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Differential regulation of metabolic genes in skeletal
muscle during starvation and refeeding in humans
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This study investigated the molecular alterations underlying the physiological adaptations
to starvation and refeeding in human skeletal muscle. Forty-eight hours’ starvation reduced
whole-body insulin sensitivity by 42% and produced marked changes in expression of key
carbohydrate (CHO) regulatory genes and proteins: SREBP1c and hexokinase IT (HKII) were
downregulated 2.5- and 5-fold, respectively, whereas the pyruvate dexydrogenase kinase 4
(PDK4) was upregulated 4-fold. These responses were not dependent on the phosphorylation
status of Akt and FOXO1. On the other hand, starvation and the concomitant increase in
circulating free fatty acids did not upregulate the expression of transcription factors and genes
involved in fat metabolism. Twenty-four hours’ refeeding with a CHO-rich diet completely
reversed the changes in PDK4, HKII and SREBP1c expression in human skeletal muscle but
failed to fully restore whole-body insulin sensitivity. Thus, during starvation in healthy humans,
unlike rodents, regulation of fat metabolism does not require an adaptive response at trans-
criptional level, but adaptive changes in gene expression are required to switch off oxidative
glucose disposal. Lack of effect on key proteins in the insulin-signalling pathway may indicate that
changes in intracellular substrate availability/flux may be responsible for these adaptive changes
in glucose metabolism. This may represent an important aspect of the molecular basis of the
development of insulin resistance in metabolic conditions characterized by energy restriction.
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In healthy humans, starvation is associated with a shift
in substrate utilization from carbohydrate (CHO) to fat,
and a significant reduction in insulin sensitivity (Mansell
& Macdonald, 1990; Webber et al. 1994; Fery et al. 1999).
Skeletal muscle rather than the splanchnic bed appears to
be responsible for the development of insulin resistance
in starvation (Bjorkman & Eriksson, 1985; Mansell &
Macdonald, 1990; Webber et al. 1994). This decrease in
muscle glucose uptake is accompanied by a reduction in
oxidative glucose disposal (Mansell & Macdonald, 1990;
Webber et al. 1994; Fery et al. 1999), with either no
change (Mansell & Macdonald, 1990; Webber et al. 1994)
or a modest increase in non-oxidative glucose disposal
(Fery etal. 1999). The underlying mechanisms controlling
the starvation-induced switch in skeletal muscle substrate
utilization and reduction in glucose uptake are unclear.
Experiments primarily carried out in rodents suggest
that transcriptional regulation of a number of key genes
involved in lipid and CHO metabolism is responsible
for the metabolic adaptation in response to starvation
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and refeeding. Short-term starvation in rats and mice
has been previously shown to increase the expression
of genes involved in fatty acid transport and beta
oxidation such as LPL, CPT1, LCAD, CD36 and UCP3
(Holst et al. 2003; de Lange et al. 2004), indicating
that increased fatty acid influx into muscle during
starvation is accompanied by an adaptive increase in
gene expression. Regulation of oxidative glucose disposal
appears to be controlled at the transcriptional and
post-transcriptional level. Suppression of skeletal muscle
pyruvate dehydrogenase complex (PDC) activity plays a
major role in the downregulation of CHO oxidation in
response to starvation (Sugden et al. 1993). Regulation
of the activity of PDC in skeletal muscle is of critical
importance in the integration of CHO and fat metabolism
(Randle er al. 1963). Skeletal muscle PDC activity is
inhibited by phosphorylation of the E1 component of
the complex by pyruvate dehydrogenase kinase (PDK).
Of the four PDK isoenzymes that have been identified in
skeletal muscle, the PDK4 mRNA and protein expression
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was observed to increase in starvation and diabetes in
animal models (Wu et al. 1998, 1999). In humans,
starvation was shown to increase PDK4 transcription
(Pilegaard et al. 2003) and mRNA content in skeletal
muscle (Pilegaard et al. 2003; Spriet et al. 2004). However,
neither study examined the effects of starvation and
refeeding on PDK4 protein expression and the potential
role of transcription factors (which animal studies have
implicated in the regulation of PDK4 gene expression)
such as peroxisome proliferator-activated receptors
(PPARe and PPARGS), peroxisome proliferator-activated
receptor gamma coactivator-lo (PGCle)) and forkhead
transcription factor (FOXOL1).

Indeed, the integration of lipid and CHO metabolism
is thought to be at least partly under the control of PPARs
and/or PGC1, although their precise role in human skeletal
muscle is not well understood (Lee et al. 2003). Evidence
from rat studies also suggests that starvation represses the
expression of sterol regulatory element-binding protein 1c
(SREBP1c) and carbohydrate response element-binding
protein (ChREBP); transcription factors shown to be
integral to the control of genes in the glycolytic and
lipogenic pathways (Yamashita et al. 2001; Guillet-Deniau
et al. 2002; Bizeau et al. 2003; Commerford et al. 2004;
Gosmain et al. 2004; He et al. 2004). However, their role in
the adaptive response to fasting in humans has not been
examined. A number of differences exist between rodent
and human skeletal muscle metabolism. For example, the
relatively high basal metabolic rate of rodents means that
they have to rely more on CHO metabolism to sustain their
daily energy expenditure (Suarez et al. 2004). Therefore,
starvation and other conditions known to elevate lipid
metabolism are expected to have a greater impact on CHO
metabolism in rodents than in humans, which may have
implications for the regulation of substrate integration in
different species. Hence, extrapolations from studies on
rodents to humans may not always be relevant.

The aim of this study was to (a) examine the effect
of starvation and refeeding with a high CHO diet on
changes in expression of key metabolic genes associated
with CHO and fat oxidation pathways in human skeletal
muscle, and relate those measurements to changes in
insulin action; and (b) elucidate some of the signalling
pathways responsible for the adaptive response to fasting
in humans.

