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Physiol Genomics 47: 139–146, 2015. First published February 10,
2015; doi:10.1152/physiolgenomics.00065.2014.—The skeletal mus-
cle of obese individuals exhibits an impaired ability to increase the
expression of genes linked with fatty acid oxidation (FAO) upon lipid
exposure. The present study determined if this response could be
attributed to differential DNA methylation signatures. RNA and DNA
were isolated from primary human skeletal muscle cells (HSkMC)
from lean and severely obese women following lipid incubation.
mRNA expression and DNA methylation were quantified for genes
that globally regulate FAO [PPAR� coactivator (PGC-1�), peroxi-
some proliferator-activated receptors (PPARs), nuclear respiratory
factors (NRFs)]. With lipid oversupply, increases in NRF-1, NRF-2,
PPAR�, and PPAR� expression were dampened in skeletal muscle
from severely obese compared with lean women. The expression of
genes downstream of the PPARs and NRFs also exhibited a pattern of
not increasing as robustly upon lipid exposure with obesity. Increases
in CpG methylation near the transcription start site with lipid over-
supply were positively related to PPAR� expression; increases in
methylation with lipid were depressed in HSkMC from severely obese
women. With severe obesity, there is an impaired ability to upregulate
global transcriptional regulators of FAO in response to lipid exposure.
Transient changes in DNA methylation patterns and differences in the
methylation signature with severe obesity may play a role in the
transcriptional regulation of PPAR� in response to lipid. The persis-
tence of differential responses to lipid in HSkMC derived from lean
and obese subjects supports the possibility of stable epigenetic pro-
gramming of skeletal muscle cells by the respective environments.

obesity; DNA methylation; skeletal muscle

METABOLIC FLEXIBILITY, THE ability to adjust substrate oxidation
according to nutrient availability, is a critical aspect of meta-
bolic health and is compromised with obesity (17). Indicative
of metabolic flexibility, a high-fat diet increases fatty acid
oxidation (FAO) and the expression of genes involved with

FAO [i.e., peroxisome proliferator-activated receptor (PPAR)�
and PPAR� coactivator-1� (PGC-1�)] in skeletal muscle from
lean individuals (7, 8, 10, 11, 13, 14). To the contrary, this
adjustment to lipid is largely absent in skeletal muscle from
severely obese subjects (7), which in turn can predispose these
individuals to ectopic lipid accumulation and metabolic dis-
ease. Despite such potentially detrimental health outcomes, the
regulatory mechanisms that differentially control gene expres-
sion and thus possibly limit metabolic flexibility in the skeletal
muscle of severely obese individuals in response to lipid are
not defined.

Acute epigenetic modifications of the genome (e.g., DNA
methylation) may provide a connection between nutritional
intake and the regulation of gene expression. Studies have
shown transient alterations in DNA methylation in human
skeletal muscle with either high-fat feedings or lipid incuba-
tions in primary human skeletal muscle cell (HSkMC) cultures
(3, 16). However, no studies have examined DNA methylation
signatures as a possible mechanism for the differential re-
sponses of gene expression to lipid in the skeletal muscle of
obese vs. lean individuals. In addition, the extent to which
stable epigenetic changes apart from continued systemic stim-
uli contribute to differences in skeletal muscle metabolism
between lean and obese individuals is unclear. This study
tested the hypothesis that DNA methylation patterns for key
genes critical in FAO would differ in response to lipid expo-
sure in human skeletal muscle with severe obesity and in turn
be related to gene expression. We utilized the HSkMC model
to test this hypothesis as: 1) the phenotype in terms of a
reduction in FAO with obesity is retained (15), and 2) we can
study the molecular adaptations to a lipid stimulus in an
environment void of in vivo hormonal and neural stimuli and
thus intrinsic to skeletal muscle itself, addressing the potential
for epigenetic programming of cell function in the lean and
obese environments.

MATERIALS AND METHODS

Study design. The study was designed to compare the responses of
genes linked with FAO to lipid oversupply in lean vs. severely obese
subjects and determine if transient epigenetic modifications (DNA
methylation) play a role in regulating gene expression and the differ-
ences seen with obesity. The study focused on the PPARs and nuclear
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respiratory factors (NRFs) because of their importance in activating
broad gene expression programs critical to mitochondrial function and
FAO (18, 19, 22, 23). PPAR- and NRF-regulated genes involved in
mitochondrial function and FAO were also examined. Skeletal muscle
biopsies were obtained from the vastus lateralis of lean and severely
obese women and used to derive primary HSkMC cultures. After
differentiation into myotubes, HSkMC were incubated in a physio-
logically relevant lipid mixture (30) (250 �M oleate-palmitate) for
48 h, and mRNA expression and DNA methylation determined.

