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Abstract — Leptin is secreted by adipose tissue and plays a pivotal role in regulating both body
energy homeostasis and reproductive function in rodents. Among livestock, sheep is a seasonal
breeder whose reproductive period is initiated by short daylength. We show that plasma leptin and lep-
tin gene expression in perirenal adipose tissue were decreased when ovariectomized Lacaune ewes
were exposed to short days (8 versus 16 h light/d). This effect of the photoperiod occurred despite the
nutritional status, with leptin levels lower in underfed than in refed ewes, and without significant
changes in perirenal fat mass and adipocyte size. Plasma prolactin and leptin followed a similar pat-
tern suggesting a relationship between the two hormones. These findings indicate, for the first time,
that adipose tissue leptin is modulated by daylength independently of food intake, body fatness and
gonadal activity. Furthermore, plasma non-esterified fatty acids of underfed ewes subjected to short
days were more elevated than for underfed ewes on long days. On the other hand, refed ewes placed
under long daylength tended to have a higher adipose tissue lipogenic activity than refed ewes on short
days. We propose that these adaptations of leptin production and lipogenic activity with long pho-
toperiod are of physiological significance for body fat deposition, which naturally occurs during
long days when food is abundant. Conversely, a low leptin level during short days may enhance the
sensitivity to food deprivation during the natural reproductive season, where any food shortage
would decrease plasma leptin under a threshold critical for reproduction. Furthermore, in this situa-
tion, the observed enhanced ability to mobilize body fat may be related to the necessity to cope with
energy shortage. © Inra/Elsevier, Paris.
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Résumé — Effets de la photopériode et du niveau alimentaire sur ’activité métabolique du
tissu adipeux et sur la synthése de leptine chez la brebis ovariectomisée. La leptine, hormone sécré-
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tée par le tissu adipeux, joue un role central dans I’homéostase de I’énergie corporelle et dans la
régulation de la reproduction chez les rongeurs. Parmi les herbivores domestiques, les ovins ont une
reproduction saisonnée qui est stimulée par une photopériode courte. Nous montrons, chez la brebis
Lacaune ovariectomisée, que le taux plasmatique de leptine, et I’expression du gene de la leptine par
le tissu adipeux périrénal, sont diminués lorsque les brebis sont exposées aux jours courts (8 versus
16 h/j). L’effet de la durée du jour s’ajoute a celui de I’état nutritionnel. Le taux de leptine est en effet
diminué chez les brebis sous-alimentées par rapport a celles qui sont réalimentées, et ceci sans qu’il
ne se produise de modification ni de la masse, ni de la taille des adipocytes du tissu adipeux periré-
nal. La prolactine plasmatique et la leptine ont des réponses paralleles suggérant une relation entre ces
deux hormones. Ces résultats indiquent, pour la premiére fois, que la production de leptine par le tissu
adipeux est modulée directement par la photopériode, indépendamment des quantités ingérées, de 1’état
d’engraissement et de I’activité sexuelle. De plus, les acides gras non-estérifiés plasmatiques des
brebis sous-alimentées placées en jours courts sont plus élevés que ceux des brebis sous-alimentées
placées en jours longs. A I’inverse, lorsque les brebis réalimentées sont placées en jours longs, ’activité
lipogénique du tissu adipeux tend a étre accrue par rapport a celles qui sont en jours courts. Nous pro-
posons que ces modulations de la sécrétion de leptine et de I’activité lipogénique du tissu adipeux avec
I’accroissement de la durée du jour ont pour signification biologique de favoriser la reconstitution des
réserves adipeuses, qui apparait naturellement en jours longs lorsque les disponibilités alimentaires
sont élevées. Inversement, des taux faibles de leptine en jours courts, pendant la période naturelle de
reproduction, permettraient d’accroitre 1a sensibilité de cette fonction 4 la privation de nourriture. Ainsi,
toute diminution des apports alimentaires ferait baisser le taux de leptine plasmatique au dessous
d’un seuil critique pour la reproduction. De plus, dans cette situation, la capacité accrue a mobiliser
des lipides corporels faciliterait 1’adaptation a une pénurie alimentaire hivernale.
© Inra/Elsevier, Paris.
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1. INTRODUCTION expenditure [28]. Moreover, leptin has a
stimulatory action on reproduction [1, 2].
This raises the hypothesis that the effects
of photoperiod in sheep might be accounted
for, at least in part, by a modulation of lep-
tin production. To address this question, we
measured the effects of two different light
treatments (short versus long daylength

exposure for 4 or 6 weeks) on plasma leptin

The ovine species is sensitive to daylength
primarily for its reproduction, which is stim-
ulated in autumn by decreasing daylength
[23, 27] but also for food consumption
which is maximum under long daylength
[17, 19], together with body metabolic rate