Methods

Subjects

Ten healthy males (age 26 &£ 1 years, body mass 81 £ 4 kg,
BMI 25.54 1.2kgm™2) gave written informed consent
and volunteered to participate in this study. All procedures
used in this study were performed according to the
Declaration of Helsinki and approved by the University of
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Nottingham Medical School Ethics Committee. Subjects
were asked to weigh and record their normal food intake
for 3 days. The dietary information was analysed using
Microdiet software (Downlee Systems Limited, UK).

Experimental design and protocol

Allsubjects underwenta48-h period of starvation followed
by a 24-h period of refeeding with a high CHO diet (total
energy 3086 £ 19 kcal, of which 75% energy was CHO,
10% fat and 15% protein). On three occasions, before and
after 48 h of starvation and after 24 h of refeeding, subjects
underwenta 16 min insulin tolerance test (ITT) to quantify
insulin sensitivity (Bonora et al. 1989). Muscle biopsies
were obtained from the vastus lateralis at the start of the
study and after 24 h and 48 h of starvation, and after 24 h
of refeeding.

On day 1, subjects arrived at the laboratory 4 h after
consumption of a standardized breakfast (providing 1g
CHO (kgbody mass) !, having abstained from caffeine on
the day of the study, and from alcohol and heavy exercise
for the previous 72 h. A muscle sample from the vastus
lateralis of one leg was then obtained and an indwelling
cannula (venflon, 21G, Ohmeda, Hatfield, Herts, UK) was
inserted into an antecubital vein for glucose and insulin
infusion and into a dorsal vein on the non-dominant
hand for sampling, with the hand placed in a hot-air box
maintained at 50-55°C to arterialize the blood. Samples
were taken for baseline determination of blood glucose,
lactate, B-hydroxybutyrate, insulin, glycerol, free fatty
acids (FFA) and cytokines (IL1B, IL6, IL8, IL10, IL12
and TNFa) concentrations. An ITT was commenced
by administering an intravenous bolus ((0.1 U (kg body
mass)~!) of human soluble insulin (Actrapid, Novo,
Copenhagen, Denmark). Blood samples were taken every
2min, and the test was terminated after 16 min by
infusing a 20% dextrose solution to prevent symptoms of
hypoglycaemia. Following this, a high-CHO meal was
provided, after which subjects were asked to fast for
the next 48 h. During the period of starvation, subjects
refrained absolutely from food but were allowed water,
electrolytes, non-sugared carbonated drinks and, except
on the day of the study, black non-sugared decaffeinated
coffee and tea. While starving, subjects consumed 80 mmol
sodium and 40 mmol potassium daily, as slow-release
tablets to minimize the potentially confounding effects of
fluid deprivation and intravascular volume depletion on
cardiovascular reflexes and sympathetic nervous system
activity. Subjects were required to continue with their
normal daily activities but to refrain from formal heavy
exercise sessions during the period of starvation.

On day 2, blood and muscle samples were obtained after
exactly 24 h of starvation. On day 3, subjects arrived at the
laboratory after exactly 48 h of starvation, and a muscle
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sample was obtained followed by an ITT (as described for
day 1). A high-CHO meal was then provided as part of the
high-CHO diet (described above) that subjects were asked
to consume for the next 24 h. Subjects were also asked
to abstain from alcohol and heavy exercise for the same
period of time. On day 4, subjects arrived at the laboratory
after exactly 24 h of refeeding, and a muscle sample was
obtained followed by an ITT.

Blood analysis and calculation of insulin sensitivity

Whole-blood glucose and lactate concentrations were
measured shortly after collection using glucose oxidase
and r-lactate oxidase methods, respectively (Yellow
Springs Instrument Analyser, YSI, 2300 STAT PLUS).
Blood hydroxybutyrate concentrations were determined
on whole-blood/10% PCA extracts (ratio 1:1), using
a colorimetric method by Roche (R-Biopharm GmbH,
Germany). Plasma and serum were separated by low-speed
centrifugation (15 min at 3000 g). Plasma was analysed
for FFA (NEFA-C test, Wako, Germany) and glycerol
(GPO-Trinder, Sigma Diagnostics, USA) concentrations.
Serum was analysed for insulin concentrations by
radioimmunoassay (Diagnostics Products Corporation,
Llanberis, Wales, UK). Whole-body insulin sensitivity was
calculated as the slope or first-order rate constant for blood
glucose disappearance (log mmol min™") from 4 to 16 min
after insulin injection, since no changes in blood glucose
concentration are observed within the first 4 min of the
ITT (Bonora et al. 1989).

Cytokines were measured using a cytokine bead array
(CBA; BD Biosciences) according to the manufacturer’s
instructions. Plasma samples were analysed on a Beckman
Coulter ALTRA flow cytometer (Beckman Coulter,
High Wycombe, UK), using 633nm excitation to
distinguish the bead populations, and 488 nm excitation
of PE fluorescence for cytokine quantification. The PE
fluorescence of each bead population was extracted,
and cytokine concentration calculated against a 10-point
standard curve using BD Cytometric Bead Array Software
(BD Biosciences).

Muscle sampling and PDCa activity

All muscle samples were obtained from the vastus lateralis
using the needle biopsy technique with suction being
applied (Bergstrom, 1962). Each sample was taken through
a separate skin incision (3-5mm long). All incisions
were made using a surgical blade under local anaesthetic
(2-3 ml of 1% lidocaine (lignocaine)) while the subject
was lying on an examination couch. After removing
the biopsy needle from the leg, one piece of muscle
tissue (20—40 mg) was used immediately for mitochondrial
extraction (see Protein extraction), and the remaining part
was kept in liquid nitrogen for subsequent enzyme, RNA
and protein extraction. At a later date, 5-10 mg of frozen
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muscle was used to determine the active form of pyruvate
dehydrogenase complex (PDCa) using a method exactly
as described by Constantin-Teodosiu et al. (1991).