Materials. All chemical reagents/substrates were purchased from
Sigma (St. Louis, MO) unless otherwise stated. Dulbecco’s phos-
phate-buffered saline (DPBS), fetal bovine serum, heat-inactivated
horse serum, gentamicin, 0.05% trypsin EDTA, and Hanks’s balanced
salt solution were obtained from Invitrogen (Grand Island, NY).
Growth media and differentiation media consisted of low-glucose (5
mmol/l) Dulbecco’s modified Eagle’s medium from Invitrogen. Type
I collagen-coated tissue culture plates were obtained from Becton
Dickinson (Franklin Lakes, NJ). PCR reagents were purchased from
Applied Biosystems (Foster City, CA).

Human subjects. Muscle biopsies were obtained by the percutane-
ous needle biopsy technique (12) under local anesthesia (0.01%
lidocaine) from the vastus lateralis of nine lean [body mass index
(BMI) �25.0 kg/m2] and 10 obese women approximating class III
(severe) obesity (�40 kg/m2). Participants were Caucasian, relatively
young, free from overt disease, nonsmokers, and not taking medica-
tions known to alter metabolism. All procedures were approved by the
East Carolina University Institutional Review Board.

Primary HSkMC. Satellite cells were isolated from �50–100 mg of
fresh muscle and cultured as previously described (4). For experi-
ments, cells were subcultured into T-150 flasks and 10 cm dishes.
Upon reaching �80–90% confluence, differentiation was induced by
switching the growth media to low-serum differentiation media con-
taining 2% heat-inactivated horse serum, 0.05 mg/ml fetuin, and 5
�g/ml gentamicin. On day 5 of differentiation, myotubes were given
fresh differentiation media supplemented with 1) 0.1% bovine serum
albumin (BSA) � 1 mM carnitine (control) or 2) 250 �M oleate-
palmitate (1:1 ratio) bound to 0.1% BSA � 1 mM carnitine (lipid) for
a total incubation period of 48 h. Myotubes were harvested on day 7
similar to previous work (24).

mRNA quantification. Total RNA was isolated with the RNeasy
Mini Kit (Qiagen, Valencia, CA) with on-column DNase digestion
using the RNase-Free DNase Set (Qiagen) to remove residual DNA.
RNA was quantified with the NanoDrop 1000 Spectrophotometer
from Thermoscientific (Wilmington, DE). We determined concentra-
tion by measuring absorbance at 260 nm, and purity was assessed with
the 260:280 ratio. We reverse transcribed 2 �g RNA into cDNA, and
PCR was performed in triplicate with the Applied Biosystems ABI
7900HT sequence detection instrument and software with Taqman
Universal PCR Master Mix and TaqMan gene expression assays
(Applied Biosystems) in accordance with manufacturer’s instructions.
Reactions were run with the following thermal cycling conditions:
50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s followed
by 60°C for 1 min. mRNA content was measured in triplicate by the
comparative Ct method with a multiplexed endogenous control (18S)
and converted to a linear function by a base 2 antilog transformation.

Bisulfite conversion and DNA methylation profiling. Cells were
washed with DPBS and trypsinized with trypsin-EDTA (0.05% tryp-
sin and 0.25% EDTA). Total DNA was extracted with a QIAamp
DNA mini kit (Qiagen), and total DNA quantified with the NanoDrop
1000 Spectrophotometer from Thermoscientific. We determined con-
centration by measuring absorbance at 260 nm, purity was assessed
with the 260:280 ratio, and all samples having a ratio �1.8 were used
in subsequent analysis.

500 ng DNA was bisulfate converted with the EZ DNA Methyl-
ation Kit (Zymo Research, Orange, CA), with the alternative incuba-
tion conditions recommended for the Illumina Infinium Methylation
Assay. Genome-wide DNA methylation analysis was conducted on

bisulfate treated DNA samples using the Illumina Infinium Human
Methylation 450K BeadChip, allowing the quantitative monitoring of
485,764 cytosine positions (28). We amplified and fragmented 12 �l
of each bisulfate-converted sample following the manufacturer’s pro-
tocol, hybridized it to arrays in a balanced design, and scanned it on
an Illumina iScan System. Data were analyzed with Illumina’s Ge-
nome Studio software.

