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Dexamethasone facilitates lipid accumulation in chicken skeletal muscle

X.J. WANG, Z.G. SONG, H.C. JIAO, & H. LIN

Department of Animal Science, Shandong Agricultural University, Taian, Shandong 271018, P.R. China

(Received 13 October 2010; revised 24 July 2011; accepted 7 November 2011)

Abstract
The effects of glucocorticoid on lipid metabolism of broiler chicken (Gallus gallus domesticus) skeletal muscle were investigated.
Male Arbor Acres chickens (35 days old) were subjected to dexamethasone treatment for 3 days. We found that
dexamethasone retards body growth while facilitating lipid accumulation. In M. pectoralis major (PM), dexamethasone
increased the expression of glucocorticoid receptor (GR), fatty acid transport protein 1 (FATP1), heart fatty acid-binding
protein (H-FABP) and long-chain acyl-CoA dehydrogenase (LCAD) mRNA and decreased the expression of liver carnitine
palmitoyltransferase 1 (L-CPT1), adenosine-monophosphate-activated protein kinase (AMPK) a2 and lipoprotein lipase
(LPL) mRNA. LPL activity was also decreased. In M. biceps femoris (BF), the levels of GR, FATP1 and L-CPT1 mRNA were
increased. AMPKa (Thr172) phosphorylation and CTP1 activity of skeletal muscle were decreased by dexamethasone. In fed
chickens, dexamethasone enhanced very low-density lipoprotein receptor (VLDLR) expression and AMPK activity in muscle,
but it impaired the expression of LPL and L-CPT1 mRNA and LPL activity in PM and augmented the expression of GR,
LPL, H-FABP, L-CPT1, LCAD and AMPKa2 mRNA in BF. Adipose triglyceride lipase (ATGL) protein expression was not
affected by dexamethasone. In conclusion, in the fasting state, dexamethasone-induced-retarded fatty acid utilisation may
be involved in the augmented intramyocellular lipid accumulation in both glycolytic (PM) and oxidative (BF) muscle tissues.
In the fed state, dexamethasone promoted the transcriptional activity of genes related to lipid uptake and oxidation in muscles.
Unmatched lipid uptake and utilisation are suggested to be involved in the augmented intramyocellular lipid accumulation.
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Introduction

Lipids are a major fuel source for oxidative meta-

bolism, especially in cardiac and skeletal muscles

(Coppack et al. 1994), and abnormal lipid metabolism

underlies the metabolic syndrome. Several functional

and structural steps are involved in lipid uptake,

transport and oxidation in muscle. Intracellular lipid

partitioning towards storage and the incomplete

oxidation of fatty acids are linked to diminished

insulin sensitivity (Kelley and Mandarino 2000;

Kelley and Goodpaster 2001; de Beaudrap et al. 2006;

Corcoran et al. 2007). Lipid-induced mitochondrial

overload combined with incomplete oxidation results

in insulin resistance in skeletal muscle (Hancock

et al. 2008; Koves et al. 2008).

Many metabolic abnormalities, including dyslipi-

daemia and insulin resistance, are characterised

by elevated levels of glucocorticoids (Andrews and

Walker 1999), suggesting that glucocorticoids play an

important role in lipid metabolism. Glucocorticoids,

as the final effectors of the hypothalamic–pituitary–

adrenal axis, participate in the maintenance of whole

body homoeostasis and evoke a series of essential

physiological responses related to the mobilisation of

energy stores and the redistribution of energy towards

inhibiting growth (Matteri et al. 2000; Post et al.

2003). In mammals, glucocorticoids may promote

lipid accumulation in muscle cells by influencing

the lipid uptake and utilisation. Glucocorticoids play

an important role in the development of obesity

(Freedman et al. 1986), induce increased lipid

transport in gastrocnemius (Komamura et al. 2003)

and facilitate lipid oxidation in the diaphragm

muscle of rats (Venkatesan et al. 1996).

Many regulating factors and pathways are involved

in the utilisation of fatty acids by muscle cells.

Correspondence: H. Lin, Department of Animal Science, Shandong Agricultural University, Taian, Shandong 271018, P.R. China. Tel: 86
538 8249203. Fax: 86 538 8241419. E-mail: hailin@sdau.edu.cn

Stress, July 2012; 15(4): 443–456
q Informa Healthcare USA, Inc.
ISSN 1025-3890 print/ISSN 1607-8888 online
DOI: 10.3109/10253890.2011.639413



These factors include fatty acid transport protein 1

(FATP1) and heart fatty acid-binding protein

(H-FABP), which are important for transport

(Veerkamp and Van Moerkerk 1993; Maatman et al.

1994; Van Nieuwenhoven et al. 1995), and carnitine

palmitoyltransferase 1 (CPT1) and long-chain acyl-

CoA dehydrogenase (LCAD), which play roles in

mitochondrial b-oxidation (McGarry et al. 1989; Izai

et al. 1992; McGarry and Brown 1997; Eaton 2002).

Adipose triglyceride lipase (ATGL) is identified as

a triglyceride-specific hydrolase in myotubes and

skeletal muscle (Haemmerle et al. 2006; Watt et al.

2008). AMP-activated protein kinase (AMPK), a key

indicator of the physiological AMP to adenosine-

triphosphate (ATP) ratio, catalyses the phosphoryl-

ation of acetyl-CoA carboxylase, leading to a decrease

in the concentration of malonyl-CoA. The activation

of AMPK results in the stimulation of fatty acid

uptake and oxidation in muscle. In mammals, a

decrease in AMPK and an increase in malonyl-CoA

are linked to insulin resistance (Ye et al. 2005). Excess

lipid accumulation in skeletal muscle in obesity could

be due to dysregulation of the AMPK/malonyl-CoA

fuel-sensing system (Ruderman and Saha 2006).

