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Abstract

Background: Skeletal muscle mass is controlled by myostatin and Akt-dependent signaling on mammalian target of
rapamycin (mTOR), glycogen synthase kinase 3b (GSK3b) and forkhead box O (FoxO) pathways, but it is unknown how these
pathways are regulated in critically ill human muscle. To describe factors involved in muscle mass regulation, we
investigated the phosphorylation and expression of key factors in these protein synthesis and breakdown signaling
pathways in thigh skeletal muscle of critically ill intensive care unit (ICU) patients compared with healthy controls.

Methodology/Principal Findings: ICU patients were systemically inflamed, moderately hyperglycemic, received insulin
therapy, and showed a tendency to lower plasma branched chain amino acids compared with controls. Using Western
blotting we measured Akt, GSK3b, mTOR, ribosomal protein S6 kinase (S6k), eukaryotic translation initiation factor 4E
binding protein 1 (4E-BP1), and muscle ring finger protein 1 (MuRF1); and by RT-PCR we determined mRNA expression of,
among others, insulin-like growth factor 1 (IGF-1), FoxO 1, 3 and 4, atrogin1, MuRF1, interleukin-6 (IL-6), tumor necrosis
factor a (TNF-a) and myostatin. Unexpectedly, in critically ill ICU patients Akt-mTOR-S6k signaling was substantially higher
compared with controls. FoxO1 mRNA was higher in patients, whereas FoxO3, atrogin1 and myostatin mRNAs and MuRF1
protein were lower compared with controls. A moderate correlation (r2 = 0.36, p,0.05) between insulin infusion dose and
phosphorylated Akt was demonstrated.

Conclusions/Significance: We present for the first time muscle protein turnover signaling in critically ill ICU patients, and we
show signaling pathway activity towards a stimulation of muscle protein synthesis and a somewhat inhibited proteolysis.
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Introduction

Skeletal muscle, which constitutes 30–40% of human body

weight [1], is critical for numerous functions such as breathing,

locomotion and metabolism, and this most abundant tissue also

serves as a large protein reservoir. Loss of muscle mass is a

hallmark of various diagnoses like cancer, chronic heart failure,

chronic obstructive pulmonary disease and HIV-infection, and

weight loss or low fat free mass independently predicts mortality in

these conditions [2,3]. Likewise, debilitating muscle atrophy is part

of critical illness [4,5,6,7,8] occurring at a mean rate of 3–4% of

fiber cross-sectional area per day [5]. Skeletal muscle mass is

regulated through the balance between the rates of protein

synthesis and protein breakdown. The signaling pathways

mediating this balance include, but are not limited to, the Akt-

mTOR, Akt-GSK3b, Akt-FoxO and the myostatin pathways

[9,10,11]. Akt (aka protein kinase B) is activated by insulin and

IGF-1 and has two known major downstream branches relevant to

muscle protein synthesis: the mTOR pathway, which is activated

by Akt, and the GSK3b pathway, which is inhibited by Akt.

mTOR seems to be a key regulator of cell size and protein

synthesis combining signals from growth factors and nutrients

[9,11]. mTOR is comprised of complex1 and 2 (mTORC1 and

mTORC2), and the effect of mTOR on protein synthesis is

mediated through mTORC1 by the activation of S6k and the

inhibition of 4E-BP1. Akt also phosphorylates and inactivates the

FoxO transcription factor family, which consists of FoxO1, 3, 4

and 6 [9]. The activation of FoxO3 causes muscle loss through

increased proteolysis, and FoxO3 induces the muscle specific

ubiquitin ligases atrogin1/MAFbx (from here on referred to as

atrogin1) and MuRF1 [12,13,14,15]. In fact, muscle that lack

either of these ligases atrophy less upon disuse [16], and atrogin1,

MuRF1 and FoxO1 belong to a set of muscle atrophy-related

genes termed ‘‘atrogenes’’ [17]. The transforming growth factor-b
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(TGF-b) superfamily member myostatin is another negative

regulator of muscle mass, and the inhibition of myostatin increases

muscle mass, whereas the overexpression of it induces muscle

atrophy [18,19,20].

Accordingly, myostatin and Akt-dependent signaling on

mTOR, GSK3b and FoxO pathways play key roles in the control

of skeletal muscle protein turnover, and animal studies have

examined the role of these pathways in critical illness models

[10,21,22], but it is unknown how these pathways are regulated in

critically ill human muscle. Thus, the aim of our study was to

investigate the Akt-mTOR, Akt-GSK3b and Akt-FoxO signaling

pathways as well as expression of TGF-b members in skeletal

muscle of critically ill ICU patients. We hypothesized that ICU

patients would have higher proteolytic and lower protein synthesis

signaling compared with controls.

Materials and Methods

Subjects and ethics
The experimental group consisted of 12 patients admitted to the

Intensive Care Unit at Bispebjerg Hospital, Copenhagen Univer-

sity Hospital. The control group consisted of 12 age- and sex-

matched healthy, ambulatory controls. Since the transcriptional

profile of human critical illness skeletal muscle agrees poorly with

that of inactivated skeletal muscle [23] the use of ambulatory

controls is justified. Exclusion criteria were being younger than 18

years, pregnant or nursing. Informed and surrogate informed

written consent was obtained from control subjects and relatives to

patients, respectively. The study followed the rules of the

Declaration of Helsinki and was approved by the local ethical

committee of Copenhagen and Frederiksberg municipality (KF 01

260751).

As part of their clinical treatment the ICU patients received

intravenous insulin therapy to control critical illness hyperglyce-

mia, and at the time when they were recruited the local ICU

insulin therapy reflected ‘‘intensive insulin therapy’’ [24,25].

Insulin (Novorapid, Novo Nordisk, Bagsvaerd, Denmark) infusion

was adjusted with the aim of maintaining normoglycemia based on

measurements of whole blood glucose in undiluted arterial blood,

performed at one-to four-hour intervals with the use of a glucose

analyzer (ABL700, Radiometer Medical, Copenhagen, Denmark).

All patients received enteral (Fresubin Original, Fresenius Kabi,

Bad Homburg, Germany) and/or parenteral (StructoKabiven,

Fresenius Kabi) nutrition.

Blood analyses
Blood levels of leukocytes, C-reactive protein (CRP), urea and

creatinine were determined in-house (ISO certified lab), and the

stated numbers derive from measurements at 06:00 A.M. at the

day of the biopsy. Multiplex assays performed according to the

manufacturer’s instructions (HSCYTO60SK or MPXHCYTO-

60K, Milliplex, Millipore, Billerica, MA, USA) were used to

measure levels of the systemic inflammatory markers TNF-a, IL-6,

IL-8, IL-10 and monocyte chemoattractant protein-1 (MCP-1)/

chemokine (C-C motif) ligand 2 (CCL2) in blood sampled at the

time of the biopsy. Blood samples from controls were taken at rest

in the morning. Plasma amino acid concentrations were quantified

by HPLC as described recently by our group [26]. Plasma IGF-1

concentrations were determined by a time-resolved immuno-

fluorometric assay (Perkin Elmer, Turku, Finland) [27].

Muscle biopsies
Muscle biopsies were obtained under local Lidocaine anesthesia

from the vastus lateralis muscle (m. quadriceps femoris) using the

percutaneous needle biopsy technique of Bergström [28] with

5 mm biopsy needles and manual suction. On extraction, the

biopsy was divided and immediately frozen in liquid nitrogen.

Biopsies were stored at -80uC pending analyses.

RNA extraction
Approximately 10 mg of frozen muscle tissue was homogenized

in a microvial containing 1 silicium carbide crystal, 5 steel beads

(2.3 mm) and 1000 ml TRI-reagent (Molecular Research Center,

Cincinnati, OH, USA) using a FastPrep-24 (MP Biomedicals,

Solon, OH, USA) homogenizer. Each sample was shaken 3 times

in the homogenizer for 15 s at speed 4 with a 2 min interval

between each run, in which samples were kept in ice-water bath.

Total RNA was extracted according to Chomczynski & Sacchi

[29]. After homogenization, 100 ml 1-bromo-3-chloropropane was

added to separate the samples into an aqueous and an organic

phase. After isolation of the aqueous phase, RNA was precipitated

using isopropanol, washed in ethanol and subsequently dissolved

in RNase-free water. RNA concentrations were measured by

spectroscopy at 260 nm. Good RNA quality was ensured by

spectrophotometer ratios at 260/240 nm (acceptable range 1.2–

1.6 at pH 8) and 260/280 nm and by denaturing agarose gel

electrophoresis.

