
Introduction

Peroxisome proliferator-activated receptor ã

coactivator 1á (PPARGC1A) is a cold- and exer-

cise-inducible coactivator with a vital role in en-

ergy and fat metabolism (Puigserver et al. 1998;

Wu et al. 1999). It uses multiple transcription fac-

tors to influence the expression of many target

genes. PPARGC1A is essential for mitochondrial

biogenesis/respiration, hepatic gluconeogenesis,

adaptive thermogenesis, adipogenesis, and

adipocyte differentiation (Spiegelman et al. 2000;

Yoon et al. 2001; Oberkofler et al. 2002). Further-

more, it plays an important role in muscle fibre

type determination (Lin et al. 2002). The

PPARGC1A gene is also involved in obesity, insu-

lin resistance, and associated diseases, such as

type 2 diabetes mellitus (Soyal et al. 2006).

Especially the large influence on body weight
and fibre type regulation and composition (Dulloo
and Samec 2001) make PPARGC1A an interesting
candidate gene for meat and carcass quality in
pigs. In the region where the porcine PPARGC1A
gene was mapped, a QTL for leaf fat weight was
located, and multiple single-nucleotide polymo-
rphisms (SNPs) in both coding and regulatory re-
gions were found in the pig, some of which could
be associated with fat characteristics (Jacobs et al.
2006; Stachowiak et al. 2007). Recently, two
PPARGC1A splice variants were discovered in
porcine tissues, which might contribute to the
complex regulatory mechanism of the many dif-
ferent functions of PPARGC1A (Erkens et al.
2008).

The knowledge about the relation between

PPARGC1A and its downstream target genes is of-

ten based on in vitro studies or experiments per-
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formed with PPAR-agonists (one of the

transcription factors by which PPARGC1A exerts

its influence). The knowledge about the actual in

vivo relationship with and functioning of

PPARGC1A is very limited, especially in the pig.

In a previous study, a difference in porcine

PPARGC1A mRNA expression was found be-

tween different locations of longissimus dorsi

muscle (MLD) and backfat (Erkens et al. 2006).

To investigate whether the reported mRNA ex-

pression differences in PPARGC1A possibly in-

fluence the mRNA expression of its downstream

target genes in vivo, a reverse transcription

real-time PCR (RT-qPCR) mRNA expression

analysis was performed on 10 of these genes (Ta-

ble 1), using identical sampling locations for por-

cine MLD and backfat as in the previous study.

These downstream target genes were selected be-

cause of their importance in different aspects of fat

and energy metabolism, their expression in white

adipose tissue and skeletal muscle, and finally be-

cause of their anticipated regulation by

PPARGC1A (based on literature).

Materials and methods

Samples and cDNA synthesis

Three samples were collected from each of 20 Bel-

gian commercial hybrid pigs in a local slaughter-

house: a longissimus dorsi muscle sample at the

3rd–4th rib (MLD1) and near the 4th lumbar verte-

bra (MLD2), and a backfat sample. Pigs were

reared in the same conditions, and slaughtered at

an age of 6–7 months. Samples were preserved in

RNAlater (Sigma-Aldrich), crushed to powder

with liquid nitrogen, and stored at –80°C. The

Aurum Fatty and Fibrous Tissue RNA Isolation

Kit (Bio-Rad) was used to isolate total RNA in the

provided Elution Solution according to the manu-

facturer’s protocol. This kit also included an

on-column DNase treatment, empirically verified

by a minus reverse transcription (RT) control as

described by Erkens et al. (2006). RNA quality

was checked on agarose gel, after which the RNA

concentration (30–80 ng ìL–1) and purity (OD

260/280 ratio 1.8–2.1) were measured on a

ND-1000 spectrophotometer (NanoDrop). For the

RT reaction, approximately 0.8 ìg of total RNA

was converted into cDNA using the iScript cDNA

synthesis kit (Bio-Rad) according to the instruc-

tions manual. The cDNA synthesis was verified by

a control PCR performed under the same condi-

tions as the minus RT reaction. All PCRs included

a positive genomic and a negative no-template

control.

