).
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The antibodies used were purchased from Cell Signaling
Technology (Danvers, MA, USA): total Akt (TAkt),
phosphorylated Akt (serine473; pAkt), total FOXO 1 and
3 (TFOXO 1 and 3) and phosphorylated FOXO 1 and 3
(serine256 and serine253; pFOXO 1 and 3). The PDK4 anti-
body was a gift from AstraZeneca (Macclesfield, UK). Blots
were incubated with ECL chemiluminescence reagent
(Pierce, UK) and exposed to X-ray film. Bands were
quantified by densitometry using GeneTools software
(Syngene, Frederick, MD, USA). Values were adjusted by
subtracting the background and normalized to an actin
protein control for cytosolic proteins and lamin (New
England BioLabs, Hitchin, UK) for nuclear proteins.

Muscle metabolite measurements. Freeze-dried and
powdered EDL muscle samples (1–2 mg) were alkaline
extracted and used for muscle glycogen determination
according to Harris et al. (1974). Additionally, 5–10 mg
of muscle powder was extracted with 0.5 mol l−1 PCA
containing 1 mmol l−1 EDTA, then neutralised with
2.1 mol l−1 KHCO3. Muscle extracts were analysed for
lactate concentrations, using a modification of the
spectrophotometric methods of Harris et al. (1974).

Muscle enzyme activity measurements. Muscle 20S
proteasome and cathepsin-L activity was assayed using
muscle samples from the haemodynamics studies (see
above), and hence no measurements were made from
animals treated with Dex alone. Frozen muscle (15–25 mg)
was homogenised, and the soluble muscle extract used
to measure the chymotrypsin-like activity of the 20S
proteasome using the fluorogenic substrate N-Suc-
Leu-Leu-Val-Tyr-7-amido-4-methyl-coumarin (Sigma-
Aldrich), according to Dawson et al. (1995).
The same homogenate was used to determine
cathepsin-L activity using the substrate Z-Phe-Arg-7-
amido-4-methyl-coumarin (Sigma-Aldrich), according
to Bergmeyer (1983).

Statistical analysis

Cardiovascular data are expressed as means ± S.E.M. Since
not all data were normally distributed, within-group
analyses were carried out by a non-parametric equivalent
of analysis of variance (ANOVA) allowing for multiple
comparisons (Friedman’s test; Theodorsson-Norheim,
1987). P ≤ 0.05 was taken as significant. Muscle data are
presented as means ± S.E.M. and comparisons between
treatment groups were performed using one-way ANOVA,
with the Fisher’s least significant difference post hoc test
being used to locate any significant differences. Differences
were considered statistically significant when P < 0.05.

Results

Effects of Dex on haemodynamic responses to LPS

In rats infused with saline–saline, the only significant
haemodynamic change during the 25 h saline infusion
was a fall in hindquarters vascular conductance at 24–25 h
(Fig. 1).

In rats infused with Dex–saline, between 0 and 6 h after
the onset of saline infusion, there was some bradycardia
(significant at 3.5 and 6 h) and a modest increase in
hindquarters vascular conductance (significant at 2.5 h
and between 3.5 and 5 h), but no other haemodynamic
changes. However, at 24–25 h, there was an increase in
blood pressure, bradycardia and vasoconstriction in all
three vascular beds (Fig. 1).

Infusion of LPS in saline-treated rats caused sustained
tachycardia (significant from 0.5 h onwards), with a trans-
ient fall in blood pressure (at 1.25–1.5 h), but marked
and persistent renal vasodilatation (from 0.75 h onwards),
transient mesenteric vasoconstriction (between 1.5 and
5.5 h) and biphasic hindquarters vasodilatation (between
1 and 2 h and at 24–25 h; Fig. 1).