Reverse transcriptase quantitative PCR (RT-qPCR)
Total RNA (750 ng from each muscle sample) was converted

into cDNA in 20 ml using the OmniScript reverse transcriptase

(Qiagen, Valencia, CA, USA) according to the manufacturer’s

instructions. For each mRNA target, 0.25 or 0.50 ml cDNA was

amplified in a 25 ml SYBR Green PCR reaction containing 1X

Quantitect SYBR Green Master Mix (Qiagen) and 100 nM of

each primer (Table S1). The amplification was monitored real-

time using the MX3005P real-time PCR machine (Stratagene, La

Jolla, CA, USA). The threshold cycle (Ct) values were related to

standard curves made with cloned PCR products to determine the

relative difference between the unknown samples, and the

specificity of the PCR products was confirmed by melting curve

analysis after amplification. Due to limited amount of tissue n

equals 11 in each group for RT-qPCR. TNF-a mRNA was

expressed at low levels and in some samples TNF-a mRNA was

below the detection limit resulting in 0 values. Thus, TNF-a
mRNA was analyzed in quadruplicate to reduce stochastic

variation, and the median raw values were used for non-

parametric statistical analysis. All mRNA data were normalized

to acidic ribosomal protein P0 (RPLP0).

Western blot
Approximately 30 mg of frozen muscle tissue was homogenized

as described for RNA extraction, except that it was done in 500 ml

ice-cold homogenization buffer (50 mM Tris-base, 1 mM EDTA,

1 mM EGTA, 10 mM beta-glycerophosphate, 50 mM sodium

fluoride, 0.5 mM sodium orthovanadate, 0.1% v/v, Triton-X,

0.1% v/v mercaptoethanol and protease inhibitor (Complete,

Roche, Basel, Schwitzerland), pH 7.5). Protein concentrations

were determined with the Bradford assay and equal amounts

(10 mg/10 ml) was added 2 ml 6X Laemmli buffer (62.5 mM Tris-

base (pH 6.8), 2% w/v sodium dodecyl sulphate (SDS), 40% v/v

glycerol, 5% v/v mercaptoethanol and 1 mg/ml bromophenol

blue), heated at 90uC for 4 min, shortly vortexed, spun for 5 s in a

microcentrifuge and separated by SDS-PAGE using a 4-12% Bis-

Tris gel (Criterion, Bio-Rad, Hercules, CA, USA) at 200 V for

1 h. Gels were blotted (Trans-blot cell, Bio-Rad, 400 mA, 2 h) to

polyvinylidene difluoride membranes (Amersham Hybond LFP,

GE Healthcare, Buckinghamshire, UK) in transfer buffer (50 mM
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Tris-base, 383 mM glycine, 20% v/v methanol), except mTOR

total and phospho proteins that were transferred without

methanol. Then, membranes were washed (165 min) in Tris-

buffered saline with 0.1% v/v Tween 20 (TBST, pH 7.4), blocked

for 30 min with 20% Odyssey blocking buffer (Li-Cor Biosciences,

Lincoln, NE, USA) in phosphate-buffered saline, washed

(365 min), incubated overnight at 4uC in primary antibody,

washed (365 min), incubated for 1 h in fluorophore-conjugated

secondary antibody, washed (365 min), and visualized with the

Odyssey Infrared Imaging System (Li-Cor Biosciences). All total

and phosphorylated protein pairs, except for mTOR, were

detected simultaneously on the same membrane. Equal loading

was verified by Coomassie staining. Band intensities were

quantified using ImageJ (National Institutes of Health, Bethesda,

MD, USA). For details on antibodies see table S2.

Data presentation and statistical analyses
Data in figures are presented as individual values and means in

scatter plots, whereas data in tables are means 6 standard error of

the mean (SEM). Muscle mRNA and protein data were log-

transformed and are presented as individual values relative to

control mean. Statistical differences between groups were

determined using unpaired, two-tailed, unequal variance Welch’s

t-tests or for TNF-a mRNA Mann-Whitney U test. The

relationship between insulin infusion dose and phosphorylated

Akt was evaluated by linear regression analysis. This is biologically

relevant as Akt is part of the canonical insulin-phosphatidylinositol

3-kinase (PI3K) signaling pathway [30]. Results were considered

significant when p,0.05.

Results

Patient characteristics
ICU patient characteristics are provided in table 1. All patients

required mechanical ventilation at the time of the biopsy. Patients

were 6465 years old, equally represented both sexes and had

diagnoses of pulmonary and/or abdominal origin. 8 patients were

septic and 10 patients had pneumonia and/or respiratory

insufficiency. 5 patients died in the ICU, whereas 7 survived, of

whom one died subsequently at another hospital department

(Table 1).

As specified in table 2, the included patients were, on average,

moderately hyperglycemic at the time of the biopsy (Table 2) as

well as 111622 minutes prior to the biopsy (mean6SEM

9.160.8 mmol/l), and all received insulin therapy to control

hyperglycemia during their ICU stay. All except patient 2 received

insulin (1–10 IU per hour) at the time of the biopsy (Table 2), and

the individual doses were the same 6165 minutes prior to the

biopsy. Patients 5 and 8 had diagnosed type 2 diabetes (T2D),

whereas patient 11 likely had unrecognized T2D. Patient 10 had

type 1 diabetes.

Markers of systemic inflammation, proteins, metabolites
and muscle cytokines

As shown in table 3, ICU patients had circulating levels of

leukocytes, urea and creatinine approximately 2-fold above the

normal range, whereas plasma CRP was increased by more than

10-fold compared to the upper normal range. Patients, who died

had higher CRP levels than surviving patients (p,0.05, Figure 1).

Serum albumin levels were below normal. Moreover, the levels of

the pro-inflammatory cytokines MCP-1, TNF-a, IL-8 and IL-6

were approximately 4, 6, 52 and 170-fold higher in patients

compared with control subjects (p = 0.05 for IL-8, p,0.05 for

others, Table 3). This was also the case for the anti-inflammatory

cytokine IL-10, which was more than 40-fold higher in patients

(p,0.05).

Contrary to the high levels of circulating pro-inflammatory

cytokines in patients, the local muscle mRNA levels of TNF-a
(292%, p,0.001) and IL-1b (256%, p,0.05) were lower in

patients than in controls (Figure 2A and Figure S1 left). IL-1b
protein was below our detection limit in plasma, whereas IL-8 and

IL-10 mRNA were below our detection limit in muscle. Muscle

MCP-1 mRNA was not different in patients vs. controls (Figure S1

right). Similar to plasma IL-6 protein, muscle IL-6 mRNA was

235% higher in patients compared with controls (p,0.001,

Figure 2B).

Plasma amino acids
Total plasma amino acids (AA) and essential AA (EAA) were not

different between ICU patients and controls (Figure 3A and B),

whereas branched chain AA (BCAA) tended to be 18% lower in

patients (p = 0.09, Figure 3C). The BCAA leucine and valine were

22 (p = 0.08) and 21% (p,0.05) lower, respectively, in patients vs.

controls, whereas phenylalanine and proline were 147 and 115%

higher in patients (p,0.05, Table 4).

Akt-mTOR and Akt-GSK3b signaling
Phosphorylated Akt at threonine (T) 308 (p-Akt (T308)) and p-

Akt (T308)/total Akt (Akt) were 146 and 86% higher in ICU

patients compared with controls (p,0.001, Figure 4A middle and

right). Akt was 33% higher in patients (p,0.05, Figure 4A left).

Likewise, p-Akt (serine (S) 473) and p-Akt (S473)/Akt were 187 and

138% higher in patients (p,0.001, Figure 4B middle and right). P-

mTOR (S2448) and p-mTOR (S2448)/mTOR were 254 and

243% higher in ICU patients vs. controls (p,0.001 and 0.01,

Figure 4C middle and right), whereas p-mTOR (S2481) was below

the detection limit. In ICU patients p-S6k (T389) and p-S6k/S6k

were 183 and 160% higher compared with controls (p,0.001 and

0.01, Figure 4D middle and right). 4E-BP1 and p-4E-BP1 (T37/46)

tended to be 46% and was 51% higher compared with controls

(p = 0.06 and ,0.05, Figure 4E left and middle), and, accordingly,

p-4E-BP1/4E-BP1 was unchanged (Figure 4E right). GSK3b and

p-GSK3b (S9) tended to be 19 and 26% higher compared with

controls (p = 0.08 and 0.07, Figure 4F left and middle), and

accordingly p-GSK3b/GSK3b was unchanged (Figure 4F right).

