
The melanocortin 4 receptor gene (Mc4r) is a key

gene in the control of appetite and body-weight

regulation (Loos et al. 2008; Boghossian et al.

2010). Its activation leads to a reduction of food

intake, so Mc4r-deficient mice are hyperphagic

and obese (Huszar et al. 1997; Chen et al. 2000).

Although many advances have been made in the

identification and characterization of the Mc4r

gene, factors controlling its regulation have not

been fully investigated yet. The methylation of

CpGs within a gene is one possible factor to

down-regulate gene expression. Increased

methylation of CpGs within gene promoters and

exons is associated with transcriptional repression

of this gene (Boyes and Bird 1991; Jones et al.

1998; Robertson 2005). Recent findings suggest

that the methylation status of a gene depends not

only of its genetic background but is also influ-

enced by other factors, such as age (Fraga et al.

2005), maternal nutrition during pregnancy

(Dolinoy et al. 2007), and maternal nutrition dur-

ing the suckling period (Reifsnyder et al. 2000). In

this study, we investigate if prolonged postnatal

feeding of a high-fat diet influences the

methylation status of the Mc4r gene and if the

Mc4r gene expression is regulated by its

methylation status. Therefore, we performed a

feeding experiment, in which we analysed the

methylation status of this receptor gene in re-

sponse to long-term feeding of a high-fat diet

(HFD) in comparison to a standard maintenance

diet (SMD).

The study was carried out with the obese Berlin

Fat Mouse Inbred (BFMI) line 860 (Institute of

Animal Sciences, Humboldt-University, Berlin,

Germany) and the lean C57BL/6NCrl (B6) mouse

line (Charles River Laboratories, Sulzfeld, Ger-

many), which were kept in our mouse facility. The
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Abstract. The melanocortin-4 receptor (Mc4r) plays an important role in body-weight regulation. This study ex-

amines the methylation status and expression levels of the Mc4r gene in response to a standard and a high-fat diet

in the obese Berlin fat mouse inbred (BFMI) line and the lean C57BL/6NCrl (B6) line of Mus musculus. The

methylation status of CpG sites located within the Mc4r exon was analyzed by bisulfite genomic sequencing of

genomic DNA of brain tissues, and gene expression analysis was performed by real-time PCR. In both lines, the

methylation of CpGs 1-8 (near the transcription start) was lower than methylation of CpGs 9-16 (located towards

the end of the selected amplicon). On the standard diet, the methylation status did not differ between the lines. In

response to high-fat diet, methylation of the CpGs near the transcription start was decreased in both lines. The

Mc4r gene expression, however, was only marginally increased in BMFI mice, whereas there was no change in

B6 mice. The results suggest that a long-term high-fat diet might have an effect on the methylation status of the

Mc4r gene. However, the effect of methylation on Mc4r expression seems to be a variable compensated by other

regulating factors in a line-specific manner.
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BFMI line is a mouse model harbouring natural

mutations for juvenile obesity with a marked

hyperphagia, especially in young ages (Wagener

et al. 2006; Meyer et al. 2009). After weaning at

the age of 3 weeks, female mice of each line,

BFMI and B6, were set on either SMD or HFD,

with 3–5 mice per group until 32 weeks.

The SMD contained 12.8 MJ kg–1 metaboliz-

able energy, with 9% of its energy from fat, 33%

from protein, and 58% from carbohydrates

(V1534-000 ssniff R/M-H, ssniff Spezialdiäten

GmbH, Soest, Germany). The HFD contained

19.1 MJ kg–1 metabolizable energy, with 45% of

its energy from fat, 24% from protein content, and

31% from carbohydrates (S8074-E010 ssniff EF

R/M, ssniff Spezialdiäten GmbH, Soest, Ger-

many). The high-fat diet derived its fat from coco-

nut oil and suet. Animals had free access to food

and water and were kept at room temperature with

a light-dark cycle of 12 h. For the phenotypic char-

acterization, BFMI and B6 animals were weighed

weekly between 3 and 32 weeks. Body fat mass

was measured in non-anaesthetised mice by quan-

titative magnetic resonance (QMR) analysis, us-

ing the EchoMRI whole body composition

analyser (Echo Medical Systems, Houston, Texas,

USA) (Tinsley et al. 2004). At 32 weeks, mice

were sacrificed and the brain was dissected and

shock-frozen in liquid nitrogen. All animal treat-

ments were in accordance with the German Ani-

mal Welfare Act (approval no. G0152/04).
For methylation analyses, DNA of brain tissues

of all mice was assayed for bisulfite genomic se-
quencing of the Mc4r exon. Within the selected
434-bp amplicon, the first 16 CpG sites of the
exon were considered (Figure 1). Genomic DNA
was extracted with NucleoSpin Tissue Kit
(Macherey-Nagel GmbH & Co., Duren, Ger-
many). DNA samples were treated with sodium
bisulfite, using EZ DNA Methylation KitTM

