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Abstract 

Brown adipocytes and myocytes develop from a common adipomyocyte precursor. PPARα is 

a nuclear receptor important for lipid and glucose metabolism. It has been suggested that in 

brown adipose tissue, PPARα represses the expression of muscle-associated genes, in this 

way potentially acting to determinate cell fate in brown adipocytes. To further understand the 

possible role of PPARα in these processes, we measured muscle-associated gene expression 

in brown adipose tissue and brown adipocytes from PPARα-ablated mice, including structural 

genes (Mylpf, Tpm2, Myl3 and MyHC), regulatory genes (myogenin, Myf5 and MyoD) and a 

myomir ((miR-206), as well as genes that are part of the brown adipocyte signature (Tbx15, 

Meox2, Zic1 and Lhx8). However, we report here that in our hands the expression of these 

genes was not influenced by the presence or absence of PPARα, nor by the PPARα activator 

Wy-14,643. Thus, it would not seem that PPARα plays a significant role in the regulation of 

the bifurcation of the adipomyocyte precursor into a brown adipocyte or myocyte phenotype; 

particulary, it would not seem that PPARα represses muscle-associated genes.  
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Introduction 

 
A common origin of brown adipose tissue 
and skeletal muscle has now become 
established[1-4]. Both tissues derive from 
the dermomyotome and initially express 
myogenic transcription factors and 
microRNAs (myomirs). The master 
regulator "PR-domain containing 16" 
(Prdm16) down-regulates the expression of 
myogenic factors Myf6, MyoD, myogenin 
and MyHC in C2C12 muscle cell lines, 
thereby blocking progression into the 
myogenic program and facilitating brown 
adipocyte differentiation [3]. Prdm16 forms 
a complex with and coactivates the 
transcriptional function of the nuclear 
hormone receptor "perixosome proliferator 
activated receptor-α" (PPARα) [3]. In this 
respect, a remarkable observation by Tong 
et al. gains renewed interest[5]. In the 
brown adipose tissue of PPARα-ablated 
mice, these authors observed the presence 
of proteins normally associated with 
muscle[6, 7], including tropomyosin-β 
(Tpm2), myosin regulatory light chain 2 
(Mylpf) and myosin light chain 3 (Myl3). 
Also the corresponding mRNA levels were 
reported to be higher, about 7-fold higher 
as a mean. Treatment with an PPARα 
agonist (Wy 14,643) further halved the 
expression level in the wild-type mice but 
was without effect in the PPARα-ablated 
mice. Taken together, these data strongly 
suggested that PPARα expression and 
activity in brown adipocytes repress the 
myogenic signature.  

Thus, a scenario could be envisaged 
where Prdm16 performed its cell-fate 
determining effect (partly) by co-activating 
PPARα. Since PPARα would be a 
mediator for this effect, the myogenic 
pathway would be promoted in its absence.  
 In order to open for further 
exploration of this interesting possibility, 
we investigated in the present study the 
gene expression profiles of brown adipose 
tissue and brown adipocytes from PPARα-
ablated mice, examining not only the 
expression of muscle structural genes (as 
those examined by Tong et al.) but also 
muscle myogenic regulatory factors and 
brown-fat specific regulatory factors. 
However, a repressive effect of PPARα on 

muscle-associated genes could not be 
observed.  
 
Materials and Methods 
 

Animals and tissue sampling. The experiments 
were approved by the animal ethical committee for 
North Stockholm. Male and female PPARα-ablated 
mice on a 129/Sv genetic background [8], and 
wildtype (+/+) 129/Sv mice 6-9 weeks old, from 
our own breeding, were killed with CO2, and 
interscapular brown adipose tissue was dissected 
out and immediately frozen in liquid nitrogen, and 
later subjected to gene expression analysis. The 
genotype of the mice was confirmed by RT-PCR 
(Suppl. Fig. 1). 
 