Primers

The NCBI database was searched for available

porcine sequences of the genes of interest (Ta-

ble 2), and primers were designed as described by

Erkens et al. (2006). Primers used for the reference

genes (ACTB, B2M, GAPDH, HMBS, HPRT1,

TBP, TOP2B, YWHAZ) were also from Erkens

et al. (2006), while primers for CPT1B,

PPARGC1A and TNF were from Peffer et al.

(2007), Jacobs et al. (2006), and Jung et al. (2007),

respectively. PCR conditions for every primer pair

were optimized with FastStart Taq DNA Polymer-
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Table 1. Pearson correlation analysis between PPARGC1A and its

downstream target genes.

Gene name Correlation
coefficient r

P-value

CPT1B carnitine palmitoyltransferase 1B 0.876 < 0.0001

FABP4 fatty acid binding protein 4 –0.593 < 0.0001

GLUT4* glucose transporter 4 0.786 < 0.0001

LEP leptin –0.700 < 0.0001

LPL lipoprotein lipase –0.112 0.3940

PDK4 pyruvate dehydrogenase kinase, isozyme 4 0.557 < 0.0001

TFAM transcription factor A, mitochondrial 0.703 < 0.0001

TNF tumor necrosis factor ? –0.344 0.0071

UCP2 uncoupling protein 2 –0.529 < 0.0001

UCP3 uncoupling protein 3 0.090 0.4935

*The official gene symbol for GLUT4 has recently been changed into SLC2A4 (solute car-

rier family 2 (facilitated glucose transporter), member 4).



ase (Roche), and their respective amplicons were

sequenced with the BigDye Terminator v3.1 Cy-

cle Sequencing Kit (Applied Biosystems).

Real-time PCR and reference gene selection

Real-time PCRs were performed on an iCycler iQ

Real-Time PCR Detection System (Bio-Rad) with

the Platinum SYBR Green qPCR Supermix UDG

(Invitrogen). A melting curve was constructed to

verify that only one gene-specific peak was pres-

ent and to make sure that primer dimers were com-

pletely absent. The real-time PCR efficiency of

each run was calculated with a 5-point 5-fold dilu-

tion series of cDNA, which was used to construct a

relative standard curve. The efficiencies ranged

between 89% and 105%. Every run also included a

no-template control. The qPCR mRNA expression

measurement of each sample was performed in

duplicate.

The stability of the reference genes and the

number to be used for normalization was evalu-

ated with 10 randomly selected samples from each

of the groups MLD1, MLD2 and backfat. For each

of these samples, the average Ct-value of the du-

plicates was calculated and converted to raw data,

as described by Erkens et al. (2006). These data

were then used in the geNorm algorithm

(Vandesompele et al. 2002) to evaluate reference

gene stability. For the other 10 samples from each

group, real-time PCR was only performed on the

most stable reference genes used for normaliza-

tion, in the same manner as described above.

Data analysis

The duplicate Ct-values from each sample were

processed, converted to raw data, and normalized

with the geometric mean of ACTB, TBP, and

TOP2B, in the same way as described previously

(Erkens et al. 2006). The logarithmic values of

these normalized data were used to calculate the

average mRNA expression and 95% confidence

interval for each of the 3 sampling groups from

each gene, which were then converted into linear

values. The data from all genes were rescaled

against the values of MLD1 from PPARGC1A,

and plotted in a graph to visualize the expression

of the sampling groups within a gene, as well as to

compare the expression patterns between genes.