Total RNA extraction and reverse transcription

Total RNA was extracted from 10-20 mg of frozen muscle
tissue by the method of Chomczynski & Sacchi (1987).
Aliquots of RNA were quantified using a RiboGreen
Quantification kit (Molecular Probes) and adjusted to
the same total RNA concentration. Reverse transcription
was carried out from 500ng total RNA using Murine
Moloney Leukaemia Virus (MMLV) reverse transcriptase
(Promega) and random hexamer primers (Promega).

Real-time quantitative PCR

Tagman primers and probes (with the exception of FOXO1
which were obtained from Applied Biosystems, UK)
were designed using Primer Express version 2.0 Software
(Applied Biosystems, Warrington, UK) and are shown
in Table 1. Real-time PCR was performed using PCR
Universal Master Mix (Applied Biosystems) in a Micro-
Amp 96-well plate using an ABI Prism 7000 Sequence
Detection System (Applied Biosystems, UK). Primers and
probes were used at a final concentration of 300 nm and
200 nm, respectively, in a reaction volume of 25 ul. Assays
were performed in triplicate. The threshold (Ct) values
for each triplicate were averaged and the quantification
of expression of each gene relative to a-actin determined
using the standard curve method. The Ct values for «-actin
did not change significantly between time points and
samples.

Protein extraction

Total protein extracts were prepared from 20-30 mg of
frozen biopsy tissue. Samples were first homogenized
using a polytron homogenizer for 30s on ice, in six
volumes of buffer containing 20 mm Tris, 5 mm EDTA,
10mMm NaF, 2mm DTT (pH7.5) and the following
protease inhibitors: 4-(2-aminoethyl)benzenesulphonyl
fluoride (AEBSF; 10 mgml™'), leupeptin (0.1 mgml™)
and pepstatin A (10 g ml~!). The homogenates were then
centrifuged at 10 000 g for 20 min at 4°C, and the super-
natants stored at —80°C until analysis. Mitochondria
were extracted from 20-40 mg of fresh muscle tissue
exactly as previously described (Wibom & Hultman,
1990) and used for the determination of PDK2 and
PDK4 protein expression. Protein concentrations of
mitochondrial suspensions and whole-tissue extracts
were measured using the Bradford method (Bio-Rad
Laboratories, UK).
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Table 1. Sequences for primers and Tagman probes used for real-time PCR

Gene Forward primer Probe Reverse primer

HKII AAGTTCTTGTCTCAGATTGAGAGTGACT CTGCAACACTTAGGGCTTGAGAGCACCTG CAGTGCACACCTCCTTAACAATG
PK CACTAAAGGACCTGAGATCCGAACT TCATCAAGGGCAGCGGCACTGCA TGTTCTCGTCACACTTTTCCATGT
PDK1 TTTACCCCCCTATTCAAGTTCATG TCACAGTCAAATCCTCATTACCCAGCGTG CCACCTCCTCGGTCACTCAT

PDK2 CATCATGAAAGAGATCAACCTGCTT CCGACCGAGTGCTGAGCACACCC CAGGAGGCTCTGGACATACCA
PDK3 CGCTACTCGCGCTTTTCG CGTCGCCGCTCTCCATCAAACA TGAAGTTTTCTCACATGCATTATCTCT
PDK4 CAAGGATGCTCTGTGATCAGTATTATTT CATCTCCAGAATTAAAGCTTACACAAGTGAATGGA ~ TGTGAATTGGTTGGTCTGGAAA
CD36/FAT CTGGAGTCTGGAATTCAGAACGT CCTGCAGGTTCAGTGCCCCC GAAGTGAGGATGGGAGAGAAACA
CPT1 TTTGGCCCTGTAGCAGATGAT TCGTGTTCTCGCCTGCAATCATGT ACTTGCTGGAGATGTGGAAGAAG
LCAD GAGCATCTTGGTGGAATTGGA TCCGCAGCTATTGTCTGGGAGGAGC GGGCCTGAACAATTTGAATAAGC
PPAR« GCTTCCTGCTTCATAGATAAGAGCTT AGCTCGGCGGCACAACCAGCA CACCATCGCGACCAGATG

PPARS TGCGGCCATCATTCTGTGT ACCGGCCAGGCCTCATGAACG CAGGATGGTGTCCTGGATAGC
PGCla GGTGCAGTGACCAATCAGAAATAA ATCCAATCAGTACAACAATGAGCCTTCAAACATAT TTGCCTCATTCTCTTCATCTATCTTC
SREBPIc GGAGGGGTAGGGCCAAC CGCGGAGCCATGGATTGCAC GTCAAATAGGCCAGGGAAGTC
ChREBP AGTATCGACCCCACACTCACAC GCCTGGCCTACAGTGGCAAGCTG TTGTTCAGGCGGATCTTGTCT
a-ACTIN GAGCCGAGAGTAGCAGTTGTA GCT CCCGCCCAGAAACTAGACACAATG TGC GCGGTGGTCTCGTCTTCGT

