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Adaptive thermogenesis, the increase in energy expenditure in response to diet or cold exposure, shows
large interindividual differences. The objective of this study was to investigate the proteins in human
muscle tissue that relate to this variation. Therefore, we studied correlations between changes in
expressions of proteins and increases in energy expenditure. This, in proteomic research, innovative
application of widely used statistical approaches optimized the information yield in this study. The
metabolic responses to cold and overfeeding in 9 lean adult male subjects were measured in a
respiration chamber in a baseline condition, during three days of cold exposure and during three days
of overfeeding. After each respiration chamber measurement a muscle biopsy was taken, from which
proteins were isolated and separated using 2D gel-electrophoresis. Ninety-five spots that were
significantly changed were analyzed using MALDI-TOF/TOF mass spectrometry. Of these proteins, 52
have been identified. Remarkably, many of the identified proteins that changed in expression
significantly after overfeeding and after cold exposure are part of the glycolytic pathway. However,
the identified proteins are not considered to be rate limiting. After overfeeding, the abundance of these
glycolytic proteins increased. Upon cold exposure, differences in glycolytic protein concentrations related
significantly to the interindividual differences in cold-induced adaptive thermogenesis. Moreover,
increased abundance of ATP synthase subunits suggested an increased ATP-production. This shows
that upon cold exposure ATP utilizing processes might be involved that were not apparent in the baseline
situation. The results of this study stress the importance of changes in glycolytic proteins in both cold-
and overfeeding-induced adaptive thermogenesis.

Keywords: adaptive thermogenesis • nonshivering thermogenesis • proteomics • MALDI-TOF/TOF

1. Introduction

Adaptive thermogenesis is the increase of energy expenditure
upon cold exposure or dietary changes.1 Early studies in
rodents showed 2- to 4-fold increases in energy expenditure
after cold exposure, without any shivering occurring.2 After
overfeeding, similar studies showed 2-fold increases in energy
expenditure.3 In humans, average energy expenditure increases
modestly (∼5%) after overfeeding and mild cold exposure.4-6

However, interindividual differences are substantial. Total daily
energy expenditure (TDEE) increases maximally up to 15% in
some individuals, while others do not show increased energy
expenditure at all.4-6 These differences between individuals
might explain interindividual differences in the development
of obesity, since small differences in energy expenditure can
lead to long-term weight gain or weight loss.7 Although the
mechanisms behind adaptive thermogenesis have been studied
extensively in rodents, in humans they have not yet been
elucidated.

We have recently shown that energy expenditure increases
both upon mild cold exposure and after overfeeding and that
the individual changes in energy expenditure after cold expo-
sure were correlated to those after overfeeding.6 Changes in
energy expenditure in both situations were related to changes
in plasma norepinephrine concentrations. Therefore, it is likely
that similar underlying mechanisms play a role, regulated by
the sympathetic nervous system. In rodents it has been shown
that the increases in energy expenditure after cold exposure
and overfeeding are mainly due to mitochondrial uncoupling
via uncoupling protein 1 (UCP-1) in brown adipose tissue
(BAT), regulated by the sympathetic nervous system.8 However,
BAT has long been neglected in humans, but recent studies
indicate that BAT is important in adult humans too.9,10

Furthermore, in humans, it has been shown that skeletal
muscle tissue accounts for 40-50% of sympathomimetic-
induced thermogenesis.11,12 Moreover, skeletal muscle mito-
chondrial uncoupling changes upon mild cold exposure are
correlated to increases in energy expenditure.13

Because hardly any UCP-1 is expressed in skeletal muscle
tissue, other proteins or mechanisms have to be responsible
for the increase in energy expenditure. From the known UCP-1
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homologues, only UCP-3 is present in skeletal muscle tissue
in adequate amounts. However, cold exposure or overfeeding
do not show increases in UCP-3 protein or mRNA expression,13,14

indicating that the main function of UCP-3 is not the regulation
of adaptive thermogenesis.

Because the exact mechanisms of skeletal muscle adaptive
thermogenesis are unknown, proteomic research is a suitable
tool to look for alternative proteins involved in adaptive
thermogenesis. Therefore, we have compared the changes in
the skeletal muscle (vastus lateralis) proteome of human
subjects in three situations: in a baseline condition and after
exposure to mild cold or overfeeding. Since interindividual
differences in adaptive thermogenesis are large, these personal
characteristics have to be taken into account in analyzing data.
Therefore, correlations between changes in expressions of
proteins and increase in energy expenditure have been made
to explain the interindividual variability. This, in proteomics
research, innovative application of widely used statistical
methods optimized information yield in this study. We hy-
pothesized that the same proteins are involved in both cold-
and diet-induced adaptive thermogenesis and that changes in
the abundance of these proteins are similar in size and
direction.

2. Materials and Methods

2.1. Subjects. Thirteen healthy male Caucasian volunteers
participated in the study described previously.6 A subpopula-
tion of this study was used for this proteomic approach. We
obtained muscle biopsies in three interventions (baseline,
overfeeding, and mild cold exposure) (n ) 9 for each condition).
Subject characteristics are shown in Table 1. All subjects signed
an informed consent for the study protocol, which was ap-
proved by the Institutional Review Board of Maastricht
University.