Cell isolation and cell culture. Male and female 
3-4 weeks old PPARα-ablated mice on a 129/Sv 
genetic background and wildtype (+/+) 129/Sv 
mice from own breeding were killed with CO2. 
BAT was isolated from the interscapular, cervical 
and axillary depots as described previously [9, 10]. 
The cells were cultured in 6-well

 
plates (10 

cm
2
/well; Corning);

 
1.8 ml of culture medium was 

added to each well before 0.2
 
ml cell suspension 

was added. The culture medium was DMEM with 
10 % (vol/vol) newborn calf serum (Hyclone batch 
APE21200) , 2.4 nM insulin, 25 µg/ml sodium 
ascorbate, 10 mM HEPES,

 
4 mM glutamine, 50 

U/ml penicillin, 50 µg/ml streptomycin, and
 
1 µM 

rosiglitazone
 

maleate (Alexis Biochemicals). 
Cultures

 
were washed in DMEM on day-1 and the 

medium was changed on day-1, day-3 and day-5. 
The media was not changed

 
on the day the cells 

were harvested (day-7). Some cells were stimulated 
with 10 µM Wy-14,643 on day-5, 48 h prior to 
harvest.  
 

RNA isolation, Northern blot and Real-Time 
qPCR. Total RNA was extracted from frozen 
brown adipose tissue or cell cultures with 
(Ultraspec Biotecx, Houston, TX) according to the 
manufacturer’s protocol, and RNA concentrations 
were measured on a Nanodrop nd-1000 
 spectrophotometer(Thermo-Scientific,Wilmington, 
DE). 

 Aox1 mRNA levels were measured with 
Northern blot as described previously[11]. 
Membranes were probed for Aox1 mRNA and 18S 
rRNA after being stripped in-between by repeated 
washing with boiling 0.2% (wt/vol) SDS. Aox 
mRNA levels were normalised to 18S rRNA levels.  
 To synthesize cDNA, 200 ng RNA from 
each sample were reverse-transcribed with a High 
Capacity cDNA kit (Applied Biosystems, Foster 
City, CA) in a total volume of 10 µl and diluted to 
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200 µl. To measure each gene of interest (GOI), 4 
µl of each cDNA sample were loaded in duplicate 
in SybrGreen® Jumpstart™ Taq Ready-mix 
(Sigma-Aldrich), together with pre-validated, 
designed primers (Suppl. Table 1) obtained from 
the Universal Probe Library (Roche Applied 
Science), on a 7900HT Real Time PCR System 
(Applied Biosystems, Foster City, CA). All mRNA 
levels were normalized to TFIIB mRNA according 
to the comparative threshold method (Ct-method) 
(∆Ct). The TFIIB mRNA levels are provided in the 
Supplementary Material section (Suppl. Fig. 2) and 
were even between the genotypes both in-vivo and 
in-vitro. The equation 2

-∆Ct 
was applied to convert 

the logarithmic ∆Ct values to linear values. 
For miR-206 microRNA measurements, total 

RNA was diluted to5 ng/µl. In the microRNA-
cDNA synthesis, 2.5 µl of these dilutions was 
reverse-transcribed in 3.5 µl reaction mix and 1.5 µl 
of the miR-206-specific reverse-transcription 
primer (Suppl. Table 1) provided with the 
MicroRNA Assay kit (Applied Biosystems, Foster 
City, CA). 1.2 µl of miRNA-specific cDNA from 
this reaction was amplified in duplicate with the 
TaqMan Gene Expression mastermix and the 
probe/primer mix provided in the MicroRNA Assay 
kit (Applied Biosystems, Foster City, CA) in the 
TaqMan qPCR system as above. TFIIB mRNA was 
used as an endogenous control; log to lin-
transformed microRNA/TFIIB mRNA expression 
ratios were calculated as above. 
 
