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IUGR with infantile overnutrition programs
an insulin-resistant phenotype through DNA
methylation of peroxisome proliferator-activated

receptor-ycoactivator-1oin rats

Xuemei Xie', Tulian Lin', Meihui Zhang', Lihong Liao’, Guandou Yuan?, Hongjie Gao', Qin Ning? and Xiaoping Luo’

BACKGROUND: Intrauterine growth restriction (IUGR) fol-
lowed by postnatal accelerated growth (CG-IUGR) is associ-
ated with long-term adverse metabolic consequences, and an
involvement of epigenetic dysregulation has been implicated.
Peroxisome proliferator-activated receptor-y coactivator-
Ta (PGC-10) is a key orchestrator in energy homeostasis. We
hypothesized that CG-IUGR programed an insulin-resistant
phenotype through the alteration in DNA methylation and
transcriptional activity of PGC-To.

METHODS: A CG-IUGR rat model was adopted using mater-
nal gestational nutritional restriction followed by infantile
overnutrition achieved by reducing the litter size. The DNA
methylation was determined by pyrosequencing. The mRNA
expression and mitochondrial content were assessed by real-
time PCR. The insulin-signaling protein expression was evalu-
ated by western blotting.

RESULTS: Compared with controls, the CG-IUGR rats showed
an increase in the DNA methylation of specific CpG sites in
PGC-1a, and a decrease in the transcriptional activity of PGC-
To, mitochondrial content, protein level of PI3K and phos-
phorylated-Akt2 in liver and muscle tissues. The methylation
of specific CpG sites in PGC-Ta was positively correlated with
fasting insulin concentration.

CONCLUSION: IUGR followed by infantile overnutrition pro-
grams an insulin-resistant phenotype, possibly through the
alteration in DNA methylation and transcriptional activity of
PGC-1a. The genetic and epigenetic modifications of PGC-Ta
provide a potential mechanism linking early-life nutrition insult
to long-term metabolic disease susceptibilities.

arly-life environment plays a critical role in long-term

health and diseases. The environmental insults during
pivotal periods of development probably trigger maladaptive
alterations in organism structure and function, contributing
to metabolic syndrome (1), type II diabetes (T2DM) (2), and
cardiovascular disease (3) in later life.

It has been well documented that low birth weight is associ-
ated with long-term disadvantageous metabolic consequences
(1,2,4-7). Many intrauterine growth restriction (IUGR) infants
experience postnatal accelerated growth (8), begetting short-
term (9) and long-term health benefits, especially in cognition
and academic achievement (10). However, emerging evidence
suggests that IUGR followed by postnatal accelerated growth
(CG-IUGR) plays a role in the programing of adult metabolic
disease risk (11-13), and the underlying molecular pathogenesis
is unclear. Nevertheless, the epigenetic dysregulation has been
implicated. Paradoxically, in a few studies, catch-up growth may
mitigate adult glucose intolerance (2,7).

Nutritional insults such as famine (14) or overfeeding (15)
during crucial developmental stages may program later-life
adverse metabolic consequences through epigenetic modifica-
tions such as DNA methylation. Peroxisome proliferator-acti-
vated receptor-y coactivator-10 (PGC-1ox) has emerged as a key
orchestrator in energy homeostasis and metabolism, favorably
regulating mitochondrial biogenesis and function (16). Highly
responsive to environmental cues and abundantly expressed in
skeletal muscle and liver, two insulin-sensitive organs, PGC-1¢
serves as a crucial node linking nutritional signals to energy
metabolism (16). And, recently, the alteration of DNA meth-
ylation in PGC-1o. promoter in liver and muscle has been
associated with T2DM (17), nonalcoholic fatty liver disease
(18), and high-fat consumption in a birth-weight-dependent
manner (19) in human, inferring that epigenetic modification
of PGC-1a is a potential molecular pathogenesis for insulin
resistance-related disorders and probably plays a role in meta-
bolic programing.