2.2. Experimental Protocol. Subjects stayed in a respiration
chamber,15 twice for 36 h, once for 84 h. The baseline condition
consisted of 36 h at 22 °C in energy balance. The overfeeding
condition consisted of 3 days of overfeeding with a diet of 160%
energy balance, of which the last 36 h was at 22 °C in the
respiration chamber. The mild cold exposure consisted of 84 h
at 16 °C in energy balance. All subjects started with the baseline
situation. Thereafter, the order of the overfeeding and mild cold
intervention was randomly assigned.

The temperature of the mild cold situation (16 °C) in this
study setting has been validated previously.16 No shivering
occurred in the study by van Ooijen et al,16 as was verified with
electromyography (EMG). Nevertheless, in the present study,
each participant had to fill out an hourly questionnaire whether
shivering occurred (none of the subjects reported any occur-
rence of shivering).

Energy balance was based on individually calculated energy
requirements: after measurement of sleeping metabolic rate
(SMR) during the first night in the respiration chamber, an

estimated total daily energy expenditure (TDEE) was calculated
by multiplying SMR with a physical activity index (PAI) of 1.6.17

This PAI is a small overestimation of the real PAI to prevent
occurrence of a negative energy balance, that is, semistarvation,
which would be a confounding factor when compared to the
overfeeding intervention. Energy intake was adjusted accord-
ingly. Macronutrient composition of all meals was 47:38:15%
energy from carbohydrate, fat, and protein, respectively.

During overfeeding, subjects received a diet containing 160%
of the energy required for energy balance, two days before and
during their stay in the respiration chamber. The PAI of the
free-living situation was estimated after questioning the subject:
for each hour of moderate physical activity per day, the PAI
was increased with 0.2 above the standard 1.6 for sedentary
subjects. The SMR of the baseline situation was used as a base
for this calculation.

Subjects entered the respiration chamber at 20.00 h and were
allowed to acclimate overnight. All subjects wore identical sets
of clothing throughout the study and a standard daily activity
protocol was applied,18 describing all activities required by the
subjects. The subjects measured their own body weight each
morning on a digital balance, accurate to the nearest 0.1 kg, in
fasted state and after voiding.

Immediately upon leaving the respiration chamber after each
intervention, a percutaneous muscle biopsy was taken, from
M. vastus lateralis according to the technique of Bergström.19

The biopsy was quickly frozen in liquid nitrogen and stored at
-80 °C for subsequent analyses.

2.2.1. Energy Expenditure. The respiration chamber is a 14
m3 room, furnished with a bed, chair, television, radio, tele-
phone, computer, washbowl and deep freeze toilet. Air locks
provide passage for exchange of food and urine. Energy
expenditure was determined from the subjects’ O2 consump-
tion, CO2 production and urine nitrogen excretion according
to the Weir equation.20 The respiration chamber was ventilated
with fresh air at a rate of 70-80 L/min. A dry gas meter (G4
Schlumberger) measured the ventilation rate. A paramagnetic
O2 analyzer (OA 184A, Servomex) and an infrared CO2 analyzer
(Uras 3G, Hartmann and Braun) were used to analyze the
samples of the in- and out-going air. Ingoing air was analyzed
once every 15 min and out-going air every 5 min. Relative
humidity was kept between 53 and 55%. Physical activity was
monitored by means of a radar system, based on the Doppler
principle.15 Twenty-four hour urine samples were collected in
containers with 10 mL H2SO4 to prevent nitrogen loss by
evaporation. Total daily nitrogen excretion was calculated with
24 h urine nitrogen concentration, which was measured with
a nitrogen analyzer (CHN-O-Rapid; Heraeus).

TDEE was calculated over 24 h intervals from 08.00 to 08.00.
SMR is defined to be the lowest energy expenditure at night
(measured over three consecutive hours). The respiratory
quotient (RQ) is the quotient of CO2 production and O2

consumption.
2.2.2. Body Composition. Whole body density was deter-

mined in fasted state by hydrodensitometry with simultaneous
assessment of the lung volume using the helium dilution
technique. Body weight was measured using a digital balance
with an accuracy of 0.001 kg (ID1 plus, Mettler Toledo). Under
water, body weight was measured using a digital balance with
an accuracy of 0.01 kg (E1200, Sauter). Lung volume was
measured by use of a spirometer (Volugraph 2000, Mijnhardt).
%BF (percent body fat) was calculated using the equation of
Siri.21

Table 1. Subject Characteristics

mean SEM

Age (yr) 23.67 2.38
Height (m) 1.85 0.03
Weight (kg) 76.90 3.31
Body mass index (kg/m2) 22.54 3.12
Body fat (%) 15.74 1.79
Fat free mass (kg) 64.53 2.08
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2.3. Proteomic Procedures. 2.3.1. Sample Preparation.
Frozen muscle biopsies were weighed and subsequently ground
using a nitrogen cooled mortar. Ground material was dissolved
in 20 µL Classical Lysis Buffer (CLB) (8 M Urea, 2% Chaps, and
65 mM DTT) per mg of muscle tissue, mixed carefully to avoid
foaming for 5 min and centrifuged at 20 000× g for 30 min at
20 °C. The supernatant was carefully collected and aliquots
were stored at -80 °C. Protein concentration was determined
using a Bradford assay (BioRad Laboratories) in the presence
of 8 M urea, 2% Chaps, and 65 mM DTT. Protein concentrations
ranged from 1.2 to 6.5 µg protein per µL CLB.