The modern broiler chicken has several character-

istics (rapid growth rate, high muscle yield and high

feed efficiency) that make it an interesting model for

muscle development (Halevy et al. 2000). Compared

with mammals of similar body weight, birds have

higher levels of glucose and lower concentrations of

insulin (Dupont et al. 2004; Braun and Sweazea

2008). Moreover, the insulin cascade in chickens

appears to be more refractory than that in mammals

(Dupont et al. 2004, 2008), and corticosterone

administration induces insulin resistance in chickens

(Taouis et al. 1993; Dupont et al. 1999). In broiler

chickens, dexamethasone enhances de novo hepatic

lipogenesis while simultaneously retarding the devel-

opment of skeletal muscle, providing evidence that

glucocorticoids cause a redistribution of energy

towards fat deposition (Jiang et al. 2008; Yuan et al.

2008; Cai et al. 2009). We have shown in a previous

study (Wang et al. 2010) that dexamethasone

administration promotes intramyocellular lipid

accumulation by suppressing lipid oxidation in broiler

chicks during their initial growth period (10 days of

age), and suggested that the AMPK pathway may

be involved in the regulation by glucocorticoids of

fatty acid utilisation (Wang et al. 2010). In broiler

chickens, the maximum body weight and muscle

growth rates are achieved at approximately 35 days of

age (Scheuermann et al. 2003), while fat deposition

increases with age (Zerehdaran et al. 2004). We thus

hypothesised that glucocorticoids may alter intra-

myocellular lipid accumulation by regulating the fatty

acid uptake and utilisation in broiler chickens during

the period of maximum muscle growth.

In this study, two different muscle types, oxidative

and glycolytic, were investigated. Dexamethasone,

which exhibits a high affinity for glucocorticoid

receptors (GRs) and a delayed plasma clearance

(Foucaud et al. 1998), was employed to induce a

hyperglucocorticoid milieu. The investigation was

done during both feeding and fasting to evaluate the

effect of glucocorticoids in the presence or absence

of dietary fatty acid. To avoid the possible influence

of differing feed intake caused by the glucocorticoid

treatment (Lin et al. 2004), a pair-fed group (with

feed amounts based on the food intake of the

dexamethasone-treated chickens) was used.

Materials and methods

Birds and husbandry

Male broiler chicks (Arbor Acres, Gallus gallus

domesticus) were obtained from a local hatchery at

1 day of age and reared in an environmentally

controlled room. The brooding temperature was

maintained at 358C (65% relative humidity) for the

first 2 days, then decreased gradually to 218C (45%

relative humidity) until day 28 and thereafter

maintained as such until the end of the experiment

(day 38). The light regime was 23 h light: 1 h dark; the

dark period was from 20:00 to 21:00 h. All chicks

received a starter diet with 21.5% crude protein and

12.37 MJ/kg of metabolisable energy until day 21,

after which they received a grower diet with 19.5%

crude protein and 12.90 MJ/kg of metabolisable

energy (Zhao et al. 2009a). All the birds had free

access to feed and water during the rearing period.

The study was approved by the University and

performed in accordance with the ‘Guidelines for

Experimental Animal’ of the Ministry of Science and

Technology (Beijing, China).

Treatments

Trial 1: Dexamethasone and terminal 12-h fasting. In

Trial 1, 60 broilers were randomly divided into 6 pens

of 10 birds according to body weight. Beginning

on day 35, three pens of chickens were given

subcutaneous injections of dexamethasone (2 mg/kg

body weight per day according to our previous trial)

while the other three pens were subjected to sham

treatment (injection of 0.9% saline, vehicle control).

Chickens were given injections twice per day at 06:00

and 18:00 h. After 3 days of treatment, eight chickens

with a mean body weight of 1715 g were randomly

selected from each treatment group and killed by

exsanguination after cervical dislocation (Close et al.

1997) at 06:00 h on day 38 after 12 h with no feeding.

Muscle samples of 3–4 g of both the left M. pectoralis

major (PM, fast-twitch glycolytic fibre type muscle)

and the left M. biceps femoris (BF, slow-twitch
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oxidative fibre type muscle) were obtained, snap-

frozen in liquid nitrogen and stored at 2708C for

histological analysis, CPT1 activity determination and

Western blotting.

Trial 2: Dexamethasone, pair-feeding and terminal 12-h

fasting or feeding. In Trial 2, 180 broilers were divided

into 9 pens of 20 chickens according to body weight.

Beginning on day 35, chickens were randomly

subjected to one of the following three treatments

(twice per day at 06:00 and 18:00 h) for 3 days:

subcutaneous injection of dexamethasone (2 mg/kg

body weight per day); sham treatment (injection of

0.9% saline, vehicle control); and pair-fed sham

treatment with the same amount of feed provided as

that consumed by the dexamethasone-treated

chickens during the previous day (Urdaneta-Rincon

and Leeson 2002). Body weight was recorded daily.

Before samples were obtained, half of the chickens

from each pen were randomly assigned to a feeding

or a fasting group for 12 h. At 06:00 h on day 38,

eight chickens in each treatment group (body weight,

mean 1780 g) were selected and killed by exsanguina-

tion after cervical dislocation (Close et al. 1997).

Abdominal fat, cervical and thigh subcutaneous fat

and breast and thigh muscle were harvested and

weighed. Muscle samples of 1–2 g were obtained

from the left PM and BF, snap-frozen in liquid

nitrogen and stored at 2708C for further analysis.

Measurements

For the measurement of total fat content in skeletal

muscle, homogenised muscle tissue was mixed with a

chloroform/methanol solution (2:1, v/v). The chloro-

form phase was removed and reduced by evaporation

at 408C under nitrogen, and the fat content was

measured as described by Folch et al. (1957).