Muscle IGF-1Ea mRNA and plasma IGF-1 protein were 48 and

43% lower in ICU patients vs. controls (p,0.05 and 0.01, Figure 5A

left, Figure 5B and Table 3), while IGF-1Ec (aka mechano growth

factor, MGF) was not different (+52%, p = 0.15, Figure 5A right).

Correlation of insulin and Akt phosphorylation
To estimate the role of exogenous insulin in the activation of the

Akt-mTOR-S6k pathway, we correlated the insulin infusion dose

at the time of the biopsy with phosphorylation of Akt at T308,

which represents the upstream activation by 3-phosphoinositide

dependent protein kinase 1 (PDK1). A moderate correlation

(r2 = 0.36, p,0.05) between insulin doses and p-Akt (T308) was

demonstrated (Figure 6).

FoxO transcription factors, atrogin1 and MuRF1
FoxO1 mRNA was 310% higher in ICU patients compared

with controls (p,0.001, Figure 7A left), whereas FoxO3 and 4

mRNA were 62 and 83% lower compared with controls (p,0.05

and 0.01, Figure 7A middle and right). FoxO6 mRNA was below

the detection limit. Unfortunately, we could not detect Foxo1, 3

and 4 proteins or any phosphorylation hereof. In ICU patients

atrogin1 mRNA was 43% lower than controls (p,0.01, Figure 7B

Muscle Protein Turnover Signaling in ICU Patients
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left). MuRF1 mRNA was similar to controls (216%, p = 0.6,

Figure 7B right), whereas MuRF1 protein was 44% lower

compared with controls (p = 0.05, Figure 7C).

Myostatin, GDF-11 and TGF-b1
mRNA levels of myostatin, (p,0.001), TGF-b1 and growth

differentiation factor 11 (GDF-11) (p,0.01) were 95, 65 and 52%

lower in ICU patients compared with controls (Figure 8A–C).

Discussion

We present for the first time muscle protein turnover signaling

in critically ill patients, and we show signaling pathway activity in

the direction of a stimulation of muscle protein synthesis and

somewhat inhibited proteolysis. Specifically, we show unexpected

higher Akt-mTOR-S6k signaling and lower FoxO3, atrogene and

myostatin expression in ICU patients vs. controls (Figure 9).

Akt-mTOR and Akt-GSK3b signaling
Surprisingly, in the muscles of systemically inflamed critically ill

ICU patients (Tables 1 and 3) we show substantially higher

phosphorylation of Akt and mTOR including its downstream

targets S6k and 4E-BP1, whereas GSK3b tend to be lower than in

healthy controls (Figure 4A–F). Upon phosphorylation, S6k is

activated, enabling increased protein synthesis, whereas phos-

phorylation of 4E-BP1 releases it from the inhibitory complex with

the translation initiation factor eIF4E, facilitating the binding of

eIF4E to eIF4G and thereby promoting translation initiation

[9,10,11]. An increase in both total and phosphorylated 4E-BP1

(Figure 4E) would thus probably cancel each other out. This

higher Akt-mTOR-S6k signaling was unexpected, since phos-

phorylations at relevant sites of Akt, mTOR, 4E-BP, S6k and

S6k’s downstream substrate ribosomal protein S6 are decreased in

muscles of different animal models of sepsis [10,31,32] and burn

injury [33].

What may cause this higher Akt-mTOR-S6k signaling? IGF-1

and insulin are known activators of Akt-mTOR signaling

[9,10,11], and Akt phosphorylation status was higher in

postmortem rectus abdominis muscle biopsies of intensive insulin

treated ICU patients compared with surgery patient controls [34],

but no further downstream molecules were measured in that study.

Since we in the present study show lower plasma IGF-1 and

Table 1. ICU patient characteristics.

Patient
# Diagnoses Age/sex

ICU days
at biopsy Survival

Days of
ICU stay

Vaso-
pressor
agents Sedation

Synthetic
glucocorticoids

Substance
use Nutrition

1 Thorax trauma,
sepsis

28/M 3 S 22 NA Propofol,
fentanyl

Hydrocortisone
50 mg IV 4/daily

Alcohol,
cannabis,
tobacco

PN+EN

2 Pneumonia,
sepsis, respiratory
insufficiency

71/M 16 S 27 None None None Tobacco
(Alcohol
previously)

EN

3 Intestinal necrosis, sepsis,
respiratory insufficiency

56/F 2 D, day 6 6 NA Propofol,
remifentanil

Hydrocortisone
50 mg IV 4/daily

Alcohol,
tobacco

PN

4 Perforated peptic ulcer,
sepsis, respiratory
insufficiency

90/F 3 D, day 21 21 NA Remifentanil None None PN

5 Pneumonia, respiratory
insufficiency

68/M 3 D, day 7 7 NA Propofol,
remifentanil

None Alcohol,
tobacco

EN

6 Intestinal perforation,
sepsis, respiratory
insufficiency

73/F 17 S 27 NA Fentanyl None Tobacco EN

7 Pneumonia, respiratory
insufficiency

77/F 13 (11)1 S 41 NA None Prednisolone
37.5 mg PO 1/daily

(Tobacco
previously)

EN

8 Pneumonia, respiratory
insufficiency, cardiac arrest

68/M 7 (5)1 S 14 NA Propofol,
remifentanil

None Alcohol PN

9 Liver coma, pneumonia,
respiratory insufficiency

61/M 2 D, day 11 11 None None None Alcohol,
tobacco

EN

10 Abdominal abscess, sepsis,
respiratory insufficiency

47/M 1 D, day 2 2 NA, A Propofol,
remifentanil

Hydrocortisone
100 mg IV 4/daily

(Alcohol
previously)

PN

11 Peritonitis, sepsis 71/F 2 S (died day
9 at other
dept.)

3 None Propofol,
remifentanil

None (Tobacco
previously)

EN+PN

12 Cardiac arrest, pneumonia,
sepsis, respiratory
insufficiency

61/F 2 S 4 NA None None Alcohol EN

Mean 6 SEM 6465 662 1564

Mean 6 SEM controls 6564

ICU days at biopsy: Time spent in the ICU at the time of the muscle biopsy.
1These patients had intermittent stays at other departments: The total days of stay in hospital are stated (numbers in parentheses are days of stay in ICU solely). M: Male,
F: Female, S: Survival, D: Death. NA: Noradrenaline, A: Adrenaline, IV: Intravenous, PO: Peroral, EN: Enteral, PN: Parenteral.

doi:10.1371/journal.pone.0018090.t001
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muscle IGF-1 mRNA in ICU patients (Figure 5A and B), neither

systemic nor local IGF-1 could be the driving force in the

activation of Akt-mTOR-S6k signaling. To further examine this

question, we estimated the role of exogenous insulin by correlating

insulin infusion dose at the time of the biopsy with Akt

phosphorylated at T308, our most upstream target. We observed

a moderate correlation (Figure 6) demonstrating responsiveness of

Akt T308 phosphorylation in an insulin dose dependent fashion.

Exogenous insulin dose may, however, be of limited value in the

correlation with protein phosphorylation status, as ICU patients

display signs of insulin resistance of varying degrees (Table 2) [35],

and insulin sensitivity apparently increases with insulin therapy in

critical illness [34,36]. Accordingly, it is currently unclear if insulin

therapy activates Akt-mTOR-S6k signaling in ICU patients under

the present study conditions, and whether insulin induces muscle

protein synthesis in critically ill ICU patients similar to what is seen

in ICU burn patients [37].

Alternatively or additionally to insulin, an enhanced S6k

phosphorylation could reflect an increased protein synthesis driven

by the increased availability of intracellular amino acids resulting

from increased proteolysis as shown in burn patients [38]. Amino

acids, especially leucine, are known to stimulate skeletal muscle

protein synthesis via both insulin-dependent and insulin-indepen-

dent mechanisms [39]. Interestingly, S6k phosphorylation is

increased in insulin-unstimulated rat burn injury [21], and we show

a vastly higher S6k phosphorylation (Figure 4D). Since amino acids

activate mTOR partly independent of insulin, and since mTOR

phosphorylates S6k, the authors [21] suggested that increased amino

acid availability could increase insulin-unstimulated protein synthesis

through mTOR-S6k independent of Akt. However, it should be

noted that the insulin-dependent mechanism of leucine-enhanced

protein synthesis is associated with increased phosphorylation of S6k

and 4E-BP1 [40] and that the stimulating effect of leucine on protein

synthesis is impaired in animal sepsis [41]. Overall, in our fed ICU

patients compared with post-absorptive controls we observe a very

similar pattern of differences in plasma amino acid concentrations

including lower leucine levels in patients (Table 4) as shown

previously in post-absorptive septic patients compared with healthy

controls [42]. Importantly, lower plasma amino acid concentrations

do not necessarily equal lower muscle intracellular levels [43].