2.3.2. 2-D Gel Electrophoresis. One-hundred micrograms
of total protein were loaded for isoelectric focusing (IEF; first
dimension), which was performed on an IPG-PHOR electro-
phoresis unit (Amersham Biosciences) at 20 °C. Samples were
further diluted in CLB to a final volume of 450 µL, containing
0.5% (v/v) IPG buffer pH 3-10 Linear and loaded onto the
Immobiline Dry Strips (pH 3-10 Linear, 24 cm long, Amersham
Biosciences). IEF was performed using the following program:
50 V for 12 h, 100 V for 1 h, 500 V for 1 h, 1000 V for 1 h,
1000-8000 V for 2 h, and a final step of 8000 V for 40 000 V ·h.
After IEF, the IPG strips were equilibrated for 15 min in
equilibration buffer (50 mM Tris-HCl, pH6.8, 6 M urea, 30%
(v/v) glycerol, 2% (w/v) SDS) with 1% (w/v) DTT and 15 min
in equilibration buffer with 2.5% (w/v) iodoacetamide. After
equilibration of the strips, they were placed onto home-cast
12% SDS-polyacrylamide gels and run for 6 h at a constant
voltage of 200 V for separation in the second dimension. The
three conditions of each subject were run simultaneously using
a Protean Dodeca Cell electrophoresis chamber (BioRad Labo-
ratories) to reduce technical variability. The running buffer
contained 25 mM Tris, 192 mM glycine, and 0.1% SDS (pH 8.3).
The gels were stained with Flamingo Fluorescent Gel Stain
(BioRad Laboratories) according to the manufacturer’s protocol.
The proteins were visualized by gel scanning with a Molecular
Imager FX (BioRad Laboratories) using a resolution of 1344 ×
1058 pixels (56 pixels per cm). Additional preparative gels were
made with a higher protein load (500 µg) to increase success
rate of protein identification by MS/MS.

2.3.3. Image Analysis and Spot Selection. Examination of
2D gels was performed using the specialized image analysis
software PDQuest 8.0 (BioRad Laboratories). Spots were de-
tected and matched automatically. All spots were checked
visually to correct errors. Spots that were visible on gels of more
than 4 subjects were added to the reference gel and used for
the analyses. Data were normalized with respect to all valid
spots (all spots that have been matched to the reference gel).
Spot densities were exported to the SPSS package to perform
statistical analyses. Protein intensities of individual subjects
were compared between interventions and baseline (overfeed-
ing-baseline and mild cold exposure-baseline) using the non-
parametric paired Wilcoxon Signed Rank test. All significant
(p < 0.05) and borderline significant (0.05 < p < 0.10) up- or
down-regulated spots were selected for identification. Further-
more, differences between interventions and baseline were
correlated to differences in TDEE using the nonparametric
Spearman correlation. Again significant and borderline signifi-
cant correlated spots were selected for identification. Selected
spots were excised from the preparative gels with an automated
Spot Cutter (BioRad Laboratories), and are referred to as
differentially expressed spots.

2.3.4. Protein Identification. The excised protein spots were
digested in-gel with trypsin using a MassPREP digestion robot
(Waters) as described previously.22

For MS/MS analysis, 1 µL of the peptide mixture and 1 µL
of the matrix solution (2.5 mg/mL R-cyano-4-hydroxycinnamic
acid (CHCA) in 50% acetonitrile/0.1% trifluoroacetic acid; TFA)
were spotted on a 384-well MALDI target plate. Data were
collected on a MALDI-TOF/TOF mass spectrometer (4800
MALDI-TOF/TOF Proteomics Analyzer, Applied Biosystems).
A default calibration was applied using a six-component
peptide standard spotted onto 13 different positions of the
MALDI target for MS and Glu-Fibrinopeptide B (m/z 1570.68)
fragmentation for MS/MS. Typically, 1000 shots were combined
for obtaining MS spectra and for MS/MS spectra 2000 shots
were combined.

The GPS Explorer v3.6 software (Applied Biosystems) was
employed to generate peak lists and automate MASCOT
searches against the Swiss-Prot protein database for protein
identification. One miss-cleavage was tolerated; carbamidom-
ethylation was set as a fixed modification and oxidation of
methionine as an optional modification. The protein charge
was set at 1+. The precursor tolerance was set to 100 ppm and
the MS/MS tolerance was set at 0.2 Da. No restrictions were
made on the protein mass. Protein hits with a significant
MASCOT protein score and a GPS Explorer protein score
confidence index >95% were considered identified.

2.4. Statistics. Comparisons were made using nonparamet-
ric paired Wilcoxon Signed Rank tests. Correlations were made
using nonparametric Spearman correlations. Values were
considered to be statistically significant if p < 0.05. Values are
reported as mean ( standard error of mean. Statistical analyses
were performed using SPSS 16.0 for Mac.