Western blotting

Proteins were separated using 5-20% gradient gels, and
then transferred overnight to Hybond-C nitrocellulose
membranes (Amersham Biosciences, UK). After blocking
with 1% Western blocking reagent (Roche Diagnostics
Co.) for 1h at room temperature, the membranes were
incubated for 1h (except for SREBPlc which were
incubated overnight at 4°C) with primary antibodies
for PPARa (Cayman Chemical Co., USA), PPARS, IRSI,
IRS2, PDK2 and PDK4 (Santa Cruz Biotechnology Inc.,
USA), total Akt, phospho-Akt serine*’, total FOXO1 and
phospho-FOXO1 serine®*® (Cell Signalling, USA), PGCla
(Calbiochem, USA), SREBP1c (mouse monoclonal IgG
2A4, American Type Culture Collection), prohibitin (Lab
Vision Corp, USA) and «-actin (Sigma-Aldrich Co.,
USA). This was followed by incubation for 1 h at room
temperature with either goat anti-rabbit HRP, rabbit
anti-mouse HRP (Amersham Biosciences, UK) or rabbit
anti-goat HRP (DakoCytomation, Denmark) secondary
antibodyasappropriate. Allimmunoreactive proteins were
visualized using ECL plus (Amersham Biosciences, UK)
and quantified by densitometry using the Quantity One
1-D Analysis Software version 4.5 (Bio-Rad Laboratories,
Inc., USA). The mitochondria-specific protein prohibitin
was used to normalize the mitochondrial protein
expression of PDK2 and PDK4, whereas the content
of all proteins determined from total muscle extracts
was expressed relative to the content of «-actin. Neither
prohibitin nor «-actin protein content was affected by
starvation and refeeding.

The protein content of the slow- and fast-twitch fibres in
the vastus lateralis of all subjects was determined using an
immunochemical technique to quantify the slow (MHC-s)
and fast (MHC-f) myosin heavy chain contents as
previously described (Sazili et al. 2005). For each
individual, the MHC-s and MHC-f contents were
expressed relative to the content of the muscle-specific
protein or-actin.

Statistical methods

Analysis of variance (ANOVA) for repeated measures
across time was used to assess differences between physio-
logical, metabolic and molecular responses to starvation
and refeeding. Mauchly’s test for sphericity was used;
where asphericity was assumed, the Greenhouse-Geisser
correction was used for epsilon < 0.75, if epsilon > 0.75
then the Huyn-Feldt correction was used. When a
significant difference was obtained, the Holm-Bonferroni
stepwise method was used to locate any differences.
When there were only single comparisons Student’s paired
ttest was used. Relationships between variables were
determined by Pearson’s product moment correlation
coefficients. Statistical significance was accepted at a 5%
level. Results are presented as means =+ s.E.M.

Results

Whole-body metabolic responses and insulin
sensitivity

Body mass decreased from 80.5 &= 4.3 kg to 79.0 £ 4.2 kg
after 48h of starvation (P <0.001), but did not
fully recover after 24h refeeding with a high CHO
diet (79.6+4.1kg; P<0.05 from pre-starvation
value). Starvation for 24h increased plasma glycerol
(P<0.01) and blood hydroxybutyrate (P < 0.05)
concentrations, and tended to increase plasma FFA
(P =10.06) concentrations. There was also a tendency for
blood glucose concentration to fall (P = 0.078), whereas
serum insulin concentration was unaffected by 24h
starvation. Starvation for 48 h decreased blood glucose
(P < 0.001) and serum insulin (P < 0.05) concentrations,
and increased plasma FFA (P <0.01) and glycerol
(P < 0.05) and blood hydroxybutyrate (P < 0.001) levels
(Table 2). Refeeding restored metabolites to pre-starvation

© 2006 The Authors. Journal compilation © 2006 The Physiological Society



J Physiol 575.1 Metabolic genes and starvation in humans 295
Table 2. Metabolic responses to 48 h starvation (fast) and 24 h refeeding (refed) with a high CHO diet

Pre-fast 24 h fast 48 h fast 24 h refed
Plasma glucose (mm) 4.34+0.07 4.09 +0.09 3.51 £ 0.08**71 444+ 0.14
Serum insulin (pm) 295+35 26.1+£3.0 16.4 £ 1.2** 31.9+53
Plasma FFA (mm) 0.46 + 0.07 0.76 £ 0.12 0.97 + 0.10** 0.45 + 0.08
Plasma glycerol (um) 31.7+47 46.9 £+ 5.5%* 52.1+6.3* 31.8+2.8
Blood hydroxybutyrate (mm) 0.20 £ 0.04 0.73 £ 0.15* 1.51 £0.16**¢ 0.19 £ 0.08
Blood lactate (mwm) 0.90 £0.11 0.87 +0.07 0.93 £ 0.08 0.93 £ 0.07

Values are mean =+ s.e.M.; n = 10 except for lactate (n = 7). *P < 0.05 from pre-fast; **P < 0.01 from pre-fast; 1P < 0.05 from 24 h fast.

levels. There was no effect of starvation or refeeding on
blood lactate concentrations (Table 2). Circulating levels
of IL1, IL6, IL8, IL10, IL12 and TNFa were not altered
significantly by starvation or refeeding (data not shown).

Whole-body insulin sensitivity (calculated from the
first-order rate constant for blood glucose disappearance
during ITT) decreased by 42 & 5% after 48 h of starvation
(from 0.052+0.004 to 0.029 + 0.003 log mmol min—";
P < 0.01) and recovered by 21 & 7% (of initial value) upon
refeeding (Fig. 1A). However, after 24 h refeeding, insulin
sensitivity was lower (0.040 + 0.003 log mmol min~',
P < 0.05) than the pre-starvation value.

Skeletal muscle PDCa activity and PDK expression

Regulation of the activity of PDC in skeletal muscle
is of critical importance in the integration of CHO
and fat metabolism. Starvation decreased skeletal muscle
PDCa activity by 37 9% after 24 h (from 0.87 £ 0.15
to 0.56 £ 0.13 mmol min~! (kg wet weight)™!; P < 0.05)
and 51 & 7% after 48 h (to 0.44 & 0.13 mmol min~" (kg
wet weight)™'; P <0.01) (Fig. 1B). Although refeeding
increased PDCa activity, there was a tendency for PDCa to
be lower after 24 h refeeding (0.62 &= 0.10 mmol min~! (kg
wet weight)™!, P=0.098) when compared with the
pre-starvation value.