For each gene a statistical analysis of the variance

of the mRNA expression data of the 3 sampling

groups was performed by a parametrical repeated

measures ANOVA (which also checks if pairing is

significantly effective) and post hoc Tukey test (to

compare the 3 groups to each other), using

GraphPad Prism Version 5.01. Correlation analy-

sis of the mRNA expression data of each of the
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Table 2. Primer information on the genes used for real-time PCR mRNA expression analysis

Gene Primer sequence (5'›3') Ampliconlength Ta GenBank accession number or refer-
ence

PPARGC1A CCTGCATGAGTGTGTGCTCT 107 bp 59°C Jacobs et al. 2006

CTCAGAGTCCTGGTTGCACA

CPT1B GCACGCCAGGCCTTCTTCAGC 121 bp 63°C Peffer et al. 2007

TGGCCTCGTCTTCCGGGTCATAGT

FABP4 GAAGTGGGAGTGGGCTTT 190 bp 60°C EU076588

TTATGGTGCTCTTGACTTTCCT

GLUT4 CTTGTCCTCGCCGTCTTCT 96 bp 60°C EU076589

GCTCTGTTCAATCACCTTCTGG

LEP GCACGACACCAAAGACAGA 123 bp 60°C EU076591

GCTGGAGATGGAACAGGAA

LPL GGAGAGAGGAAGGGAAAACAGA 157 bp 60°C EU076592

AGGGAAAAGACCGACCAATAAA

PDK4 GAAATAGTCCATGTTGGTATGTG 93 bp 63°C EU827264

TAATAATACAAGTGGGCCTGAA

TFAM AGAGCATCCAGAACTCATCTT 93 bp 58°C EU827265

CAGCAATCCTTTCCACATAC

TNF CTCTTCTGCCTACTGCACTTCG 101 bp 57°C Jung et al. 2007

GATGATCTGAGTCCTTGGGC

UCP2 CCAATGTCGCTCGTAATG 109 bp 63°C EU827266

TGGCAGGGAAGGTCATC

UCP3 GATTCACACCTTCCTTTTTGCGC 226 bp 63°C EU827267

GTTGTGTAAATGCGGGTGGG

Ta: annealing temperature.



downstream target genes with PPARGC1A was

done by the parametrical Pearson test, again using

GraphPad Prism Version 5.01. Hierarchical clus-

ter analysis was performed in R, using Pearson

correlation as distance metric and Ward method

for clustering. Prior to clustering, the gene expres-

sion data were standardized, i.e. means were cen-

tered (mean log value set to 0) and autoscaled

(standard deviation set to 1).

Results

RT-qPCR mRNA expression data analysis

Evaluation of candidate reference genes by

geNorm showed that ACTB, TBP and TOP2B

were most stably expressed and that normalization

with the geometric mean of these 3 reference

genes results in accurate mRNA expression data.

Figure 1 shows the average normalized mRNA ex-

pression and 95% confidence interval of each

sampling group for all genes of interest. For

PPARGC1A, there was a clear difference in

mRNA expression between MLD1, MLD2, and

backfat (ranked from highest to lowest expression,

respectively). A similar expression pattern was

seen for PDK4, CPT1B, TFAM and GLUT4. On

the other hand, UCP2 showed an opposite pattern,

with highest expression in backfat. For FABP4,

TNF, and LEP, the expression was clearly higher

in backfat than in both muscle sampling groups.

Statistical analysis of the data by repeated mea-

sures ANOVA showed that there was an ex-

tremely significant (P < 0.0001) difference in

mRNA expression between sampling groups, for

all but 2 genes (Table 3). For UCP3 and LPL, the

result was less significant (P = 0.0109 and P =

0.0227, respectively). The fact that significant

pairing (P < 0.05) was found for UCP3, CPT1B,

TFAM, GLUT4, FABP4, and LEP, justified the

use of this paired statistical test. To determine ex-

actly which group is significantly different com-

pared to the other 2 in terms of mRNA expression,

the Tukey test was applied. For PPARGC1A,

CPT1B and LEP, a significant difference could be

detected between MLD1 and MLD2. A very sig-

nificant difference was found between MLD1 and

backfat for all genes, except for UCP3 and LPL.

Between MLD2 and backfat, a (very) significant

difference in expression was detected for all

genes.