We previously demonstrated that rat offspring that suffer
nutritional insults in fetal and weaning period develop aber-
rant growth trajectories and, as adults, an insulin-resistant
phenotype including impaired insulin signaling (20-22).
Insulin resistance has been considered as an early manifesta-
tion as well as a crucial mechanism for metabolic diseases such
as T2DM in adults with CG-IUGR.
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In this study, using a well-established rodent model, we
explored the role of PGC-1¢ promoter methylation in pro-
graming the insulin-resistant phenotype arising from TUGR
followed by infantile overnutrition. The DNA methylation
level and transcriptional activity of PGC-l1¢ in liver and
skeletal muscle were quantified. Insofar as PGC-1o. is a mas-
ter regulator of mitochondrial biogenesis, the mitochondrial
content and the transcriptional modifications of related genes
were determined. The post-transcriptional alteration of the
canonical components of insulin-signaling pathway was also
evaluated to further identify the underpinning of metabolic
programing via PGC-1o: methylation. We chose to study oft-
spring as young adults because the early postnatal accelerated
growth has been achieved at this stage when insulin resistance
manifests and epigenetic modifications have transpired.

RESULTS
CG-IUGR Model
In accordance with our previous studies (20-22), the IUGR
pups had lower birth weights than normal control (appropri-
ate for gestational age—AGA group) and caught up with the
AGA pups prior to the third postnatal week; since then, the
weights of the CG-IUGR rats kept increasing and were sig-
nificantly higher than those of the AGA group at the third,
fourth and eighth week (Figure 1a). Correspondingly, the
BMI of the IUGR group were lower than those of the AGA
group at birth, and surpassed the AGA group since the third
week (Figure 1b).

Although the body weight was increased in adult
CG-IUGR rats, the core body temperature and spontaneous
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Figure 1. Intrauterine growth restriction (IUGR) with infantile overnutri-
tion growth model. Body weight (a) and BMI (b) of control and CG-IUGR
rats at birth, third, fourth, and eighth week. The black and white bars refer
to CG-IUGR and normal control group, respectively. Data are presented

as mean + SEM (n > 9 for each group). *P < 0.05, **P < 0.01, P < 0.001
compared with same-age controls.
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physical activity, both of which could affect PGC-1¢x expres-
sion, were comparable between the two groups (P > 0.05,
data not shown).

DNA Methylation and PGC-1oe mRNA Expression

The methylation level of specific CpG sites -787 and -803
of PGC-1¢ promoter in both liver and skeletal muscle of the
CG-IUGR rats was higher than that of the AGA rats, while
the methylation level of other CpG sites in PGC-1o. promoter
was comparable between groups (Figure 2a,b). The DNA
methylation of gene promoter was implicated to inversely
modulate the transcriptional activity (23). In accordance with
the higher methylation level of CpG sites 787 and -803, the
mRNA expression of PGC-1¢ was decreased in both the liver
and muscle of CG-IUGR rats (Figure 2c). Interestingly, the
DNA methylation level did not correlate significantly with the
mRNA content of PGC-1¢ in liver (r = —0.476, P = 0.139 for
CpG site -803; r = —0.518, P = 0.103 for CpG site -787) or in
muscle (r = —0.509, P = 0.162 for CpG site -803; r = —0.307, P
= 0.421 for CpG site -787)
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Figure 2. The DNA methylation and mRNA expression of PGC-1¢in liver
and muscle. The DNA methylation level of specific CpG sites of the PGC-1a
promoter in liver (@) and muscle (b). (c) The relative mRNA expression of
PGC-Teein liver and muscle was reduced in CG-IUGR rats. The black and
white bars refer to CG-IUGR and normal control group, respectively. Data
are presented as mean = SEM (n = 5-7). *P < 0.05, **P < 0.01, P < 0.001
compared with controls.
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Mitochondrial Content

Compared with control, the ratio of mitochondrial DNA
(mtDNA) to nucleus DNA (nDNA) was reduced, indicative
of attenuated mitochondrial content in the liver and muscle
of CG-IUGR rats (Figure 3a). Furthermore, the mtDNA/
nDNA ratio was positively correlated with PGC-1o¢c mRNA
level (r = 0.781, P = 0.008), and inversely correlated with the
methylation level of CpG site -787 (r = —0.641, P = 0.033) but
not with that of CpG site -803 of PGC-10 promoter in liver;
interestingly, in skeletal muscle, the mtDNA/nDNA ratio was
inversely correlated with the methylation level of CpG site
-787 (r = —0.723, P = 0.012) as well as CpG site -803 (r =
-0.823, P = 0.002) of PGC-10c promoter, but was not corre-
lated with PGC-1a mRNA level.