Infusion of LPS in Dex-treated rats caused tachy-
cardia, which was significant between 0.25 and 6 h, but
thereafter heart rate returned to baseline. This profile
of heart rate change was different from that seen in
saline-treated rats given LPS in which the tachycardia
was sustained (see above). In Dex-treated rats given LPS,
blood pressure showed an early modest rise (at 0.75–1 h)
with a more substantial rise at 24–25 h. This differed
from the blood pressure changes seen in saline-treated
rats given LPS where there was an early fall and no
delayed rise in blood pressure. In the renal vascular
bed, vasodilatation occurred in Dex–LPS-treated rats,
but the changes were slower in onset (significant from
1.75 h) than in the saline–LPS-treated rats (significant
from 0.75 h) and not sustained at 24–25 h. Similarly, in
Dex–LPS-treated rats, there was a transient mesenteric
vasoconstriction (significant between 1.25–3 h) which was
shorter in duration than in rats treated with saline–LPS. In
the hindquarters vascular bed, rats treated with Dex–LPS
showed a very modest and transient early rise in vascular
conductance (at 1.25 h), which was followed by a fall (at
2.5–3.5 h) and then a return to baseline. These changes
differed quite markedly from the biphasic hindquarters
vasodilatation seen in rats given saline–LPS (see above).

Protein:DNA ratio

Twenty-four hours of LPS infusion resulted in a 40%
reduction in the muscle protein:DNA ratio compared
to saline (Fig. 2; P < 0.01), due to a reduction in
alkaline-soluble protein concentration (Fig. 2A; P < 0.05)
and no change in DNA content (Fig. 2B). There was no
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change in the protein:DNA ratio with infusion of Dex
alone or Dex+LPS, compared to the saline control group
(Fig. 2C).

Muscle mRNA expression

Figure 3 shows the fold changes in mRNA expression
in muscles of Dex-, LPS- and Dex+LPS-treated animals
compared to saline. Expression of TNF-α and IL-6 mRNA
was not altered by Dex alone, whereas LPS infusion
induced marked increases in both TNF-α and IL-6 mRNA
relative to the saline control group (10-fold, P < 0.001 and
15-fold, P < 0.001 vs. saline, respectively). When Dex was
co-administered with LPS, the LPS-mediated increase in
TNF-α mRNA expression was markedly reduced, with a
5-fold increase compared to saline (P < 0.01). Dex+LPS
administration completely suppressed the LPS-mediated
increase in IL-6 mRNA expression.

Dex infusion resulted in no significant change in
MAFbx or MuRF1 mRNA levels from saline control
(Fig. 3). LPS treatment elicited increases in both MAFbx
and MuRF1 transcript levels (4.6-fold, P < 0.001 vs.
saline and 13-fold, P < 0.001 vs. saline, respectively), but

Dex+LPS did not significantly alter the LPS-induced
increase in MAFbx and MuRF1 mRNA expression levels
(3.5-fold, P < 0.001 and 12-fold, P < 0.001 vs. saline,
respectively). PDK4 mRNA expression was significantly
increased in the Dex (6.7-fold, P < 0.01), LPS (16-fold,
P < 0.001) and Dex+LPS (8.6-fold, P < 0.01) treatment
groups compared to control. The increase in PDK4
mRNA expression in the LPS-treated group was, however,
markedly greater than in rats receiving Dex+LPS, in which
the increase was similar to that in rats given Dex alone.

Cathepsin-L mRNA was not significantly altered by
Dex infusion, but LPS infusion caused a marked increase
in cathepsin-L relative to saline controls (9.7-fold,
P < 0.001). When Dex was co-administered with LPS, the
LPS-mediated increase in cathepsin-L mRNA expression
was markedly reduced, with a 5.5-fold increase compared
to control (P < 0.001). Compared to control, Dex infusion
alone caused no significant change in MT-1A mRNA
expression, whereas LPS infusion caused a marked
increase in MT-1A transcript levels (187-fold, P < 0.001
vs. saline). Administration of Dex+LPS significantly
reduced the LPS-mediated increase in MT-1A mRNA
expression, with a 79-fold increase compared to saline.

Figure 1. Changes in cardiovascular variables during 25 h infusion of saline (left hand panel) or LPS
(right hand panel) in rats pre-treated with saline (filled symbols) or dexamethasone (Dex; open symbols)
Values are means and vertical bars represent S.E.M. ∗P < 0.05 vs. baseline (Friedman’s test).
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Muscle protein expression

The expression of pAkt protein did not change in muscles
of Dex-treated rats (Fig. 4A and C), but was decreased
2-fold in muscles of LPS-treated rats, compared to saline
(P < 0.05; Fig. 4A and C). Dex+LPS treatment prevented
the LPS-induced reduction in pAkt protein. There was no
significant change overall in TAkt between all treatment
groups (Fig. 4B and C).