3. Results

3.1. Physiological Data. Physiological data of the total
experimental group have been presented elsewhere.6 Only data
of nine subjects whose muscle biopsies were analyzed are
presented here. Mean energy expenditure of these subjects
(baseline TDEE: 11.22 ( 0.25 MJ/day) increased significantly,
both upon overfeeding (increase TDEE: 0.78 ( 0.15 MJ/day, p
< 0.01, range 0.15-1.62 MJ/day) and mild cold exposure
(increase TDEE: 0.52 ( 0.16 MJ/day, p < 0.05, range -0.14 -
1.18 MJ/day). Energy balance was positive at baseline (0.76 (
0.11 MJ/day, p < 0.001) and upon overfeeding (7.17 ( 0.20 MJ/
day, p < 0.001). Upon mild cold exposure, energy balance was
not different from 0 (0.24 ( 0.15 MJ/day, NS). Mean RQ in the
2 h before leaving the respiration chamber (baseline RQ: 0.82
( 0.012) increased significantly after both overfeeding (increase
RQ: 0.076 ( 0.012, p < 0.01, range 0.02-0.14) and mild cold
exposure (increase RQ: 0.027 ( 0.011, p < 0.05, range
-0.02-0.09), indicating a larger share of glucose metabolism
after both interventions.

3.2. Differentially Expressed Proteins. In total, 224 spots
have been included in the analysis set (Figure 1). Of these spots,
95 (numbered spots in Figure 1) were differentially expressed,
distributed over the analyses defined in section 2.3.3 (Table
2).

Out of these spots, 52 proteins were identified using MALDI-
TOF/TOF MS (identification details, pI and molecular weight
(Mw) can be found in supplemental Table 1, Supporting
Information). These spots have been categorized into the
following groups: metabolic; contractile; stress response; and
miscellaneous proteins. One of the spots (spot 71) contained
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two proteins (Phosphoglycerate mutase 1 and carbonic anhy-
drase III). Therefore, it cannot be determined directly which
protein is responsible for the differential expression. An
overview of the identified proteins can be found in Table 3. In
supplemental Table 1 (Supporting Information), the expression
data of the identified proteins can be found. The effect of mild
cold exposure and overfeeding on the abundance of two
representative spots and their correlation to TDEE can be seen
in Figure 2. The results presented in the next subparagraphs
will cover each of the protein groups mentioned above.

3.2.1. Metabolic Proteins. After overfeeding, increases in
concentration of the following proteins were observed: fructose-
bisphosphate aldolase A, triosephosphate dehydrogenase, glyc-
eraldehyde-3-phosphate dehydrogenase, and phosphoglycerate
mutase. Only creatine kinase M chain showed a decrease
(Figure 2, panels A-K). The change in creatine kinase M chain
correlated positively to the increase in energy expenditure
(Figure 2, panels A-K) in the overfeeding situation. Changes
in triosephosphate isomerase and ATP synthase D chain
correlated negatively to the increase in energy expenditure.

Upon mild cold exposure alpha enolase and ATP synthase
(� and D chain) were up-regulated. Fructose-bisphosphate
aldolase A, glyceraldehyde-3-phosphate dehydrogenase, beta
enolase, pyruvate kinase, NADH-ubiquinone oxireductase, and
creatine kinase (M chain and sarcomeric mitochondrial) were
down-regulated. Furthermore, triosephosphate isomerase, phos-
phoglycerate kinase 1, phosphoglycerate mutase 2, pyruvate
dehydrogenase E1, acyl-CoA dehydrogenase, fatty acid-binding
protein, malate dehydrogenase, ATP synthase � chain (Figure
2, panels L-V), and creatine kinase sarcomeric mitochondrial
correlated positively to the increase in energy expenditure (see
Table 3, section A).

Fructose-bisphosphate aldolase A, triosephosphate isomerase,
glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate
kinase, phosphoglycerate mutase, alpha enolase, beta enolase,
pyruvate kinase, pyruvate dehydrogenase, and malate dehy-
drogenase belong to the glycolytic/gluconeogenetic pathway,
as indicated in Figure 323 (all enzyme-clarifications without
reference can be found in Alberts et al.). NADH-ubiquinone
oxireductase is one of the important subunits of NADH
dehydrogenase, complex I of the electron transport chain. ATP
syntase � and D chain are subunits of the ATP syntase complex
(complex V) in the electron transport chain. Creatine kinase
catalyzes the transfer of phosphate between ATP and creatine
phosphate, enabling more flexibility in the storage of ATP in
the cell. Acyl-CoA dehydrogenase (short chain specific) cata-
lyzes the first step of beta-oxidation of short chain fatty acids,
and forms therefore an important step in fatty acid oxidation.
Fatty acid binding protein is associated with the uptake of fatty
acids and their transport toward mitochondrial beta-oxidation.
Fatty acid binding protein deficiency is associated with a switch
from fatty acid to glucose substrates and accelerated fatigue.24

Because glycolysis is associated with RQ, differences in
glycolysis protein concentrations have been correlated to
differences in RQ. After overfeeding, differences in glyceralde-
hyde-3-phosphate dehydrogenase (spot 75, r ) 0.753, p ) 0.019
and spot 76, r ) 0.795, p ) 0.01) and pyruvate kinase (spot 78,
r ) 0.77, p ) 0.015) showed positive correlations to differences
in RQ. After mild cold exposure, the change in glyceraldehyde-
3-phosphate dehydrogenase (spot 86, r ) 0.675, p ) 0.046)
correlated positively to the differences in RQ.