Correlation and cluster analysis

Table 1 shows the results of the Pearson correla-

tion analysis between PPARGC1A and each of the

10 investigated downstream target genes. UCP3

and LPL showed no significant correlation with

PPARGC1A. There was a mild to strong negative

correlation with TNF, UCP2, FABP4, and LEP, in

increasing order. A strong positive correlation was

found with PDK4, TFAM, GLUT4 and CPT1B.

The significance of all these correlations was ex-

tremely high (P < 0.0001), except for TNF, where

it was somewhat lower (P = 0.0071).

The heatmap resulting from the hierarchical

cluster analysis shows that both MLD locations
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Figure 1. Relative mRNA expression patterns of PPARGC1A and its downstream target genes in the 3 sampling groups.

Linear mRNA expression values from all genes are rescaled against the value of MLD1 from PPARGC1A. Bars

represent the 95% confidence interval.



clustered together, while backfat clearly clustered

separately (Figure 2). Furthermore, MLD1 and

MLD2 clustered together within the same pig for

samples 1, 2, 3, 5, 10, 15, 18, and clustered in close

vicinity for samples 7, 9, and 16.

Discussion

Accurate normalization is a critical step in pro-

cessing and analysing RT-qPCR mRNA expres-

sion data. In this study, geNorm indicated that the

same set of reference genes (ACTB, TBP, and

TOP2B) could be used for normalization of the 3

different tissue samplings, confirming the results

of a previous study on the same type of samples

(Erkens et al. 2006). An interesting observation,

however, is that although the M values (which are

an indication of expression stability) for all refer-

ence genes were much lower than in the previous

study, the ranking order of the genes was nearly

the same. In another study on porcine backfat, the

same experimental procedure for the reference

genes was used as in our study, and also lower
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Table 3. Repeated Measures ANOVA and Tukey’s Multiple Comparison

test results

ANOVA Tukey

P-value Pairing signifi-
cantly effective?
(P-value)

MLD1 vs.
MLD2

MLD1 vs.
backfat

MLD2 vs.
backfat

PPARGC1A < 0.0001 ns *** *** ***

CPT1B < 0.0001 yes (0.0060) ** *** ***

FABP4 < 0.0001 yes (0.0071) ns *** ***

GLUT4 < 0.0001 yes (0.0167) ns *** ***

LEP < 0.0001 yes (0.0026) * *** ***

LPL 0.0227 ns ns ns *

PDK4 < 0.0001 ns ns *** **

TFAM < 0.0001 yes (0.0480) ns *** ***

TNF < 0.0001 ns ns ** ***

UCP2 < 0.0001 ns ns *** **

UCP3 0.0109 yes (< 0.0001) ns ns *

P-value: *: 0.01-0.05; **: 0.001-0.01; ***: <0.001; ns: not significant (P > 0.05).

Figure 2. Hierarchical cluster analysis of the mRNA expression of PPARGC1A and the 10 investigated downstream

target genes. Numbers in parentheses denote animal number. Red = lowest expression level; blue = highest expression

level; B = backfat.



M values were detected (Papadopoulos et al.

2009). It is well known that the experimental con-

ditions can affect reference gene stability (Thellin

et al. 1999), but our results indicate that the

method of RNA extraction possibly influences the

M value without affecting the stability ranking of

the reference genes. It is beyond the scope of this

paper, but this observation deserves further atten-

tion in follow-up studies.

As can be seen from Figure 1, the mRNA ex-

pression pattern of PPARGC1A clearly differs be-

tween MLD1, MLD2, and backfat, which is

identical to the findings of Erkens et al. (2006),

and this was confirmed by statistical analysis (Ta-

ble 3). This suggested a tissue- and loca-

tion-specific regulation of porcine PPARGC1A

expression and functioning, possibly related to

differences in energy demand and muscle fibre

type composition. In a rat study, for instance, the

basal PPARGC1A protein expression differed be-

tween the more oxidative and the more glycolytic

part of the gastrocnemius muscle (Terada and

Tabata 2004).

