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Major urinary proteins (Mups) are important for rodent scent communication

and sexual behaviour. Recent evidence suggests that Mup1 may be regulated

by fasting and re-feeding (RF). However, other Mup isoforms are poorly inves-

tigated, and data on the impact of long-term dietary restriction (DR) and ad

libitum RF on Mup expression are missing. We investigated the effects of

long-term 25 per cent DR and subsequent RF on Mup expression in male

C57BL6 mice. DR significantly decreased Mup gene expression, hepatic and

urinary protein levels compared with ad libitum (AL) fed control mice, with

the greatest downregulation found for Mup5 expression. The decline in Mup

expression was inverted by six months of RF. Because of inhibitory gluco-

corticoid response elements in the genomic sequence of the Mup5 gene, the

observed inverse correlation of nuclear glucocorticoid receptor levels with

Mup expression in response to DR and subsequent RF is a possible regulatory

mechanism. Additionally, gene-expression-inhibiting histone deacetylation

(H3K9) occurred in the region of the Mup5 gene in response to DR. We

assume that Mup may act as a molecular switch linking nutritional status to

sexual behaviour of mice, and thereby regulating male fertility and reproduction

in response to food supply.
1. Introduction
Prolongation of lifespan by dietary restriction (DR) has been repeatedly

observed in different model organisms, including fishes, flies and mice [1].

However, in primates, it remains unclear whether DR promotes longevity,

as the latest study on DR in rhesus monkeys showed no beneficial effect on

lifespan [2,3]. Primates and other mammals differ greatly regarding their repro-

ductive behaviour, and Shanley & Kirkwood [4] stated that in periods of food

shortage mice reduce their investment in reproduction to maintain individual

survival, resulting in an increased lifespan merely to permit sufficient amounts

of progeny when food supply increases again [5,6]. However, in studies inves-

tigating DR and reproduction, the focus has been on female mice, thereby

disregarding the effect of DR on reproduction in males.

Despite intensive research, the underlying molecular mechanisms of how

DR and subsequent re-feeding (RF) influence reproduction in mice still

remain to be elucidated.

An important aspect in reproduction as a part of murine behaviour is at

least to some extent influenced by pheromone-triggered scent communication

[7–16]. The volatile pheromones are hydrophobic ligands that are bound,

transported and released by major urinary proteins (Mups) [17].

Mups comprise at least 21 highly polymorphic isoforms that belong to the

multi gene family of lipocalins located at the Mup a locus on chromosome 4

[18–20]. Because all Mup genes derive from the same ancestral gene, they exhi-

bit high sequence homology. After hepatic synthesis, Mup proteins are secreted

into the circulation, and owing to their small size, they are rapidly excreted via

urine [17,21–24]. Mups account for 99 per cent of the protein content in
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mouse urine and provide persistent, highly diverse signals in

mouse urinary scent marks [25,26].

Males express fivefold higher hepatic Mup mRNA levels

compared with females [19,27]. Mup expression patterns

are mouse strain-specific [28] and provide information on

the genetic and individual identity to avoid events such as

inbreeding [15,29–31]. Mup gene expression is thought to

be subjected to hormonal control, including testosterone,

thereby explaining the higher Mup levels found in males [32].

Mups promote the onset of puberty and induce the oestrus

in females, thus accelerating their reproductive potential

[33,34]. Sensing of Mups occurs at the vomeronasal organ,

where they also promote regeneration, survival and pro-

liferation of neurons [35,36]. It has been shown that Mups

stimulate the phosphorylation of ERK, Akt and CREB through

G protein-coupled pheromone receptor neuron (V2R)

signalling [35,37].

Apart from their role in chemical communication, Mups

also seem to exert metabolic functions. Most insights come

from studies on Mup1 that appears to be involved in increas-

ing energy expenditure, core body temperature, glucose

tolerance and insulin sensitivity in mice [38]. In mice with

genetic- or diet-induced diabetes, serum and urine concen-

trations of Mup1 were markedly decreased and contrarily

elevated Mup1 levels exerted beneficial metabolic effects.