3.2.2. Contractile Proteins. Upon overfeeding, troponin T
(fast muscle), actin, and desmin were up-regulated. Changes
in troponin C, troponin T, and tropomyosin beta chain expres-
sion correlated negatively to the change in energy expenditure
after overfeeding; the major isoform of actin (spot 24) also had
a negative correlation, while spot 9, probably a low abundance
isoform, had a positive correlation.

Upon mild cold exposure, the fast skeletal muscle isoform
of troponin T was up-regulated, while the slow skeletal muscle
isoform was down-regulated. Changes in troponin T and
desmin expression correlated positively to the change in energy
expenditure after cold exposure (see Table 3, section B).

Actin, troponin, and tropomyosin constitute the thin filament
of the sarcomeres. Desmin, which can be found near the
Z-band in sarcomeres, is linked to several processes in the
organization of the cell; among others it can direct mitochon-
dria to regions of high energy demand in the cell.25

3.2.3. Stress Response Proteins. Overfeeding induced a rise
in glutathione S-transferase P. The change in alpha Crystallin
B chain, superoxide dismutase, glutathione S-transferase P and
carbonic anhydrase after overfeeding correlated negatively to
the change in energy expenditure.

Mild cold exposure induced an increase in stress-70 protein
and a decrease in heat shock cognate 71 kDa protein and alpha
Crystallin B chain (see Table 3, section C).

Heat shock cognate 71 kDa and Stress-70 protein are part
of the heat shock protein 70 family. They protect the process
of protein assembly and folding in a stressed cell.26 Alpha
Crystallin B chain also is a heat shock protein, it acts as a
cellular chaperone to prevent aggregation of proteins after heat
shock. Superoxide dismutase, glutathione S-transferase P, and
carbonic anhydrase III are antioxidants, protecting cells for
oxidative damage. Glutathione S-transferase also functions in
the metabolism of xenobiotics.

Figure 1. Representative example of a 2D gel. Numbers indicate
differently expressed spots. Numbers on the gel image cor-
respond to the spot numbers in Table 3. Mw, molecular weight;
pI, isoelectric point.

Table 2. Number of Differentially Expressed Proteins

overfeeding - baseline mild cold - baseline

p < 0.05 0.05 < p < 0.10 p < 0.05 0.05 < p < 0.10

Up- or
down-regulated

15 13 15 28

∆ TDEE vs ∆
protein

13 13 10 10
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Table 3. Identified Proteins

difference correlation

overfeeding vs
baseline

mild cold vs
baseline

overfeeding: ∆
protein vs ∆ TDEE

mild cold:∆ protein
vs ∆TDEE

spot protein name
accession
numbera O/Bb pc C/Bb pc rd pe rd pe

(A) Metabolic
87 Fructose-bisphosphate aldolase A P04075 V 0.70 0.066
90 Fructose-bisphosphate aldolase A P04075 v 1.22 0.038
52 Triosephosphate isomerase P60174 + 0.60 0.088
53 Triosephosphate isomerase P60174 v 1.91 0.028 + 0.60 0.088
68 Triosephosphate isomerase P60174 - 0.60 0.088
75 Glyceraldehyde-3-phosphate dehydrogenase P04406 V 0.61 0.028
76 Glyceraldehyde-3-phosphate dehydrogenase P04406 V 0.62 0.051
86 Glyceraldehyde-3-phosphate dehydrogenase P04406 V 0.69 0.051
95 Glyceraldehyde-3-phosphate dehydrogenase P04406 v 1.22 0.086
91 Phosphoglycerate kinase 1 P00558 + 0.63 0.067
71 Phosphoglycerate mutase 1 P18669 v 3.41 0.043
94 Phosphoglycerate mutase 2 P15259 + 0.70 0.036
60 Alpha enolase P06733 v 1.93 0.015
45 Beta enolase P13929 V 0.39 0.093
77 Beta enolase P13929 V 0.65 0.038
78 Pyruvate kinase, isozymes M1/M2 P14618 V 0.49 0.038
23 Pyruvate dehydrogenase E1 component beta

subunit, mitochondrial subunit
P11177 + 0.58 0.099

56 Malate dehydrogenase, cytoplasmic P40925 + 0.60 0.088
84 Malate dehydrogenase, cytoplasmic P40925 + 0.81 0.008
28 NADH-ubiquinone oxireductase P28331 V 0.53 0.066
10 ATP synthase beta chain, mitochondrial

precursor
P06576 + 0.82 0.007

13 ATP synthase beta chain, mitochondrial
precursor

P06576 v 1.35 0.051 + 0.85 0.004

17 ATP synthase D-chain, mitochondrial O75947 v 1.77 0.021 - 0.60 0.088
72 Creatine kinase, M chain P06732 V 0.59 0.038 + 0.68 0.042
73 Creatine kinase, M chain P06732 V 0.13 0.043
89 Creatine kinase, Sarcomeric mitochondrial P17540 V 0.73 0.086 + 0.67 0.050
58 Acyl-CoA dehydrogenase, short-chain specific,