The transcription activities of PGC-1 o target genes involved
in mitochondrial respiratory chain including cytochrome C
(Cycs), succinate dehydrogenase cytochrome b small subunit
(Sdhd), complex III subunit 1 (Ugcrcl), and ATP synthase sub-
unit beta (Atp5b) were measured. The mRNA abundance of
Cycs, Sdhd, and Atp5b was decreased in the liver of CG-IUGR
group compared with that of the control, while the mRNA
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Figure 3. Mitochondrial content and mRNA abundances of other mito-
chondrial markers. (@) Decreased mitochondrial content (mtDNA/nDNA
ratio) in liver and muscle of CG-IUGR rats. The relative mRNA abundances
of PGC-1a. target genes involved in oxidative phosphorylation in liver

(b) and muscle (c). The black and white bars refer to CG-IUGR and normal
control group, respectively. Data are presented as mean = SEM (n = 6).

*P < 0.05, **P < 0.01 compared with controls.
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level of Ugcrcl was unchanged (Figure 3b). Interestingly, in
muscle, the mRNA level of Sdhd and Ugqcrcl was decreased in
CG-TUGR rats whereas the mRNA level of Cycs and Afp5b was
comparable between groups (Figure 3c).

Additionally, the mRNA expression of mitochondrial tran-
scription factor A (TFAM) and nuclear respiratory factors 1
(NRF1), two downstream transcription factors of PGC-1lo
known to regulate mitochondrial biogenesis (16), was inves-
tigated. The mRNA level of NRFI was attenuated in both the
liver and muscle of CG-IUGR rats; interestingly, TFAM mRNA
abundance was decreased in the muscle of CG-IUGR rats but
was comparable in liver between the two groups (Figure 3b,c).

The mRNA Expression of PGC-10. Target Genes Involved in Fatty
Acid Oxidation and Tissue Triglyceride (TG) Content

The mRNA expression of PGC-1o. target genes involved in
fatty acid oxidation, including peroxisome proliferator-acti-
vated receptor-o. (PPAR-o), carnitine palmitoyltransferase
IA (CPT1A), CPT1B, fatty acid translocase (FAT/CD36), as
well as PPAR-ywas determined. The mRNA level of PPAR-o
was attenuated while CPT1A/CPT1B was not changed in the
liver/muscle tissue of CG-IUGR rats (Figure 4a,b). CD36
and PPAR-y mRNA contents were reduced in the liver of
CG-IUGR rats but comparable in muscle between the groups
(Figure 4a,b).
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Figure 4. The mRNA expression of PGC-1a. target genes involved in fatty
acid oxidation in (a) liver and (b) muscle, and TG content (c) in rat liver
and muscle tissues. The black and white bars refer to CG-IUGR and normal
control group, respectively. Data are presented as mean + SEM (n = 5-6).
*P < 0.05 compared with controls.
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Figure 5. Impaired insulin signaling and increased fasting insulin level. (a) The protein content of key components in insulin-signaling pathway was
reduced in the liver and muscle tissues of CG-IUGR rats (n = 6). (b) Fasting plasma insulin level was increased in CG-IUGR rats (n = 8). The insulin level was
positively correlated with the methylation level of CpG sites -787 (r=0.843, P =0.001 for liver and r = 0.833, P = 0.003 for muscle) and -803 (r = 0.741,P =
0.006 for liver and r = 0.756, P = 0.011 for muscle) of PGC-1¢o promoter in liver (c) and muscle (d). Data are presented as mean + SEM. *P < 0.05, **P < 0.01

compared with controls.

The TG content was higher in the liver tissue of CG-IUGR
rats compared with that of the AGA group (Figure 4c).
Moreover, the TG level was positively correlated with the
methylation level of CpG sites -787 (r = 0.680, P = 0.03) and
-803 (r = 0.790 and P = 0.007) of PGC-10 promoter in liver.
Conversely, the TG content in skeletal muscle did not differ
between the groups.