Specifically, lower plasma BCAA concentrations are not mirrored by

low muscle levels [43] and in fact burn patients present with higher

muscle leucine but similar plasma levels relative to healthy controls

[38]. Accordingly, the possibility of mTOR specifically and general

protein turnover signaling being affected by nutrients and amino

acids should be considered.

Table 2. ICU patient glucose concentrations and insulin
doses.

Patient #
Blood glucose conc.
at biopsy mmol/l

Insulin dose at
biopsy IU/h Notes

1 10.4 5.0

2 7.0 0.0

3 6.5 7.5

4 8.5 8.0

5 9.1 2.0 T2D

6 7.9 1.5

7 8.3 2.5

8 8.0 10.0 T2D

9 9.7 3.0

10 14.2 5.5 T1D

11 9.3 10.0 T2D1

12 6.8 1.0

Mean±SEM 8.8±0.6 4.7±1.0

IU: International units, T1D: Type 1 diabetes, T2D: Type 2 diabetes.
1Patient 11 likely had unrecognized T2D.
doi:10.1371/journal.pone.0018090.t002

Table 3. Circulating IGF-1, markers of systemic inflammation, proteins and metabolites.

Variable Control subjects (n = 12) ICU patients (n = 12) % Difference

IGF-1, mg/l 132614 76614{ 243

Inflammatory markers

Leukocytes, 109/l ND, normal range: 3.0–9.0 16.363.3

CRP, mg/l ND, normal ,10 134628

TNF-a, pg/ml 3.960.5 27.368.4* +605

IL-6, pg/ml 6.361.5 10966366* +17371

IL-8, pg/ml 3.860.5 2016911 +5246

IL-10, pg/ml 13.962.7 6076262* +4258

MCP-1, pg/ml 266628 14386213{ +440

Proteins and metabolites

Serum albumin, g/l ND, normal range: 34–48 21.161.6

Urea, mmol/l ND, normal range: 3.1–8.1 16.964.3

Creatinine, mmol/l ND, normal range: 45–105 160633

All values were measured in plasma, except for leukocytes, which were determined in whole blood.
Values are means 6 SEM. ND: Not determined.
*p,0.05,
{p,0.01,
{p,0.001,
1p = 0.05.
doi:10.1371/journal.pone.0018090.t003
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Importantly, an increased Akt-mTOR signaling, as observed in

atrophic COPD patients, may also represent an unsuccessful

attempt trying to restore muscle mass [44], which agrees with ICU

patient transcriptome data indicating a sustained protein synthesis

similar to that in healthy controls in concert with a transcription

program unable to compensate for enhanced protein breakdown

[23,45]. A dysfunctional muscle regenerative system is supported

by a tendency (p = 0.09) in ICU patients to lower mRNA levels of

tenascin-C (Figure S2), an apparent key regulator of muscle repair

[46].

FoxO transcription factors, atrogin1, MuRF1 and TNF-a
FoxO3 is required for and causes skeletal muscle atrophy

through the ubiquitin-proteasome and autophagic-lysosomal

Figure 1. Higher plasma C-reactive protein levels in non-
surviving than in surviving ICU patients. Data are fold change in
individual values. Each square represents one patient (white: survivors,
black: dead) and the bar represents the mean value. * p,0.05.
doi:10.1371/journal.pone.0018090.g001

Figure 2. Lower TNF-a and higher IL-6 mRNA expression in
muscle of critically ill patients. TNF-a (A) and IL-6 (B) mRNA
expression in thigh skeletal muscle of critically ill intensive care unit
(ICU) patients compared with controls (CON). As TNF-a mRNA was
below the detection limit in some ICU patients (yielding 0 values), TNF-
a mRNA was determined in quadruplicate and the median values for
each group are reported in arbitrary units. IL-6 data are fold change in
individual values relative to control mean. Each circle represents one
subject (black: controls, white: ICU patients) and the bar represents the
median TNF-a or the mean IL-6 value. { p,0.001, Mann-Whitney U test
for TNF-a and Welch’s t-test for IL-6.
doi:10.1371/journal.pone.0018090.g002

Figure 3. Lower branched chain amino acids in plasma of
critically ill patients. Total plasma amino acids (AA) (A), essential
amino acids (EAA) (B) and branched chain amino acids (BCAA) (C) in
critically ill intensive care unit (ICU) patients compared with controls
(CON). Each circle represents one subject (black: controls, white: ICU
patients) and the bar represents the mean value.
doi:10.1371/journal.pone.0018090.g003

Muscle Protein Turnover Signaling in ICU Patients

PLoS ONE | www.plosone.org 6 March 2011 | Volume 6 | Issue 3 | e18090



proteolytic pathways [12,13,14,47]. In several murine models of

muscle loss FoxO1 mRNA is increased [17,48,49] including

different sepsis models [22,50,51]. Here, we show a differing

response of muscle FoxO1, 3 and 4 in critically ill patients. The

amount of FoxO1 mRNA was more than 3-fold higher, whereas

the amount of FoxO3 and 4 mRNAs were 60–80% lower in

patients vs. controls (Figure 7A). Importantly, this divergent

response of FoxO1, 3 and 4 suggests different functional roles for

the specific FoxO members in human skeletal muscle. To our

knowledge, we here present the first data on FoxO4 mRNA

expression in human skeletal muscle, and we show an 83% lower

expression in muscle of critically ill patients. This is in agreement

with numerous animal studies, as FoxO4 mRNA was unchanged

with corticosteroids and sepsis [49,50,51], but not all, since FoxO4

mRNA increased with glucocorticoids [48]. Activation of FoxO3

induces atrogin1 and MuRF1 transcription [12,14], and these two

ubiquitin ligases are also atrogenes [17]. To our surprise, atrogin1

mRNA and MuRF1 protein were lower in muscle of critically ill

patients (Figure 7B–C), which is in contrast to their upregulation in

several murine models of muscle atrophy [17] and the increased

atrogin1 mRNA expression in septic ICU patients [23]. This

discrepancy prompted us to determine two of the most responsive

genes in that ICU patient study [23], IL-6 receptor (IL-6R) and

actinin3, which were approximately 10 and 6-fold up- and

downregulated, respectively. We found IL-6R to be unchanged,

whereas actinin3 dramatically decreased by 97% (p,0.001, Figure

S3), which demonstrate differences between the two studies. Of

these differences, the fact that control subjects in the study by

Fredriksson et al [23] were patients undergoing elective surgery is

the most striking difference between the two studies.

Different roles of FoxO1 and FoxO3 in insulin and AMPK

signaling have been suggested in previous in vitro non-muscle cell

studies [52,53] and in rat sepsis-induced muscle wasting [51].

Regarding different roles of FoxO isoforms in muscle atrophy,

FoxO3 per se causes atrophy and is sufficient to induce atrogin1

and MuRF1 transcription [12,14], whereas some studies [54,55],

but not all [56], show that FoxO1 is not sufficient to increase

atrogin1 and MuRF1 mRNA expression in muscle cells. Insulin

(or IGF-1) downregulates atrogin1 and to a lesser extent MuRF1

mRNA in vitro [57], and Akt activation mimics this by decreasing

atrogin1 and MuRF1 mRNA expression and inhibits atrophy

[12,54,58]. Accordingly, most of the available in vitro and animal-

derived data on atrogin1 and MuRF1 expression are consistent

with the observed downregulation of atrogin1 and MuRF1 being

due to insulin administration, Akt phosphorylation and FoxO3

downregulation. Moreover, we have recently found a similar

occurrence in human glucose-induced hyperinsulinemia showing

decreased skeletal muscle atrogin1 and MuRF1 mRNA in concert

with increased FoxO1 and unchanged FoxO3 mRNA (Neder-

gaard, Jespersen, Schjerling and Kjaer, unpublished) similar to

results from rats [59]. Additionally, insulin downregulates TNF-a,

but not IL-6 mRNA, in human skeletal muscle in vivo [60].

Accordingly, in the present study it seems likely that lower

atrogene and TNF-a expression in ICU patients is regulated by

the higher Akt phosphorylation and possibly insulin administra-

tion, but this remains to be proven in a more controlled set-up.