Compared to saline, Dex, LPS and Dex+LPS treatments
all caused a reduction in cytosolic pFOXO1 (1.6-fold,
P < 0.05; 2-fold, P < 0.01 and 1.6-fold, P < 0.05,
respectively; Fig. 5A and C). There was no significant
change in total cytosolic FOXO1 protein (Fig. 5B and
C). Overall however, there was a significant reduction in
the phosphorylated/total FOXO1 ratio within the cyto-
sol of muscle from LPS-treated rats (P < 0.05 vs. saline;
Fig. 5D), but in the Dex and Dex+LPS groups there was no
significant change compared to the saline control group.
Cytosolic FOXO3 protein expression was not significantly
different across treatment groups, and there was no

significant change in nuclear TFOXO1 across groups (data
not shown).

Analysis of PDK4 protein revealed no significant change
in expression with Dex administration relative to the saline
group, but there was a 2.6-fold increase in expression with
LPS treatment compared to saline (P < 0.05; Fig. 6A and
B). There was no significant change in PDK4 protein with
Dex+LPS administration compared to the saline group
(Fig. 6A and B).

Muscle metabolites and enzyme activity

Muscle glycogen content was 52% higher with Dex
treatment compared to control (P < 0.001 vs. saline;
Fig. 6C), and was 19% lower compared to control
following LPS treatment (P < 0.05 vs. saline; Fig. 6C).
Administration of Dex+LPS prevented the LPS-mediated
reduction in muscle glycogen (Fig. 6C). Muscle lactate
content in the Dex group was no different from the
saline group; however in the LPS-treated group, muscle

Figure 2. Alkaline-soluble protein to DNA ratio in extensor digitorum longus (EDL) muscle following
24 h of dexamethasone (Dex), lipopolysaccharide (LPS) or Dex plus LPS infusion
Alkaline-soluble protein (A) and DNA (B) concentration and protein:DNA ratio (C) in rat EDL muscle following
24 h Dex, LPS, Dex+LPS or saline infusion. Values represent means + S.E.M. Significantly different from saline group:
∗P < 0.05; ∗∗P < 0.01. Significantly different from Dex group: †P < 0.05; ††P < 0.01. Significantly different from
LPS group: ‡P < 0.05; ‡‡P < 0.01.
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lactate concentration was 53% greater compared to saline
(P < 0.01; Fig. 6D). Dex+LPS administration prevented
the LPS-mediated increase in muscle lactate (Fig. 6D).

Muscle proteasome activity was increased in both
groups treated with LPS, although the difference was of
borderline significance (P = 0.057 vs. saline; Fig. 7A) in
rats treated with LPS alone, whereas it was significant
(P < 0.05; Fig. 7A) in rats treated with Dex+LPS. Muscle
cathepsin-L activity was increased, albeit not significantly
(P = 0.18), with LPS treatment compared to saline;
however in rats treated with Dex+LPS, muscle cathepsin-L
activity was suppressed (by 53%) compared to the LPS
group (P < 0.05; Fig. 7B), and under those conditions,
was not different from the control.

Discussion

We recently provided evidence of a role for the Akt/FOXO
signalling pathway in the simultaneous induction of
muscle atrophy and impairment of muscle carbohydrate
oxidation in vivo during LPS-induced endotoxaemia, and
suggested that the elevation of pro-inflammatory cyto-
kines may have played an important role in initiating these
events (Crossland et al. 2008). In the present study, we

hypothesised that blunting the cytokine response to LPS
using low-dose Dex, a potent synthetic glucocorticoid,
would offset the dysregulation of Akt signalling, and
prevent the LPS-induced loss of muscle mass and
impairment of muscle carbohydrate oxidation.