Insulin Signaling and Fasting Insulin Level

Consistent with our previous studies (21,22), the protein
content of PI3K p85 as well as pS474-Akt2 was significantly
reduced in the liver and muscle tissues of CG-IUGR rats
(Figure 5a), indicative of impaired insulin signaling.

The fasting plasma insulin level was increased in CG-IUGR
rats compared with AGA group (Figure 5b). Furthermore, insu-
lin level was positively correlated with the methylation level of
CpG sites =787 (r = 0.843, P = 0.001 for liver and r = 0.833, P =
0.003 for muscle) and -803 (r = 0.741, P = 0.006 for liver and r =
0.756, P =0.011 for muscle) of PGC-1a promoter (Figure 5¢,d).
There was also a suggestion of correlation between insulin level
and mtDNA/nDNA ratio in liver (r = —0.571, P = 0.066).

DISCUSSION
Numerous studies have concluded that IUGR individuals,
especially those with postnatal accelerated growth, are prone
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to develop insulin resistance and T2DM in adulthood (11-
13). Using a well-established rodent model, these experiments
have found that CG-IUGR rats had higher methylation level
of specific CpG sites of PGC-1 ¢ promoter, in contrast, reduced
PGC-1o transcription activity, mitochondrial content as well
as protein level of key components of insulin-signaling path-
way in liver and muscle tissues. Consistent with our previous
findings (20-22), the CG-IUGR young adult rats presented an
insulin-resistant phenotype including higher BMI, impaired
insulin signaling, and elevated fasting insulin level, indica-
tive of a programing change arising from the adverse early-
life nutritional exposure. Our previous studies found that
CG-IUGR rats had normal fasting blood glucose concentra-
tion despite increased fasting insulin level (21,22).

Early nutritional insults may program long-term disease sus-
ceptibilities through epigenetic modification (14,15). Recently,
the DNA methylation level of PGC-1¢r promoter in umbilical
cord has been found to positively correlate with maternal pre-
gestational BMI (24); moreover, the PGC-1c methylation level
is increased in the muscle of low-birth-weight adults (19,25),
and 5-d overfeeding may influence the DNA methylation of
PGC-1o in a birth-weight-dependent manner (19); besides,
maternal methyl donor-deficient diet leads to PGC-lo. pro-
tein hypomethylation in the liver of the pups with subsequent
impairment of fatty acid oxidation (26), suggesting that both

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 6. CpG sites investigated in PGC-1c promoter. The seven CpG sites analyzed are marked with a perpendicular line.

prenatal and postnatal nutritional status may play a crucial role
in metabolic programing through the epigenetic modification of
PGC-10. In our study, the methylation level of CpG sites -787
and -803 of PGC-10 promoter was higher in the liver and mus-
cle of CG-IUGR rats while the methylation level of other CpG
sites was comparable between the groups, and the methylation
level of specific CpG sites was positively correlated with fasting
insulin level. The site-specific alteration of DNA methylation in
the PGC-1¢ promoter infers that CpG sites —-803 and -787 are
more sensitive to nutritional cues, and may have a unique role in
programing insulin sensitivity and metabolic disease suscepti-
bilities in response to the uterine malnutrition (IUGR) followed
by infantile overnutrition status (postnatal accelerated growth).
Similarly, previous studies have demonstrated that PGC-lc
promoter methylation level is increased in liver from patients
with nonalcoholic fatty liver disease (18), as well as in islet (17)
and skeletal muscle (27) from patiens with T2DM, in contrast,
reduced in skeletal muscle after acute exercise (28), congruous
with the premise that PGC-1¢cc DNA methylation plays a role
in glucose homeostasis. On the other hand, Gillberg et al. (29)
reported that PGC-Io promoter methylation was correlated
with insulin sensitivity in a paradoxically positive manner.