Interestingly, similar to the present study, Greenhaff et al [61] in

insulin-clamped healthy, young men, showed a relationship

between increased serum insulin concentration and increased

Akt and S6k phosphorylation as well as decreased atrogin1 protein

levels, which, however, was disassociated with changes in muscle

protein turnover. This may suggest that the magnitude of

phosphorylation of these proteins under conditions of elevated

insulin does not reflect muscle protein synthesis, at least in young,

healthy individuals [61], even though insulin stimulates human

muscle protein synthesis through increased nutritive flow and

mTORC1-S6k signaling [62]. Of note, insulin (and IGF-1)

resistance of protein breakdown is observed in septic and injured

rats [63,64,65], and IGF-1 fails to prevent pro-inflammatory

cytokine-induced myotube atrophy in vitro despite inactivation of

FoxO3 and decreased atrogin1 [66].

Myostatin, GDF-11 and TGF-b1
ICU patients showed a dramatic 95% lower myostatin and

likewise lower GDF-11 and TGF-b1 mRNA levels compared with

controls (Figure 8). To our knowledge, this is the first

demonstration that GDF-11 mRNA is expressed in human

skeletal muscle, and we show that GDF-11 responds similar to

the 90% sequence-similar myostatin. Our finding of substantially

higher Akt activation (Figure 4A and B) agrees well with the fact

that Akt activation blocks TGF-b signaling and its atrophic effects

in mice muscle [67]. Furthermore, the similar response of TGF-b1

and in particular GDF-11 is interesting, since negative regulators

of muscle mass similar to myostatin exist [68,69], and even though

studies of a muscle-specific conditional GDF-11 knock-out mice

indicate that GDF-11 does not regulate muscle size [70] TGF-b1

and other TGF-b superfamily members are candidate regulators

of muscle mass.

Limitations of the study
Overall, human studies in general and patient studies

specifically entail limitations including human heterogeneity. That

being said, most signaling pathways involved in skeletal muscle

remodeling in general and in sepsis have so far been established by

Table 4. Plasma amino acid concentrations (mmol/l).

Amino acid
Control subjects
(n = 12)

ICU patients
(n = 12) P-value

Isoleucine 3262 3566 0.613

Leucine 8965 6969 0.080

Lysine 23669 260661 0.700

Methionine 2962 57614 0.081

Phenylalanine 3661 90616 0.007

Valine 17767 141612 0.020

Arginine 6163 58610 0.772

Histidine 6162 66611 0.652

Proline 16568 355667 0.017

Alanine 199616 3576104 0.160

Glutamine 516615 5766166 0.722

Glutamic acid 3263 3064 0.795

Glycine 203616 254655 0.392

Serine 8465 5869 0.026

Tyrosine 5662 63616 0.702

Total AA 1976633 24696511 0.356

EAA 599616 6526106 0.635

BCAA 298613 245626 0.086

Values are means 6 SEM. AA: amino acids, EAA: essential AA, BCAA: branched
chain AA.
Total amino acids exclude asparagine, aspartic acid, cysteine, threonine and
tryptophan.
Significant p-values are bold and tendency p-values (0.10.p.0.05) are bold
italic.
doi:10.1371/journal.pone.0018090.t004
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Figure 4. Substantially higher Akt-mTOR-S6k signaling in muscle of critically ill patients. Total (left), phosphorylated (middle) and
phosphorylated/total ratios (right) of Akt (A and B), mTOR (C), S6k (D), 4E-BP1 (E) and GSK3b (F) proteins in thigh skeletal muscle of critically ill
intensive care unit (ICU) patients compared with controls (CON). Representative blots are inserted. Phosphorylation status of Akt-mTOR-S6k were
higher in ICU vs. CON. Data are fold change in individual values relative to control mean. Each circle represents one subject (black: controls, white: ICU
patients) and the bar represents the mean value. * p,0.05, { p,0.01, { p,0.001.
doi:10.1371/journal.pone.0018090.g004
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using rodents, and confirmation of observations from these models

is required as to whether these pathways are physiologically valid

and involved in humans [10,71], an attempt that has been done

seldom in ICU patients when it comes to skeletal muscle [23,72].

Regardless of a probably increased systemic inflammation in non-

surviving vs. surviving patients (Figure 1), a finding also seen in

larger studies [73,74], overall none of the differences in molecular

signaling between controls and ICU patients were driven by any

higher or lower expression or phosphorylation status in non-

survivor vs. survivor patients. Despite the variations in the patients’

diagnoses, ICU days at biopsy and clinical treatment (Table 1), our

data show rather small variation indicating that the patient

heterogeneity is of limited importance in the interpretation of the

present results. This is supported by previous studies on

heterogeneous ICU patients showing notable similarities in

numerous biochemical and physiological parameters regardless

of diagnosis and length of ICU stay [4,75,76], which indicate that

the metabolic sequelae in critical illness could be a common

response largely independent of admission diagnosis [4,76]. This

view is further substantiated by a recent microarray study on ICU

patients receiving insulin and corticosteroid therapy showing a

remarkably similar muscle transcript profile and the development

of a specific and clear muscle phenotype in these heterogeneous

patients [23], who are very similar to our patients with respect to

diagnoses, age (mean6SEM 6463 vs. 6465 years) and ICU days

at biopsy (763 vs. 662 days) (Table 1) [23].

Another limitation of our study is the lacking measures of

preferably sequential changes in muscle fiber cross-sectional area

(CSA) and muscle fractional protein synthesis and breakdown, as

done previously in patients with burns [37,38]. However, multiple

biopsies from each patient were impossible due to their critical

condition. The potential comparison between single time point

muscle fiber CSAs of ICU patients and controls is, however, not

without interpretational problems either. As detailed in table 1, 8 of

12 patients were current or previous abusers of alcohol, which in

itself causes muscle atrophy [77], and some patients had prior to

their ICU admission been hospitalized at other departments.

Accordingly, the comparison of fiber CSAs between patients and

controls would possibly show a lower mean fiber size of the patient

group and indicate muscle atrophy. Importantly, this comparison

will not, however, tell us whether this potential decrease in fiber area

occurred before or during ICU admission, and, additionally, the

considerable interpersonal variation in fiber size and number [78]

will certainly limit the use of this comparison. Still, the ICU patients

show some indications of muscle loss. The mean stay at the time of

the biopsy was 662 days, i.e. within 10 days after ICU admission,

where muscle atrophy is observed in some ICU patients [5,6].

The patients had high CRP and IL-6 levels and low serum

albumin levels (Table 3), which are part of the suggested diagnostic

criteria for cachexia [3], acknowledging that CRP and IL-6 mainly

are markers of inflammation. Despite these indices on muscle

wasting it has to be acknowledged that we do not know if our

patients experienced an active muscle loss or more stable state of

atrophy at the time of the biopsy. A more stable state of atrophy

could fit with our surprising observations of stimulated protein

synthesis pathways and somewhat inhibited protein degradation

pathways. Indirect evidence for muscle atrophy is the finding of a

good agreement between the atrogene profile observed in several

murine muscle atrophy models and the transcriptional response of

ICU patients similar to our patients [17,23]. On the other hand,

the ICU patients under the present study conditions recapitulate a

signaling pathway activity pattern, which in some animal models

[79,80], but not all [81], is related to the counteraction of disease-

related muscle loss.

Figure 5. Lower muscle and circulating IGF-1 in critically ill
patients. IGF-1Ea (A left) and IGF-1Ec (A right) mRNA expression in
thigh skeletal muscle of critically ill intensive care unit (ICU) patients
compared with controls (CON). mRNA data are fold change in individual
values relative to control mean. Plasma IGF-1 levels in ICU patients vs.
controls (B). Each circle represents one subject (black: controls, white:
ICU patients) and the bar represents the mean value. * p,0.05,
{ p,0.01.
doi:10.1371/journal.pone.0018090.g005

Figure 6. Correlation of insulin and Akt phosphorylation in
critically ill patients. To estimate the role of insulin in the activation
of Akt-mTOR-S6k signaling, we correlated insulin infusion doses at the
time of the biopsy with Akt phosphorylation (p-Akt) at threonine (T)
308. A moderate correlation between insulin doses and p-Akt was
demonstrated.
doi:10.1371/journal.pone.0018090.g006
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Finally, the posttranslational regulation of FoxO transcription

factors by e.g. phosphorylation [82] should be recognized as a main

regulatory event that was not examined in the present study. We

could not detect any total or phosphorylated FoxO proteins, which

may be due to FoxO protein content below our detection limit, since

low endogenous FoxO protein expression is present in mouse and rat

muscle cell lines [13,15,51] and rat skeletal muscle [14].