Western blot. Cells were washed twice with ice-cold PBS and
harvested in 400 �l RIPA lysis buffer [150 mM NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0)]
supplemented with protease and phosphatase cocktail inhibitors
(Roche Diagnostics). Samples were sonicated and centrifuged at
20,000 g for 30 min at 4°C. Protein concentrations were determined
from cell extracts with the bicinchoninic acid assay (Pierce Biotech-
nology). Cellular protein (30 �g) was separated by SDS-PAGE,
electrotransferred onto polyvinylidene difluoride membranes (Milli-
pore), and probed overnight for the proteins of interest: PPAR�,
PPAR�, NRF-2, pyruvate dehydrogenase kinase 4 (PDK4), and cy-
tochrome c (CYCS) (AbCam). Membranes were incubated for 1 h at
room temperature with the corresponding secondary antibody, and the
immunoreactive proteins were detected and quantified by enhanced
chemiluminescence (FluorChem HD2 System, Protein Simple). A
control sample was visualized on each gel to ensure consistency, and
samples were normalized for blotting efficiency to an endogenous
control (Vinculin, AbCam).

FAO. After a 48 h incubation period with either control or lipid
media, FAO was determined. In brief, myotubes were incubated at
37°C in sealed 12-well plates containing differentiation media sup-
plemented with 12.5 mM HEPES, 0.5% BSA, 1 mM carnitine, 250
�M sodium oleate, and 1 �Ci/ml [1-14C] oleate (Sigma-Aldrich) for
3 h. After the incubation period, the medium was transferred to new
plates and assayed for the collection of 14CO2 production (complete
oleate oxidation), which was quantified via liquid scintillation count-
ing using 4 ml of Uniscint BD (National Diagnostics, Atlanta, GA)
(24). FAO was determined in four lean and four severely obese
women.

Statistical analysis. Statistical analyses were performed using
PASW Statistics 19 software (SPSS, Chicago, IL) on raw or log-
transformed data. Comparisons between HSkMC from lean and obese
donors were performed with repeated-measures ANOVA with em-
phasis on a “weight status” (lean, obese) 	 “treatment” (control,
lipid-treated) interaction, indicating that lean and severely obese
individuals responded differently to lipid oversupply. Post hoc com-
parisons were performed with contrast-contrast analyses. All data met
assumptions of sphericity and homogeneity of variance. Data are
presented as means 
 SE.

RESULTS

Participant characteristics. Participant characteristics are
presented in Table 1. By design, most of the obese women had
a BMI classified as class III (severe) obesity (�40 kg/m2) and
were heavier than the lean women (P � 0.05). Fasting blood
glucose, cholesterol, and triglyceride values did not differ
between groups. However, fasting HDL values were �20%
lower, while insulin and homeostatic model assessment values
were higher in the severely obese subjects (P � 0.05). Both
groups consisted of relatively young women.

Gene expression. Under the control untreated condition (i.e.,
prelipid exposure), there were no differences between groups
in baseline PPAR�, NRF-1, and NRF-2 mRNA content; how-
ever, PPAR� mRNA content was �21% lower (P � 0.05) in
the obese compared with lean (data not shown). In terms of
mean absolute mRNA content among the subjects, there were
significant (P � 0.05) interaction effects in response to the
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48 h 1:1 oleate-palmitate lipid treatment for PPAR�, PPAR�,
NRF-1, and NRF-2, where mRNA content increased 37.2 

17.3% (P � 0.08), 35.8 
 16.0% (P � 0.04), 58.2 
 30.2%
(P � 0.04), and 54.2 
 16.4% (P � 0.01), respectively, in the
lipid-treated state in HSkMC from the lean women. In contrast,
in HSkMC from severely obese women mean mRNA content
either decreased (PPAR�, �18.4 
 6.5%, P � 0.02) or did not
change (PPAR�, �15.0 
 11.0%, P � 0.09; NRF-1, �10.8 

12.6%, P � 0.21; NRF-2, �11.2 
 13.7%, P � 0.21) with
lipid treatment. Similarly, there were significant differences
(P � 0.05) between lean and obese in the response to lipid
treatment when we compared the individual relative fold-
changes (lipid treated divided by baseline control for each
subject) for PPAR�, PPAR�, NRF-1, and NRF-2 (Fig. 1).
There were no differences between groups in PGC-1�, PGC-
1�, and PPRC1 mRNA content, nor were there any significant
lipid-induced changes in the expression of these genes (Fig. 1).