Promoter methylation is one of the primary mechanisms
that modulates transcription-factor binding, and increased
DNA methylation silences gene transcription (23). In agree-
ment with this notion, PGC-1o¢ mRNA was lower in the liver
and muscle of CG-IUGR rats, indicating that the promoter
methylation is a possible epigenetic mechanism for controlling
PGC-1o transcriptional activity. Interestingly, the mRNA con-
tent of PGC-1c was not significantly correlated with promoter
DNA methylation level, possibly due to the complex regulat-
ing network, in which PGC-1 ¢ can be delicately tuned in both
transcriptional and posttranslational manners responding to
various metabolic cues (16). Many previous findings also sug-
gest an unfavorable role of reduced PGC-1a expression for
insulin sensitivity: the PGC-1¢ expression is decreased in the
liver of nonalcoholic fatty liver disease patients (18) and adult
rat offspring after exposure to a nutritional insult (30), as well
as in islet (17) and skeletal muscle (27) from T2DM patients,
and PGC-1o transcriptional activity is associated with insulin
sensitivity (18,30). Besides, losing one allele of hepatic PGC-1¢
results in the chronic reduction of PGC-1a expression and
impairs insulin signaling in mice (31). Taken together, an
appropriate expression of PGC-1a is probably substantial for
metabolic programing, and the reduced transcriptional activ-
ity of PGC-10 may contribute to metabolic-syndrome-related
phenotype in adult CG-IUGR rats.

It has been well established that PGC-1a is a chief regulator
of mitochondrial biogenesis and function (14). Mitochondrial

Copyright © 2015 International Pediatric Research Foundation, Inc.

dysfunction is closely linked to mitochondrial content, and
mitochondrial deficiency is believed to impair insulin sensitiv-
ity, demonstrated in T2DM (27) and nonalcoholic fatty liver
disease patients (18). Similarly, we observed that the mtDNA/
nDNA ratio was reduced in the liver and muscle of CG-IUGR
rats, indicative of attenuated mitochondrial content and
impaired mitochondrial function. The mtDNA/nDNA ratio
was inversely correlated with the methylation content of PGC-
Iorpromoter in muscle and liver, and positively correlated with
PGC-1a¢ mRNA abundance in liver but not in muscle, indi-
cating a possible tissue-specific effect of gene expression and
DNA methylation of PGC-1c on the mitochondrial content.

Moreover, the mRNA abundances of other mitochondrial
markers, PGC-1o.-targeted genes involved in oxidative phos-
phorylation and regulation of mitochondrial DNA replications
(16), were decreased in the liver and muscle of CG-IUGR rats,
conceivably mediated by the alteration of PGC-1cx.

PPAR-«, a receptor highly expressed in liver and muscle,
plays an essential role in lipid metabolism (32). The functional
interaction between PGC-1¢ and PPAR-o. can stimulate lipid
oxidation and decrease TG accumulation (32), while PPAR-y
may govern whole-body insulin sensitivity and lipid metabo-
lism (33). In this study, the mRNA content of PPAR-¢, CD36,
and PPAR-y was reduced in liver while only PPAR-oo mRNA
level was attenuated in the muscle of CG-IUGR rats, implicat-
ing a possible impairment of fatty acid oxidation at a differ-
ent extent in the liver and muscle of GC-IUGR rats. The TG
content of GC-IUGR adult rats was elevated in the liver tissue
alone, and was positively correlated with the methylation of
PGC-1a, suggesting that the modification in PGC-1¢: meth-
ylation may play an initial role in the alteration of fatty acid
oxidation in the liver of CG-IUGR rats.

In our previous study, the CG-IUGR adult rats were found
to have increased body weight and greater percentage of vis-
ceral fat (21), yet there was no significant difference in core
temperature between the groups. This is in agreement with the
observations in obese and lean humans (34). However, it does
not necessarily mean that core temperature is immaterial to
the promotion and maintenance of obesity in CG-IUGR rats.
In fact, the association between body weight and body thermo-
regulation remains contestable. For example, before exercise,
body temperature was higher in obese children (35), while
another study found, in contrast, that obesity-prone dogs have
lower core temperature than obesity-resistant dogs (36). In
our study, the spontaneous physical activity also did not differ
between the control and obese CG-IUGR rats; similarly, the
diet-induced obese rat and the diet-resistant rat had no differ-
ence in spontaneous physical activity (37). However, after 29
d on a high-fat diet, obese rats decreased their spontaneous

