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Acute induction of uncoupling protein 1 by
citrulline in cultured explants of white adipose
tissue from lean and high-fat-diet-fed rats
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A diet enriched with citrulline (CIT) reduces white adipose tissue (WAT) mass. We recently showed that CIT
stimulated B-oxidation in rat WAT explants from young (2-4 months) but not old (25 months) rats. Here we show that
both in old rats and high-fat-diet-fed young rats, uncoupling protein one (UCP1) mRNA and protein expressions were
weaker than those in young control rats. Selectively in WAT from young rats, a 24h CIT treatment up-regulated
expressions of UCP1, peroxisome proliferator-activated receptor-a (PPARw), PPARy-coactivator-1-a and mitochondrial-
transcription-factor-A whereas it down-regulated PPARy2 gene expression, whatever the diet. These results suggest
that CIT induces a new metabolic status in WAT, with increased B-oxidation and uncoupling of respiratory chain,

resulting in energy expenditure that favors fat mass reduction.

Introduction

Excess energy storage in white adipose tissue (WAT) favors
an increase in fat mass with pathophysiological consequences
like insulin resistance and altered glucose tolerance leading to
type-2 diabetes (T2DM). Aging and high-fat diet (HFD) often
result in enlarged WAT mass, particularly intra-abdominal
depots like the retroperitoneal (RET). One of the strategies to
oppose fat mass gain would be to activate energy dissipation in
brown adipose tissue (BAT). Brown adipocytes have the unique
feature to express the uncoupling protein 1 (UCP1), responsible
for the uncoupling between oxidative phosphorylation and ATP
production, therefore dissipating energy as heat.> In 1992,
Cousin et al. demonstrated the presence of UCPl-expressing
adipocytes in well-defined WAT depots.” Such cells, resembling
brown adipocytes in WAT, were further described and named
BRITE for “brown-in-white” or beige adipocytes, then shown

as having an intermediate signature between brown and white
adipocytes.> Although the distinct origins of these cells remain
a matter of debate, they both express UCP1.%” Activators of
UCPI in BAT and inducers of WAT browning, i.e. the acquisi-
tion of a brown phenotype, have been determined. Among
these agents, cold exposure, -adrenergic agonists, retinoids, tri-
iodothyronine, irisin, atrial natriuretic factor, prostaglandins,
adenosine or lipolytic NEFA themselves have been shown to
up-regulate ucp1.t !

An interesting observation of decreased WAT mass
together with increased BAT mass and UCP1 arose from
high-fat-diet-induced (HFD) overweight rats to which L-argi-
nine (L-ARG) was given in drinking water.'? L-ARG induced
lipolysis and B-oxidation in WAT."?> These studies were car-
ried out either in vivo or in cultured cells. Studies on cul-
tured explants from WAT are scarce. Using RET explants,
we showed recently that citrulline (CIT) induced lipolysis
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and B-oxidation while it reduced glyceroneogenesis and
NEFA re-esterification in control and HFD-fed young
rats.'"®"> Similar data were obtained on RET explants from
old rats, except that B-oxidation remained unaffected by
CIT."" CIT is an amino acid that is not used for protein
synthesis. Like L-ARG, CIT is an intermediary product in
nitric oxide (NO) synthesis, provided that argininosuccinate
synthase (ASS) and argininosuccinate lyase (ASL) are present,
which is the case in macrophages but not in isolated adipo-
cytes.14716 Unlike what occurs with L-ARG, CIT, adminis-
tered as a food supplement, is not metabolized in the liver,
therefore its biodisponibility is higher than that of L-ARG.
CIT is thus proposed as a food supplement during aging and
in sports to improve muscle mass and function.'”'®

In the present study we investigated whether CIT exerted a
browning effect on epididymal (EPI) and RET WAT explants

from control and HFD-fed young rats together with old rats. To
this aim we analyzed variations in UCP1 expression and in its
main transcriptional regulators.