The accumulation of cytoplasmic lipid droplets

was visualised by Oil Red O staining according to the

protocol of Lillie and Fullmer (1976). Briefly, tissues

were immediately frozen in liquid nitrogen and cut

in a Leica CM-1850 cryostat microtome (Leica,

Wetzlar, Germany). Then 16-mm thick sections were

fixed in 4% formaldehyde for 10 min and stained with

filtered 0.5% Oil Red O (Sigma-Aldrich, St Louis,

MO, USA), which was made by dissolving in

isopropyl alcohol for 15 min at room temperature.

Morphometric analysis was performed on 10 ran-

domly chosen fields containing transverse sections

of muscle fibres from the muscles of each chicken. The

selected fields were photographed using an Olympus

CX41 phase contrast microscope (Olympus, Tokyo,

Japan). The volume density of each Oil Red O positive

fibre within the muscle tissue was determined

using the point-counting method described by

Weibel (1973).

Lipoprotein lipase (LPL) activity in muscle tissue

was determined using a commercial diagnostic kit

(Jiancheng, Nanjing, China). One unit of enzyme

activity was defined as 1mmol of non-esterified fatty

acid released from 1 mg of muscle tissue protein per

hour. The sensitivity of the assay was 0.04 U/ml, and

all samples were included in the same assay to avoid

inter-assay variability. The intra-assay coefficient of

variation was 7.9%.

AMPK activity was measured by detecting
32P-labelled phosphate released from [32P]ATP

(5mCi/assay) using Ser-Ala77-Met-Ser79 (SAMS)

peptide (His–Met–Arg–Ser–Ala–Met–Ser–Gly–

Leu–His–Leu–Val–Lys–Arg–Arg) as the target

analogue of acetyl-CoA carboxylase as previously

described (Davies et al. 1989; Winder and Hardie

1996). Tissues were homogenised in a buffer with pH

7.5 (50 mM Tris, 250 mM mannitol, 1 mM Na2-

EDTA, 1 mM ethylene glycol tetraacetic acid

(EGTA), 1 mM dithiothreitol, 1 mM phenylmethane-

sulphfonyl fluoride, 1 mM benzamidine, 4mg/ml

soybean trypsin inhibitor, 50 mM sodium fluoride

and 5 mM sodium pyrophosphate) and centrifuged at

14,000g for 20 min at 48C. The supernatant proteins

were incubated with polyethylene glycol 8000 for

10 min at 48C. The sediments were washed with the

homogenisation buffer, centrifuged at 10,000g, re-

suspended in a suspending buffer with a pH of 7.5

(100 mM tris, 50 mM sodium fluoride, 5 mM sodium

pyrophosphate, 1 mM Na2EDTA, 1 mM EGTA,

1 mM dithiothreitol, 0.02% sodium azide, 1 mM

benzamidine, 4mg/ml soybean trypsin inhibitor and

10% glycerol) and then incubated with a reaction

buffer with a pH of 7.0 [40 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulphonic acid, 80 mM sodium

chloride, 5 mM magnesium chloride, 0.8 mM

ethylenediaminetetraacetic acid (EDTA), 0.8 mM

dithiothreitol, 0.2 mM SAMS peptide, 0.2 mM g-

[32P]ATP, 0.2 mM AMP, 8% glycerol and 0.01%

triton X-100] for 30 min at 308C. An aliquot of each

supernatant was spotted on phosphocellulose paper

and washed with 1% phosphoric acid followed by

acetone. The paper was air-dried and the incorporated

radioactivity was measured using a SN-6930 scintil-

lation counter (Rihuan, Shanghai, China). Protein

concentrations were determined using a protein assay

kit (Jiancheng).

CPT1 activity was measured according to the

method described by Bieber et al. (1972). The muscle

tissue was homogenised in Tris–HCl buffer (pH 7.4)

containing 120 mM KCl and 1 mM EGTA and then

centrifuged (600g, 48C, 10 min). The supernatant

was collected, filtered and centrifuged (17,000g, 48C,

10 min) again. The precipitate was suspended in

buffer and used in assays of CPT1 activity and protein

content. A 50ml of Tris buffer (116 mM, pH 8.0)

containing 1.25 mM EDTA, 0.2% Triton X-100 and

2 mM 5,50-dithiobis-(2-nitrobenzoic acid) was mixed
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with 50ml of 1 mM palmitoyl CoA, 5ml of 1.20 mM

L-carnitine and 50ml of sample, and the absorbance

was recorded at 412 nm for 3 min. CPT1 activity was

defined as 1 nmol of CoA-SH released from 1 mg of

muscle tissue protein per minute. Protein concen-

trations were determined using a protein assay kit

(Jiancheng).

mRNA expression was measured by real-time

reverse transcription polymerase chain reaction (RT-

PCR). Briefly, total RNA from PM and BF was

extracted using Trizol (Invitrogen, San Diego, CA,

USA). The quantity and quality of the isolated RNA

were determined with a biophotometer (Eppendorf,

Hamburg, Germany) and agarose gel electrophoresis.

Reverse transcription was performed in RT reactions

(10ml) consisting of 500 ng total RNA, 5 mM MgCl2,

1ml RT buffer, 1 mM dNTP, 2.5 U reverse transcrip-

tase from Avian Myeloblastosis Virus (AMV), 0.7 nM

oligo d(T) and 10 U ribonuclease inhibitor (TaKaRa,

Dalian, China). cDNA was amplified in a 20ml PCR

containing 0.2mM of each primer (Sangon, Shanghai,

China) and SYBRw green master mix (TaKaRa). Each

cycle consisted of a 5 s denaturation step at 958C,

followed by a 34 s annealing and extension steps at

608C. mRNA expression was quantified according to

the comparative CT method (22DDCT) of Livak and

Schmittgen (2001). The sensitivity of the assay was

8.0 pg total RNA, and all samples were included in the

same assay for one gene to avoid inter-assay variability.