Dexamethasone suppresses pro-inflammatory
cytokines in muscle, abolishes the cardiovascular
sequelae and prevents muscle atrophy during
endotoxaemia

The results of this study clearly showed that a low
dose of Dex during endotoxaemia reduced the rise
in mRNA expression of pro-inflammatory cytokines
TNF-α and IL-6 in EDL muscle, and substantially
inhibited the early hypotensive and vasodilator effects
of LPS infusion and the late-onset hindquarters vaso-
dilatation, consistent with an anti-inflammatory effect
(Gardiner et al. 1996). We have previously shown that
many of the haemodynamic changes observed with LPS
administration can be replicated with administration of
cytokines including TNF and interleukins (Gardiner et al.
1998), and they are likely to be due to a cascade of
events (induction of nitric oxide synthase, etc.) triggered
by the cytokines. Dex infusion was previously shown

Figure 3. mRNA expression of selected genes in rat extensor digitorum longus muscle, following 24 h
of dexamethasone (Dex), lipopolysaccharide (LPS) or Dex plus LPS infusion
Relative mRNA expression of saline controls was set at 1. Values are means and vertical bars represent S.E.M.
Significantly different from saline group: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. Significantly different from Dex
group: †P < 0.05; ††P < 0.01; †††P < 0.001. Significantly different from LPS group: ‡P < 0.05; ‡‡P < 0.01;
‡‡‡P < 0.001.
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Figure 4. Cytosolic Akt protein expression in rat extensor digitorum longus (EDL) muscle
A, representative Western blots of phosphorylated Akt protein. B, representative blot of total Akt protein. C, density
of Akt protein bands, measured by Western blotting, in EDL muscle from rats administered dexamethasone (Dex),
lipopolysaccharide (LPS), Dex+LPS or saline for 24 h. D, ratio of phosphorylated to total cytosolic Akt protein in
EDL muscle of Dex-, LPS-, Dex+LPS- or saline-treated rats. Significantly different from saline group: ∗P < 0.05.
Significantly different from Dex group: †P < 0.05; ††P < 0.01. Significantly different from LPS group: ‡P < 0.05.

Figure 5. Forkhead box O (FOXO) 1 protein expression in rat extensor digitorum longus (EDL) muscle
A and B, representative Western blots of cytosolic phosphorylated and total FOXO1 protein. C, density of cytosolic
FOXO1 protein bands in EDL muscle from rats administered dexamethasone (Dex), lipopolysaccharide (LPS),
Dex+LPS or saline for 24 h. D, ratio of phosphorylated to total cytosolic FOXO1 protein in EDL muscle of Dex, LPS,
Dex+LPS or saline-treated rats. Significantly different from control: ∗P < 0.05; ∗∗P < 0.01.
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to suppress LPS-induced increases in plasma cytokines
in vivo (Myers et al. 2003), and although plasma cyto-
kines were not measured in the present study, the pre-
sent results are consistent with Dex-induced inhibition
of the systemic inflammatory response. Nevertheless,
the present results clearly indicate that Dex suppressed
increases in local (muscle) cytokine mRNA expression
during endotoxaemia. Protein expression of TNF-α and
IL-6 should be measured in future studies to confirm that

Dex suppressed muscle cytokine production during end-
otoxaemia.

Concomitantly, low-dose Dex administration protected
the EDL muscle from LPS-mediated atrophy. The use of
the protein:DNA ratio to assess changes in muscle protein
mass comes from human studies (Gamrin et al. 1996),
where reduced muscle protein content was consistently
observed in critically ill patients. Moreover, this was
observed in the face of increased extracellular muscle