(Zymo Research, HiSS Diagnostics, Germany).
Bisulfite-modified DNA (4.5 ng) was amplified
with Mc4r-exon-specific primers designed with
primer 3 (Ro¿en and Skaletsky 2000) (forward
5’-GTT GGA TTA GTT TAA GGA GGA TTT
A-3’, reverse 5’-CAA ATC ACA AAA TCA ATA
ACA TTA TC-3’). The PCR mixture contained
37.5 pmol of each primer (Sigma-Aldrich Co,
Germany), 0.1 mM dNTPs and 1 U of HOT
FIREPol DNA-Polymerase (Solis BioDyne, Esto-
nia). PCR conditions were as follows: an initial
step at 95°C for 15 min, then 39 cycles of 95°C for
1 min, 60°C for 45 s, 72°C for 1 min; and a final
step at 72°C for 10 min. Afterwards, the PCR
product was purified with ExoSAP-IT (USB Cor-

poration, Cleveland, OH), as recommended by the
manufacturer. The cleaned product was sequenced
using a BigDye Terminator v1.1 Cycle Se-
quencing Kit (Applied Biosystems, USA). Raw
sequence data were normalised using the ESME
software (Lewin et al. 2004) by Epiontis GmbH,
Germany. Quantitative methylation rates were
calculated from the normalised sequence data us-
ing the ESME software.

For gene expression analysis, the frozen brain
tissues were pulverized under liquid nitrogen, and
total RNA was isolated using the Nucleospin RNA
II Kit (Machery-Nagel, Düren, Germany). Total
RNA was reverse-transcribed into cDNA using
AccuScript High Fidelity Reverse Transcriptase
(Stratagene Europe, Netherlands) and random
hexamer primers (Invitrogen, Germany). Primer
sequences for the Mc4r gene according to Entrez
Gene ID 17202 were 5’-GTC AGG CGT CCT
CTT CAT CA-3’ for the forward primer and
5’-AGG TAA TCG CCC CCT TCA T-3’ for the
reverse primer. Rps29 was used as an invariant
control gene (forward 5’-TAC AAA GAC TAG
CAT GAT CGG TTC CAC T-3’; reverse 5’-AAG
GCA AGA TGG GTC ACC AGC AGC TCT
A-3’). Quantification of mRNA transcript was
performed using qPCR Mastermix Plus Kit for
SYBR Green (Eurogentec, Germany) with
300 nM of the gene-specific primer on the
Stratagene Mx3000P real-time PCR system and
Stratagene MxPro™ QPCR Software. The stan-
dard amplification protocol consisted of a 5-min
DNA denaturation step at 95°C, followed by 40
amplification cycles consisting of 15 s at 95°C and
1 min at 60°C. Relative transcript quantities (RQ)
were calculated from the equation RQ = 2–��CT

(fold) according to the ��CT– method (Livak and
Schmittgen 2001).

In the assessment of effects of line and diet, B6
females on SMD were defined as calibrators. For
statistical analyses, the Mc4r exon was divided
into 2 regions (see below). To evaluate differences
between groups (2 lines and 2 diets) within these
2 regions, initially ANOVA and pairwise t-tests
were performed using the SAS 9.1 statistical soft-
ware package (Cary, NC: SAS Institute Inc.,
USA). Differences were considered statistically
significant at P < 0.05.

As recently has been shown, BFMI mice

gained more body weight and body fat mass on

both diets than B6 mice did (Table 1). The BFMI

mice responded to HFD by an increase in body

weight and body fat mass, but the B6 mice did not.

The methylation level of some individual

CpGs differed extremely within each line on both

diets. The amplicon was divided into 2 regions: re-
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gion I included CpGs 1 to 8, which are located

near the transcription start, and region II included

CpGs 9 to 16, which are located at the end of the

examined amplicon. Region I was methylated 0%

to 26% (except of CpG 7) in all examined mice. Its

methylation was lower than that of region II,

which ranged between 52% and 100% (except for

CpG 9) (Figure 1). An increase in methylated

CpGs within a gene with increasing distance from

the transcription start was also seen in Agouti mice

(Dolinoy et al. 2007). We suggest that the CpGs

near the transcription start site of the Mc4r gene

might be involved in the binding of transcription

factors and, therefore, could influence gene ex-

pression more than the methylation of CpGs with

an increased distance from the transcription start.