The intra-assay coefficient of variation was 0.97%.

The mRNA levels of target genes were norma-

lised to glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) mRNA and 18S ribosomal RNA

(18SrRNA) (DCT). The DCT was calibrated against

an average from the control chickens. The number of

target molecules relative to the control was calculated

using 22DDC. Therefore, all gene transcription results

are reported as the n-fold difference relative to the

control. The primer sequences for chicken GR, very

low-density lipoprotein receptor (VLDLR), LPL,

FATP1, H-FABP, liver carnitine palmitoyltransferase

1 (L-CPT1), LCAD, AMPKa2, GAPDH and

18SrRNA are listed in Table I. The PCR products

were verified by electrophoresis on a 0.8% agarose gel

and by DNA sequencing. Standard curves were

generated using pooled cDNA from the samples

being assayed. All samples were run in duplicate, and

primers were designed to span an intron to avoid

genomic DNA contamination.

Protein extracts (80 mg) were electrophoresed

in 7.5–10% sodium dodecyl sulfate (SDS) polyacryl-

amide gels according to the method of Laemmli

(1970). Separated proteins were then transferred onto

nitrocellulose membranes at 100 V for 1 h at 48C

in Tris-glycine buffer containing 20% methanol.

Membranes were blocked for 1 h and immunoblotted

overnight at 48C with a 1:1000 dilution of an antibody

against either phospho-AMPKa (Thr172) or AMPKa

(Cell Signaling Technology, Beverly, MA, USA)

and ATGL (Cell Signaling Technology). These

antibodies have previously been validated for use

with chicken samples (Proszkowiec-Weglarz et al.

2006; Proszkowiec-Weglarz and Richards 2009; Lee

et al. 2009). Protein detection was performed using

Table I. Gene-specific primer of related genes.

Gene name Genebank number Primers position Primers sequences (50 ! 30) Product size (bp)

GAPDH NM_204305 Forward ctacacacggacacttcaag 244

Reverse acaaacatgggggcatcag

18SrRNA AF173612 Forward ataacgaacgagactctggca 136

Reverse cggacatctaagggcatcaca

GR DQ227738 Forward catgaacctcgaagctcgcaaga 159

Reverse acctccagcagtgacaccag

VLDLR NM_205229 Forward actgtgaggatgggtctgacga 101

Reverse tgggatacactgggttgactgag

LPL NM_205282 Forward cagtgcaacttcaaccatacca 150

Reverse aaccagccagtccacaacaa

FATP1 DQ352834 Forward tcaggagatgtgttggtgatggat 138

Reverse cgtctggttgaggatgtgactc

H-FABP NM_001030889 Forward tgaccaaacccaccaccatca 203

Reverse tgtctccttcccatcccacttc

L-CPT1 AY675193 Forward ggagaacccaagtgaaagtaatgaa 135

Reverse gaaacgacataaaggcagaacaga

LCAD NM_001006511 Forward cgtggtgattgtggttacggtta 203

Reverse tgttctctttcccaagcaaggc

AMPKa2 DQ340396 Forward gggacctgaaaccagagaacg 215

Reverse acagaggagggcatagaggatg

Note: AMPKa2, AMP-activated protein kinase a2; FATP1, fatty acid transport protein 1; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; GR, glucocorticoid receptor; H-FABP, heart fatty acid-binding protein; LCAD, long-chain acyl-CoA dehydrogenase;

L-CPT1, liver carnitine palmitoyltransferase 1; LPL, lipoprotein lipase; VLDLR, very low-density lipoprotein receptor; 18SrRNA, 18S

ribosomal RNA.
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goat anti-rabbit IgG (H þ L)-horseradish peroxidase

(HRP)-conjugated secondary antibody (1:2000,

Bio-Rad, Richmond, CA, USA) or goat anti-mouse

IgG (H þ L)-HRP-conjugated secondary antibody

(1:1000, Beyotime, Jiangsu, China) with enhanced

chemiluminescence (ECL) plus Western blotting

detection reagents (Beyotime). b-Actin was used as

an internal control (Beyotime). Protein concentrations

were determined using the BicinChoninic Acid assay

kit (Beyotime). Western blots were quantified using

ImageJ 1.43 software (National Institutes of Health,

Bethesda, MD, USA) after densitometric scanning of

the films. The sensitivity of the assay was 60 ng protein,

and all samples were included in the same assay for one

protein to avoid inter-assay variability. The intra-assay

coefficient of variation was ,10%.

Statistical analysis

All the data were subjected to one-way ANOVA

with the Statistical Analysis Systems statistical soft-

ware package (Version 8e, SAS Institute, Cary, NC,

USA), and the main effect of dexamethasone

treatment was evaluated. Homogeneity of variances

among groups was confirmed using Bartlett’s test

(SAS Institute). When the main effect of treatment

was significant, differences between means were

assessed by Duncan’s multiple range analysis. Means

were considered significantly different at P , 0.05.

Results

Trial 1: Dexamethasone and terminal 12-h fasting

Both the histological analysis and the quantification

of positive muscle fibres in PM (P , 0.0001, F(1,14)

¼84.16) and BF (P , 0.0001, F(1,14) ¼ 188.29)

indicated that dexamethasone had a significant

stimulatory effect on intramyocellular lipid accu-

mulation compared with control (Figure 1).