In an effort to determine whether the differential expression
of these transcriptional regulators had a downstream effect,
four PPAR-responsive genes that play roles in FAO were
analyzed: angiopoietin-like 4, citrate synthase (CS), PDK4, and
mitochondrial uncoupling protein 3 (UCP3). There was a
significant interaction effect for PDK4 (P � 0.02), where
mRNA content significantly increased to a greater extent in the
lean compared with the obese in response to lipid. Similarly
there was a significant difference in PDK4 mRNA individual
fold-changes with the lipid-induced change in mRNA being
significantly lower (P � 0.02) in HSkMC from the severely
obese (20.4 
 3.8-fold increase) compared with the lean
(42.0 
 8.1-fold increase) women (Fig. 2A). Additionally, the
lipid-induced individual fold-changes in CS and UCP3 mRNA
content in HSkMC from the obese (1.2 
 0.2- and 0.9 

0.1-fold increase, respectively) compared with the lean (1.6 

0.1 and 1.2 
 0.1-fold increase) exhibited a trend (P � 0.10
and P � 0.09) for being suppressed with severe obesity. Six
NRF-regulated genes were analyzed: cytochrome c oxidase
subunit VIc (COX6c), CYCS, mitochondrial elongation factor
G 1 (GFM1), mitochondrial ribosomal protein L2 (MRPL2),
mitochondrial transcription factor A (TFAM), and mito-
chondrial transcription factor B2 (TFB2M). The lipid-in-
duced individual fold-changes in CYCS mRNA content were
significantly (P � 0.05) lower in the severely obese (0.9 

0.1-fold-change) compared with the lean (1.3 
 0.2-fold
increase) women (Fig. 2B).

DNA methylation. DNA methylation was determined on
485,764 genomic cytosine positions using HumanMethylation
450 BeadChips (Illumina). Within the PPAR� gene DNA
methylation was determined on 23 sites (Fig. 3A and Table 2),
with nine cytosines being within 1,000 base pairs (bp) of the
transcription start site (TSS). For PPAR� (Fig. 3, B and C),
there were significant increases in methylation with lipid treat-
ment for the cytosines at positions 6 and 7 (�71 and �61 bp
relative to the TSS) in the lean, but not severely obese, women.
As a result of lipid oversupply the methylation of the cytosine
at position 6 and 7 increased by 1.3 
 0.12 and 1.5 
 0.2-fold,
respectively, in the lean (P � 0.05) but did not change in the
severely obese women. Lipid oversupply also resulted in an
increase from 59.7 
 4.0% to 71.8 
 3.9% (P � 0.05) in the
methylation of the cytosine at position 23 in HSkMC in the
lean but did not significantly change in the obese. Lipid
oversupply resulted in an increase (P � 0.05) in methylation of
the cytosine at position 14 (41,044 bp relative to the TSS) in
both groups: lean from 95.2 
 0.4% to 96.5 
 0.5% and
severely obese from 94.8 
 0.3% to 95.9 
 0.3% (Fig. 4 and
Table 2). When absolute methylation percentage of the PPAR�
gene with lipid treatment was compared between lean and
obese women, lipid oversupply resulted in a significantly lower
(P � 0.05) percentage of methylation among two cytosines at
positions 6 (lean 6.4 
 0.7% vs. obese 4.3 
 0.4%) and 7 (lean
9.7 
 1.3% vs. obese 6.3 
 0.4%) in HSkMC from obese
subjects (Fig. 4 and Table 2). There was a trend for the
methylation of two cytosines at positions 4 (P � 0.08) and 5
(P � 0.06) (�78 and �75 bp relative to the TSS) to be lower
in the severely obese compared with lean in the lipid-treated
condition. With lipid treatment the change in methylation of
the cytosine at position 6 (�71 bp from TSS) was positively
related (r � 0.64, P � 0.01) to the relative change in PPAR�
mRNA content (Fig. 5). Absolute methylation of the cytosine
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Fig. 1. Relative changes of peroxisome proliferator-activated receptor (PPAR)
and nuclear respiratory factor (NRF) mRNA in response to lipid oversupply.
Individual fold-changes in mRNA content in response to 48 h 250 �M
oleate-palmitate treatment in cultured myotubes [human skeletal muscle cells
(HSkMC)] from lean (open bars) and severely obese (solid bars) women. Data
are expressed as the fold-change (lipid-treated divided by control for each
subject) (means 
 SE). No change is a value of 1, which is represented by the
dashed line, with values �1.0 indicative of an increase in respective mRNA
content with the lipid-treatment. *Significant difference (P � 0.05) between
lean and severely obese women.