By decreasing the expression of important gluconeogenic

and lipogenic genes, Mup1 was shown to suppress gluconeo-

genesis and lipogenesis in liver [38,39]. These findings

suggest a function of Mup1 in the signalling pathways that

regulate glucose and lipid metabolism [16].

Furthermore, it has been shown that the amount of dietary

intake can affect Mup1 expression and modulate its secretion

[40]. Interestingly, overnight fasting for 18 h reduced Mup1
gene expression in the liver of mice. This was abolished after

RF for 1 h [38]. However, to date, there are no systematic studies

investigating the effect of DR on Mup expression.

In this study, we have explored the impact of a six-month

DR followed by a six-month RF phase on hepatic Mup

expression in male C57BL6 mice. Levels of total Mup were

determined in liver and urine. Mup5 transcription was the

most affected upon DR and thus of special interest in the fol-

lowing analysis of possible regulatory mechanisms, including

histone acetylation and DNA binding of the glucocorticoid

receptor (GR). This is the first study, to the best of our knowl-

edge, to provide evidence of DR and subsequent RF directly

influencing male Mup expression (possibly via glucocorti-

coid signalling), a finding that could help us to explain how

sexual behaviour and reproduction in mice are influenced

by food supply. Moreover, we suspect that Mups may, at

least, partly mediate the lifespan prolonging effects of DR.

A putative role of Mup in lifespan extension could explain

the different outcomes of DR and lifespan studies in primates

and give hints as to what effect DR might have on human life-

span. As humans and primates, in contrast to mice, do not

express various Mup homologues, it is possible that DR

does not improve longevity in these species.
2. Material and methods
(a) Mice and diet
Male C57BL6 wild-type mice (six- to eight-weeks old, n ¼ 33)

were purchased from Taconic Europe (Ry, Denmark). Mice
were housed individually in macrolon cages under controlled

environmental conditions (55% relative humidity, 21–258C and

12 L : 12 D cycle). Mice were maintained on a commercial pel-

leted standard chow diet (Ssniff special diets, Soest, Germany)

consisting, by energy, of 58 per cent carbohydrates, 33 per cent

protein and 9 per cent fat from grain and soya bean, and they

had free access to tap water. Mice were divided into two

groups with 14 animals in the ad libitum fed group (AL) and

19 animals in the DR group. DR mice were fed dietarily restric-

ted for six months with 75 per cent of the amount consumed

by the AL control group; however, all micronutrients, including

vitamins and minerals were provided at an adequate level.

After this period, the DR animals were re-fed by granting ad

libitum access to standard chow diet for another six months.

Over the entire study period, food intake was controlled daily,

and body weight was determined weekly. After six months

of DR and after six months of RF, animals of each group (DR:

AL n ¼ 7, DR n ¼ 9; RF: AL n ¼ 7, DR n ¼ 10) were fasted

overnight, anaesthetized and killed by cervical dislocation.

Liver and visceral adipose tissues were removed from the ani-

mal’s post-mortem. Adipose tissue was weighed, and the liver

was stored at 2808C until analysis. The blood was collected

in tubes containing EDTA, and the plasma was separated by

centrifugation (3000g, 10 min, 48C) and also stored at 808C.

One week before termination of each feeding period, mice

from the respective groups were kept in metabolic cages (Tecni-

plast, Seeheim/Ober-Beerbach, Germany) for 48 h to collect

urine samples.
(b) RNA isolation and quantitative real-time polymerase
chain reaction

Total RNA of mouse liver tissue was isolated, using the RNeasy

mini kit according to the manufacturer’s protocol (Qiagen,

Hilden, Germany). RT-PCR primers were designed, using

PRIMER v. 3 input software (v. 0.4.0) (b-actin: F: GACAGGATG

CAGAAGAGATTACT, R: TGATCCACATCTGCTGGAAGGT;