The protein content of b-actin (internal control)

was not significantly affected in either PM or BF

between groups (P . 0.05; Figure 2A). Compared

with the control, phospho-AMPKa (Thr172) was

down-regulated by dexamethasone in both PM

(P , 0.01, F(1,6) ¼ 32.09) and BF (P , 0.05,

F(1,6) ¼ 9.21) (Figure 2B).

Compared with control, dexamethasone induced a

decrease in CPT1 activity in PM (P , 0.05, F(1,13) ¼

6.22). The same trend was observed in BF, but this

was not statistically significant (P . 0.05) (Figure 3).

Trial 2: Dexamethasone, pair-feeding and terminal 12-h

fasting or feeding

Chicken growth and tissue development. The mean

body weight gain of broiler chickens was

significantly decreased (P , 0.0001, F(2,6) ¼ 453.81)

by dexamethasone treatment, and was lower than that

of control and pair-fed counterparts (Table II).

Compared with control and pair-fed chickens,

dexamethasone-treated chickens had retarded breast

(PM) development (P , 0.01, F(2,20) ¼ 6.42) but

unaltered thigh (BF) muscle yield (P . 0.05)

(Table II). The total fat content in both PM and BF

from feeding (PM: P , 0.0001, F(2,21) ¼ 42.54;

BF: P , 0.0001, F(2,21) ¼ 49.96) and fasted chickens

(PM, P ¼ 0.0548, F(2,21) ¼ 3.35; BF, P , 0.05,

F(2,21) ¼ 3.85) was increased by dexamethasone

treatment compared with pair-fed counterparts. In

contrast, the fasting pair-fed chickens had lower fat

content in both the PM and BF when compared with

control and dexamethasone-treated chickens (Table II).

Enzyme activity. Dexamethasone did not significantly

affect the LPL activity in PM of feeding chickens

compared with control and pair-fed groups

(P . 0.05), but decreased the LPL activity in PM

of fasting chickens compared with the pair-fed

group (P , 0.05, F(2,17) ¼ 4.18) (Figure 4A). In BF,

dexamethasone had no influence on LPL activity

(P . 0.05) during either feeding or fasting compared

with control and pair-fed chickens (Figure 4B).

AMPK activity was increased by dexamethasone in

PM compared with control (P ¼ 0.0757, F(2,15)¼

3.08) and in BF compared with control and pair-fed

groups (P , 0.05, F(2,15) ¼ 6.16) during feeding

but not during fasting (Figure 4A,B). Generally,

the activities of LPL and AMPK were higher in BF

than in PM and were lower in fed chickens than in

fasted chickens (Figure 4).

mRNA expression. During feeding, dexamethasone-

treated chickens had higher levels of GR (P , 0.0001,

F(2,15) ¼ 26.75), VLDLR (P , 0.001, F(2,20)¼

13.61), FATP1 (P , 0.0001, F(2,18) ¼ 30.54),

H-FABP (P , 0.0001, F(2,20) ¼ 17.06) and LCAD

(P , 0.0001, F(2,18) ¼ 37.26) mRNA in PM

compared with the control and pair-fed chickens

(Figure 5A,B). During fasting, dexamethasone

down-regulated the expression of mRNAs for

LPL (P , 0.05, F(2,21) ¼ 4.28) and L-CPT1

(P , 0.05, F(2,21) ¼ 4.18) compared with control,

while it up-regulated FATP1 (P , 0.0001,

F(2,21) ¼ 28.41), H-FABP (P , 0.05, F(2,21) ¼ 4.61)

and LCAD (P , 0.01, F(2,21) ¼ 7.08) mRNA

expression compared with the control and pair-fed

groups. Dexamethasone increased GR mRNA level

compared with the pair-fed group (P , 0.05,

F(2,20) ¼ 4.51) (Figure 5C,D). Dexamethasone

treatment and pair-feeding treatment decreased

AMPKa2 expression during both feeding (P , 0.01,

F(2,20) ¼ 8.27) and fasting (P , 0.01, F(2,20) ¼ 9.48)

compared with control (Figure 5B,D).
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In BF of fed chickens, the levels of mRNAs for

GR (P , 0.001, F(2,20) ¼ 11.87),VLDLR (P, 0.001,

F(2,20) ¼ 12.33), LPL (P , 0.05, F(2,21) ¼ 5.37),

FATP1 (P , 0.0001, F(2,20) ¼ 27.84), H-FABP

(P , 0.001, F(2,21) ¼ 11.22), LCAD (P , 0.001,

F(2,21) ¼ 12.42) and AMPKa2 (P , 0.001,

F(2,21) ¼ 13.52) were all significantly up-regulated

by dexamethasone treatment compared with the

control and pair-fed groups, and in dexamethasone

and pair-fed chickens L-CPT1 expression was

increased compared with the control group (P, 0.01,

F(2,21) ¼ 9.11) (Figure 6A,B). During fasting, dexa-

methasone up-regulated the levels of GR (P , 0.05,

F(2,19) ¼ 5.89), FATP1 (P , 0.01, F(2,19) ¼ 10.14)

and L-CPT1 (P , 0.01, F(2,18) ¼ 6.76) mRNA in BF

when compared with control and pair-fed chickens.

However, no significant differences (P . 0.05)

between treatments were found in the mRNA

expression levels of VLDLR, LPL, H-FABP, LCAD

and AMPKa2 (Figure 6C,D).

Protein expression. The protein level of ATGL was not

significantly affected by dexamethasone treatment

compared with control and pair-fed groups, regardless

of the muscle type and the feeding state (P . 0.05,

Figure 7).
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Discussion

In the present study, the effects of glucocorticoid on

intramyocellular lipid accumulation and involvement

of the AMPK signal pathway were investigated. The

results indicate that dexamethasone facilitates intra-

myocellular lipid accumulation in a tissue-dependent

manner during the period of maximum muscle

growth. The results suggest that unmatched fatty

acid uptake and utilisation may be responsible

for glucocorticoid-induced intramyocellular lipid

accumulation in broiler chickens, and suppressed

AMPK signalling may be involved.