Table 1. Participant characteristics

Lean (n � 9) Obese (n � 10)

Age, yr 23.4 
 1.5 30.2 
 2.6
Stature, cm 164.7 
 1.8 165.5 
 2.2
Mass, kg 62.6 
 1.3 113.7 
 6.3*
BMI, kg/m2 22.8 
 0.7 41.3 
 1.5*
Plasma cholesterol, mg/dl 179 
 8.2 171 
 10.1
Plasma triglycerides, mg/dl 102 
 7.4 121 
 21.0
HDL, mg/dl 56 
 4.0 40 
 3.4*
Fasting glucose, mmol/l 4.6 
 0.1 4.9 
 0.4
Fasting insulin, �U/l 4.3 
 1.2 17.3 
 5.0*
HOMA-IR 0.9 
 0.3 3.8 
 1.1*

Data are means 
 SE. BMI, body mass index; HOMA-IR, homeostatic
model assessment- insulin resistance. All subjects were women. *Significant
difference (P � 0.05) between lean and severely obese groups.
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at position 6 was positively related (r � 0.53, P � 0.05) with
PPAR� mRNA content measured in the lipid-treated condition
(Fig. 5). Methylation did not differ prior to lipid incubation
(control condition) nor change significantly in any of the other
genes examined.

Protein content. To assess the effects of changes in PDK4
mRNA levels on protein content, we measured protein levels
by Western blot. In response to lipid exposure, PDK4 protein
content increased (P � 0.01); however, there was no interac-
tion effect (P � 0.83), nor were there any differences in PDK4

individual fold-changes between the lean and severely obese
(lean �11.2 
 6.7% vs. obese �13.6 
 5.4%, P � 0.78).
Additionally, there were no lipid-treatment or interaction ef-
fects for any of the other proteins assessed (PPAR�, PPAR�,
NRF-2, CYCS).

FAO. FAO was significantly depressed in the muscle cells
from the severely obese women compared with lean women in
both the baseline control and lipid-treated conditions (Fig. 6).
While complete FAO rate significantly increased in response to
48 h lipid treatment in both groups, muscle cells from severely
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obese women had a smaller elevation (1.59 
 0.04-fold)
compared with the lean (1.94 
 0.04-fold, P  0.05) indicating
a decrement in metabolic flexibility in response to fatty acid
exposure with severe obesity.

DISCUSSION

The current study examined if the expression of genes linked
with FAO differ in response to lipid exposure in a manner
indicative of a lack of metabolic flexibility with severe obesity
and if these differences could be explained by disparate DNA
methylation signatures. The main findings are: 1) increases in
the expression of transcriptional regulators of FAO were de-
pressed in HSkMC from severely obese individuals in response
to lipid oversupply, and 2) PPAR� expression in response to

lipid may be influenced by transient changes in CpG methyl-
ation with the methylation pattern of the PPAR� gene differing
with severe obesity.

The PPARs and NRFs activate gene expression programs
critical to FAO (18, 19, 22, 23). Of the three PPAR subtypes,
PPAR� is expressed predominately in tissues that are charac-
terized by high rates of FAO (i.e., liver, heart, muscle, kidney)
and mediates the lipid-induced activation of genes involved in
FAO. The importance of this transcription factor is supported
by the observation that PPAR� knockout mice exhibit a dra-
matic inhibition of fatty acid uptake and oxidation, abnormal
accumulation of lipids in oxidative tissues, and a failure to
induce �-oxidation in response to physiological challenges
such as a high-fat diet (24). PPAR� is expressed in skeletal

Table 2. Absolute percent methylation levels of individual cytosines within the PPAR� gene