Figure 7. Divergent FoxO response and lower atrogene
expression in muscle of critically ill patients. FoxO1, 3 and 4 (A
left, middle and right), atrogin1 (B left) and MuRF1 (B right) mRNA
expression and MuRF1 protein content (C) in thigh skeletal muscle of
critically ill intensive care unit (ICU) patients compared with controls
(CON). FoxO1 mRNA was higher, whereas FoxO3 and its downstream
targets atrogin1 and MuRF1 were lower in ICU vs. CON. Representative
MuRF1 protein blot is inserted. Data are fold change in individual values
relative to control mean. Each circle represents one subject (black:
controls, white: ICU patients) and the bar represents the mean value.
* p,0.05, { p,0.01, { p,0.001.
doi:10.1371/journal.pone.0018090.g007

Figure 8. Lower myostatin, GDF-11 and TGF-b1 mRNA in
muscle of in critically ill patients. Myostatin (A), GDF-11 (B) and
TGF-b1 mRNA expression in thigh skeletal muscle of critically ill
intensive care unit (ICU) patients compared with controls (CON). Data
are fold change in individual values relative to control mean. Each circle
represents one subject (black: controls, white: ICU patients) and the bar
represents the mean value. { p,0.01, { p,0.001.
doi:10.1371/journal.pone.0018090.g008
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Summary
In critically ill ICU patients compared with healthy controls, we

show substantially higher Akt-mTOR-S6k signaling and lower

FoxO3, atrogene and myostatin expression directed towards

stimulated muscle protein synthesis and somewhat inhibited

proteolysis. This is a surprising finding given the atrophic state

that the patients most likely are in. The observed divergent

response of the FoxO transcription factors suggests different

functional roles for the specific FoxO members in human skeletal

muscle. The lower FoxO3, atrogene and TGF-b family member

expression can be explained by the higher Akt activation. The

unexpected higher Akt-mTOR-S6k signaling may reflect a

stimulating effect of insulin therapy on protein synthesis signaling,

increased protein synthesis due to increased availability of

intracellular amino acids resulting from increased proteolysis

and/or an attempt to restore skeletal muscle mass. Importantly, it

is currently unsolved whether the observed molecular responses

reflect changes in muscle protein turnover and how they affect an

apparent dysfunctional muscle remodeling machinery. Further,

the present study suggests members of Akt-regulated pathways as

proteins of interest in future studies of the molecular mechanisms

of insulin on skeletal muscle protein metabolism in human critical

illness. Due to the study design limitations in critical illness

investigations, ex vivo muscle cell cultures from patient donors

may be one approach to mechanistically clarify the role of

hormones and nutrients on muscle mass regulating signaling.

Despite the recent questioning of the intensity of insulin treatment

of critical illness hyperglycemia [83], in a clinical perspective the

effects of insulin on muscle protein metabolism should be

considered and further investigated.

Supporting Information

Figure S1 Lower IL-1b mRNA expression in muscle of
critically ill patients. Interleukin-1b (IL-1b) (left) and mono-

cyte chemoattractant protein-1 (MCP-1) (right) mRNA expression

in thigh skeletal muscle of critically ill intensive care unit (ICU)

patients compared with controls (CON). Data are fold change in

individual values relative to control mean. Each circle represents

one subject (black: controls, white: ICU patients) and the bar

represents the mean value. * p,0.05.

(TIF)

Figure S2 Lower tenascin-C mRNA expression in mus-
cle of critically ill patients. Tenascin-C mRNA expression in

thigh skeletal muscle of critically ill intensive care unit (ICU)

patients compared with controls (CON). Data are fold change in

individual values relative to control mean. Each circle represents

one subject (black: controls, white: ICU patients) and the bar

represents the mean value.

(TIF)

Figure S3 Lower actinin3 mRNA expression in muscle
of critically ill patients. IL-6 receptor (IL-6R) (left) and

Figure 9. Muscle protein turnover signaling in critically ill ICU patients. Schematic overview of the results for circulating factors and muscle
protein turnover signaling in ICU patients under the present study conditions. Arrows at the different targets show the levels in ICU patients
compared with controls. Dotted lines depict that protein turnover was not determined. Abbreviations: 4E-BP1: eukaryotic translation initiation factor
4E binding protein 1, Akt: v-akt murine thymoma viral oncogene (aka PKB), BCAA: branched chain amino acids, CRP: C-reactive protein, GDF-11:
growth differentiation factor 11, GSK3b: glycogen synthase kinase 3b, IGF-1: insulin-like growth factor 1, IL: interleukin, MCP-1: monocyte
chemoattractant protein-1 (aka CCL2), mTOR: mammalian target of rapamycin, MuRF1: muscle ring finger 1, s6K: ribosomal protein S6 kinase, TGF-b:
transforming growth factor b, TNF-a: tumor necrosis factor a.
doi:10.1371/journal.pone.0018090.g009
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actinin3 (right) mRNA expression in thigh skeletal muscle of

critically ill intensive care unit (ICU) patients compared with

controls (CON). Data are fold change in individual values relative

to control mean. Each circle represents one subject (black:

controls, white: ICU patients) and the bar represents the mean

value. { p,0.001.

(TIF)

Table S1 Primers used for RT-qPCR. Abbreviations:

RPLP0: acidic ribosomal protein P0, FoxO: Forkhead box O,

MuRF1: muscle ring finger 1, IGF-1: insulin-like growth factor,

GDF-11: growth differentiation factor 11, TGF-1b: transforming

growth factor 1 beta, TNF-a: tumor necrosis factor alpha, IL:

interleukin, IL-6R: IL-6 receptor, MCP-1: monocyte chemoat-

tractant protein 1.

(DOC)

Table S2 Antibodies used for Western blot. Antibodies

were diluted in 10% Odyssey blocking buffer (Li-Cor Biosciences)

in distilled water with 0.1% v/v Tween 20. All total and

phosphorylated protein pairs, except for mTOR, were detected

simultaneously on the same membrane. NA: Not applicable.

(DOC)

Acknowledgments

The staff at the ICU at Bispebjerg Hospital is thanked for their help with

this study, and Dr. Ida C. Helmark and Dr. Simon Døssing are

acknowledged for taking some of the biopsies. Dr. Allan Flyvbjerg, Dr.

Jan Frystyk and the Medical Research Laboratories, Clinical Institute and

Department of Endocrinology and Internal Medicine, Aarhus University

Hospital are gratefully acknowledged for doing the plasma IGF-1

measurements. We are grateful to Anja Jokipii and Lisbeth Kall for

technical assistance, and Dr. Robert Gniadecki at the Department of

Dermatology, Bispebjerg Hospital is acknowledged for kindly making the

Odyssey scanner available to us.

Author Contributions

Conceived and designed the experiments: JGJ FCP PS MK. Performed the

experiments: JGJ AN SR URM KJD FCP MK. Analyzed the data: JGJ SR

URM PS. Contributed reagents/materials/analysis tools: JA FK. Wrote

the paper: JGJ.

References

1. Janssen I, Heymsfield SB, Wang ZM, Ross R (2000) Skeletal muscle mass and
distribution in 468 men and women aged 18-88 yr. J Appl Physiol 89: 81–88.

2. Schols AM, Broekhuizen R, Weling-Scheepers CA, Wouters EF (2005) Body

composition and mortality in chronic obstructive pulmonary disease. Am J Clin
Nutr 82: 53–59.

3. Evans WJ, Morley JE, Argiles J, Bales C, Baracos V, et al. (2008) Cachexia: a
new definition. Clin Nutr 27: 793–799.

4. Plank LD, Hill GL (2000) Similarity of changes in body composition in intensive

care patients following severe sepsis or major blunt injury. Ann NY Acad Sci
904: 592–602.

5. Helliwell TR, Wilkinson A, Griffiths RD, McClelland P, Palmer TE, et al. (1998)

Muscle fibre atrophy in critically ill patients is associated with the loss of myosin

filaments and the presence of lysosomal enzymes and ubiquitin. Neuropathol
Appl Neurobiol 24: 507–517.

6. Helliwell TR, Coakley JH, Wagenmakers AJ, Griffiths RD, Campbell IT, et al.

(1991) Necrotizing myopathy in critically-ill patients. J Pathol 164: 307–314.

7. Gruther W, Benesch T, Zorn C, Paternostro-Sluga T, Quittan M, et al. (2008)
Muscle wasting in intensive care patients: ultrasound observation of the M.

quadriceps femoris muscle layer. J Rehabil Med 40: 185–189.

8. Poulsen JB, Moller K, Jensen CV, Weisdorf S, Kehlet H, et al. (2010) Effect of

transcutaneous electrical muscle stimulation on muscle volume in patients with
septic shock. Crit Care Med. In press.

9. Sandri M (2008) Signaling in muscle atrophy and hypertrophy. Physiology

(Bethesda) 23: 160–170.