As PDK, the kinase that inactivates PDC, has been
shown to be a major contributor to the long-term control
of the complex, we measured the expression of all four
isoforms of PDK identified in human skeletal muscle.
Starvation increased muscle PDK4 mRNA content by
2.9-fold after 24h and 4.3-fold after 48h (P < 0.05)
(Fig. 2C). Similarly, PDK4 protein expression increased
by 3.5-fold after 48 h (P < 0.05) (Fig.2D). Refeeding
completely reversed these responses. In contrast, there was
no effect of starvation or refeeding on mRNA or protein
expression of PDK2, the other major isoform in skeletal
muscle (Fig.2A and B). PDK1 and 3 were found to be
expressed at very low levels and not affected by starvation
or refeeding (data not shown).

Skeletal muscle SREBP1c, HKII, ChREBP and PK

In order to understand the molecular basis for the
reduction in muscle glucose uptake and utilization
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with starvation, we measured the expression of key
transcription factors and genes associated with those
processes. Starvation decreased muscle HKII mRNA
content by 2-fold after 24 h and 5-fold after 48 h (P < 0.05)
(Fig. 3A). Similarly, SREBPIc mRNA expression decreased
by 2.5-fold after both 24 h and 48 h starvation (P < 0.05)
(Fig. 3D). Refeeding completely reversed these responses.
Due to limited amount of muscle tissue we could only
perform SREBPI1c protein analysis on two subjects, and
the representative Western blots are shown in Fig.3C.
As expected, the changes in SREBP-Ic mRNA were
accompanied by a corresponding change in the amount
of both precursor and mature forms of SREBP-1c protein
(Fig. 3C). There was a trend for both ChREBP (P = 0.071)
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Figure 1. Whole-body insulin sensitivity (A) and skeletal muscle
PDCa activity (B) responses to 48 h starvation (fast) and 24 h
refeeding (refed) with a high-CHO diet

Values are mean =+ s.e.Mm.; n = 10 for insulin sensitivity and n = 9 for
PDCa. *P < 0.05 from pre-fast; **P < 0.01 from pre-fast; #P < 0.05
from 48 h fast.
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and PK (P =0.087) mRNA content to decrease after 48 h
starvation, but it failed to reach significance in either case
(Fig. 3E and B, respectively).

Skeletal muscle PPARs, PGC1«a, CD36, CPT1 and LCAD

Since the starvation-induced shift in substrate utilization
from CHO to fat might be a PPAR-dependent process, we
measured the expression of PPARx and PPARG, the most
abundant isoforms in human skeletal muscle, and their
coactivator PGCla. Figure 4 shows the PPARwx, PPARS
and PGCIlo mRNA (Fig. 4A-C) and protein (Fig. 4D-F)
responses to 48 h starvation and 24 h refeeding with a
high CHO diet. There was no effect of starvation or
refeeding on gene and protein expression of PGClw
(Fig. 4C and F), although it should be noted that seven
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out of the ten subjects showed a decrease in PGClua
mRNA expression with starvation. Interestingly, PPARo
and PPARS mRNA content decreased by ~2-fold after 48 h
starvation (P < 0.05) and returned to basal levels upon
refeeding (Fig. 4A and B). In contrast, PPARx and PPARS
protein levels were unaffected by starvation or refeeding
(Fig. 4D and E).

As fatty acid translocase (CD36, a transmembrane
putative transporter of long-chain fatty acids), carnitine
palmitoyltransferase 1 (CPT1, which catalyses the
rate-limiting step in the transport of long-chain fatty
acids into mitochondria) and long-chain acyl-CoA
dehydrogenase (LCAD, which catalyses the first reaction
in pB-oxidation) are known transcriptional targets
for both PPARe¢ and PPARS, we measured their
mRNA expression as an index of PPAR activity in
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Figure 2. PDK2 and PDK4 mRNA (A and C) and protein (B and D) responses to 48 h starvation (fast) and

24 h refeeding (refed) with a high-CHO diet

Values are mean % s.e.M.; n = 10 for mRNA and n = 9 for protein data. *P < 0.05 from pre-fast.
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response to starvation. There was no effect of starvation
or refeeding on mRNA expression of CD36 (pre-fast:
1.00 £ 0.14 arbitrary units (AU), 24 h fast: 0.99 4 0.18 AU,
48 h fast: 0.95+0.18 AU; 24h refed: 1.04 +0.21 AU),
CPT1 (pre-fast: 1.00 £ 0.08 AU, 24 h fast: 1.04 & 0.10 AU,
48 h fast: 1.06 4= 0.09 AU; 24 h refed: 0.86 = 0.10 AU) and
LCAD (pre-fast: 1.00 & 0.15 AU, 24 h fast: 1.03 £ 0.14 AU,
48 h fast: 0.99 +0.16 AU; 24 h refed: 1.10£+0.17 AU) in
skeletal muscle.

Skeletal muscle insulin-signalling proteins

Starvation is known to decrease circulating levels of
insulin, which is an important regulator of SREBP1c, HKII
and PDK4 expression. In order to elucidate the role of
insulin signalling in the transcriptional modulations in
thesekey regulators of glucose utilization in human skeletal
muscle, we measured the expression and phosphorylation
states of Akt and the forkhead transcription factor FOXO1,
a direct substrate for Akt and a known transcriptional
activator of PDK4. The expression of IRS1 and IRS2,
upstream molecules in the insulin-signalling pathway,
were also measured. There was no effect of starvation or
refeeding on skeletal muscle total protein Akt expression
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and serine*”? phosphorylation (Fig. 5C), FOXO1 mRNA
(data not shown), total protein expression and serine?*®
phosphorylation (Fig.5D), and protein levels of IRS1
(Fig. 5A) and IRS2 (Fig. 5B).