Results 
 
Muscle-associated genes in BAT are not 
suppressed by PPARα  

 
In a 2D-SDS PAGE screen, Tong et 

al.[5] found high levels of five proteins in 
brown adipose tissue from PPARα-ablated 
mice, in comparison to wildtype tissue 
where these proteins were not at all 
detected. These proteins were identified by 
MALDI-TOF MS to be muscle-associated 
structural proteins (i.e. directly associated 
with muscle contractile function), namely  
tropomyosin 1 α-chain, tropomyosin 2 β, 
myosin regulatory light chain 2, myosin 
light chain 3 and parvalbumin α. By 
Northern blot techniques, the mRNA level 
of these genes was also found to be higher 
in PPARα-ablated mice than in wild-type 
mice.  

Due to the potential significance of 
these findings for the understanding of the 
developmental biology of brown  

Fig. 1. Expression of muscle-associated genes and 
myogenic transcription factors in BAT. 
Interscapular brown adipose tissue mRNA levels of 
(A) relatively well-expressed muscle-associated 
structural genes (TPM2 and Mylpf), (B) low-
expressed structural genes (Myl3 and MyHC), and 
(C) myogenic regulatory factors (myogenin, Myf5 
and MyoD) were measured with Real-Time qPCR. 
Black and white bars represent data from wildtype 
and PPARα-ablated mice, respectively. The Ct-
values for TPM2, Mylpf, Myl3, MyHC, myogenin, 
Myf5 and MyoD were normalized to TFIIB. The 
data are means ± SE from 7-8 mice. In soleus 
muscle tissue, Mylpf, Myf5 and myogenin mRNA 
levels were ~30-fold, ∼40-fold and ~100-fold 
higher than the corresponding average levels in 
wild-type brown adipose tissue. In the wild-type 
group, data from one outlier mouse with a very high 
expression level was excluded.  
 
 
 
adipocytes versus muscle cells, we have 
investigated the mRNA levels of three of 
these five proteins: tropomyosin 2 β 
(TPM2), myosin regulatory light chain 2 
(Mylpf) and myosin light chain 3 (Myl3) 
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in brown adipose tissue from 6-9 week-old 
adult wildtype and PPARα-ablated mice.  

Mylpf and Tpm2 genes were relatively 
well expressed in brown adipose tissue 
from wildtype mice (Fig. 1A), although the 
level of Mylpf was still about 30 times 
lower than in muscle (not shown). 
However, unexpectedly, the expression 

level of these genes in the brown 
adipose tissue of PPARα-ablated mice was 
not different from that in wild-type tissue. 
The expression level of Myl3 was as such 
much lower, but again, the mRNA levels 
were identical in brown adipose tissue 
from wildtype and PPARα-ablated mice 
(Fig. 1B).  

In addition to these genes identified by 
Tong et al, we also measured myosin 
heavy chain (MyHC) mRNA levels. 
MyHC is one of the muscle-associated 
gene that was shown to be suppressed by 
Prdm16[3]. However, also MyHC mRNA 
levels in brown adipose tissue from wild-
type and PPARα-ablated mice were equal 
(Fig. 1B).  

Thus, the observation that the levels of 
the muscle-associated structural genes 
TPM2, Mylpf, Myl3 and MyHC were not 
altered by the presence or absence of 
PPARα does not support the contention 
that PPARα suppresses muscle-associated 
genes and in this way is directly involved 
in the brown adipocyte/myocyte 
bifurcation.  
 
 
PPARα is not a suppressor of myogenic 
transcription factors 
 
Tong et al. suggested that the influence of 
PPARα on the structural muscle-associated 
genes could be indirect, i.e. based on an 
effect of PPARα on the expression of 
myogenic transcription factors. Myogenin,  
Myf5 and MyoD are classical 
transcriptionfactors for myogenesis[12] but 
are also present in brown pre-adipocytes[2]. 
Myf6, MyoD and myogenin are suppressed 
by Prdm16[3]. To assess whether PPARα is 
involved in the repression of these genes 
(and perhaps thus in mediating the effect of 
Prdm16), we measured these regulatory  
genes in the brown adipose tissue from the 
wildtype and PPARα-ablated mice (Fig. 
1C). 