Mup5: F: ATGGAGCTCTTTGGTCGA, R: TGTATGGAAGGG

AAGGGATG). The one-step quantitative reverse transcriptase

PCR was carried out, using the SensiMix SYBR No-ROX one

step kit (Bioline, Luckenwalde, Germany) and with SybrGreen

detection on a Rotorgene 6000 cycler (Corbett Life Science,

Sydney, Australia).
(c) RNA-microarray
One-colour labelling of four individual liver mRNA samples per

treatment group was performed, using the low input quick amp

labelling kit (Agilent Technologies, Böeblingen, Germany) accord-

ing to the manufacturer’s protocol. The labelled samples were

purified with the Qiacube, hybridized to the RNA-microarray

(Sure Print G3 mouse gene expression 8 � 60 K arrays (design:

28005; Agilent) and scanned with the microarray scanner (Agilent).

The arrays were analysed using Feature Extractions software

(v. 10.5.1.1.; Agilent).
(d) Western blot analysis
Liver nuclear and cytoplasmatic extracts were prepared as

described in Wagner et al. [41]. Owing to the limited excretion of

protein in the urine and the resulting lack of a loading control,

protein concentrations in urinary samples were determined with

the Coomassie plus protein assay kit (Thermo Scientific, Schwerte,

Germany) according to the manufacturer’s instructions to ensure

equal loading amounts of protein onto the gel. Proteins were

separated by SDS–PAGE and transferred onto a PVDF membrane.

Target proteins were identified, using respective primary (anti-Mup
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(1 : 500), anti-GR (1 : 200), anti-a-tubulin (1 : 200) and anti-LaminB1

(1 : 200); all Santa Cruz Biotechnology Inc., Heidelberg, Germany)

and secondary antibodies. Protein bands were visualized with

ECL reagent (Fisher Scientific, Schwerte, Germany) in a ChemiDoc

XRS system (BioRad, Munich, Germany).
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(e) Determination of plasma leptin levels
Leptin levels were determined in plasma diluted 1 : 2, using the

Quantikine mouse leptin ELISA kit (R&D Systems, Abingdon,

UK) according to the manufacturer’s instructions.
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Figure 1. Body weight development of male C57BL6 mice fed ad libitum
(AL; black line) or dietarily restricted (DR; grey line). After reducing the diet-
ary intake successively (5% per week), the DR mice were fed 75% of the AL
mice feed intake for six months. Following DR, mice were re-fed by granting
ad libitum access to diet for additional six months (starting at week 29). Data
are shown as means (n ¼ 7 for AL; n ¼ 10 for DR).
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( f ) Chromatin-immunoprecipitation – ChIP assay
After cross-linking of liver tissue, ChIP experiments were per-

formed with the shearing optimization kit and OneDay ChIP

kit (Diagenode, Liège, Belgium) according to the manufacturer’s

protocol with slight modifications. Chromatin was sheared for

5 s, using a MICCRA D-1 disperser (speed: 26 000 rpm; ART

Prozess & Labortechnik, Müllheim-Hügelheim, Germany) and

incubated on ice for 30 min with anti-histone 3, anti-histone 3

acetyl K9 (both from Abcam, Cambridge, UK) or the provided

anti-rabbit IgG in an ultrasonic bath (Sonorex; Bandelin Elec-

tronic, Berlin, Germany). Reversion of the formaldehyde cross-

linking and DNA purification was performed, using the IPure

kit (Diagenode) according to the manufacturer’s instructions.

Chromatin was amplified, using the WGA2 kit according to

the manufacturer’s instructions (Sigma-Aldrich Chemie GmbH,

Steinheim, Germany). DNA samples were labelled Cy3 (input)

and Cy5 (IP) (dual-colour DNA labelling kit, Roche, Mannheim,

Germany) and hybridized with the mouse microarray (ChIP-chip
385K RefSeq promoter arrays 100718_MM9_RefSeq_Prom_

ChIP_HX3, Roche). Arrays were scanned on a NimbleGen

scanner MS200 (Roche), and the data were analysed with NIMBLE

SCAN software v. 2.6. A ChIP find-peaks analysis was performed

to detect differences between IP and input samples, for further

information see http://www.nimblegen.com/products/lit/Nim

bleScan_v2p6_usersguide.pdf.
(g) Statistical analysis
The statistical analysis was performed, using SPSS v. 15.0 (SPSS