Muscle fibre type composition

In order to evaluate the effect of interindividual differences
in muscle fibre type composition on the extent of the
metabolic and molecular responses to starvation in our
subjects, we determined the content of the slow and fast
MHC in their vastus lateralis. These results cannot be used
to determine the percentage of slow and fast fibres in the
muscle biopsy, but do indicate the range of the slow- and
fast-twitch fibres between subjects. There was low inter-
individual variability in the MHC-s content (mean = s.D.
0f0.21 &£ 0.06 AU, range 0.12-0.28) and modest variability
inthe MHC-f content (0.47 & 0.20 AU, range 0.17-0.75) in
the vastus lateralis. No correlation was observed between
the MHC-s or MHC-fcontents and the starvation-induced
changes in whole-body insulin sensitivity, muscle PDCa
activity and gene and protein expression of key metabolic
enzymes and transcription factors.
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Figure 3. HKII (A), PK (B), SREBP1c (D) and ChREBP (E) mRNA responses to 48 h starvation (fast) and 24 h

refeeding (refed) with a high-CHO diet

Two representative Western blots of SREBP1c protein are shown in Fig. 3C. Values are mean = s.e.m.; n = 10 for

all mRNA data. *P < 0.05 from pre-fast.
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Discussion

Previous studies on humans from our laboratory using
insulin clamps and stable isotopes demonstrated a
reduction in insulin sensitivity and a shift in basal and
insulin-stimulated substrate utilization from CHO to
fat after 36-72h of starvation (Mansell & Macdonald,
1990; Webber et al. 1994). In the basal state after a 48 h
fast, forearm muscle demonstrated a reduced glucose
uptake and markedly increased glycerol output, indicating
increased fat utilization. During insulin infusion there
was marked reduction in glucose uptake by the forearm
muscle, indicating profound insulin resistance (Mansell &
Macdonald, 1990). However, the molecular mechanisms
underlying the effects of starvation on insulin resistance
were not examined and remain unclear. The findings
from the present study confirmed the starvation-induced
development of insulin resistance and indicated that in
healthy humans there is sufficient capacity in skeletal
muscle to utilize the substantial increase in fatty acid
influx that occurs during starvation, but adaptive changes
in gene expression are required to switch off oxidative
glucose disposal. The increased expression of PDK4 in
skeletal muscle appears to be an important adaptation to
starvation, and other metabolic conditions characterized
by elevated lipid metabolism, which contributes to the

K. Tsintzas and others
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long-term control of PDC activity and thus down-
regulation of CHO oxidation under those conditions
(Bowker-Kinley et al. 1998; Peters et al. 2001). Of the four
isoenzymes that have been identified in humans, PDK4 has
been shown to exhibit low responsiveness to short-term
metabolic regulators (e.g. pyruvate, acetyl-CoA and
NADH) whereas an increase in PDK4 mRNA and
protein expression was observed in starvation and
diabetes in animal models (Wu et al 1998, 1999).
In humans, starvation was also shown to upregulate
PDK4 mRNA expression in skeletal muscle after 20 h
(Pilegaard et al. 2003) and 40h (Spriet et al. 2004),
but no measurements of PDK4 protein expression were
made in those studies. The present study confirmed
the starvation-induced upregulation in PDK4 mRNA
expression, and additionally showed a decrease in PDCa
activity and a marked increase in PDK4 protein expression
in human skeletal muscle, a response which was reversed
by refeeding with a CHO-rich diet. Since PDC is the
rate-limiting step in glucose oxidation, these responses
provide the adaptive mechanisms within skeletal muscle
underlying the starvation-induced reduction in CHO
oxidation demonstrated in our previous studies (Mansell
& Macdonald, 1990; Webber et al. 1994).

Increased circulating FFAs have been proposed as the
mediator of starvation-induced upregulation of PDK4
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Figure 4. PPARc, PPARS and PGC1a mRNA (A-C) and protein (D-F) responses to 48 h starvation (fast)

and 24 h refeeding (refed) with a high-CHO diet

Values are mean + s.e.M.; n = 10 for all mRNA data, n = 8 for PPARa protein and n =9 for PPARS and PGCla

protein data. *P < 0.05 from pre-fast.
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expression, and it has been suggested that this might
be a PPAR-dependent process (Wu et al. 1999; Huang
et al. 2002). The PPARs are nuclear hormone receptors
which regulate transcription of genes involved in fat
oxidation and storage, and certain long-chain fatty acids,
in particular polyunsaturated fatty acids, are potent
activators for both PPARe and PPARS (Forman et al.
1997). Administration of selective PPARS agonists to mice
fed a high-fat diet ameliorated weight gain and insulin
resistance and increased fat oxidation in skeletal muscle,
whereas in genetically obese mice it improved glucose
tolerance (Tanaka et al. 2003). There is also evidence
that feeding rats with WY-14,643, a selective agonist for
PPARe, induces a large increase in PDK4 expression (Wu
et al. 1999). However, the starvation-induced increase
in PDK4 expression remains intact in PPAR«-null mice
suggesting that upregulation of PDK4 expression in
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skeletal muscle does not require the activation of PPAR«
(Holness et al. 2002). In support of this, expression of
PPARw in skeletal muscle is not affected by starvation in
humans (Spriet et al. 2004).