Volume 77 | Number 5 | May 2015 Pediatric RESEARCH 629
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Table 1. The primers used in quantitative PCR

Gene Primers Sequence from 5 to 3’ Product length

PGC-Ta Forward GTG CAG CCAAGA CTCTGT ATG G 121 bp
Reverse GTC CAG GTC ATT CACATC AAGTTC

Cycs Forward CTA AACACCAGGACGGAACT 286 bp
Reverse CCAATCAGG CAT GAACAG

Sdhd Forward GGCATT GGA CAAGTGGTT 205 bp
Reverse GAG GCA AGG AGG CATACA

Ugqcrcl Forward TTGACGTTG GCA GTCGCT AT 93 bp
Reverse CAG GACGGTTCTTTGTTCCCT

Atp5b Forward TTCTACTACGAA CCGCTCCC 113 bp
Reverse GCC GAT GACTGC CAC AAT

TFAM Forward CGCCTAAAGAAGAAAGCACA 271 bp
Reverse GCCCAACTTCAGCCATTT

NRF1 Forward GTTTGA GTCTAA CCC ATCTAT CCG 98 bp
Reverse GCT GTCCCACTC GTGTCGTAT

PPAR-o Forward GGA ATTTGC CAA GGCTAT CCC 135bp
Reverse GCG ATCAGCATCCCGTCTTT

CD36 Forward AGA CTG GGA CCATCG G 190 bp
Reverse CAT AAT GTA GGCTCATCCAC

CPT1A Forward GCG GCGTCCTCTTTGGT 126 bp
Reverse TGGTGCTGC GGCTCATT

CPT1B Forward GTT CAA CACTAC ACG CAT CCC 121 bp
Reverse CGA GCCCTCATAGAG CCAAA

GAPDH Forward GCA CAGTCA AGG CTG AGA ATG 140 bp
Reverse GGT GGT GAA GACGCCAGTA

physical activity (37). Thus, we cannot exclude the possibility
that CG-IUGR rats curtail their physical activity when faced a
nutritional insult such as high-fat diet.

In conclusion, IUGR followed by postnatal accelerated
growth programs an insulin-resistant phenotype, possibly
through the alteration in DNA methylation and transcrip-
tional activity of PGC-1c. The genetic and epigenetic modi-
fications of PGC-10 possibly further mediate the reduction of
mitochondrial content, the transcription of genes involved in
fatty acid oxidation as well as oxidative phosphorylation, and
the increment of hepatic TG accumulation, providing a poten-
tial mechanism linking early-life nutrition insult to long-term
adverse metabolic consequences.

MATERIALS AND METHODS

Animal Model Establishment

A CG-IUGR rat model was established by maternal nutritional restric-
tion and litter size reduction as described in our previous studies
(20-22). Briefly, pregnant rats were randomly divided into two groups,
the control group (AGA group) mothers received a standard rodent
chow while the CG-IUGR group mothers were provided with 30% of
normal intake during the entire gestational period. Mothers of both
groups were fed ad libitum once the rat pups were delivered. The ges-
tation length, sex ratio, litter size, and survival rates of the fetuses in
both groups were similar. The litter size was reduced to five pups/litter
at birth in the CG-IUGR group while eight pups/litter in the control
group to ensure postnatal accelerated growth of the rats with ITUGR.
All pups were weaned after breastfeeding of 3wk, and fed a standard
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chow thereafter. At the age of 8 wk, rats were fasten overnight before
obtaining liver and skeletal muscle (vastus lateralis) tissues, which were
immediately frozen in liquid nitrogen. For each assay, in each group, at
least five rats from different litters were used. All rats were males, with
the exception that blood was also sampled from two female rats for the
fasting insulin assay. All animal procedures were conducted accord-
ing to the guidelines of the Council for International Organizations
of Medical Sciences, and with ethical approval from the Ethical
Review Board of Animal Study Committee in Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China.