 
 

Fig. 2. Muscle-associated mRNA and 
microRNA levels in primary brown adipocytes. 
Levels of (A) Aox1 mRNA, (B) Mylpf mRNA, (C) 
myogenin mRNA and (D) miR-206 microRNA 
were measured in primary brown adipocytes with 
Northern blot (A) or Real-Time qPCR (B-D). Black 
bars indicate wildtype cells, white bars cells from 
PPARα-ablated mice; Wy indicates treatment with 
10 µM of the PPARα experiment. In B-D, The Ct-
values forMylpf, myogenin and miR-206 were 
normalized to TFIIB. Data shown are means ± SE 
from 5-6 independent cell culture experiments. 
**indicates a significant effect of Wy (P < 0.01). 
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Myf5 mRNA was almost absent, and 
myogenin and MyoD mRNA levels were 
low in brown adipose tissue (myogenin  

about 100 fold lower than in muscle 
(not shown)). However, also these 
myogenic regulatory factors were equally 
expressed in brown adipose tissue from 
wildtype and PPARα-ablated mice.  

Thus, PPARα has no regulatory effect 
on myogenic regulatory factor expression 
in brown adipose tissue. 

 
 
Muscle-associated factors in PPARα null 
primary brown adipocytes 
 
In a second model, we investigated the 
PPARα-mediated effect on muscle-
associated mRNAs at a cellular level, 
utilizing primary brown adipocyte cultures 
from both wildtype and PPARα -ablated 
mice. Cultured brown adipocytes do not 
spontaneously express PPARα [10]. We 
therefore treated these cells with the 
PPARγ-ligand rosiglitazone to increase the 
PPARα levels[10, 13]. We further treated 
some of the cultures with a PPARα-
agonist, Wy-14,643, to examine whether 
PPARα activation would augment the 
suggested effects of PPARα on myogenic 
gene expression, as was observed by Tong 
et al. in intact mice [5].  

To verify that the Wy-14,643 treatment 
was efficient, we examined downstream 
PPARα -mediated effects.  
Aldehyde oxidase 1 (Aox1) is a known 
target gene for PPARα (as well as for 
PPARγ[14]), and we used the expression of 
this gene to validate Wy-14,643-mediated 
PPARα activation (Fig. 2A). We could 
verify a slight Wy-14,643-response in the 
wildtype cells; the relatively small effect of 
Wy-14,643 is probably explainable in that 
Aox levels are already upregulated by 
rosiglitazone, mediated through PPARγ. In 
the brown adipocytes from the PPARα-
ablated mice, there was no effect of Wy-
14,643 on Aox1 gene expression. Thus, 
Wy-14,643 had an effect that was mediated 
via PPARα. 

In line with the studies made in-vivo 
above, we measured Mylpf and myogenin 
mRNA levels in the brown adipocytes.  

 
 
 

Fig. 3. Brown adipocyte marker mRNA levels in 
primary brown adipocytes. Levels of (A) Tbx15 
mRNA, (B) Meox2 mRNA, (C) Zic1 mRNA and 
(D) Lhx8 were measured in primary brown 
adipocytes with Real-Time qPCR. Conditions and 
symbols as in Fig. 2.  
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Irrespective of the presence of a PPARα -
activator or the presence or ablation of 
PPARα in these cultures, we found that the 
mRNA levels of these two muscle-
associated genes were similar (Fig. 2BC).  
In addition to muscle-specific mRNAs, 
muscle-specific microRNAs exist. These 
non-coding RNAs have been suggested to 
have pivotal roles in several cellular 
processes, in that they may silence 
networks of genes under the influence of  
of miR-206, a miRNA assumed to be 
specifically expressed in skeletal 
muscle[17]but recently demonstrated to be 
expressed also in brown adipocytes[4]. 
However, similarly to the Mylpf and 
myogenin results (Fig. 2BC), miR-206 
levels were unaffected by PPARα loss or 
activation (Fig. 2D). This may be said to 
be in accordance with the other 
observations here, since Myf5 was almost 
not present and was not changed in the 
cells (Fig. 1C), and Myf5 is crucial for the 
induction of miR-206 expression[18].  
 