GmbH Software, Munich, Germany). Kolmogorov–Smirnov and

Shapiro–Wilk tests were used to test the data for normal distri-

bution. Data following a Gaussian distribution were analysed

by Student’s t-test. In the case of a non-Gaussian distribution,

a Mann–Whitney U-test was performed. Results are presented

as means and standard error of mean. p-values , 0.05 were

considered statistically significant.
3. Results
(a) Initial difference in body weight between

ad libitum and dietary restriction-fed mice is
abolished through re-feeding

Mouse body weight did not differ between groups at the

beginning of the experiment (figure 1). During the following

six months, the body weight in the AL group increased, and

DR mice approximately maintained their initial weight so

that after six months, a significant difference in body

weight was observed between groups. During the following

period of ad libitum feeding, body weight in DR mice

increased so that the difference in body weight between

groups was abolished after six months of RF.
(b) Most dietary restriction-regulated genes return to a
normal state after re-feeding

Global gene expression in the DR group was related to global

gene expression in the AL group. Values for individual genes

are given as ratio (DR/AL; AL ¼ 1). In response to DR, more

than 200 genes were significantly upregulated, and approxi-

mately 180 significantly downregulated. Most DR-regulated

genes return to normal state after RF (figure 2a–c). There

are more genes upregulated than downregulated in DR com-

pared with AL mice. However, the group of downregulated

genes includes a remarkably high number of Mup gene

isoforms (figure 2b).
(c) Mup expression decreases upon dietary restriction
RNA-microarray analysis identified numerous genes with

twofold increased or decreased expression in DR when com-

pared with AL mice. For our purpose, the microarray data

were scanned only for expression of Mup isoforms. Following

DR, several Mup isoforms showed significantly decreased

mRNA levels compared with age-matched AL controls

(table 1). After six months of RF, no statistical differences

between AL and former DR mice could be found for

the expression levels of the measured Mup isoforms (data

not shown).
(d) Mup transcription is decreased in dietary restriction
mice and overcompensated by subsequent
re-feeding

RT-PCR confirmed the results of the microarray analysis and

indicated a significant decrease in hepatic mRNA expression

of Mup5 in DR mice compared with AL mice after six months

of DR (figure 3a). After six months of RF, the Mup5 gene

expression in the DR mice was markedly increased compared

with AL mice (figure 3b). However, probably due to a high

s.e. of mean, this effect is not significant.
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Figure 2. DR leads to regulation of numerous genes that is abolished by re-feeding (RF) in most cases. The number of regulated genes in response to DR and subsequent
RF identified by microarray analysis (change at least two-fold, p � 0.05) is shown in (a). Global gene expression of DR mice was related to global gene expression of AL mice
after six months of 25 per cent DR and six months of subsequent RF. In the DR group, the total number of upregulated genes is higher than that of downregulated genes at
all time points. Black bars denote increased gene expression; white bars denote decreased gene expression. A comparison of log gene expression in AL and DR mice illustrates
the diminishment of previously DR-induced differences in the gene expression pattern by RF (b,c). (b) Circled data points indicate Mup isoforms. (Online version in colour.)

Table 1. Mup isoforms that are significantly downregulated in response to
DR as determined by microarray analysis. Global gene expression of DR
mice was related to global gene expression of AL mice after six months of
dietary restriction. Data are means of four mice in the AL group and five
mice in the DR group, p-values are given for compared DR with AL.