Results

Effect of age, diet, and CIT on the expression of UCP1 gene
and protein

We first evaluated the effect of age or HFD on the relative
UCP1 gene and protein expressions in RET and EPI WAT
explants maintained in culture for either 8h or 24h. For CD in
both depots, UCP1 mRNA level was similar in explants from
2-month-old and 4-month-old rats while for HFD, it presented
a 45-55% decrease (Fig. 1A). In both depots from 25-month-
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Figure 1. Effect of age, diet and CIT on the expression of UCP1 gene and protein. RET or EPI WAT explants from 2 months old CD (white histogram), 4
months old CD (light gray histogram), 4 months old HFD (dark gray histogram) and 25 months old CD (black histogram) rats were incubated either in
the absence of CIT (panels A and B) or with or without CIT (panels C and D) for 8h or 24h as described in materials and methods. Uncoupling protein 1
(UCP1) mRNA levels were evaluated by RT-qPCR. Results were normalized to RPL13 mRNA and expressed in % of control (panels A and C). UCP1 protein
levels were estimated by western blots and results were normalized to B-actin (panels B and D). Results represent the mean + SEM of independent
experiments (n = 7) carried out in triplicate from different explants.*P < 0.05 vs. Control; ** P < 0.01 vs. Control. (A) Effects of diet or age on UCP1 gene
expression. Histograms represent the ratio of the values obtained from 4-month-old CD rats, 4-month-old HFD rats or 25-month-old rats to the values
obtained from 2-month-old CD rats, taken as controls. (B) Effects of diet or age on the expression of UCP1 protein. Histograms represent the relative
UCP1 levels to B-actin. A representative autoradiogram of protein gel blots of UCP1 and B-actin, is shown. (C) Effects of CIT on UCP1T mRNA levels. Histo-
grams represent the ratio of the values obtained from CIT-treated explants from 2-month-old CD rats, 4-month-old CD rats, 4-month-old HFD rats or 25-
month-old rats to the values obtained in untreated explants from rats of the corresponding age, taken as controls. (D) Effects of CIT on the expression of
UCP1 protein. Histograms represent the relative UCP1 levels to B-actin. A representative autoradiogram of western blots of UCP1 and B-actin, is shown.
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Figure 2. Effect of CIT on the expression of genes coding for transcription factors and regulators involved in mitochondria metabolism. RET (panels A
and B) or EPI (panels C and D) WAT explants from 2-month-old CD (white histogram), 4-month-old CD (light gray histogram), 4-month-old HFD (dark
gray histogram) and 25-month-old CD (black histogram) rats were incubated with or without CIT for 8h (panels A and C) or 24h (panels B and D), as
described in materials and methods. Peroxisome proliferator-activated receptor gamma2 (PPARy2), peroxisome proliferator-activated receptor
(PPARw), peroxisome proliferator-activated receptor gamma coactivator 1a (PGC-1 o) and mitochondrial transcription factor A (TFAM) mRNA levels were
evaluated by RT-gPCR. Histograms represent the ratio of the values obtained from CIT-treated explants from 2-month-old CD rats, 4-month-old CD rats,
4-month-old HFD rats or 25-month-old rats to the values obtained in untreated explants from rats of the corresponding age, taken as controls. Results
represent the mean =+ SEM of independent experiments (n = 7) carried out in triplicate from different explants, are normalized to RPL13 mRNA and

old rats, UCP1 mRNA was reduced to 50-60% when compared
to 2-month-old rats (Fig. 1A). A similar pattern of reduction of
UCP1 protein occurred with 40-50% decrease at 24h of treat-
ment (Fig. 1B). We then assessed the effect of CIT treatment for
8h and 24h on UCP1 expression in RET and EPI WAT explants.
At 24h CIT treatment, UCP1 mRNA was increased 3.5 to
6-fold, for both depots, in 2-month-old and 4-month-old rats,
whether the latter were maintained or not on a HFD diet for 8
weeks, while it remained unaffected by CIT in 25-month-old
rats (Fig. 1C). A weaker (2.3-fold) increase in UCP1 mRNA was
observed at 8h CIT treatment in EPI WAT from 2-month-old
rats, although no other change occurred at this time (Fig. 1C).
At 24h CIT exposure, UCP1 protein was upregulated 1.5- to 2-
fold in WAT from young rats for both depots, whatever the diet,
while it remained unaffected in WAT from 25-month-old rats
(Fig. 1D).
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Effect of CIT on the expression of genes encoding
transcription factors and regulators involved in mitochondria
metabolism