Does PPARα influence brown adipocyte 
markers? 
According to the hypothesis that PPARα 
regulates the expression of muscle-specific 
genes[5], the loss of PPARα would be 
expected to push the adipomyocyte-
precursor towards a muscle phenotype, and 
thus to become less brown-fat-like. 
Therefore we examined the mRNA levels 
of four established brown adipocyte gene 
markers.  

The transcription factors “T-box 15” 
(Tbx15) and “mesenchyme homeobox 2” 
(Meox2) are two genes found in both 
brown adipocytes and skeletal myocytes 
but not in white adipocytes[2].Tbx15 and 
Meox2 mRNA levels were not affected by 
either Wy-14,643 treatment or PPARα 
absence (Fig. 3AB).  

In contrast, “zinc fingers in the 
cerebellum 1” (Zic1) and “Lim-homebox 
8” (Lhx8) mRNAs are specifically found 
in brown adipocytes as compared to both 
muscle and white adipocytes[2], and if 
PPARα inhibits differentiaton towards 
muscle (and thus promotes differentiation 
towards brown adipocytes), these genes 
would be expected to be suppressed in the 
PPARα KO. However, these genes were 
also unaffected in all cases. The stable 
levels of these established brown adipocyte 
gene markers provide further support that 

PPARα does not control the bifurcation of 
the adipomyocyte-precursor towards 
myocytes versus brown adipocytes and 
does not have an impact on brown 
adipocyte identity.  
 
 
Discussion 
The mechanism that controls the 
bifurcation of the adipomyocyte-precursor 
into brown adipocytes or myocytes 
involves switching off or on muscle-
specific factors, respectively. A role for 
PPARα in the switching mechanism was 
suggested by Tong et al.[5], even before it 
was understood that brown adipocytes and 
myocytes originate from a common 
adipomyocyte precursor. This suggestion 
gained renewed actuality when the 
relationship between myocytes and brown 
adipocytes was understood [1, 2] and 
especially when it was demonstrated that 
Prdm16 - that directs the adipomyocyte 
precursors towards the brown adipocytes 
phenotype - interacts directly with 
PPARα[3]. PPARα-ablated mice are 
essential tools to establish the functional 
roles of PPARα. In order to be able to 
extend the analysis of the significance of 
PPARα, we examined - similarly to Tong 
et al. - muscle-associated gene expression 
in the brown adipose tissue of PPARα-
ablated mice and in brown adipocyte 
cultures from these mice. 

However, in contrast to the observations 
and suggestions of Tong et al. concerning 
the significance of PPARα for the 
expression of muscle-associated genes, we 
found no increased expression of muscle-
associated gene regulatory factors. Thus, 
although demonstrated to interact with 
PRDM16[3], and despite the observations 
of Tong et al., PPARα does not seem to be 
involved in defining the brown adipocyte 
by suppression of myogenesis. These 
observations concerning the mRNA levels 
of muscle-associated genes in the brown 
adipose tissue of PPARα-ablated mice are 
clearly not concurrent with the 
observations of Tong et al.[5]. We are 
unable to suggest a simple explanation for 
this major difference. The PPARα-ablated 
mice studied by us come from the same 
founders  as those  studied  by  Tong et  al., 
and both direct examination of the genome 
(Suppl. Fig. 1) and functional analysis of 
PPARα agonist effects (Fig. 2) confirm 
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that PPARα is ablated even in our mouse 
colony. A source of error could be 
contamination during dissection by 
surrounding muscular tissues in the studies 
of Tong et al. However, Tong et al. state 
that based on 2D SDS-PAGE analysis, the 
excised brown adipose tissue was not 
contaminated by other tissues (although 
the experimental background for this 
statement is not detailed). It is also difficult 
to understand why a contamination would 
be systematically biased to the PPARα 
mice.  

In conclusion, it would not seem that a 
PPARα inhibitory effect on the myogenic 
program, that would force the 
adipomyocyte towards a brown adipocyte, 
is relevant for an understanding of the 
adipomyocyte bifurcation.   
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