Mup isoform ratio DR/AL +++++ s.e.m. p-value

Mup2 0.029 + 0.008 0.001

Mup3 0.097 + 0.022 0.001

Mup4 0.112 + 0.029 0.001

Mup5 0.019 + 0.006 0.001

Mup6 0.046 + 0.029 0.018

Mup9 0.073 + 0.020 0.001

Mup20 0.059 + 0.013 0.001

Mup21 0.061 + 0.008 0.001
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Figure 3. (a) After six months of dietary restriction hepatic Mup5 mRNA
levels in male C57BL6 mice decrease compared with ad libitum fed mice.
(b) Re-feeding for six months increased Mup5 gene expression compared
with AL mice. The Mup5 mRNA to b-actin mRNA ratios for AL- and DR-
fed mice as determined by real-time PCR are shown. The ratio for the AL
control was set to 1. Data are shown as means þ s.e.m, n � 7 per
group. *p � 0.05 compared DR with AL.
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(e) A decreased Mup expression is reflected in lowered
protein levels

Differences in Mup expression after six months of DR were

not only observed in hepatic mRNA but also in hepatic

(figure 4a,b) and urinary protein levels (figure 4c,d ) as deter-

mined by Western blotting. Interestingly, decreased total

Mup levels in DR mice rose again after six months of RF

and even exceeded the Mup protein levels of age-matched

AL mice. However, short-term DR (three weeks) had no

effects on hepatic Mup expression (figure 4e).

( f ) Plasma leptin levels are affected by dietary
restriction and the amount of visceral adipose
tissue decreases

As previously described for Mup2, Mups may be regulated

via glucocorticoids [42], which are controlled by the
adipose-tissue-derived hormone leptin [43]. Plasma leptin

levels and visceral adipose tissue weight were significantly

lower after six months of DR compared with AL mice

(table 2). Plasma leptin levels and the amount of visceral
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Table 2. Effect of dietary restriction and re-feeding on plasma leptin levels and white adipose tissue mass of male C57BL6 mice compared with ad libitum fed
mice. Leptin concentrations were determined using a specific ELISA kit. Data are shown as means + s.e.m. Statistically significant differences ( p � 0.05)
between dietary restricted (DR) and corresponding ad libitum fed (AL) animals are indicated as asterisk (n ¼ 7 for AL; n ¼ 9 for DR).

dietary restriction re-feeding

AL DR AL DR

leptin (ng ml21) 1.15 + 0.44 0.18 + 0.03* 1.24 + 0.29 0.55 + 0.15

white adipose tissue (mg) 339 + 41 54 + 7* 516 + 45 478 + 41
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adipose tissue were increased in response to RF after six

months of DR, and no significant differences were evident

between the groups after RF. Interestingly, similar to Mup

levels, during short-term DR, plasma leptin concentration

was not changed compared with AL fed mice (data

not shown).

(g) Dietary restriction-fed mice show increased nuclear
glucocorticoid receptor levels

As it has been discussed that Mup levels may be influenced

by glucocorticoids [42], we compared the amount of GR
in the nucleus of DR mice with AL-fed mice by Western

blotting. DR mice exhibited higher nuclear GR levels than

age-matched AL mice (figure 5a). Subsequent RF for six

months, however, decreased the amount of nuclear GR in

DR mice leading to lower nuclear GR levels in the former

DR group (figure 5b).

A transcription factor analysis of the Mup5 gene has

revealed inhibitory glucocorticoid response elements (GREs)

in the Mup5 promoter and also in the Mup5 gene sequence

(figure 5c). Therefore, translocation of the GR to the nucleus

may be responsible for a decline in Mup5 expression as

observed in the DR mice.
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(h) Histone 3 K9 deacetylation is likely to inhibit Mup5
expression in dietary restriction mice

Deacetylation of lysine residues provides a positive charge

at the histones, leading to attraction of the negatively

charged DNA strand and tightly packed chromatin. In

this state, the DNA is difficult to access for the RNA poly-

merase which results in lowered gene expression.

Contrarily, gene expression in regions with acetylated his-

tones is enhanced. Significant differences in the

acetylation of lysine 9 in histone 3 (H3K9ac) were detected

in close proximity to the Mup5 gene on chromosome 4 by

ChIP–Chip analysis. In AL mice, acetylation of H3K9

could be detected, thereby enabling gene expression of

Mup5, whereas in DR mice, H3K9 was deacetylated, thus

explaining the observed inhibition of Mup5 gene expression

(figure 6).
4. Discussion
In this study, we show that male Mups are downregulated in

response to DR that could explain how sexual behaviour is

linked to nutrient intake. Previous studies on DR and reproduc-

tion have been mostly conducted in females. Urinary excretion

of Mups in male mice was shown to attract females and corre-

late with the onset of male sexual maturity in mice [9,17,32,44]

which is why male Mups could play a dominant role in the con-

trol of reproduction. Considering the fact that the urine of male

mice typically contains up to 5 mg ml21 Mup protein [45], pro-

duction of Mups represents a substantial metabolic cost [46].