[37] and milk production [6]. The seasonal
variations of daylength are accompanied by
fluctuations of feed resources which are, in
temperate climates, minimum during the
winter and maximum in the spring and sum-
mer. The possibility that adipose tissue
metabolism also varies with season has been
suggested [36] but not yet fully demon-
strated, mainly because food intake, which
was not controlled in these experiments,
may have varied along with season.

It has been shown in rodents that leptin,
a hormone secreted by adipose tissue, is a
powerful regulator of food intake and energy

and adipose tissue leptin gene expression
of ewes subjected to either underfeeding or
refeeding. Ewes were ovariectomized in
order to prevent any change in cyclic activ-
ity that could be driven by the photoperiod.
In addition, to avoid any indirect effects of
photoperiod on adipose tissue metabolism
that could be due to changes in food intake,
ewes were given fixed amounts of food
within each feeding treatment. Changes in
blood metabolites, hormones and adipose
tissue lipogenic enzyme activities, were also
measured in order to assess the specificity of
the leptin response.
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2. MATERIALS AND METHODS

2.1. Animals and treatments

Twenty adult ovariectomized Lacaune ewes
were placed, during a 3-week pre-experimental
period, in individual pens with a controlled food
intake corresponding to 123 (+ 2) % of their
energy requirements calculated [4] on the basis
of 0.4 MJ metabolizable energy/d/kg (body
weight)?75, Thereafter ewes were arranged,
according to their body weight and body condi-
tion score (a score related to the subcutaneous
fat thickness), in a 2 x 2 factorial design (five
ewes per treatment) in which both the level of
feeding (underfeeding versus refeeding) and the
daylength (short versus long) were controlled.
Light treatments started in January (natural light
period of approximately 9 h/d), and ewes were
subjected to either short (8 h light/d) or long
(16 hlight/d) daylength for 3 weeks. In the short
day treatment, light was switched on at 8 a.m.
and switched off at 4 p.m., while long days
started at 4 a.m. and finished at 8 p.m. All ewes
were then given a restricted amount of food cor-
responding to 22 (+ 1) % of their energy require-
ments for 7 d. Thereafter half of them were
slaughtered (9-10 a.m.) while the remaining ewes
were refed (pair-feeding according to actual feed
intake across photoperiodic treatments) for
14 d until slaughter, when their level of intake
met 190 (£ 2) % of their energy requirements.
During both the pre-experimental period and the
period of restricted feeding ewes were fed once
a day (10 a.m.), while they were fed equal meals
twice a day (10 a.m. and 3 p.m.) during the
refeeding period. All experimental procedures
involving the use of animals were conducted
after approval by the Animal Care and Use Com-
mittee of Inra.

2.2. Plasma measurements

Blood samples were taken from the jugular
vein during the pre-experimental period and the
day before slaughter, at 2 p.m. for the determi-
nation of plasma leptin, insulin and metabolites.
Immunoreactive leptin was assayed with a RIA
kit (‘Multispecies’ kit; Linco Research) with a
sensitivity of 0.5 ng/mL and intra- and inter-
assay coefficients of variation (CV) of 4 and 8 %,
respectively. Insulin was determined with a RIA
kit (INSI-PR RIA kit, CIS bio international) with
a sensitivity of 4 uIU, and intra- and inter-assay
CV of 9 and 13 %, respectively. All metabolites

were determined with an ELAN auto-analyser
(Merck-Clévenot SA, France) by enzymatic
assays. Non-esterified fatty acids (NEFA) were
analysed [8] with a Wako-Unipath NEFA-C kit
(ref. 46551). Beta-hydroxybutyrate (3-OH-
butyrate) was analysed [3] with the 3-OH-
butyrate dehydrogenase method (Boehringer ref.
127841). Glucose was analysed with the glu-
cose-dehydrogenase method (Glucose S, Merck
System 100). Lactate was analysed with the
BioMérieux lactate PAP kit (ref. 61192). Urea
was analysed with the Merk diagnostic kit
(1.19702.0001). Triglycerides were analysed
with the Biotrol kit (SFBC:KG). Free glycerol
was analysed with the glycerol kinase method
(Sigma kit, ref. 37-A). Acetate was analysed with
the Bochringer Mannheim kit (ref. 148261). In
addition, blood was sampled serially (every 20
min for 6 h) for the analysis of ovine prolactin
overall mean, baseline, spike amplitude and pul-
satility, by RIA as previously described [5], with
a sensitivity of 0.15 ng/mL, and intra- and inter-
assay CV of 6 and 9 %, respectively.