In agreement with our previously published results, peroxi-
some proliferator-activated receptor o (PPARa) gene expres-
sion was stimulated by CIT in RET explants from 2-month-
old young rats whereas it remained unaffected in RET
explants from 25-month-old rats (Fig. 2A and B).!* In con-
trast, PPARY2 gene expression was downregulated (58-86%)
by CIT in RET explants whatever the age of the animals
(Fig. 2A and B).'* This reduced level was observed at 8h of
exposure to CIT and remained stable at 24h. These previ-
ously described observations were extended to RET explants
from CD-fed and HFD-fed 4-month-old rats that responded
in a manner similar to those from 2-month-old rats (Fig. 2A
and B). In addition, the response of EPI explants to either
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8h or 24h of CIT exposure was similar to that of RET,
except for 25-month-old rats in which the PPARY2 gene
remained unaffected (Fig. 2C and D). CIT treatment aug-
mented PPARY co-activator la (PGC-1a) and mitochondrial
transcription factor A (TFAM) mRNA in both depots from
young rats whatever the diet (Fig. 2A-D). These increases
were more pronounced at 24h than at 8h of treatment. In
explants from 25-month-old rats, PGC-1a and TFAM genes
remained unresponsive to CIT whatever the WAT depot and
the time of treatment (Fig. 2A-D).

Discussion

We show that UCP1 mRNA and protein are expressed in
RET and EPI WAT from rats, in accordance with previously
published studies.” This expression is reduced with either aging
or HFD. Our previous results established that CIT induced
direct, rapid and deep modifications of NEFA metabolism in
WAT explants from rats.'*'> Notably, CIT increased B-oxida-
tion capacity, together with the expression of the PPARa gene,
in RET explants from young rats whether they were fed a CD or
a HFD. Here, we observe that CIT was also able to induce
UCPI in WAT from young animals. However, no change in
B-oxidation,"*'> UCP1 expression and its transcriptional regula-
tors (the present study) occurred in explants from old animals in
response to this amino acid. The mechanism that underlines this
young versus old difference in B-oxidation and UCP1 expression
remains an open issue.

Therefore, in old animals, part of lipolytic NEFA are released
from WAT and can be used as energetic substrates for demand-
ing tissues like muscle.'* Such observations are in line with the
increase in muscle mass from old rats fed with either a L-ARG-
or a CIT-supplemented diet.'”*° We observed previously that in
young animals, whether HFD-fed or not, NEFA output
remained unaffected by CIT but NEFA oxidation was stimu-
lated."” In the present study, we show that CIT up-regulates
UCP1 expression in WAT explant from young rats. This effect is
rapid since a 3-fold to 6-fold increase in UCP1 mRNA occurred
at 24h of treatment, together with a 1.5- to 2-fold rise in the pro-
tein. Such a new metabolic feature is the sign of a situation of
energetic expenditure in WAT.

What could be the mechanism of CIT action? Since cAMP,
through protein kinase A (PKA) activation, is one of the major
inducers of UCPI gene expression in brown adipocytes, it
could be the mediator of CIT action, although there is no
report of the effect of this amino acid on PKA.*' Such a
mechanism is likely not occurring here. One of the best-
known cAMP-responsive gene in adipocytes is pckl (the
cytosolic  phosphoenolpyruvate carboxykinase—PEPCK-C—
gene).”>*® Therefore, any stimulation by CIT of cAMP pro-
duction should induce pckI but the inverse occurs here. How-
ever, CIT stimulates HSL phosphorylation in RET WAT and
induces NEFA release when explants are isolated from HFD-
fed young rats or from old rats.'*'> Among the other agents
that capable of inducing HSL