10. Lang CH, Frost RA, Vary TC (2007) Regulation of muscle protein synthesis

during sepsis and inflammation. Am J Physiol Endocrinol Metab 293:
E453–459.

11. Glass DJ (2005) Skeletal muscle hypertrophy and atrophy signaling pathways.

Int J Biochem Cell Biol 37: 1974–1984.

12. Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, et al. (2004) Foxo
transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and

cause skeletal muscle atrophy. Cell 117: 399–412.

13. Zhao J, Brault JJ, Schild A, Cao P, Sandri M, et al. (2007) FoxO3 coordinately

activates protein degradation by the autophagic/lysosomal and proteasomal
pathways in atrophying muscle cells. Cell Metab 6: 472–483.

14. Senf SM, Dodd SL, Judge AR (2010) FOXO signaling is required for disuse

muscle atrophy and is directly regulated by Hsp70. Am J Physiol Cell Physiol
298: C38–45.

15. Brault JJ, Jespersen JG, Goldberg AL (2010) Peroxisome proliferator-activated

receptor gamma coactivator 1alpha or 1beta overexpression inhibits muscle

protein degradation, induction of ubiquitin ligases, and disuse atrophy. J Biol
Chem 285: 19460–19471.

16. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, et al. (2001)

Identification of ubiquitin ligases required for skeletal muscle atrophy. Science
294: 1704–1708.

17. Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V, et al. (2004) Multiple

types of skeletal muscle atrophy involve a common program of changes in gene

expression. FASEB J 18: 39–51.

18. Jespersen J, Kjaer M, Schjerling P (2006) The possible role of myostatin in
skeletal muscle atrophy and cachexia. Scand J Med Sci Sports 16: 74–82.

19. Jespersen JG, Nedergaard A, Andersen LL, Schjerling P, Andersen JL (2009)

Myostatin expression during human muscle hypertrophy and subsequent

atrophy: increased myostatin with detraining. Scand J Med Sci Sports. In press.

20. Lee SJ (2004) Regulation of muscle mass by myostatin. Annu Rev Cell Dev Biol

20: 61–86.

21. Sugita H, Kaneki M, Sugita M, Yasukawa T, Yasuhara S, et al. (2004) Burn

injury impairs insulin-stimulated Akt/PKB activation in skeletal muscle.

Am J Physiol Endocrinol Metab 288: E585–591.

22. Crossland H, Constantin-Teodosiu D, Gardiner SM, Constantin D,

Greenhaff PL (2008) A potential role for Akt/FOXO signalling in both protein

loss and the impairment of muscle carbohydrate oxidation during sepsis in

rodent skeletal muscle. J Physiol 586: 5589–5600.

23. Fredriksson K, Tjader I, Keller P, Petrovic N, Ahlman B, et al. (2008)

Dysregulation of mitochondrial dynamics and the muscle transcriptome in ICU

patients suffering from sepsis induced multiple organ failure. PloS ONE 3:

e3686.

24. Van den Berghe G, Wilmer A, Hermans G, Meersseman W, Wouters PJ, et al.

(2006) Intensive insulin therapy in the medical ICU. N Engl J Med 354:

449–461.

25. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, et al.

(2001) Intensive insulin therapy in the critically ill patients. N Engl J Med 345:

1359–1367.

26. Reitelseder S, Agergaard J, Doessing S, Helmark IC, Lund P, et al. (2011) Whey

and casein labeled with L-[1-13C]leucine and muscle protein synthesis: effect of

resistance exercise and protein ingestion. Am J Physiol Endocrinol Metab 300:

E231–242.

27. Frystyk J, Dinesen B, Orskov H (1995) Non-competitive time-resolved

immunofluorometric assays for determination of human insulin-like growth

factor I and II. Growth Regul 5: 169–176.

28. Bergstrom J (1962) Muscle electrolytes in man. Scand J Clin Lab Invest 68:

1–110.

29. Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation by acid

guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:

156–159.

30. Engelman JA, Luo J, Cantley LC (2006) The evolution of phosphatidylinositol

3-kinases as regulators of growth and metabolism. Nat Rev Genet 7: 606–

619.

31. Lang CH, Frost RA (2007) Sepsis-induced suppression of skeletal muscle

translation initiation mediated by tumor necrosis factor alpha. Metabolism 56:

49–57.

32. Lang CH, Frost RA (2005) Endotoxin disrupts the leucine-signaling pathway

involving phosphorylation of mTOR, 4E-BP1, and S6K1 in skeletal muscle.

J Cell Physiol 203: 144–155.

33. Fang CH, Li B, James JH, Yahya A, Kadeer N, et al. (2007) GSK-3beta activity

is increased in skeletal muscle after burn injury in rats. Am J Physiol Regul Integr

Comp Physiol 293: R1545–1551.

34. Langouche L, Vander Perre S, Wouters PJ, D’Hoore A, Hansen TK, et al.

(2007) Effect of intensive insulin therapy on insulin sensitivity in the critically ill.

J Clin Endocrinol Metab 92: 3890–3897.

35. Saberi F, Heyland D, Lam M, Rapson D, Jeejeebhoy K (2008) Prevalence,

incidence, and clinical resolution of insulin resistance in critically ill patients: an

observational study. JPEN J Parenter Enteral Nutr 32: 227–235.

36. Biolo G, De Cicco M, Lorenzon S, Dal Mas V, Fantin D, et al. (2008) Treating

hyperglycemia improves skeletal muscle protein metabolism in cancer patients

after major surgery. Crit Care Med 36: 1768–1775.

Muscle Protein Turnover Signaling in ICU Patients

PLoS ONE | www.plosone.org 12 March 2011 | Volume 6 | Issue 3 | e18090



37. Gore DC, Wolf SE, Sanford AP, Herndon DN, Wolfe RR (2004) Extremity

hyperinsulinemia stimulates muscle protein synthesis in severely injured patients.
Am J Physiol Endocrinol Metab 286: E529–534.

38. Biolo G, Fleming RY, Maggi SP, Nguyen TT, Herndon DN, et al. (2002)

Inverse regulation of protein turnover and amino acid transport in skeletal
muscle of hypercatabolic patients. J Clin Endocrinol Metab 87: 3378–3384.

39. Kimball SR, Jefferson LS (2006) New functions for amino acids: effects on gene

transcription and translation. Am J Clin Nutr 83: 500S–507S.

40. Anthony JC, Reiter AK, Anthony TG, Crozier SJ, Lang CH, et al. (2002) Orally

administered leucine enhances protein synthesis in skeletal muscle of diabetic
rats in the absence of increases in 4E-BP1 or S6K1 phosphorylation. Diabetes

51: 928–936.

41. Lang CH, Frost RA (2004) Differential effect of sepsis on ability of leucine and
IGF-I to stimulate muscle translation initiation. Am J Physiol Endocrinol Metab

287: E721–730.

42. Druml W, Heinzel G, Kleinberger G (2001) Amino acid kinetics in patients with
sepsis. Am J Clin Nutr 73: 908–913.

43. Roth E, Zoch G, Schulz F, Karner J, Muhlbacher F, et al. (1985) Amino acid
concentrations in plasma and skeletal muscle of patients with acute hemorrhagic

necrotizing pancreatitis. Clin Chem 31: 1305–1309.

44. Doucet M, Russell AP, Leger B, Debigare R, Joanisse DR, et al. (2007) Muscle
atrophy and hypertrophy signaling in patients with chronic obstructive

pulmonary disease. Am J Respir Crit Care Med 176: 261–269.

45. Tjader I, Rooyackers O, Forsberg AM, Vesali RF, Garlick PJ, et al. (2004)
Effects on skeletal muscle of intravenous glutamine supplementation to ICU

patients. Intensive Care Med 30: 266–275.

46. Fluck M, Mund SI, Schittny JC, Klossner S, Durieux AC, et al. (2008)

Mechano-regulated tenascin-C orchestrates muscle repair. Proc Natl Acad

Sci U S A 105: 13662–13667.

47. Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, et al. (2007)

FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab 6: 458–471.

48. Furuyama T, Kitayama K, Yamashita H, Mori N (2003) Forkhead transcription
factor FOXO1 (FKHR)-dependent induction of PDK4 gene expression in

skeletal muscle during energy deprivation. Biochem J 375: 365–371.

49. Cho JE, Fournier M, Da X, Lewis MI (2009) Time Course Expression of Foxo

Transcription Factors in Skeletal Muscle Following Corticosteroid Administra-

tion. J Appl Physiol 108: 137–145.