Both for CPT1B and TFAM, a significantly

higher gene expression was found in muscle, com-

pared to backfat, which could be expected based

on their crucial functions in mitochondrial energy

metabolism and the energy demand of these tis-

sues. For CPT1B, this is in accordance with previ-

ous findings in rats (McGarry and Brown 1997).

Data for both genes also showed a significant pair-

ing between the different sampling locations

within the same animal (Table 3). This might indi-

cate the presence of an underlying genetic compo-

nent regulating mRNA expression, like

polymorphisms in the promoter region or in the

mRNA of the target gene, or of a strong regulatory

gene. Furthermore, a strong positive correlation

was detected between PPARGC1A and both

CPT1B (r = 0.876) and TFAM (r = 0.703) gene ex-

pression. Combined with the significant pairing of

data and the similar gene expression patterns,

these results suggest an important regulation and

induction of both genes by PPARGC1A in vivo in

the pig. This is in accordance with studies in other

species, and confirms a strong regulation of fatty

acid and mitochondrial metabolism by

PPARGC1A (Wu et al. 1999; Moore et al. 2003;

Handschin and Spiegelman 2006).

GLUT4 is an insulin-sensitive glucose trans-

porter, important in glucose homeostasis and en-

ergy metabolism (Michael et al. 2001). The

significant difference in GLUT4 mRNA expres-

sion between MLD and backfat (P < 0.001) can be

explained by the fact that skeletal muscle trans-

ports more glucose for storage and oxidation than

fat does (Carey et al. 2006). Reports on the relation

between PPARGC1A and GLUT4 have provided

contradictory results. Several in vitro and trans-

genic experiments provided evidence that

PPARGC1A increases GLUT4 expression in mus-

cle through several known PPARGC1A transcrip-

tion factors (Michael et al. 2001; Ramachandran

et al. 2008). A study in transgenic mice, on the

other hand, showed a decrease in GLUT4 expres-

sion in skeletal muscle when PPARGC1A was

overexpressed (Miura et al. 2003). Our RT-qPCR

data showed a strong positive correlation

(r = 0.786) between PPARGC1A and GLUT4 gene

expression. Although no significant difference in

GLUT4 expression was found between both MLD

sampling locations, there is a resemblance to the

PPARGC1A expression pattern (Figure 1). Com-

bined with the significant pairing of data, this

study suggests a strong positive impact of

PPARGC1A on GLUT4 expression in vivo.

Where CPT1B and GLUT4 are involved in sub-

strate transport, PDK4 functions as a switch in en-

ergy metabolism, increasing fatty acid oxidation

and lowering glucose utilisation (Wende et al.

2005). A significant positive correlation was

found with PPARGC1A mRNA expression, al-

though it was not as strong as for CPT1B and

GLUT4 (Table 1). PDK4 gene expression is

tightly regulated by multiple factors, because of its

critical function in energy metabolism (Wende

et al. 2005). Therefore, induction by PPARGC1A

(through specific transcription factors) is just one

of the possible mechanisms of regulation. The ob-

served positive correlation between PPARGC1A

and PDK4 gene expression is in agreement with

the findings of Wende et al. (2005) in skeletal

muscle and myotubes.

UCP2 is ubiquitously expressed in mammals

(Dulloo and Samec 2001), and the significant dif-

ference in expression between MLD and backfat

(Table 3) confirms the results of Damon et al.

(2000), who found higher UCP2 expression in adi-

pose tissue than in muscle of piglets. The signifi-

cant negative correlation with PPARGC1A

(r = –0.529) and the opposite expression pattern,

suggest that it has a negative influence on UCP2

mRNA expression in vivo. This contrasts with the

effect of PPARGC1A on UCP2 gene expression in

a rat insulinoma cell line (Oberkofler et al. 2006).

However, there is still much debate about the pre-

cise function and the tissue-dependent regulation

of UCP2 by many genes, and various contradic-
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tory results have been reported (Fleury and

Sanchis 1999; Villarroya et al. 2007).