Cytosine Position # Distance from TSS

Lean Control Lean Lipid-treated Obese Control Obese Lipid-treated

n Mean, % SE, % n Mean, % SE, % n Mean, % SE, % n Mean, % SE, %

1 �468 9 60.5 2.3 9 60.1 6.4 9 58.0 3.1 9 62.6 3.9
2 �407 9 90.3 1.9 8 84.6 5.8 9 92.8 0.8 9 85.9 5.6
3 �212 9 4.9 0.6 6 4.6 0.6 9 5.4 0.7 9 5.7 0.8
4 �78 9 12.3 1.1 8 13.1 1.6 9 10.6 0.8 8 9.71# 0.6
5 �75 9 3.3 0.3 8 4.4 0.7 9 2.57# 0.3 8 2.84# 0.3
6 �71 9 5.1 0.3 8 6.4 0.7 9 5.1 0.5 8 4.25* 0.4
7 �61 9 7.0 0.3 8 9.7 1.3 9 7.3 0.5 8 6.27* 0.4
8 207 9 2.7 0.2 9 3.3 0.4 9 2.6 0.2 9 3.3 0.8
9 350 9 4.0 0.3 9 4.3 0.5 9 3.8 0.1 8 3.4 0.2

10 1199 9 6.5 2.4 8 10.7 3.7 7 3.4 0.4 7 3.8 1.6
11 2507 9 79.6 1.7 9 74.0 4.5 9 74.12# 2.3 9 73.5 2.0
12 17580 9 7.4 1.7 8 7.8 1.3 9 5.5 0.3 9 6.8 1.2
13 38407 9 86.4 1.7 9 88.0 1.7 9 86.5 1.0 9 87.2 1.5
14 41044 9 95.2 0.4 9 96.5 0.5 9 94.8 0.3 9 95.9 0.3
15 43714 9 87.2 1.9 9 89.4 2.1 9 84.5 2.5 9 83.5 3.0
16 50380 9 80.4 2.2 9 83.1 3.3 9 78.8 1.2 9 82.0 2.2
17 59788 9 90.8 1.2 9 84.9 5.8 9 88.2 1.4 9 90.0 2.1
18 76869 9 87.0 2.2 9 86.1 1.9 9 88.2 0.9 9 88.8 1.4
19 81911 9 83.2 2.3 9 78.6 4.7 9 80.9 1.9 9 80.2 3.2
20 81971 9 84.8 2.8 9 81.2 4.5 9 84.1 1.9 9 84.6 2.5
21 82046 9 89.8 4.5 9 88.3 3.5 9 92.9 0.8 9 94.1 1.8
22 82401 9 82.5 2.0 9 75.3 6.6 9 80.6 2.0 9 82.4 3.5
23 84874 9 59.7 4.0 9 71.8 3.9 9 63.9 2.5 9 64.8 2.3

PPAR, peroxisome proliferator-activated receptor; TSS, transcription start site. *Lean vs. obese P  0.05; #Lean vs. obese P  0.10.
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Fig. 4. PPAR� gene methylation in the lipid-
treated condition. Differences in the methyl-
ation status of 23 cytosines within the PPAR�
gene in the lipid-treated condition between
lean and severely obese women. Data are pre-
sented as absolute lipid-treated methylation
values for the severely obese relative to abso-
lute lipid-treated methylation values for the
lean (the obese lipid-treated methylation value
divided by the lean lipid-treated methylation)
(means 
 SE). No differences in the methyl-
ation of cytosines in the lipid-treated condition
between lean and obese is a value of 1, which
is represented by the dashed line, with values
1.0 indicative of lower methylation levels
among the severely obese compared with the
lean. *Significant difference (P � 0.05) be-
tween lean and severely obese women.
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muscle and plays role similar to PPAR� (19, 23, 29). The
NRFs are required for the expression of the respiratory appa-
ratus in mammalian cells and vital for mitochondrial biogen-
esis/maintenance as indicated by early mortality of NRF-1-null
embryos (18).

In the current study, transcriptional regulators PPAR�,
PPAR�, NRF-1, and NRF-2 exhibited similar patterns of in-
creasing mRNA content with lipid incubation in the skeletal
muscle of lean but not severely obese women (Fig. 1); this
pattern of change approximated that for the functional measure
of FAO, which was also repressed with severe obesity (Fig. 6).
In the present study, we cannot discount the possibility that the
differential gene expression patterns between lean and obese
individuals may have been influenced by the experimental
design, i.e., that similar mRNA responses could have occurred
at earlier or later time points during lipid incubation; also,
differences may have been more pronounced if different sam-
pling times/lipid treatments had been examined. It is well
known that different fatty acids impart specific and unique
effects, or even opposing actions, on cellular functions (30); we
chose to utilize the oleate-palmitate mixture as it more closely
mimics physiological conditions (30). Regardless of these
potential limitations, the present data still provide the finding

that there is a coordinated lipid-induced activation of genes
linked with FAO in the skeletal muscle of lean individuals that
is largely absent with severe obesity in response to a physio-
logically relevant concentration of lipid.