Dexamethasone alters energy redistribution towards lipid

deposition

The administration of dexamethasone at a dose of

1 mg/kg body weight has been reported to induce an

alteration in fatty acid and glucose metabolism in

rats (Qi et al. 2004) and chickens (Wang et al. 2010).

In our previous work, we showed that dexametha-

sone treatment induced an increase in the plasma

concentrations of glucose, insulin and lipid during

both feeding and fasting (Cai et al. 2011). The

increase in circulating insulin level is suggested to

be associated with enhanced de novo hepatic lipo-

genesis in dexamethasone-treated chickens (Cai

et al. 2009), and the significantly increased levels

of triglyceride and very low-density lipoprotein

(VLDL) in the plasma during both feeding and fasting

indicate increased blood lipid flux (Yuan et al. 2008;

Cai et al. 2011).

Significantly decreased feed intake was observed

previously with dexamethasone treatment (Cai et al.

2011). In order to exclude a possible effect of feed

intake, a pair-fed group was employed in the present

study. The markedly retarded body weight gain and

muscle growth in dexamethasone-treated chickens,

compared with control or pair-fed chickens, is in line

with previous studies in rats (Bowes et al. 1996)

and chickens (Lin et al. 2004; Dong et al. 2007; Wang

et al. 2010), indicating that the muscle development

is suppressed by the administration of exogenous

glucocorticoids. In contrast, fat accumulation in

adipose tissue of dexamethasone-treated chickens

was increased compared with both control (abdominal

fat, þ6.43%; cervical fat, þ14.1%, thigh fat,

þ26.5%) and pair-fed (abdominal fat, þ9.91%;

cervical fat, þ17.5%, thigh fat, þ35.6%) chickens.

The increased fat storage in adipose tissues

accompanied by the retardation in skeletal muscle

development indicates that energy is redistributed

towards lipid deposition during glucocorticoid chal-

lenge (Jiang et al. 2008; Yuan et al. 2008).

In rats, dexamethasone causes an increase in

visceral fat accumulation and intramyocellular lipid

levels (Korach-André et al. 2005). In our previous

study, we showed that in 10-day-old chicks, fat accu-

mulation in abdominal and subcutaneous adipose
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tissues is enhanced by dexamethasone administration

and intramyocellular lipid content tends to be

increased (Wang et al. 2010). In the present study,

the experimental chickens were around the age of

maximum growth rate (Sakomura et al. 2005).

Dexamethasone treatment caused a significant

increase in the lipid content of skeletal muscle

(Table II). Moreover, the fat weight was higher in

dexamethasone-fed chickens for both PM (dexa-

methasone, 14.76 g; control, 9.87 g; pair-fed, 10.53 g)

and BF (dexamethasone, 11.76 g; control, 7.19 g;

pair-fed, 8.72 g), indicating that the increased lipid

accumulation occurred regardless of the decreased

muscle weight. However, the fat weight was not

altered by dexamethasone in the fasting state. The

increased circulating lipid flux together with the

enhanced lipid accumulation indicates that increased

fatty acid availability and uptake may be involved in

the augmented intramyocellular lipid accumulation.

This result is in accordance with the increased amount

of intramyocellular lipid droplets (Figure 1), indicat-

ing that dexamethasone increases intramyocellular fat

accumulation.

Dexamethasone facilitates intramyocellular lipid

accumulation in a tissue-dependent manner

We have previously shown that dexamethasone

increases hepatic de novo lipogenesis and circulating

lipid flux (Cai et al. 2009). In the present study,

we investigated the direct role of dexamethasone in

muscle lipid metabolism in the presence or absence

of dietary fatty acid substrate, which was achieved

during 12-h feeding or fasting states, respectively

(Chen et al. 2007).

Dexamethasone increases lipid availability in per-

ipheral tissues by increasing the level of circulating

VLDL (Yuan et al. 2008; Cai et al. 2009). In muscle

cells, LPL is responsible for the release of fatty acids
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Table II. Effect of dexamethasone treatment (daily subcutaneous injection, 2 mg/kg body weight for 3 days) on body weight gain, skeletal

muscle growth and lipid accumulation in skeletal muscle of broiler chickens.

Control Dexamethasone Pair-fed P

Body weight gain (g/day) 41.38 ^ 2.15a 227.99 ^ 0.91c 18.35 ^ 1.68b ,0.0001

Muscle yield (g)

Breast 344.46 ^ 14.40a 291.51 ^ 11.33b 343.01 ^ 10.57a 0.007

Thigh 242.81 ^ 10.88 214.46 ^ 6.27 239.04 ^ 11.21 NS

Fat content in breast muscle (%)

Feeding status 2.97 ^ 0.18b 5.64 ^ 0.26a 3.42 ^ 0.20b ,0.0001

Fasting status 3.00 ^ 0.30a,b 3.44 ^ 0.12a 2.72 ^ 0.11b 0.055

Fat content in thigh muscle (%)