mitochondrial precursor
P16219 + 0.68 0.042

39 Fatty acid-binding protein, heart P05413 + 0.67 0.050

(B) Contractile
1 Troponin C, slow skeletal and cardiac muscles P63316 - 0.77 0.016
22 Troponin T, slow skeletal muscle isoforms P13805 V 0.66 0.093 - 0.76 0.017 + 0.90 0.001
37 Troponin T, fast skeletal muscle isoforms P45378 v 3.59 0.028 v 4.81 0.080
57 Troponin T, fast skeletal muscle isoforms P45378 v 2.69 0.080 - 0.71 0.030
2 Tropomyosin beta chain P07951 - 0.65 0.058
9 Actin, alpha skeletal muscle (Alpha-actin 1) P68133 + 0.70 0.036
19 Actin, alpha skeletal muscle (Alpha-actin 1) P68133 v 5.79 0.018
24 Actin, alpha skeletal muscle (Alpha-actin 1) P68133 - 0.58 0.099
25 Desmin P17661 + 0.58 0.099
26 Desmin P17661 v 1.33 0.021

(C) Stress response
8 Heat shock cognate 71 kDa protein P11142 V 0.48 0.050
66 Alpha Crystallin B chain P02511 V 0.75 0.066 - 0.70 0.036
27 Stress-70 protein, mitochondrial precursor

(75 kDa glucose regulated protein)
P38646 v 2.52 0.038

67 Superoxide dismutase, mitochondrial
precursor

P04179 - 0.70 0.036

32 Glutathione S-transferase P P09211 v 1.58 0.066 - 0.78 0.013
70 Carbonic anhydrase III P07451 - 0.60 0.088
71 Carbonic anhydrase III P07451 v 3.41 0.043

(D) Miscellaneous
11 Alpha-1-antitrypsin precursor (Alpha-1

protease inhibitor)
P01009 + 0.58 0.099

12 Alpha-1-antitrypsin precursor (Alpha-1
protease inhibitor)

P01009 v 1.39 0.051 + 0.67 0.050

55 Esterase D P10768 - 0.65 0.058
63 Serotransferrin precursor P02787 V 0.75 0.028
46 Serum albumin precursor P02768 V 0.53 0.066 V 0.47 0.036
65 Hemoglobin beta chain P68871 v 1.81 0.086

a UniprotKB database. b O/B and C/B: fold change after intervention (spot density intervention/spot density baseline). O, overfeeding; B, baseline; C,
cold exposure. c p: p-value for the paired nonparametric Wilcoxon signed rank test, intervention minus baseline. d r: correlation coefficient for the
nonparametric Spearman correlation, spot intensity intervention minus baseline correlated to TDEE intervention minus baseline. e p: p-value for the
nonparametric Spearman correlation, spot intensity intervention minus baseline correlated to TDEE intervention minus baseline.
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3.2.4. Miscellaneous Proteins. After overfeeding, serotrans-
ferrin and serum albumin decreased. Changes in alpha-1-
antitrypsin correlated positively and changes in esterase D
correlated negatively to the change in energy expenditure after
overfeeding.

After mild cold exposure alpha-1-antitrypsin increased and
serum albumin decreased, while hemoglobin beta chain in-
creased (see Table 3, section D).

Esterase D is involved in the detoxification of formalde-
hyde.27 Alpha-1-antitrypsin, serotransferrin, serum albumin,