The present study extends those findings by showing
that the response of skeletal muscle PDK4 expression to
starvation and subsequent refeeding in healthy humans
is not mediated by an increase in PPARx or PPARS
protein expression. Interestingly, PPARx and PPARS
mRNA content actually decreased after 48 h of starvation
and returned to basal levels upon refeeding, whereas
protein levels were unaffected. This is in agreement with
some animal studies that have observed a decrease in
the mRNA levels of both PPARx and PPARS during
starvation in rat gastocnemius muscle (de Lange et al.
2004) and rat heart (Van der Lee et al. 2001), but not
other studies which showed no effect of starvation on
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Figure 5. Skeletal muscle IRS1 (A) and IRS2 (B) protein, and Akt serine*’3 phosphorylation (C) and
FOXO1 serine?5¢ phosphorylation (D) responses to 48 h starvation (fast) and 24 h refeeding (refed) with

a high-CHO diet

Akt and FOXO1 serine phosphorylations were determined using specific anti-phospho-antibodies and are expressed
relative to total Akt and FOXO1 protein content (determined after stripping and reprobing the immunoblots for

protein expression). Values are mean + s.t.M.; n = 9.
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PPAR« in rats (Escher et al. 2001) and mice (Holst et al.
2003). Post-translational regulation of PPAR activity, such
as phosphorylation and ligand activation (Shalev et al.
1996; Forman et al. 1997), can mediate the increase in
fat oxidation during starvation. However, given that there
were no changes in gene expression of key transcriptional
targets for PPARs that mediate fat utilization, namely
CD36, CPT1 and LCAD, it would appear that changes
in PPARa or PPARS activity are not likely to mediate
the adaptive response to starvation in human skeletal
muscle. Similarly, no effect of starvation or refeeding on
gene and protein expression of PGCle in human skeletal
muscle was observed. PGClu is a transcription factor
involved in a number of important biological processes
including mitochondrial biogenesis and respiration, fatty
acid oxidation, hepatic gluconeogenesis and glucose
transport (Puigserver & Spiegelman, 2003), and is a potent
coactivator for PPARs in skeletal muscle (Tanaka et al.
2003; Wang et al. 2003). PGCla expression has previously
been reported to be reduced in the skeletal muscle of
insulin-resistant and type 2 diabetic patients (Mootha et al.
2003; Patti et al. 2003). However, PGCla does not appear
to be involved in the development of insulin resistance in
fasted humans.

PDK4 expression has been shown to be regulated
by insulin (Huang et al. 2002; Kwon et al. 2004). In
rat hepatoma cells, insulin suppresses PDK4 through
Akt-mediated inactivation of FOXO1l and FOXO3
transcription factors (Kwon ef al. 2004). Both FOXOs
can bind directly to the promoter region of the PDK4
gene, and in fasting mice induction of PDK4 mRNA
expression is associated with an increase in the mRNA
expression of both FOXOI and FOXO3, and an increase
in FOXO1 protein expression and phosphorylation at
serine®® (Furuyama et al. 2003). In the present study,
serum insulin concentrations were reduced after 48 h of
starvation and returned to pre-starvation levels following
refeeding. In contrast to findings from previous animal
and in vitro studies, the mRNA and protein expression
of FOXO1 in human skeletal muscle was unaffected by
starvation or refeeding. Furthermore, the basal level of
phosphorylation of FOXO1 at serine?*® was also unaffected
by starvation or refeeding. FOXO1 phosphorylation is
increased by insulin, which acts via Akt. When Akt
total and phosphorylated at serine*”* protein levels were
measured, no significant changes were observed with
fasting and refeeding. Also we did not observe any changes
in protein expression of IRS1 and IRS2. Interestingly, in
a recent human study low-rate lipid infusion for 24 h in
the absence of insulin infusion induced insulin resistance
without impairment of either basal or insulin-stimulated
phosphorylation of IRS1 and Akt (Storgaard er al. 2004).
Thus, in contrast to results from animal and in vitro
studies, the findings from the present study indicate that
upregulation of skeletal muscle PDK4 expression in fasted

J Physiol 575.1

humans may occur in a novel manner distinct, at least in
part, from the PPARs and Akt/FOXO1 pathways.

Our finding that during starvation in healthy humans,
unlike rodents, regulation of fat metabolism does not
require an adaptive response at the level of gene expression
might not be totally unexpected if one considers the
number of differences that exist between rodent and
human skeletal muscle metabolism. For example, humans
have relatively lower basal metabolic rate and rely more
than rodents on fat metabolism to sustain their daily energy
expenditure (Suarez et al. 2004). This, combined with a
very high maximum rate for energy utilization from fatty
acids when compared with the energy requirement of
resting skeletal muscle (0.40 versus 0.07 mol ATP min™",
respectively) (van der Vusse & Reneman, 1996), may
explain its capacity to substantially increase fatty acid
influx and oxidation without requiring an adaptive
response at the level of gene expression in healthy humans.