Figure 6. Pyruvate dehydrogenase kinase 4 (PDK4) protein expression, and glycogen and lactate
concentrations in rat extensor digitorum longus (EDL) muscle
A, representative blot of PDK4 protein. B, density of PDK4 protein bands, measured by Western blotting, in EDL
muscle of rats administered with dexamethasone (Dex), lipopolysaccharide (LPS), Dex+LPS or saline for 24 h. C
and D, glycogen (C) and lactate (D) content in EDL muscle from rats administered with dexamethasone (Dex),
lipopolysaccharide (LPS), Dex+LPS or saline for 24 h. Values are means and vertical bars represent S.E.M. Significantly
different from saline control: ∗P < 0.05; ∗∗P < 0.01. Significantly different from Dex group: †P < 0.05; ††P < 0.01;
†††P < 0.001. Significantly different from LPS group: ‡P < 0.05; ‡‡P < 0.01.
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water content, implying that under conditions where fluid
compartment changes occur, the protein:DNA ratio is a
sensitive measure of protein mass. Therefore, the observed
40% reduction in the protein:DNA ratio confirmed that
24 h LPS administration caused EDL muscle atrophy.
Furthermore, there was no reduction in the protein:DNA
ratio with Dex treatment alone, indicating the present
dose and infusion time for Dex administration did not
induce atrophy as observed following high doses of Dex
(Wang et al. 1998). More importantly, Dex prevented the
LPS-induced reduction in the protein:DNA ratio, clearly
showing that Dex was able to protect the EDL muscle
from LPS-induced muscle atrophy. These observations
are therefore in keeping with our aim of suppressing
inflammation during endotoxaemia, without inducing the
catabolic effects associated with high dose Dex. Since
elevated pro-inflammatory cytokines have been suggested
to trigger muscle wasting (Garcia-Martinez et al. 1993;
Haddad et al. 2005), it is feasible that the Dex-mediated
blunting of muscle TNF-α and IL-6 mRNA expression
may have accounted for the prevention of muscle atrophy
induced by LPS.

We have shown previously (Crossland et al. 2008),
and also in the present study, that 24 h LPS infusion
results in the marked upregulation of MAFbx and MuRF1
mRNA expression, suggesting that the loss of muscle
protein observed during endotoxaemia may have been,
at least partly, due to UPP-dependent muscle proteolysis
(Voisin et al. 1996; Tawa et al. 1997). However, Dex did
not suppress the upregulation of MAFbx and MuRF1
mRNA or the increase in 20S proteasome activity that
was observed with LPS infusion alone. Therefore, it
appears that the beneficial effect of Dex on sepsis-induced
loss of muscle protein was not due to suppression
of UPP-dependent protein breakdown (see Fig. 8 for
schematic diagram).

The protective effects of Dex on muscle protein mass
during endotoxaemia appeared to have been, at least
partly, attributable to a reduction of lysosome-mediated
proteolysis, since Dex blunted (by 43%) the LPS-induced
increase in cathepsin-L mRNA expression, which is a
lysosomal protease that is upregulated by cytokines (Ebisui
et al. 1995), and is a reliable marker of lysosomal
proteolysis (Deval et al. 2001). Moreover, Dex significantly
reduced the increase in cathepsin-L activity during end-
otoxaemia compared to LPS infusion alone, although
the increase in cathepsin-L activity with LPS treatment
was not significantly different from control. FOXO
transcription factors may also be important in mediating
the activation of lysosomal proteolysis and autophagy
in muscle (Mammucari et al. 2008; Zhao et al. 2008a),
and in a recent paper, cathepsin-L was identified as a
direct target of FOXO1 in skeletal muscle (Yamazaki
et al. 2010). Therefore, the findings of the present study
strongly suggest that the Dex-induced prevention of
muscle atrophy during endotoxaemia may have occurred
through suppression of cathepsin-L-mediated proteolysis,
as a result of the blunting of cytokines and the partial
prevention of FOXO activation (see below). However, it
cannot be ruled out that other, perhaps rate-limiting,
proteolytic pathways activated during sepsis such as the
calpain-dependent proteolytic pathway (Smith et al. 2008)
were also suppressed by Dex co-administration.

Dexamethasone prevents Akt inhibition and partially
prevents FOXO activation in muscle during
LPS-induced endotoxaemia

In catabolic states, suppression of Akt signalling
has been implicated in the induction of muscle
atrophy, through activation of FOXO and its target