Both LPL and UCP3 have a tissue-specific ex-

pression profile and a complex regulation, which

is not yet fully understood (Merkel et al. 2002;

Villarroya et al. 2007). Our results only indicated a

small significant difference in expression between

MLD2 and backfat. Several studies suggested an

involvement of PPARGC1A in LPL and UCP3

gene expression, through several of its associated

transcription factors (Li et al. 2002; Kageyama et

al. 2003; Villarroya et al. 2007). However, the data

from our experiment did not indicate any signifi-

cant correlation with PPARGC1A gene expression

in vivo, but this could be due to the fact that many

other factors influence LPL and UCP3 expression

in a complex regulatory mechanism. Therefore,

further studies are necessary to clarify the relation-

ship.

The expression of FABP4 was significantly

higher in backfat than in MLD (P < 0.001), which

corresponds with a study in humans (Fischer et al.

2006). A significant negative correlation with

PPARGC1A (r = –0.593) and a significant pairing

of FABP4 data was found, which suggest a nega-

tive influence of PPARGC1A on FABP4 expres-

sion. This seems to contrast with the findings of

several other studies concerning certain transcrip-

tion factors and their agonists, but none of these

studies investigated the actual relationship with

PPARGC1A (Pelton et al. 1999; Handschin and

Spiegelman 2006; Samulin et al. 2008). This dif-

ference might be explained by the possible in-

volvement of other regulatory factors, resulting in

a complex mechanism.

LEP and TNF are important in inflammation,

fat and energy metabolism, and body weight regu-

lation (Cawthorn and Sethi 2008; Lago et al.

2008). Their expression in this study was signifi-

cantly higher in backfat than in MLD, which for

LEP is in agreement with another study in the pig

(Ramsay and Richards 2005). The relation be-

tween PPARGC1A and both TNF and LEP gene

expression is rather complex. Although in rodents

a positive correlation between LEP and

PPARGC1A expression was found (Kakuma et al.

2000), several other experiments provided evi-

dence of an inverse correlation between the ex-

pression of both of these genes and PPARGC1A,

which is consistent with our in vivo results in the

pig (Wang et al. 2005; Kim et al. 2007). For LEP, a

strong negative correlation with PPARGC1A gene

expression was detected (r = –0.700). Combined

with significant pairing of data, this suggests that

PPARGC1A is an important player in the

regulation of LEP gene expression in vivo. The

correlation between TNF and PPARGC1A gene

expression was weaker (r = –0.344). A regulatory

role of PPARGC1A is supported by the fact that

PPARã-agonists can decrease LEP and TNF gene

expression (Willson et al. 2001; Kim et al. 2008).

However, there are also indications that both

genes influence PPARGC1A expression as well as

that of several of its downstream target genes

(Kim et al. 2007; Kakuma et al. 2000). It is there-

fore very likely that they are involved in a regula-

tory pathway controlling each other’s expression.

As can been seen from Figure 2, the clustering

of both muscle sampling groups was clearly dis-

tinctive from backfat, although not all MLD1 and

MLD2 samples clustered together. An interesting

observation, however, was the fact that 10 out of

20 pigs showed a preferred clustering within an

animal, rather than within MLD1 or MLD2. This

could be due to an experimental batch effect, or to

a genetic component that links the expression of

both muscle sampling locations within certain ani-

mals, causing the MLD1 and MLD2 expression to

be more alike within a certain pig than the expres-

sion in either the MLD1 or MLD2 group, when

compared between all pigs.

Conclusions

In conclusion, our results provide evidence for a

clear mRNA difference in expression between

MLD and backfat, and show a (strong) correlation

of PPARGC1A expression with several of its

downstream target genes in the pig. The data sug-

gest an impact of PPARGC1A on energy and lipid

metabolism in vivo in the pig. This will help to un-

ravel further the complex functioning of

PPARGC1A, and will improve our understanding

of this important gene.
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