Feeding status 3.13 ^ 0.14b 6.11 ^ 0.32a 3.71 ^ 0.16b ,0.0001

Fasting status 3.29 ^ 0.29a,b 4.05 ^ 0.36a 2.80 ^ 0.32b 0.038

Abdominal fat (g) 22.09 ^ 2.16 23.51 ^ 2.22 21.39 ^ 1.99 NS

Cervical fat (g) 6.95 ^ 0.90 7.93 ^ 0.68 6.75 ^ 0.63 NS

Thigh fat (g) 7.65 ^ 0.88 9.68 ^ 1.02 7.14 ^ 0.78 NS

Note: Values are means ^ SE (n ¼ 8 per group); NS, not significant, P . 0.05; means within the same line with different superscripts (a,b,c)

differ significantly, P , 0.05, by ANOVA and Duncan’s multiple test.
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from triglycerides carried in the circulating lipopro-

teins, whereas VLDLR facilitates VLDL catabolism

both by enhancing LPL activity and by binding to

VLDL remnants and internalising them into cells

(Argraves et al. 1995). In mammals, increased LPL

activity is strongly associated with fat deposition,

which is regulated by both insulin and glucocorticoids

(Fried et al. 1993). Both glucocorticoids and

starvation cause an increase in skeletal muscle LPL

activity (Lithell et al. 1981; Nikkilä 1987; Ladu et al.

1991). In line with the results in mammals, the present

study showed increases by fasting in BF rather than in

PM for LPL activity (PM: feeding, 0.12 vs. fasting,

0.10 U/mg protein; BF: feeding, 0.30 vs. fasting,

0.49 U/mg protein) and gene expression level (PM,

fasting 0.51-fold vs. BF, 2.53-fold), indicating

the tissue specificity of fatty acid utilisation. In BF,

the higher LPL activity in dexamethasone-treated

chickens compared with control in either feeding

(þ80.9%, P . 0.1) or fasting (þ115.4%, P ¼ 0.100)

states indicated that LPL activity may be increased

by dexamethasone in broilers, as it is in mammals.

The protein level of ATGL, catalysing the initial step

of triglyceride hydrolysis (Zimmermann et al. 2004),

was further investigated. In contrast to the result

for 3T3-L1 pre-adipocytes (Villena et al. 2004), the

protein expression of ATGL was not significantly

altered by dexamethasone treatment regardless of

feeding state and muscle types. In contrast, VLDLR

mRNA expression was significantly up-regulated

by dexamethasone treatment during feeding but not

during fasting, regardless of the muscle type.

Together, this result indicates that dexamethasone

treatment may facilitate the fatty acid uptake from

blood by skeletal muscle in a tissue-specific way.

FATP1 and H-FABP have been shown to facilitate

long-chain fatty acid uptake and utilisation in both

skeletal and cardiac muscles (Corcoran et al. 2007).

In agreement with previous work in mammals

(Veerkamp and Van Moerkerk 1993; Maatman et al.

1994; Van Nieuwenhoven et al. 1995; Kempen et al.

1998; Corcoran et al. 2007), our study shows that

the transcriptional levels of FATP1 and H-FABP are

increased following dexamethasone treatment in both
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PM (FATP1, 7.85-fold; H-FABP, 2.19-fold) and BF

(FATP1, 6.01-fold; H-FABP, 3.57-fold), indicating

that capacity for fatty acid uptake by muscle cells is

likely to be increased (Figures 5B and 6B). As this is

the case during both feeding and fasting, the effect of

dexamethasone on lipid uptake in 35-day-old chickens

used in our study seems to be independent of feeding

status. By contrast, dexamethasone treatment had no

influence on the fatty acid uptake-related gene

expression in either PM or BF muscles in young

(10-day-old) chicks (Wang et al. 2010), indicating that

the effects of dexamethasone may be age related.

CPT1 and LCAD are the enzymes responsible for

the transport and oxidation of fatty acids in

mitochondria. In the present study, we investigated

the expression of L-CPT1 because L-CPT1 mRNA

expression seems to be more sensitive than muscle-

CPT1 to an energy deficit in chickens (Skiba-Cassy

et al. 2007). During feeding, the expression of LCAD

mRNA in PM (3.35-fold increase, Figure 5B) and

both L-CPT1 and LCAD mRNA in BF (L-CPT1,

2.84-fold increase; LCAD, 3.89-fold increase,

Figure 6B) were up-regulated by dexamethasone

treatment, showing that fatty acid oxidation seems

to be enhanced by dexamethasone. During fasting,

mRNA expression was similar to that during feeding,

except that LCAD expression in BF was not signi-

ficantly influenced by dexamethasone treatment.

Although the significant effect of dexamethasone on

CPT1 activity was only detected in PM, CPT1 activity

was decreased in both PM (245.0%, P ¼ 0.027) and

BF (264.1%, P ¼ 0.107) during fasting (Figure 3),

indicating that fatty acid oxidation may be depressed

in both glycolytic and oxidative muscles. These results

indicate that post-transcriptional control is respon-

sible for changes in CPT1 activity. Together, these

results suggest that the unmatched fatty acid uptake

and utilisation are likely to be responsible for

augmented intramyocellular lipid accumulation. This

hypothesis is supported by the observation that the
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dexamethasone-treated and pair-fed chickens had a

higher lipid content in skeletal muscle during feeding

than during fasting in both breast muscle (dexa-

methasone, þ64.0%, pair-fed, þ25.7%) and thigh

muscle (dexamethasone,þ50.9%, pair-fed,þ32.5%).

Perilipin, a major lipid droplet-associating protein,

protects against lipolysis (Greenberg et al. 1993;

Blanchette-Mackie et al. 1995). In contrast, hormone-

sensitive lipase (HSL) has been shown to catalyse

lipolysis in skeletal muscle with a higher specificity

for diglyceride than triglyceride (Langfort et al.

1999). The effects of HSL-induced lipolysis and

perilipin-related lipogenesis in the augmented lipid

accumulation cannot be excluded.

In rats, acute dexamethasone treatment pro-

motes acetyl-CoA carboxylase phosphorylation and

increases cardiac palmitate oxidation, likely by

increasing AMPK phosphorylation and total AMPK

protein and gene expression (Qi et al. 2006).