were demonstrated as
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phosphorylation and lipolysis, the mitogen-activated protein
kinase pathway and extracellular signal-regulated kinase (ERK)
could play a role.”* Alternatively, lipolysis could be activated
because of the reduction of an inhibitory pathway, like those
mediated by the AMP-activated protein kinase (AMPK), cal-
cium/calmodulin-dependent protein kinase II or glycogen syn-
thase kinase TV.? Interestingly, L-ARG was reported as being
both lipolytic and capable of inducing AMPK, 2 potentially
opposite phenomena in adipocytes, without clear explanations
for this apparent contradiction.?

One of the best candidates for mediating CIT action could be
NO. As mentioned above, ASS and ASL are not expressed in
WAT adipocytes. Hence, any NO production from CIT would
primarily occur in macrophages present in WAT and would dif-
fuse from macrophages to adipocytes where it would act on
UCP1 expression. Previous reports showed the lipolytic and anti-
glyceroneogenic nature of NO in WAT.">?*® Besides, NO
induces mitochondrial biogenesis via guanosine 3°,5" -mono-
phosphate (cGMP) and PGC-1a, the central transcriptional acti-
vator in thermogenic adipocytes.””*® Both PPAR« and PPARYy
are transcription factors that interact with PGC-la *'. CIT
strongly induced PGCla and PPARa gene expressions in both
RET and EPI WAT from young rats, whereas PPARy2 mRNA
was down-regulated in the same animals, in agreement with our
previous results.' The reduction in PPARY2 reflects the previ-
ously observed strong decrease in PEPCK-C expression and in
glyceroneogenesis.'*'> Pkl is indeed the major PPARY2 target
gene in adipocytes.>* >

The simultaneous induction by CIT of PGCla and
PPAR« is in line with the observed concomitant up-regulation
of UCP1 in WAT, probably leading to a rise in the thermo-
genic status of the cells. CIT effect on UCP1 gene expression
is supposedly transcriptional through a PPARa/PGCla-pro-
cess, since this couple was clearly demonstrated as acting as an
inducer of the UCP1 gene in rodents and in humans.®>3
PPARa and PGCla were also shown to stimulate FA oxida-
tion, notably in brown adipocytes, via the induction of expres-
sion of CPT 1b and VLCAD.?’? These observations are in
agreement with our previous results showing that selectively in
WAT explants from young rats, CIT induced an increase in
B-oxidation capacity, together with an upregulation of CPT
1b and VLCAD.'*"

Another interesting observation of the present study is the
CIT effect on TFAM expression because TFAM is a PGCl-a
target and a major transcription factor for mitochondrial DNA
replication.>"**#! The possible CIT action as a factor favoring
mitochondriogenesis during WAT browning remains an open
issue with potential physiological consequences. Such a question
also occurs with L-ARG-fed rats for which PGC la and mito-
chondrial biogenesis are enhanced, together with BAT and
whole-body energy metabolism.'>4*

Altogether, our data identify a novel mechanism of CIT
health effects and highlight the induction of UCP1 as a mediator
of decreased WAT mass, browning of WAT and increased energy
expenditure. The data open new and simple avenues of therapeu-
tic intervention in overweight and obesity.
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Materials and Methods