We hypothesized that epigenetic processes (e.g., DNA meth-
ylation) could provide a mechanism explaining, at least in part,
the differential mRNA responses in the skeletal muscle of lean
vs. severely obese women. However, of the genes examined,
only PPAR� changed in a manner supportive of this hypothe-
sis, suggesting that acute changes in methylation may not be a
predominant mechanism for controlling fatty acid-induced
changes in mRNA. With lipid oversupply there were signifi-
cant increases in methylation in a cluster of cytosines proximal
to the TSS in the lean but not severely obese women (Fig. 3),
which may coincide with the cis-acting regulatory domain for
PPAR�. Of the cytosines exhibiting a differential methylation
signature within the cluster, one (�71 bp from the TSS at
position 6) was highly related to PPAR� mRNA content (Fig.
5). These data extend findings from others showing that indi-
viduals at a greater risk of developing metabolic disease exhibit
a lower sensitivity to environmental challenges (i.e., high-fat
feeding) in terms of the ability to regulate changes in DNA
methylation (9).

DNA methylation is generally accepted to regulate gene
transcription by directly impeding the binding of transcription
factors to their target sites and through the recruitment of
methyl-binding proteins (21). However, our findings indicate a
positive relationship between the extent of PPAR� promoter
methylation and PPAR� mRNA content in response to lipid
(Fig. 5). In agreement, Barres et al. (2) identified a subset of
genes in human skeletal muscle with positive relationships
between gene expression and promoter methylation and sug-
gested that DNA methylation at a transcriptional repressor
binding site could subsequently induce gene expression.
Pipaon et al. (26) found that increased methylation of p73, a
gene related to the p53 tumor suppressor protein, blocked the
binding of the zinc finger transcription factor repressor protein
ZEB in human fibroblasts, in turn promoting the expression of
p73 (26), and Ando et al. (1) found that demethylation of a
repressor binding site elicited a concomitant decrease in gene
expression (1). Although correlative at this point, our findings
suggest that a potential mechanism regulating the lipid-induced
increase in PPAR� gene expression could be the blockage of a
repressive factor from binding to the PPAR� promoter by DNA

Fig. 6. Fatty acid oxidation (FAO) before and after 48 h of lipid exposure. FAO
before and after 48 h oleate-palmitate treatment (lipids) in cultured myotubes
(HSkMC) from lean and severely obese women. *Significant difference (P �
0.05) between lean and severely obese women for that condition. #Significant
increase (P � 0.05) with lipid incubation.
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Fig. 5. The association of PPAR� methylation and PPAR� mRNA content.
The change in methylation in response to lipid oversupply (methylation
value in the lipid-treated condition minus the baseline control methylation
value) of the cytosine at position 6 was positively related to the individual
relative change in PPAR� mRNA content (lipid-treated divided by baseline
control for each subject) (A). Absolute methylation of the cytosine at position
6 in the lipid-treated condition was positively related to PPAR� mRNA content
in the lipid-treated condition (B).
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methylation. This observation raises the question of how meth-
ylation may be targeted specifically to the PPAR� promoter in
response to lipid exposure in lean subjects, or how the loss of
methylation may be mediated in severely obese subjects. It has
been proposed that site-specific methylation is itself regulated
by DNA-binding transcription factors through several possible
mechanisms that can both induce and prevent cytosine meth-
ylation, including the recruitment of DNA methyltransferases
(DNMTs) to induce methylation, the steric blocking of DNMT
to prevent methylation, or recruitment proteins such as ten-
eleven-translocation that can oxidize 5-methylcytosine and
thereby reverse DNA methylation (5, 25). Regardless of the
specific mechanism involved, a significant and novel finding
presented here is that this process may be regulated differently
in lean vs. severely obese women, resulting in the disparate
response to lipid exposure. However, this type of regulation
may be specific to lipid-mediated responses as PPAR� gene
expression was repressed with obesity in the control (no lipid)
condition (RESULTS) and FAO was lower prior to lipid exposure
despite no initial differences in methylation status (Fig. 6).