Figure 2. Relation between spot intensity and overfeeding and mild cold exposure. This figure depicts the individual spots of two of
the identified proteins (creatine kinase and ATP synthase) for three of the subjects (panels A-I and L-T). Furthermore, the relation of
the change in individual spot intensities with the change in energy expenditure of all subjects is plotted in panels J, K, U, and V. If a
significant relation existed, a regression line has been drawn in these figures (panels J and V). One spot (spot 72, creatine kinase) has
on group level a down-regulation and a positive correlation to the change in TDEE upon overfeeding; the other spot (spot 10, ATP
synthase beta chain) has a positive correlation to the change in TDEE upon cold exposure. Panels A, B, and C depict creatine kinase
in subject 6, where the intensity is larger in the baseline situation than in the overfeeding situation (mark AB in panel J). Panels D, E,
and F depict spot creatine kinase in subject 11, where the intensity is only marginally smaller during overfeeding (mark DE in panel J).
Panels G, H, and I depict creatine kinase in subject 1, where the intensity in the overfeeding situation is larger than in the baseline
situation (mark GH in panel J). In panel J. the correlation between the difference in intensity of creatine kinase and the difference in
TDEE upon overfeeding is shown. Similarly, in panel K. the differences in intensity of creatine kinase and TDEE upon mild cold exposure
are shown. Panels L, M, and N depict ATP synthase in subject 6, where the intensity is close to equal in the baseline and the mild cold
situation (mark LN in panel V). Panels O, P, and Q depict ATP synthase in subject 11, where the intensity in the baseline situation is
larger than in the mild cold situation (mark OQ in panel V). Panels R, S, and T depict ATP synthase in subject 1, where the intensity in
the mild cold situation is larger than in the baseline situation (mark RT in panel V). In panel V, the correlation between the difference
in intensity of ATP synthase and the difference in TDEE upon cold exposure is shown. Similarly, in panel U, the differences in intensity
of ATP synthase and TDEE upon overfeeding are shown.
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Figure 3. Glycolysis-gluconeogenesis pathway including all enzymes involved in glycolysis in humans (GenMAPP 2.0), identified proteins
are marked yellow. At the right of the identified proteins, arrows indicate the direction of the changes observed (each intervention and
type of analysis is indicated by a different color): the changes of protein expression upon overfeeding and mild cold exposure
(respectively red and blue), and the correlation of these changes to the changes in total daily energy expenditure (respectively orange
and green). Aldoa, Fructose-bisphosphate aldolase A; tpi, triosephosphate isomerase; gapdh, glyceraldehyde-3-phosphate dehydro-
genase; pgk1, phosphoglycerate kinase; pgam 1 and pgam 2, phosphoglycerate mutase; eno1, alpha enolase; eno3, beta enolase;
pkm2, pyruvate kinase; pdhb, pyruvate dehydrogenase; mdh1, malate dehydrogenase.
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and hemoglobin beta chain are not expressed in muscle tissue
and will not be discussed here since they most likely result from
blood contamination in the muscle biopsies.

4. Discussion

In this study, we identified proteins involved in the metabolic
response to overfeeding or mild cold exposure, that is, adaptive
thermogenesis. We investigated this phenomenon in the up-
or down-regulation of protein expression on group level.
Furthermore, we investigated whether the changes in protein
expression correlated to the change in energy expenditure,
which is a unique approach in proteomic research. Indeed, in
addition to the proteins that were up- or down-regulated, 46
proteins showed a correlation between change in spot density
and change in energy expenditure. The most remarkable
outcome of this study is the involvement of glycolytic pathway
proteins in both cold- and overfeeding-induced adaptive
thermogenesis. Additional 1D-Western blotting has been per-
formed with antibodies against glyceraldehyde-3-phosphate
dehydrogenase, alpha enolase, and pyruvate kinase isozymes
M1/M2, respectively, to try and verify the 2D-electrophoresis
data (data not shown). However, the blotting results did not
confirm the 2DE-findings. This is explained by the fact that
the quantitative 2DE results are based on specific isoforms of
those proteins, whereas the antibodies on 1D-Western blot do
not discriminate between isoform, but visualize the total
complement of a protein. Not enough material was available
for 2D-Western blotting. The current state-of-art of the pro-
teomics technique does not enable us to easily identify the
modifications of the relevant protein-isoforms. However, one
of the advantages of this 2D technique above other MS based
proteomics approaches is that these kinds of modifications can
be detected, which impacts on the biological significance of
studies like this. Some of the identified spots might result from
fragments of proteins instead of intact ones, since molecular
weight is lower than expected on theoretical basis (spot 45 {beta
enolase}, 84 {malate dehydrogenase}, 72 and 73 {creatine
kinase}, 19 {actin}, 8 {heat shock cognate 71 kDa}, and 46 {serum
albumin}). From these truncated spots, only spot 45 and 84
are used in the discussion below. Since other isoforms of the
same proteins are present with changes in the same direction,
conclusions are not based solely on possibly disrupted proteins.

It should be noted that the major rate determining enzymes
of glycolysis (hexokinase and PFK-1) were not detected. How-
ever, the change in relative abundance of several other glyco-
lytic enzymes in the same direction strongly indicates regula-
tion of the capacity of this pathway.

Several of the proteins that were up-regulated are known to
differ in concentration in a broad range of proteomics studies
with different interventions.28,29 Alpha enolase, heat shock
cognate 71 kDa, and glutathione S-transferase are known to
increase in abundance after application of different sources of
stress. Therefore, these are not specifically sensitive to a change
in energy expenditure but seem to react relatively independent
of the kind of intervention. They will not be addressed further
in this discussion.

Since the adaptive thermogenic response upon overfeeding
correlated to cold-induced adaptive thermogenesis, and the
sympathetic nervous system was involved in both situations,6

we hypothesized that the same cellular mechanisms might play
a role during both interventions. Therefore, similar up- or
down-regulations and correlations in both situations were
expected. This is true for only a few proteins. One of the

troponin T isoforms (spot 37) increased and serum albumin
precursor (spot 46) decreased in both interventions. Troponin
T is a component of the sarcomeres and functions in muscle
contraction. Serum albumin is serum-specific and probably
originates from blood contamination of the muscle biopsies.
Therefore, it is not likely that these proteins are directly
responsible for the adaptive thermogenic response.