Bisulfite Treatment of DNA and Pyrosequencing

Genomic DNA was extracted from the liver and muscle tissues
using the DNeasy Blood & Tissue Kit (Qiagen GmbH, Hilden,
Germany), and bisulfite conversion was conducted using the EZ
DNA Methylation Gold kit (Zymo Research, Irvine, CA). A sequence
starting 1,000bp upstream from the PGC-1¢ transcription start site
(TSS) was retrieved from the Transcriptional Start Sites Database
(the University of Tokyo, Tokyo, Japan) with the following ID num-
bers: NM_031347; Archive EnsEMBL: Chromosome 14: 64,278,122-
64,371,412; TSS: 64278115. And the sequence was also confirmed
in UCSC Genome Bioinformatics Database (UCSC Genome
Informatics Group, Santa Cruz, CA). Seven CpG sites in PGC-1«
promoter were selected to analyze according to the previous studies
(19,29) (Figure 6). Four primer assays covering the CpG sites of inter-
est in the PGC-1a promoter were designed using the PyroMark Assay
Design Software (version 2.0.1.15; Qiagen GmbH). Assayl (forward
primer: 5-GAGGGGAATTTAAGAGTTTAGGGT-3’; reverse primer:
5’-ACTCCAAATCAACTATCTCCTTAACAATAA-3";  sequencing
primer: 5-GGTGTTGGGTTTGTTTA-3") covered CpG sites located
at =803 and -787bp upstream from the PGC-1a TSS, assay2 (for-
ward primer: 5-AAATAAATGAGGTTGTTTGGTTGATT

Copyright © 2015 International Pediatric Research Foundation, Inc.
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AA-3’; reverse primer: 5-CCATAAAATTCTTTTTTTTCTCCCTA
TTAA-3’; sequencing primer: 5-CCCTATTAAAAAAATATTTAAA
AAC-3") covered CpG site -582bp upstream from the PGC-la
TSS, assay3 (forward primer: 5-AAGGGTGTAGTTATTGT
GTTAGTAATAGAG-3"; reverse primer: 5-ACCTTTAAAAAACT
TCAAACATCACACTAT-3’; sequencing primer: 5-TGAGTTATT
ATATGATTAGGGT-3") covered CpG site -326bp upstream
from the PGC-la TSS, and assay4 (forward primer: 5-TTGGT
GGTATTTAAAGTTGGTTTTAGTTAT-3'; reverse primer: 5-CTCC
CTTCTCCTATACAACTTAC-3’; sequencing primer: 5-CCTATA
CAACTTACTACTCA-3") covered CpG sites -215, -186, and
-178bp upstream from the PGC-Ia TSS. The bisulfite-modified
DNA was amplified by touchdown PCR using ZymoTaq PreMix
(Zymo Research). Biotinylated PCR products were immobilized on
streptavidin-coated Sepharose beads (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden) to get single-stranded DNA templates. After
the annealing of sequencing primers and preparation of PyroMark
Gold Q96 Reagents (Qiagen GmbH), pyrosequencing reaction was
carried out in a PyroMark Q96 ID instrument (Qiagen GmbH). The
quantification (%) of cytosine methylation levels at each target CpG
site of PGC-1a promoter was performed using the Pyrogram software
(Qiagen GmbH), and data were subjected to quality control.

Real-Time Quantitative PCR

Total RNA was isolated from the liver and muscle tissues with TRIzol
reagent (Life Technologies, Carlsbad, CA) following the manufactur-
er’s protocol. After the assessment of RNA quantity and quality, RNA
was reverse-transcribed using the First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, MA). The primers for real-time quanti-
tative PCR (qPCR) of PPAR-y were previously reported (38), and the
other qPCR primers were designed using Primer Premier software
(PREMIER Biosoft International, Palo Alto, CA, Version 5.0). The
specificity of these primers was checked using Primer-BLAST. Primers
details are provided in Table 1. All amplifications were performed in
an ABI 7500 real-time PCR system (Life Technologies) with a 20-pl
reaction mixture consisting of 0.3 umol/l primers, 100 ng cDNA, and
10 pl 2x SYBR Green/ROX qPCR Master Mix (Thermo Scientific).
Melting curve analysis and agarose gel electrophoresis were conducted
to verify the specificity of qPCR products. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was amplified as an internal control. Relative
gene expression was analyzed by the comparative C(T) method.