Therefore, decreasing Mup expression seems to save energy

during DR periods. In addition, reproduction is prevented in

times of insecure survival of the offspring.

In this study, expression and secretion of a broad range of

Mup isoforms was downregulated in response to long-term
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DR. Mice that were subsequently re-fed ad libitum, however,

exhibited higher Mup expression than their age-matched

controls. Data on DR and subsequent RF concerning Mup

expression are limited. In the case of Mup1, it could be

shown that DR-caused downregulation of the gene is quickly

abrogated by RF and leads to elevated mRNA expression

within 1 h [38]. This is in line with our results showing that

after a DR period, RF leads to elevated levels of total Mup.

Consistent with these findings, different studies showed

higher reproduction rates in re-fed DR mice compared with

control mice fed AL [5,6]. Therefore, elevated Mup levels

in re-fed mice that had been dietarily restricted could be a

mechanism to compensate for the reduced reproduction

rate during the time of limited access to feed.

A variety of hormones, including testosterone, have been

described as regulating Mups and as impacting on Mup

expression patterns [17]. However, in a study by Knopf

et al. [32], expression of Mup1 and Mup5 was regulated by

administration of thyroxine, but not testosterone. We there-

fore assume that the decreased Mup production in our DR

animals may be caused by effects related to nutritional

status other than testosterone.

Interestingly, higher nuclear GR levels were evident in the

livers of the DR mice. Glucocorticoids have been reported to

be involved in the production of a2u-globulin in the rat which

is a homologue of murine Mups [47], and activation of the

GR has recently been shown to impact on Mup2 expression

[42]. Furthermore, we identified inhibitory GREs within the

promoter region and genomic sequence of the Mup5 gene. By

binding to these inhibitory GREs, nuclear GR may inhibit

Mup5 expression. The finding that Mup levels rise to higher

than AL control levels after RF, whereas nuclear GR levels fall

to lower than control levels under the same conditions also

points to the notion that there could be an inverse relationship

of glucocorticoid levels and Mup transcription. In this context, it

is interesting to note that glucocorticoid release could be

induced by falling leptin levels [43]. Leptin is an adipocyte-

derived hormone with a key role in regulating energy metab-

olism [48]. As a result of reduced body fat, our DR mice

exhibited significantly lower leptin levels than AL mice that

could have led to the observed lowered Mup levels via

increased glucocorticoid release and subsequent transcriptional

inhibition because of GRE in the Mup5 promoter region. Inter-

estingly, leptin levels as well as Mup levels did not change in

response to short-term DR (three weeks) emphasizing the

potential role of leptin in regulation of Mup expression.

Studies in obese mice also suggest a relation between leptin

signalling and Mup expression. Genetically obese leptin-recep-

tor-deficient mice as well as dietary obese leptin-resistant mice

showed lowered Mup1 levels [38,39]. As mediators of repro-

duction, decreased Mup levels are probably responsible for

the observed infertility of these mice [49] and in leptin-

deficient obese mice (ob/ob), reproduction parameters were

normalized by leptin administration [50–52].

Accordingly, leptin resistance in obese mice [53] followed

by low Mup levels could explain why energy excess accelerates

reproduction only after periods of energy deficit as observed in

our re-fed mice by exhibiting elevated Mup levels.

We hypothesize that the RF-induced leptin increase in our

former DR mice suppresses glucocorticoid secretion and

therefore Mup5 inhibition which, in turn, leads to increased

Mup5 in liver and urine. On the contrary, in obese mice, per-

manently elevated leptin levels show no effect on Mup
expression because the organism has developed a resistance

towards this adipocyte-derived hormone. Taken together,

our data suggest that Mup5 expression is at least in part regu-

lated by glucocorticoid signalling as a consequence of falling

leptin levels during DR.