Our expectation that detected proteins relate to both cold-
and overfeeding-induced adaptive thermogenesis was not
confirmed. The lack of overlap in proteins involved in the
reaction to overfeeding and mild cold exposure can possibly
be explained by a different induction of the adaptive ther-
mogenic response and the “side-effect” of energy expenditure
that is needed, that is, heat production or substrate oxidation.
Upon overfeeding adaptive thermogenesis might serve to
prevent substrate (lipid and glucose) overflow by increased
oxidation, consequently heat is produced. Upon cold exposure,
it might serve to prevent the body from cooling by producing
more heat, with as a side effect increased substrate oxidation.
This different induction might trigger other pathways in the
muscle tissue, although both pathways might have involvement
of the sympathetic nervous system. In other words, more
substrate oxidation might be required during overfeeding,
which necessarily results in heat production; heat production
is required during mild cold exposure, which necessarily results
in an increase in substrate oxidation.

4.1. Overfeeding. Upon overfeeding, 4 out of 10 enzymes
from the glycolytic pathway showed an increased abundance.
This can be explained by the preference for carbohydrates as
substrates, which are abundantly present due to the higher food
intake. This is in line with the increased whole body carbohy-
drate oxidation (increased RQ). Two out of 10 glycolytic
enzymes showed a change that correlated to the change in RQ,
stressing the involvement of increased glucose metabolism.

Electron transport chain proteins or proteins related to
uncoupling were not detected by our 2D-gel electrophoresis,
perhaps because they are membrane bound. Therefore, from
this study, no conclusions can be drawn whether mitochondrial
uncoupling plays a role in adaptive thermogenesis. Yet, glyco-
lysis seems to play a role in the increase in energy expenditure,
although it is not clear whether it has a causal relationship with
the increase in energy expenditure upon mild cold exposure.

Nevertheless, the results cannot explain the observed inter-
individual variability in adaptive thermogenesis, since no
correlations between the changes in protein concentrations and
the changes in energy expenditure were found. Therefore, other
mechanisms seem to be responsible for the large interindi-
vidual differences in adaptive thermogenesis in these subjects.
Although we find negative correlations of contractile and
antioxidant proteins with energy expenditure after overfeeding,
it is not likely that these are responsible for the interindividual
differences. If physical activity should be increased in the
intervention situations of this study (which has not been
observed), a positive rather than a negative correlation with
contractile proteins would be expected. Lower antioxidant
activity is also not associated with higher energy expenditure.
Thus, no explanation for these differences can be found in this
proteomics study. The interindividual differences in adaptive
thermogenesis might originate from differences in activity of
proteins instead of changes in concentration. Finally, it is
possible that other tissues such as liver or brown adipose tissue
are involved, obscuring the relation between muscle proteins
and whole body energetics.

Skeletal Muscle Proteomics upon Cold and Overfeeding research articles

Journal of Proteome Research • Vol. 9, No. 5, 2010 2233



4.2. Mild Cold Exposure. After mild cold exposure, the levels
of 4 out of 10 glycolysis enzymes were decreased. In this
situation, as after overfeeding, a rise in RQ was observed.
However, this increase was very modest (0.03 units), probably
below physiological relevance. No clear correlation between
glycolysic proteins and RQ was found (one enzyme up-
regulated, one down-regulated). Despite a general decrease in
glycolytic proteins levels, the changes in these proteins were
positively related to changes in energy expenditure (i.e., protein
levels did not change in subjects that increased energy expen-
diture upon cold exposure, but decreased in the subjects with
an unaltered energy expenditure). Therefore, the difference in
expression of these glycolytic enzymes might be responsible
for the interindividual differences in adaptive thermogenesis.
These results are in line with our observation that the change
in mitochondrial uncoupling was positively correlated to the
increase in energy expenditure, combined with a lack of
differences between mean baseline mitochondrial uncoupling
and mild cold exposure mitochondrial uncoupling.13

ATP synthase proteins are up-regulated upon mild cold
exposure, with a positive correlation to the change in energy
expenditure. This indicates an increase in ATP production,
despite the lower glycolytic capacity. Therefore, an extra ATP
consuming process is likely to be present. This can, for example,
be calcium cycling, protein turnover or extra movement beyond
detection limits. These processes might explain the increases
in energy expenditure upon mild cold exposure.

This study for the first time links adaptive thermogenesis to
proteins involved in glycolysis. However, more research has to
be carried out to further unravel the cellular pathways behind
adaptive thermogenesis. Protein activity assays could be used
to investigate the differences in activity of the electron transport
chain upon overfeeding or mild cold exposure. Proteomic
procedures directed toward identification of membrane-bound
proteins would be useful to detect whether proteins responsible
for mitochondrial uncoupling might influence adaptive ther-
mogenesis. ATP consuming futile cycles like calcium cycling
and protein turnover should be investigated in relation to mild
cold exposure to identify the mechanisms responsible for the
downstream ATP-consumption. Furthermore, other highly
metabolic tissues like BAT and liver should not be neglected.

In conclusion, after three days of overfeeding the abundance
of specific isoforms of glycolytic enzymes was increased,
suggesting changes in the capacity of glycolysis. Second, after
three days of mild cold exposure differences in glycolytic
enzyme concentrations correlate to the interindividual differ-
ences in mild cold-induced adaptive thermogenesis. Therefore,
this proteomic study clearly indicates the important roles
glycolytic proteins play in both cold- and overfeeding-induced
adaptive thermogenesis.
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