Figure 7. Proteasome and cathepsin-L activity in rat extensor digitorum longus (EDL) muscle, following
24 h of lipopolysaccharide (LPS) or dexamethasone (Dex) + LPS infusion
Values are means and vertical bars represent S.E.M. Significantly different from saline control group: ∗P < 0.05.
Significantly different from LPS group: ‡P < 0.05.
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genes MAFbx and MuRF1 (Wang et al. 2006). In
the present study, we hypothesized that Dex may
prevent muscle protein loss via maintenance of the
Akt/FOXO pathway. Co-administration of Dex with LPS
prevented the LPS-induced reduction in muscle pAkt,
and partially prevented the LPS-induced reduction in
cytosolic phosphorylated/total or ‘active’ FOXO1 in EDL
muscle. These findings suggest that Dex administration
appears to have protected against muscle atrophy partly
through prevention of LPS-induced inhibition of Akt
phosphorylation and activation of FOXO signalling,
possibly following the suppression of cytokines. It should
be noted, however, that reduced levels of pFOXO1

protein were observed in the Dex and Dex+LPS groups,
where pAkt levels were no different from control,
indicating that FOXO1 phosphorylation may, at least
partially, be independent of Akt. Despite not detecting an
increase in total nuclear FOXO with LPS infusion, which
might be predicted following the reduction in cytosolic
phosphorylated FOXO1 (Brunet et al. 1999), observations
of a marked reduction in FOXO1 phosphorylation, along
with reduced Akt phosphorylation and upregulation of
genes targeted by FOXO, are collectively strong evidence
that LPS induces activation of FOXO1.

Although the findings are consistent with an important
role for FOXO1 in MAFbx and MuRF1 upregulation,

Figure 8. Proposed mechanism of dexamethasone (Dex)-mediated prevention of muscle atrophy and
impairment of carbohydrate oxidation during lipopolysaccharide (LPS)-induced endotoxaemia
A, during LPS-induced endotoxaemia, cytokine-mediated impairment of Akt/Forkhead box O (FOXO) signalling
is thought to be important in both the induction of muscle atrophy, via FOXO-mediated upregulation of muscle
atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF1), leading to an increase in ubiquitin–proteasome pathway
(UPP)-dependent protein degradation, and the impairment of carbohydrate oxidation, through upregulation of
pyruvate dehydrogenase kinase 4 (PDK4) and subsequent pyruvate dehydrogenase complex (PDC) inhibition. An
increase in lysosome-mediated proteolysis is also thought to contribute to muscle protein loss, via cytokine-induced
cathepsin-L upregulation. B, low-dose Dex infusion during endotoxaemia provides protection against muscle
atrophy and the impairment of carbohydrate oxidation, most likely due to the blunting of cytokines e.g. tumour
necrosis factor-α (TNF-α). Dex treatment prevents LPS-induced inhibition (i.e. reduced phosphorylation) of Akt and
activation (i.e. reduced phosphorylation) of FOXO. Furthermore, LPS-induced upregulation of PDK4, and muscle
glycogen breakdown and lactate accumulation, are suppressed by administration of Dex during endotoxaemia. In
contrast, LPS-induced MAFbx and MuRF1 upregulation are not suppressed by Dex, and may be upregulated via an
unknown, Akt/FOXO-independent mechanism. However, the LPS-induced increase in cathepsin-L mRNA expression

is blunted by Dex. / and / arrows indicate upregulation/increased activity and downregulation/decreased
activity, respectively, and arrow thickness represents the magnitude of upregulation/increased activity and down-
regulation/decreased activity.
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the results also suggest that the upregulation of MAFbx
and MuRF1 mRNA with Dex+LPS treatment may have
occurred via an Akt/FOXO-independent mechanism. For
example, it has been proposed that MAFbx may be induced
by TNF-α via FOXO4, independent of Akt (Moylan et al.
2008), and although TNF-α was reduced compared to LPS,
it was still ∼5-fold higher than control. NF-κB activation
has also been shown to result in MuRF1 upregulation (Cai
et al. 2004).

Dexamethasone infusion during endotoxaemia
blunts LPS-induced increases in muscle gene
expression associated with oxidative stress