An additional mechanism that leads to lowered Mup5

expression appears to involve histone deacetylation. In liver

samples from DR mice, deacetylation of lysine 9 at histone 3

leading to suppressed gene expression in the region of the

Mup5 gene could be detected. An important histone deacetylase

thought to be regulated by DR is sirtuin 1 (SIRT1). SIRT1

activity depends on the NAD/NADH ratio which is closely

connected to the metabolic rate [54] and increases in response

to DR [55]. Therefore, a DR-mediated activation of SIRT1 may

have caused the H3K9 deacetylation, thus inhibiting Mup5

gene expression.

In the light of DR prolonging lifespan in mice (reviewed by

Fontana et al. [1]), it is intriguing to speculate how Mups may

relate to this phenomenon. In mice that are subjected to fluctu-

ating feed supply and therefore periods with lowered fertility, it

makes sense that lifespan is prolonged by DR until sufficient

nutrients for successful reproduction are available [56]. On the

one hand, abundant feed is likely to promote reproduction

and onset of puberty in male mice, but on the other hand

work against longevity [9,17,44]. It is generally believed that

downregulation of metabolic activity favours lifespan exten-

sion. Administration of Mup1 increased energy expenditure,

locomotor activity and core body temperature in mice [38], indi-

cating an activating function of Mups on energy/glucose and

lipid metabolism. Thus, DR-mediated Mup suppression may

directly favour a type of energy-preserving, life-prolonging

state in the mouse. However, administration of Mup1 protein

also exerted beneficial effects on hyperglycaemia, glucose

intolerance and insulin sensitivity in an obese mouse model

while suppressing hepatic gluconeogenetic as well as lipogenetic

genes encoding proteins such as PEPCK, glucose-6-phosphatase,

fatty acid synthase, carbohydrate response element binding

protein, stearoyl-CoA desaturase-1 and peroxisome proli-

ferator-activated receptor-g [38,39]. In our study, the observed

decrease in Mup levels in response to DR is accompanied by

significantly increased expressions of hepatic gluconeogenetic

genes such as glucose-6-phosphatase, fructose-1,6-bisphospha-

tase and PEPCK (see the electronic supplementary material,

table S1) which could mean that there is an inverse bidirectional

relation between Mup signalling and glucose signalling. There-

fore, some type of nutritional status-dependent Mup interaction

with energy metabolism seems likely, and it has been suggested

that Mups serve as both chemical and metabolic signals that coor-

dinate sexual behaviour as well as nutrient metabolism [16].

As observed in our study, subsequent RF and energy

excess led to Mup over-production. While it is known that

intermittent fasting is beneficial for mouse health [57],

longer periods of energy excess were shown to be detrimental

for health as, for example, in diet-induced obese mice that

exhibit low levels of Mup [39].

Even though DR repeatedly induced lifespan pro-

longation in rodents, DR does not increase lifespan in all

mouse strains [58]. In wild mice, DR even increased mortality

in early life [59]. In this context, it has to be kept in mind that

laboratory animals generally show a higher dietary intake

than wild mice [60]. Excessive energy intake in laboratory

animals may lead to accelerated growth and earlier reproduc-

tion [58]. Therefore, it is possible that the dietary intake of our
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DR-mice and subsequently Mup expression were only low-

ered to the levels of wild mice in their natural habitat.

Nevertheless, our results show that varying dietary intake

affects Mup expression.

It would be of great interest to observe how the changes

in Mup expression caused by DR and RF influence the behav-

iour and reproduction of mice on the one hand and their

lifespan on the other. Moreover, clarifying the role of Mups
in lifespan extension through DR is especially important

when using mice as a model for longevity studies because

humans do not have a functional Mup homologue.

Mice were kept according to the German Regulations of Animal Care
with permission from the responsible authority.

We are grateful to the BMBF (project: ‘Epifood’) and the DFG Cluster
of Excellence ‘Inflammation at Interfaces’ for financial support.
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