In this study, we sought to examine in healthy
humans the effect of nutrient availability on expression
of SREBP-1c and ChREBP, two transcription factors that
mediate the effects of insulin and glucose on the regulation
of key genes (HKII and PK) associated with glucose
metabolism in skeletal muscle. A few studies to date
have investigated the functional role of SREBP-1c in
skeletal muscle (Ducluzeau et al. 2001; Guillet-Deniau
et al. 2002; Tkeda et al. 2002; Muscat et al. 2002; Sewter
et al. 2002), but only two have used human subjects
(Ducluzeau et al. 2001; Sewter et al. 2002). However,
the role and regulation of ChREBP in human skeletal
muscle have not been studied. Animal studies have shown
that high-CHO diets activate ChREBP, and high-fat diets
inhibit its activity in liver (Yamashita et al. 2001). Inter-
estingly, there was no effect of starvation on ChREBP gene
expression in adipose tissue, whereas refeeding with a high
CHO diet resulted in its upregulation (He et al. 2004).
In the present study, starvation tended to decrease the
expression of ChREBP and PK, suggesting that changes
in nutrient availability may have the same effect on
human skeletal muscle ChREBP gene expression as that
reported in liver and adipose tissue in animals. Starvation
was also accompanied by a decrease in expression of
SREBP-1c¢ and HKII in human skeletal muscle, and
expression of both genes was normalized by 24 h refeeding
with a CHO-rich diet. Since insulin sensitivity had not
returned to normal after refeeding, it is possible that
nutrient availability and/or flux rather than returning
insulin sensitivity may at least in part be responsible
for the restoration of SREBP-1c and HKII expression
following refeeding. It is likely that the latter responses,
in light of the tendency for PDCa to be lower after 24 h
refeeding when compared with the pre-starvation value,
may facilitate an increase in non-oxidative glucose disposal
during the refeeding period. Although muscle glycogen
levels were not measured in the present study, previous
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studies in humans have shown that, unlike liver glycogen,
which is rapidly depleted during fasting, skeletal muscle
glycogen is quite resistant to changes, with only ~20%
reduction observed after 48 h of starvation (Hultman
& Bergstrom, 1967). If a similar reduction in muscle
glycogen content occurred in the present study; it is likely
that 24 h of refeeding (which provided ~600g of CHO
intake) would have led to complete restoration of muscle
glycogen content within that period, and thus dissociation
of the non-oxidative glucose disposal from the incomplete
reversal of insulin sensitivity.

Circulating insulin concentrations did not decline until
after the first 24 h of starvation when SREBPlc and
HKII expression had already decreased. However, there
was a tendency for plasma FFA to increase and blood
glucose to decrease at 24 h of starvation, and these changes
became significant after 48 h. Thus, it is possible that
in the in vivo setting of our experiment, changes in
circulating FFAs (Xu et al. 1999, 2002) and glucose (Dentin
et al. 2005) may be important negative and positive
regulators, respectively, of SREBP1c expression in human
skeletal muscle during starvation. During refeeding with
a CHO-rich diet, the increased glucose availability would
have been accompanied by increased serum insulin and
decreased circulating FFA levels. In agreement with
a previous animal study (Commerford et al. 2004),
these changes during refeeding were accompanied by an
upregulation in SREBP-1c¢ expression in human skeletal
muscle. However, the independent, if any, effects of insulin,
glucose and FFA on SREBP-1cexpression in skeletal muscle
are not clear. Insulin-clamp studies performed in humans
(Ducluzeau et al. 2001; Sewter et al. 2002) have shown
that hyperinsulinaemia increases skeletal muscle SREBPIc¢
mRNA expression. However, as plasma FFA levels are
suppressed during insulin clamps it is not possible to
delineate the separate effects of elevated insulin and
decreased FFA on SREBPIc gene expression from those
studies. Interestingly, intralipid infusion for 3 h, designed
to elevate plasma FFA concentrations to levels seen
after starvation, tended to increase rather than decrease
SREBPIc expression in human skeletal muscle (authors’
unpublished observation). However, during both insulin
clamps and intralipid infusions there is an increased supply
of FFA and/or glucose (energy surplus), whereas starvation
is a state of energy restriction. Thus, the difference in
nutritional status between these in vivo settings may act
to mask the effect of plasma FFA and glucose availability
on SREBPIc gene expression.

The relative muscle fibre type composition may
influence the extent of skeletal muscle adaptive responses
to starvation. Indeed, animal studies have shown that
the reduction in whole-body glucose disposal during
starvation is largely due to a decline in glucose uptake and
utilization in oxidative slow-twitch skeletal muscles, which
also happen to exhibit high rates of glucose utilization in
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the fed state (Holness & Sugden, 1990). More recently,
starvation was shown to increase PDK4 protein expression
in both slow-oxidative and fast-oxidative-glycolytic rat
skeletal muscles, with a greater response observed in the
latter type of muscle (Holness et al. 2002). The results
from the present study showed no association between
the MHC-s and MHC-f contents in the vastus lateralis
(which were used as indices of the abundance of slow- and
fast-twitch fibres, respectively) and the starvation-induced
changes in whole-body insulin sensitivity, muscle PDCa
activity and gene and protein expression of key metabolic
enzymes and transcription factors, possibly due to the
low/modest variability in relative muscle fibre type
composition of the vastus lateralis of our subjects. Thus, it
appears that under the conditions of this study the relative
muscle fibre type composition did not appear to influence
the metabolic and molecular responses to starvation in
healthy humans.

In summary, the results from the present study
demonstrated that during starvation in healthy humans,
unlike rodents, utilization of the fatty acids after the
substantial increase in their availability does not require
an adaptive response at the level of gene expression.
On the other hand, transcriptional regulation of key
genes in glucose uptake (SREBPIc, HKII) and oxidation
(PDK4) are required to switch off glucose disposal. In
contrast to results from animal and in vitro studies, these
molecular adaptations in response to fasting occurred
in a manner distinct from the PPAR pathways and
were not associated with changes in the phosphorylation
and expression of key proteins in the insulin-signalling
pathway, suggesting that changes in intracellular substrate
metabolism may be involved in the molecular regulation
of CHO utilization in skeletal muscle of fasted humans.
Further studies to investigate the absolute relationship
between muscle substrate utilization and regulatory gene
expression would be valuable. The differential regulation
of metabolic genes and transcription factors involved
in CHO and fat utilization in human skeletal muscle
during starvation may represent an important component
of the molecular basis of the development of insulin
resistance in other metabolic conditions and diseases
characterized by elevated lipid metabolism and/or energy
restriction.
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