50. Nystrom GJ, Lang CH (2008) Sepsis and AMPK Activation by AICAR

Differentially Regulate FoxO-1, -3 and -4 mRNA in Striated Muscle. Int J Clin
Exp Med 1: 50–63.

51. Smith IJ, Alamdari N, O’Neal P, Gonnella P, Aversa Z, et al. (2010) Sepsis

increases the expression and activity of the transcription factor Forkhead Box O
1 (FOXO1) in skeletal muscle by a glucocorticoid-dependent mechanism.

Int J Biochem Cell Biol 42: 701–711.

52. Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, et al. (2007) The
energy sensor AMP-activated protein kinase directly regulates the mammalian

FOXO3 transcription factor. J Biol Chem 282: 30107–30119.

53. Nakae J, Kitamura T, Silver DL, Accili D (2001) The forkhead transcription
factor Foxo1 (Fkhr) confers insulin sensitivity onto glucose-6-phosphatase

expression. J Clin Invest 108: 1359–1367.

54. Stitt TN, Drujan D, Clarke BA, Panaro F, Timofeyva Y, et al. (2004) The IGF-

1/PI3K/Akt pathway prevents expression of muscle atrophy-induced ubiquitin

ligases by inhibiting FOXO transcription factors. Mol Cell 14: 395–403.

55. Kamei Y, Miura S, Suzuki M, Kai Y, Mizukami J, et al. (2004) Skeletal muscle

FOXO1 (FKHR) transgenic mice have less skeletal muscle mass, down-
regulated Type I (slow twitch/red muscle) fiber genes, and impaired glycemic

control. J Biol Chem 279: 41114–41123.

56. McLoughlin TJ, Smith SM, DeLong AD, Wang H, Unterman TG, et al. (2009)
FoxO1 induces apoptosis in skeletal myotubes in a DNA-binding-dependent

manner. Am J Physiol Cell Physiol 297: C548–555.

57. Sacheck JM, Ohtsuka A, McLary SC, Goldberg AL (2004) IGF-I stimulates
muscle growth by suppressing protein breakdown and expression of atrophy-

related ubiquitin ligases, atrogin-1 and MuRF1. Am J Physiol Endocrinol Metab
287: E591–601.

58. Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, et al. (2001) Akt/

mTOR pathway is a crucial regulator of skeletal muscle hypertrophy and can
prevent muscle atrophy in vivo. Nat Cell Biol 3: 1014–1019.

59. Mikura M, Yamaoka I, Doi M, Kawano Y, Nakayama M, et al. (2009) Glucose
infusion suppresses surgery-induced muscle protein breakdown by inhibiting

ubiquitin-proteasome pathway in rats. Anesthesiology 110: 81–88.

60. Krogh-Madsen R, Plomgaard P, Keller P, Keller C, Pedersen BK (2004) Insulin
stimulates interleukin-6 and tumor necrosis factor-alpha gene expression in

human subcutaneous adipose tissue. Am J Physiol Endocrinol Metab 286:

E234–238.
61. Greenhaff PL, Karagounis LG, Peirce N, Simpson EJ, Hazell M, et al. (2008)

Disassociation between the effects of amino acids and insulin on signaling,

ubiquitin ligases, and protein turnover in human muscle. Am J Physiol
Endocrinol Metab 295: E595–604.

62. Timmerman KL, Lee JL, Dreyer HC, Dhanani S, Glynn EL, et al. (2010)
Insulin stimulates human skeletal muscle protein synthesis via an indirect

mechanism involving endothelial-dependent vasodilation and mammalian target

of rapamycin complex 1 signaling. J Clin Endocrinol Metab 95: 3848–3857.
63. Hasselgren PO, Warner BW, James JH, Takehara H, Fischer JE (1987) Effect of

insulin on amino acid uptake and protein turnover in skeletal muscle from septic
rats. Evidence for insulin resistance of protein breakdown. Arch Surg 122:

228–233.
64. Vary TC, Dardevet D, Grizard J, Voisin L, Buffiere C, et al. (1998) Differential

regulation of skeletal muscle protein turnover by insulin and IGF-I after

bacteremia. Am J Physiol 275: E584–593.
65. Tischler ME, Fagan JM (1983) Response to trauma of protein, amino acid, and

carbohydrate metabolism in injured and uninjured rat skeletal muscles.
Metabolism 32: 853–868.

66. Dehoux M, Gobier C, Lause P, Bertrand L, Ketelslegers JM, et al. (2007) IGF-I

does not prevent myotube atrophy caused by proinflammatory cytokines despite
activation of Akt/Foxo and GSK-3beta pathways and inhibition of atrogin-1

mRNA. Am J Physiol Endocrinol Metab 292: E145–150.
67. Sartori R, Milan G, Patron M, Mammucari C, Blaauw B, et al. (2009) Smad2

and 3 Transcription Factors Control Muscle Mass in Adulthood. Am J Physiol
Cell Physiol 296: C1248–C1257.

68. Lee SJ (2007) Quadrupling Muscle Mass in Mice by Targeting TGF-beta

Signaling Pathways. PLoS ONE 2: e789.
69. Lee SJ, Reed LA, Davies MV, Girgenrath S, Goad ME, et al. (2005) Regulation

of muscle growth by multiple ligands signaling through activin type II receptors.
Proc Natl Acad Sci USA 102: 18117–18122.

70. McPherron AC, Huynh TV, Lee SJ (2009) Redundancy of myostatin and

growth/differentiation factor 11 function. BMC Dev Biol 9: 24.
71. Bassel-Duby R, Olson EN (2006) Signaling pathways in skeletal muscle

remodeling. Annu Rev Biochem 75: 19–37.
72. Rabuel C, Renaud E, Brealey D, Ratajczak P, Damy T, et al. (2004) Human

septic myopathy: induction of cyclooxygenase, heme oxygenase and activation of
the ubiquitin proteolytic pathway. Anesthesiology 101: 583–590.

73. Grander W, Dunser M, Stollenwerk B, Siebert U, Dengg C, et al. (2010) C-

reactive protein levels and post-ICU mortality in nonsurgical intensive care
patients. Chest 138: 856–862.

74. Ho KM, Lee KY, Dobb GJ, Webb SA (2008) C-reactive protein concentration
as a predictor of in-hospital mortality after ICU discharge: a prospective cohort

study. Intensive Care Med 34: 481–487.

75. Gamrin L, Essen P, Forsberg AM, Hultman E, Wernerman J (1996) A
descriptive study of skeletal muscle metabolism in critically ill patients: free

amino acids, energy-rich phosphates, protein, nucleic acids, fat, water, and
electrolytes. Crit Care Med 24: 575–583.

76. Plank LD, Hill GL (2000) Sequential metabolic changes following induction of
systemic inflammatory response in patients with severe sepsis or major blunt

trauma. World J Surg 24: 630–638.

77. Lang CH, Frost RA, Summer AD, Vary TC (2005) Molecular mechanisms
responsible for alcohol-induced myopathy in skeletal muscle and heart.

Int J Biochem Cell Biol 37: 2180–2195.
78. Lexell J, Taylor CC, Sjostrom M (1988) What is the cause of the ageing atrophy?

Total number, size and proportion of different fiber types studied in whole vastus

lateralis muscle from 15- to 83-year-old men. J Neurol Sci 84: 275–294.
79. Song YH, Li Y, Du J, Mitch WE, Rosenthal N, et al. (2005) Muscle-specific

expression of IGF-1 blocks angiotensin II-induced skeletal muscle wasting. J Clin
Invest 115: 451–458.

80. Schulze PC, Fang J, Kassik KA, Gannon J, Cupesi M, et al. (2005) Transgenic

overexpression of locally acting insulin-like growth factor-1 inhibits ubiquitin-
mediated muscle atrophy in chronic left-ventricular dysfunction. Circ Res 97:

418–426.
81. Dehoux M, Van BR, Pasko N, Lause P, Verniers J, et al. (2004) Role of the

insulin-like growth factor I decline in the induction of atrogin-1/MAFbx during
fasting and diabetes. Endocrinology 145: 4806–4812.

82. Vogt PK, Jiang H, Aoki M (2005) Triple layer control: phosphorylation,

acetylation and ubiquitination of FOXO proteins. Cell Cycle 4: 908–913.
83. Finfer S, Chittock DR, Su SY, Blair D, Foster D, et al. (2009) Intensive versus

conventional glucose control in critically ill patients. N Engl J Med 360:
1283–1297.

Muscle Protein Turnover Signaling in ICU Patients

PLoS ONE | www.plosone.org 13 March 2011 | Volume 6 | Issue 3 | e18090