In support of the physiological relevance of the changes in
methylation frequencies observed, others have observed meth-
ylation changes of similar magnitude in parallel with altered
expression levels mediated by diet and obesity (2, 3, 16).
Additionally, the magnitude of the differences in methylation
frequency response at the specific cytosines in the PPAR�
5=-flanking region between lean and obese subjects (Figs. 3 and
4) is commensurate with differences between differentially
methylated genes associated with obesity observed by others
(2, 6, 20, 27). A survey of these studies shows that commonly
applied thresholds for functionally relevant changes in meth-
ylation are 10–20%, while the increased methylation fre-
quency at specific PPAR� cytosines induced by lipid was
30–50%, and the difference in this response between lean and
obese was �40% (Figs. 3 and 4). Studies by others have also
shown a similar level of correlation between methylation
frequency and transcript level at PGC-1� (3) as we observed
for PPAR� (Fig. 5). While the accordance of our findings with
the body of published observations from similar studies sup-
ports their relevance, establishing an direct causal relationship
between changes in methylation frequency and gene expres-
sion levels remains a challenge not just in the resolution of
metabolically sensitive gene regulation in skeletal muscle, but
in establishing the broader role of DNA methylation as an
active gene regulatory mechanism. Thus, evidence in support
of the causality between DNA methylation and gene expres-
sion must currently rely heavily on the preponderance of
studies that show a correlation between site-specific methyl-
ation and gene expression levels as is presented here.

The differences in the response of muscle cells from lean
and severely obese women to lipid treatment raises an impor-
tant question regarding the underlying mechanisms that medi-
ate this distinction. An important aspect of this question is the
fact that the primary muscle cell cultures displayed these
differences under identical conditions, indicating that the dif-
ferences were cell-autonomous and not dependent on contin-
ued exposure to distinct environments. One possibility is that
there are genetic differences between subject groups that cor-
relate with severe obesity and affect the response to lipid in
muscle cells, although the emergence of a genetic correlation
with this number of subjects is highly improbable. An alterna-

tive and more likely possibility is that a distinction in the
environments to which the muscle cells were exposed in the
lean and severely obese women resulted in a stable epigenetic
reprogramming of key genes that led to the differential re-
sponse to lipid. Consistent with this, Barres et al. (2) have
suggested that adiposity, insulin levels, blood lipids, and in-
flammatory markers may have promoter-specific effects on
DNA methylation. In the current study, there were no differ-
ences in the baseline methylation of the genes studied, indi-
cating that a global alteration of DNA methylation mechanisms
is unlikely. Instead, differential gene-specific DNA methyl-
ation and expression profile between lean and severely obese
individuals in response to lipid oversupply suggests a more
specific effect on lipid-mediated pathways, which could also
involve other epigenetic modifications, such as histone acety-
lation or methylation. Resolving these questions will be a
significant challenge but will ultimately clarify mechanisms
underlying the correlation between obesity and metabolic de-
rangement.

Functional determinations related to the metabolic profile of
the myotubes such as protein expression (RESULTS) and FAO
(Fig. 6) were also obtained as indexes of metabolic flexibility.
The current data support our previous findings (8) albeit under
slightly different conditions (i.e., 48 h vs. 24 h lipid incubation,
250 �M vs. 100 �M oleate-palmitate) of a dampened capacity
to increase lipid oxidation upon lipid exposure with severe
obesity. Although some aspects of gene expression and meth-
ylation status also differed in a manner reflective of this lack of
responsiveness (Figs. 1–4), similar patterns were not evident in
protein content, with only PDK4 content increasing and to a
similar extent regardless of obesity status (RESULTS). Together,
these data suggest that a more prolonged and/or extensive lipid
stimulus could be needed for differences in mRNA content to
become manifest in protein expression. In addition, the PPAR/
NRF axis, at least in relation to acute changes in protein
content, may not be extensively involved in regulating FAO
under the experimental conditions utilized. However, these
hypotheses need to be validated by future studies.

In summary, primary HSkMC cultures were utilized to study
responses to a lipid stimulus in the skeletal muscle of lean and
severely obese women. Our findings indicate a coordinated
lipid-induced activation of genes linked with FAO among lean
individuals in response to lipid oversupply that is largely
absent with severe obesity. In HSkMC from severely obese
women, PPAR� displayed differential methylation patterns in
the promoter region compared with cells derived from lean
subjects; transient changes in DNA methylation patterns may
thus play a role in the transcriptional regulation of PPAR� by
lipid exposure. The cell-autonomous differences in the re-
sponse of this regulatory mechanism between lean and obese
subjects suggest that an epigenetic process sensitive to an
obesogenic environment may underlie the metabolic changes
in skeletal muscle that accompany obesity.
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