Animals: housing and feeding

Two-month-old male Sprague Dawley rats from Center
d’Elevage de Rats Janvier (Berthevin, France), were fed ad libitum
with a standard (control) diet (CD) (n = 21). They were acclima-
tized for 2 weeks then randomized into 3 groups. The
two-month-old CD rats (n = 7) were immediately used for the
culture of AT explants. The two other groups were maintained
for an additional 8 weeks under either a CD (4-month-old CD;
n = 7) or a high-fat diet (4-month-old HFD; n = 7). Twenty-
five-month-old male Sprague Dawley rats, fed ad libitum with
CD, were a gift from Sainte Anne Hospital (Paris, France) (n =
7). All rats have free access to water and food ad libitum and were
housed at constant room temperature (24°C) on a 12-h-light/
dark cycle. CD rats were fed with a standard balanced diet (11.7
MJ/kg) (64% carbohydrates, 20% proteins, 3% lipids, 8% vita-
mins and minerals) from Safe (Augy, France). HED rats were fed
with a HFD (19.5 MJ/kg) (44.5% carbohydrates, 20% proteins,
27.5% lipids, 8% vitamins and minerals) from Safe (Augy,
France). Rats were anaesthetized and after blood sampling from
the jugular vein, they were killed by decapitation. Samples of
WAT were removed and weighted. The protocol for the animal
studies was conducted according to the French Guidelines for
the care and use of experimental animals.

Rat adipose tissue explants

EPI and RET WAT from rats were sampled for analyses.
About 200mg of tissue were cut in about 20mg fragments and
cultured in Krebs Ringer buffer saline (KREBS) medium as pre-
viously described.'*"> Explants were exposed to 2.5 mmol/L
CIT for 8h or 24h then frozen before further studies.

RNA extraction, cDNA synthesis and real-time RT-PCR

Total RNA was extracted from RET WAT with Rneasy lipid
tissue mini kit from Qiagen. RNA was quantified by spectropho-
tometric Nanodrop. Total RNA (500ng) was reverse transcribed
using SuperScript® III First-Strand Synthesis SuperMix kit from
Life Technologies. Samples of cDNA were diluted 1:40, ampli-
fied and used for RT-qPCR measurements using SYBR Green
from Roche as previously described.'* RT—qPCR was performed
in the LightCycler1536 instrument from Roche as follows: 75°C
for 2min, 95°C for 10min, 40 cycles of denaturation (95°C for
15s to the denaturation, 60°C for 30s to the annealing, 72°C for
30s to the extension). Results were analyzed with the LightCy-
cler1536 software from Roche. Ribosomal RPL13 RNA was
used to normalize cDNA. Quantification of mRNA was carried

out by comparing the number of cycles required to reach refer-
ence and target threshold values (2#-(8—8 Ct) method) as
described previously.® Sequences of the rat sense and antisense
PGCl-a :
gctcageegaggacacgagg-3's PPAR« @ 5'-aagccatcttcacgatgetg-3' 5'-
tcagaggtcectgaacagtg-3' ; PPARy2 : 5'- tratgctgtratgggtgaaa-3/
5'- caaaggaatgggagtgtc-3’ ; TFAM : 5'-gttccggegaatgtgggecg-3’
5'-gacaggcgaggetatgcgge-3' ; UCPI : 5'-tacagagttatagccaccaca-3'
5'—tggaacgtcatcatgtttgtg—3’ ; RPL13 : 5’—tggcaggggcttcag—3’ 5'-
tgggcatcacaggtec-3’

nucleotides  were: 5'-tgccectgecagteacagga-3’  5'-

Western blot

Protein fractions were prepared from WAT explants in a buffer
containing 10mmol/L HEPES pH 7.9, then separated by SDS-
PAGE and transferred to nitrocellulose filters. Blots were blocked
with 3% BSA in PBS containing 0.05% Tween 20 and incubated
with 1:1000 and 1:500 dilutions for the UCP1 and B-actin anti-
sera, respectively. Rabbit UCP1 and mouse (-actin antisera were
purchased from thermofisher and Abcam respectively.

The Odyssey method was used for detection, following the pro-
cedure described by the manufacturer (Li-COR). Quantitative
results of Western blotting were obtained by densitometry in
Image]J software.

Statistical analysis

Data are presented as means = SEM. Each independent
experiment was carried out in triplicate. Statistical analysis was
carried out using the nonparametric Mann & Whitney U test for
pairwise comparisons, which was applied due to the small num-
ber of experiments (7 < 10). A value of P < 0.05 was considered
as significant.

*P < 0.05 vs. control; ** P < 0.01 vs. control
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