It is generally accepted that methylation of CpG

dinucleotides could lead to a compaction of
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Figure 1. (A) CpG sites within the Mc4r gene and within the amplicon. (B) Methylation level (%) of each CpG site

within Mc4r amplicon in both lines on either diet. Data are means ± standard deviations. SMD = standard maintenance

diet; HFD = high-fat diet.

Table 1. Methylation level (%), Mc4r expression level, body weight, and body fat mass in BFMI and B6 mice on

both diets at the age of 32 weeks. Data are means ± standard deviations.

Line Diet Body weight at
32 weeks (g)

Body fat mass at
32 weeks (g)

Methylation (%) Relative expression level

CpGs 1-8 CpGs 9-16

B6 SMD 26.8 ± 0.9* 3.3 ± 1.2* 17.2 ± 6.5 69.6 ± 13.0 1.00 ± 0.32

B6 HFD 27.4 ± 2.5* 4.1 ± 2.0* 5.5 ± 1.9*+ 57.7 ± 7.0* 0.95 ± 0.261

BMFI SMD 48.8 ± 3.5 19.9 ± 1.8 19.1 ± 4.5 74.1 ± 8.5 0.99 ± 0.17

BMFI HFD 56. 6 ± 2.3+ 26. 8 ± 1.9+ 11.9 ± 3.4+ 83.4 ± 13.0 1.27 ± 0.182

SMD = standard maintenance diet; HFD = high-fat diet; * P < 0.05 for significant differences between the lines within a diet, 1
P = 0.06 between

B6 and BFMI mice on HFD; +
P < 0.05 between the diets within a line, 2

P = 0.05 between SMD- and HFD-fed BFMI mice



chromatin and thereby could repress the binding

of transcription factors to DNA (Boyes et al. 1991;

Jones et al. 1998). The sequence of the Mc4r gene

harbours many potential transcription factor bind-

ing sites at the beginning of the amplicon.

Our analyses showed that the methylation level

of the Mc4r gene did not differ between the BFMI

and B6 mice on SMD in both regions of the

amplicon and, likewise, the transcript levels of the

Mc4r gene in brain tissue did not differ in these

mice. In response to HFD, both lines showed sig-

nificantly reduced CpG methylation levels in re-

gion I near the transcription start, compared to

SMD-fed mice. These results indicate that pro-

longed high-fat diet feeding has an influence on

the methylation status of an obesity-related gene.

This also supports the hypothesis that differences

in the environment influence changes in

methylation profiles of individuals (Fraga et al.

2005). From differences in the methylation pattern

we expected higher expression of the Mc4r gene

on HFD. However, the Mc4r gene expression did

not differ significantly between the diets in B6

mice (Table 1). Accordingly, the body-weight and

fat mass of our B6 mice did not change in response

to HFD. Only in BFMI mice, the lower

methylation status corresponded with a slightly in-

creased Mc4r transcript quantity (P = 0.051) in

HFD-fed compared to SMD-fed animals (Ta-

ble 1). Increased Mc4r transcript amounts suggest

a higher MC4R availability, which is expected to

reduce food intake, as Mc4r-knockout mice show

hyperphagia (Huszar et al. 1997; Chen et al.

2000). Indeed, food intake was slightly reduced in

HFD-fed BFMI mice, compared to SMD-fed mice

(unpublished data). In region II, diverse

methylation levels of CpGs between HFD-fed and

SMD-fed mice of either line could be seen. How-

ever, none of these differences were significant

(Table 1).

In conclusion, long-term HFD seems to have

an effect on the methylation status of the Mc4r

gene irrespective of the line. Nevertheless, its in-

fluence on gene expression seems to be

line-specific and might be compensated by other

factors. However, the whole brain was analysed

here, whereas the hypothalamus is the specific re-

gion of Mc4r action (Mountjoy and Wong 1997).

Thus, the measured Mc4r gene expression and

also the hypothalamus-specific DNA-methylation

signal might be underrepresented in our samples.

Analyses of the hypothalamus region for the

methylation levels, but also a wider range of the

exon and the promoter of the Mc4r gene, may give

more precise results. However, a lack of a distinct

correlation between the methylation status of a

gene and its expression level, observed in our B6

mice, was also found by Fan and Zhang (2009) in

different somatic tissues. We therefore suggest

that additional factors beside methylation are im-

portant for the regulation of expression of the

Mc4r gene in mice.
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