AMPKa2 is preferentially expressed in the skeletal

muscle of chickens (Proszkowiec-Weglarz et al. 2006),

and it has been proposed that a2 plays a greater role

than a1 in mediating AMPK activities. Phosphoryl-

ation of the a-isoform at Thr172 by an upstream

kinase is known to be required for AMPK activity

(Hardie 2007). In line with our previous study (Wang

et al. 2010), the AMPK activity was increased by

dexamethasone treatment during feeding but not

during fasting, indicating that the effect of dexa-

methasone on AMPK activity is related to feeding

state. Furthermore, the dexamethasone-induced

reduction in AMPK phosphorylation during fasting

suggests that lipid oxidation may be retarded

(Figure 2B). However, AMPKa2 expression was

down-regulated by dexamethasone in PM but up-

regulated in BF regardless of feeding state

(Figures 5B,D and 6B,D), indicating that the effects

of dexamethasone treatment are tissue specific, which

is in line with previous work (Christ-Crain et al. 2008;

Wang et al. 2010). These results indicate that

dexamethasone may alter fatty acid oxidation by

means of alterations in AMPK phosphorylation and

activity rather than by affecting the transcription of

AMPK. In rats, treatment with glucocorticoids

influences LKB1/AMPK signalling in skeletal muscle,

which contributes in part to the decrease in insulin

sensitivity and adiposity (Nakken et al. 2010).

Glucocorticoid-induced hyperglycaemia and hyper-

insulinaemia have been demonstrated in our previous

studies (Yuan et al. 2008; Zhao et al. 2009a,b; Cai

et al. 2011). In the present study, we showed that

disruptions in fatty acid oxidation may interfere with

the utilisation of glucose by muscle cells, which in turn

may contribute to insulin resistance.

The effect of glucocorticoids is mediated by ligand-

dependent activation of GR, which is expressed in

almost every cell type. The activated GR acts as a

transcription factor, controlling the level of target gene

expression and modulating intracellular signalling

pathways (Beato et al. 1995; Tronche et al. 1998;

Herrlich 2001; Karin and Chang 2001; Hafezi-

Moghadam et al. 2002). A dexamethasone-induced

increase in GR expression occurred in PM and BF

muscles during both feeding and fasting (Figures 5A,C

and 6A,C), suggesting that the regulatory role of

glucocorticoids is enhanced in muscle tissues.

In humans, up-regulation of GR in skeletal muscle

is associated with insulin resistance, high body

mass index and fat accumulation, indicating that

increased GR expression may play a fundamental

role in mechanisms contributing to the pathogenesis

of the metabolic syndrome (Whorwood et al.

2002). In chickens, Taouis et al. (1993) and Dupont

et al. (1999) reported that chronic injection of

corticosterone induced insulin resistance. We

have also shown that glucocorticoids induce

hyperglycaemia and hyperinsulinaemia in previous

studies (Yuan et al. 2008; Zhao et al., 2009a,b;
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Cai et al. 2011). The greater increase in GR

expression level in BF (feeding, 93-fold; fasting, 30-

fold) than in PM (feeding, 1.6-fold; fasting, 1.6-fold)

may indicate that thigh muscle is more sensitive to the

regulatory effects of glucocorticoids. The result may

be associated with the greater efficiency of slow-twitch

muscles in fuel production when compared with fast-

twitch muscles.

In conclusion, the results indicate that dexametha-

sone facilitates intramyocellular lipid accumulation

in a tissue-dependent manner during the period of

maximum muscle growth. Dexamethasone may

facilitate fatty acid uptake from blood by skeletal

muscle in a tissue-specific way. In the fasting state,

dexamethasone-induced-retarded fatty acid utilisation

may be involved in the augmented intramyocellular

lipid accumulation in both glycolytic and oxidative

muscles. In the feeding state, dexamethasone pro-

motes the transcriptional activity of genes related to

lipid uptake and oxidation in muscles. These results

suggest that dexamethasone-induced unmatched

fatty acid uptake and utilisation are likely to be

responsible for the increase in intramyocellular

lipid accumulation, and the suppressed AMPK signal

may be involved.
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Lithell H, Cedermark M, Fröberg J, Tesch P, Karlsson J. 1981.

Increase of lipoprotein-lipase activity in skeletal muscle during

heavy exercise. Relation to epinephrine excretion. Metabolism

30:1130–1134.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression

data using real-time quantitative PCR and the 2 (2Delta Delta

C (T)) method. Methods 25:402–408.

Maatman RGHJ, Van Moerkerk HTB, Nooren IMA, Van Zoelen

EJJ, Veerkamp JH. 1994. Expression of human liver fatty acid

binding protein in Escherichia coli and comparative analysis of its

binding characteristics with muscle fatty acid binding protein.

Biochim Biophys Acta 1214:l–10.

Matteri RL, Carroll JA, Dyer CJ. 2000. Neuroendocrine responses

to stress. In: Moberg GP, Mench JA, editors. The biology

of animal stress. Wallingford, Oxon, UK: CAB International.

p 43–56.

McGarry JD, Brown NF. 1997. The mitochondrial carnitine

palmitoyltransferase system. From concept to molecular

analysis. Eur J Biochem 244:1–14.

McGarry JD, Woeltje KF, Kuwajima M, Foster DW. 1989.

Regulation of ketogenesis and the renaissance of carnitine

palmitoyltransferase. Diabetes Metab Res Rev 5:271–284.

Nakken GN, Jacobs DL, Thomson DM, Fillmore N, Winder WW.

2010. Effects of excess corticosterone on LKB1 and AMPK

signaling in rat skeletal muscle. J Appl Physiol 108:298–305.
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