Western Blot Analysis

The liver and muscle tissue proteins were extracted with radioim-
munoprecipitation assay (RIPA) lysis buffer containing 1 mmol/l
phenylmethylsulfonyl fluoride (PMSF) (Beyotime, Nantong, China).
Lysates were fractionated on a 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel and subsequently electroblotted onto polyvinyl
difluoride (PVDF) membranes (EMD Millipore, Billerica, MA).
After blocked in western blocking buffer (Beyotime), the membranes
were incubated with primary antibodies including PI3K p85 (1:1,000
dilution; Cell Signaling Technology, Danvers, MA), Akt2 (1:1,000
dilution; Cell Signaling Technology), pS474-Akt2 (1:1,000 dilution;
Abcam, Cambridge, UK), and GAPDH (1:5,000 dilution; Epitomics,
Burlingame, CA) overnight at 4 °C. After washed with Tris-Buffered
Saline plus Tween 20 (TBST) for 45 min, the membranes were probed
with the IRDye 800CW secondary antibodies (1:25,000 dilution;
LI-COR Biosciences, Lincoln, NE) for half an hour or horserad-
ish-peroxidase-conjugated secondary antibodies (1:4,000; Jackson
ImmunoResearch, West Grove, PA) for 1h at 37 °C. The membranes
were washed with Tris-Buffered Saline plus Tween 20 (TBST) for
1h, followed by scanning with Odyssey Infrared Imaging System
(LI-COR Biosciences) or developed using the enhanced chemilumi-
nescence detection kit (Thermo Scientific). GAPDH was used as a
protein-loading control.

Measurement of Mitochondria Content

The mitochondria content was presented as the mtDNA/nDNA
ratio and determined as previously described (27). In short, a
fragment located in COXI (NC_001665) was amplified with the
primers forward: CAATTCCTACAGGCGTAAA and reverse:
CAATGTCAAGGGATGAGTTAG for mDNA, while a fragment

Copyright © 2015 International Pediatric Research Foundation, Inc.

in ACTB (NC_005111) sequence was amplified with the prim-
ers forward: TAATGAGGCTGGTGATAAATGGC and reverse:
GGGCAGGTGAGACTGTAAGGAT for nDNA. The amplifica-
tions were carried out in an ABI 7500 real-time PCR system (Life
Technologies) with a 20-ul reaction mixture containing 80ng of
purified DNA, 1x SYBR Green/ROX qPCR Master Mix (Thermo
Scientific) and 0.3 umol/l of each primer. The specificity of amplifica-
tion was confirmed by the melting curve analysis and agarose gel elec-
trophoresis of the products. Each sample was measured in triplicate.

Plasma Insulin and Liver Tissue Triglyceride (TG) Measurement
Fasting plasma insulin was measured using an enzyme-linked
immunosorbent assay (ELISA) kit (Mercodia AB, Uppasla, Sweden)
according to the manufacture’s instructions. The liver and muscle tis-
sues were lyzed in RIPA buffer, and the TG content was determined
using a colorimetric assay previously described (39). The TG level was
expressed as milligram lipid per milligram of tissue protein.

Core Temperature and Spontaneous Physical Activity

The core body temperature was assessed rectally by a digital probe
thermometer (Omron, Kyoto, Japan) following the method previ-
ously described (40). The spontaneous physical activity was recorded
for 1h in locomotion cages (45 cm x 45 cm) by using AniLab Software
(AniLab Software & instruments, Ningbo, China) following the man-
ufacturer’s instructions.

Statistical Analysis

The data were expressed as mean + SEM (n). The differences between
two groups were determined by an independent-sample ¢-test. The
correlation between the two variables was examined using Pearson
correlation test. A strong correlation is considered if Pearson correla-
tion coefficient (r) is >0.6. P < 0.05 (two-tailed) was considered statis-
tically significant. The statistical analyses were performed with SPSS
16.0 software (SPSS, Chicago, IL).
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