There is evidence for a high degree of oxidative
stress in patients with sepsis (Macdonald et al. 2003).
Metallothioneins (MTs) have been proposed to participate
in the cellular defence against free radicals, and can be
activated by glucocorticoids, oxygen free radicals and cyto-
kines (Nath et al. 2000) and thus are used as a marker for
oxidative stress. In the model of endotoxaemia used in the
present study, MT-1A was upregulated 187-fold, strongly
indicating the presence of oxidative stress. With evidence
that reactive oxygen species may be involved in FOXO
activation, at least in cell lines (Nakamura & Sakamoto,
2008), it is possible that oxidative stress had a regulatory
role in the pathways leading to muscle atrophy in sepsis.
Indeed, the LPS-induced increase in MT-1A expression
was reduced by 58% with Dex co-administration, which
may reflect decreased oxidative stress levels, possibly due
to the direct blunting effect on cytokine levels by Dex, and
may be important in the protective effects of Dex against
muscle protein loss under these conditions. However, since
only MT-1A mRNA was measured in this study as a marker
of oxidative stress, which may not thoroughly reflect the
extent of oxidative stress, additional measures are required
to elucidate the role of oxidative stress in LPS-induced
muscle atrophy.

Dexamethasone prevents impairment of muscle
carbohydrate oxidation during LPS-induced
endotoxaemia

The upregulation of PDK4 mRNA and protein during
endotoxaemia in the present study, along with the
accumulation of muscle lactate and increased glycogen
breakdown, is in agreement with previous observations
(Alamdari et al. 2008; Crossland et al. 2008) indicating
inhibition of muscle PDC and thereby an impairment of
pyruvate oxidation. In the present study, the LPS-mediated
increase in PDK4 mRNA expression was suppressed by
∼50% during co-administration with Dex. Furthermore,

PDK4 protein levels appeared slightly reduced in the
Dex+LPS group compared to LPS. Expression of PDK4
mRNA in the Dex+LPS group was similar to Dex
treatment alone, suggesting that the upregulation of PDK4
with Dex+LPS treatment may have been mediated by the
Dex, rather than the LPS per se.

Co-administration of Dex with LPS also completely
prevented LPS-mediated muscle glycogen breakdown and
lactate accumulation. Sepsis is associated with an increase
in circulating adrenaline (Jones & Romano, 1989) and
this is known to activate muscle glycolysis (Raz et al.
1991). However, we previously demonstrated that whilst
elevated muscle lactate following 2 h and 6 h LPS infusion
was most likely attributable to an adrenaline-mediated
increase in glycolytic flux, the response at 24 h is in
all probability due to PDK4-mediated PDC inhibition
(Alamdari et al. 2008). In keeping with our collective
observations to date, it is likely that Dex reduced
the LPS-mediated increase in lactate accumulation by
suppressing PDK4-mediated inhibition of PDC, although
we cannot rule out that a Dex-mediated reduction in
circulating adrenaline as having also played a part. TNF-α
was previously shown to impair Akt signalling and whole
body glucose uptake in humans (Plomgaard et al. 2005),
which is in line with our proposed model whereby
LPS-induced increases in muscle TNF-α impair Akt
signalling and oxidative carbohydrate utilisation. Inter-
estingly, Dex had not only a sparing effect, but also induced
muscle glycogen super-compensation when administered
alone. There is no immediate explanation for this finding,
although high doses of Dex have been previously shown
to induce muscle glycogen synthesis (Coderre et al. 1992;
Puthanveetil et al. 2008). Collectively, the negative effects
of LPS on muscle glycogen utilisation and carbohydrate
oxidation appear to have been alleviated by Dex
infusion.

In summary, low-dose Dex infusion during LPS
administration suppressed the LPS-induced increase
in pro-inflammatory cytokines, as well as that
of a marker of oxidative stress, MT-1A, within
the EDL muscle. Concomitantly, Dex administration
prevented LPS-induced EDL muscle atrophy, prevented
the dephosphorylation of muscle Akt, and partially
prevented the reduction in FOXO1 phosphorylation.
Dex administration did not, however, suppress the
LPS-induced increase in MAFbx and MuRF1 mRNA
expression, but did significantly reduce the LPS-induced
increase in cathepsin-L mRNA expression and enzyme
activity. Furthermore, Dex suppressed LPS-induced PDK4
upregulation, and completely prevented LPS-induced
muscle glycogen breakdown and lactate accumulation. It is
likely that the beneficial effects of low-dose Dex on muscle
protein and carbohydrate dysregulation in endotoxaemia
are secondary to blunting muscle pro-inflammatory cyto-
kine production (see Fig. 8 for schematic diagram).
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