2.3. Adipose tissue measurements

Perirenal adipose tissue samples were fixed in
osmium tetroxide prior to adipose cell size deter-
mination [30], or stored at —80 °C pending mea-
surement [9] of the activity of four lipogenic
enzymes ((fatty acid synthase (FAS), glucose-
6-P-dehydrogenase (G6PDH), malic enzyme,
and glycerol-3-P-dehydrogenase (G3PDH)), and
RNA extraction [7]. Ovine leptin mRNA was
determined by RT-PCR, using the mRNA from
a housekeeping gene (cyclophilin) as a control.
c¢DNA was synthesized by extension of oligo
(dT) primer from 4 pg total RNA using 100 U of
SuperScript reverse transcriptase (Gibco BRL-
Life Technologies). After RNA degradation by
RNAse treatment (Boehringer Mannheim), either
28 or 40 cycles of PCR were performed for
cyclophilin or leptin amplification, respectively,
using 1 U of Taq polymerase (Promega). Lep-
tin specific primers were chosen in the leptin
cDNA sequences conserved between species,
determined from homology searches using
nucleic acid databases (GenBank and EMBL)
and software package GCG [14]. The leptin DNA
fragment (220 pb) yielded after PCR was
sequenced; it was 75 % homologous with the
sequence for the human species in the data banks.
The PCR products were fractionated in a 3 %
agarose gel and visualized by ethidium bromide
staining.
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2.4, Statistical analysis

Data were analysed by a two-way variance
analysis (taking into account the effects of feed-
ing, photoperiod and interaction). Mean plasma
measurements were adjusted with covariates
obtained during the pre-experimental period,
when significant.

3. RESULTS

3.1. Leptin changes

As shown in figure 1A, plasma leptin
concentration was reduced (—19 %; P < 0.03)
in the ewes exposed to short days, compared
to those exposed to long days, and it was
lower in underfed (-24 %; P < 0.01) com-
pared to refed ewes. In perirenal adipose
tissue, the leptin mRNA level (figure 1B)
was also decreased by short days (40 %;
P < 0.03) and lower in underfed ewes
(31 %), although this latter effect did not
reach significance (P < 0.09).

3.2. Plasma metabolites
and hormones

Both plasma insulin (- 64 %; figure 1C)
and prolactin (— 45 %; figure 1D) were
lower in underfed ewes, although only pro-
lactin was changed by the photoperiod, with
a decrease under short days (62 % in short
versus long days; figure I1D). Plasma
metabolites of underfed ewes, compared to
refed ewes, were significantly (P < 0.05)
lower for glucose (— 12 %), lactate (-34 %),
acetate (76 %), 3-OH-butyrate (-21 %),
triglycerides (—43 %) and urea (—68 %), and
higher for free glycerol (+12 %) (table I)
and NEFA (+ 1 190 %; figure 2A). Plasma
metabolite levels were unaffected by the
length of the photoperiod (table I), except
for NEFA that were significantly (P < 0.05)
increased (+ 41 %) by short days in under-
fed ewes (figure 2A).

3.3. Adipose tissue characteristics

None of the treatments affected the
perirenal adipose tissue weight and mean
fat cell volume (zable I). There was, how-
ever, a non-significant increase in body
weight during refeeding that was due to the
well known [10] effect of feeding level on
digestive contents in ruminants. Lipogenic
enzyme activities (figure 2 and table I) were
lower in underfed than in refed ewes (FAS:
=79 %, malic enzyme: —54 %; G3PDH:
-50 % and G6PDH: —74 %). Effects were
similar when activities were expressed per
cell (figure 2 and table I) or per gram fat
tissue (results not shown). Furthermore,
malic enzyme activity was significantly
(P <0.05) increased in adipose tissues of ewes
subjected to long photoperiod (figure 2C),
and the response was higher in refed ewes.
This positive effect of long daylength seems
also to appear in overfed ewes for three other
lipogenic enzymes, but these trends were
non-significant (figure 2 and table I).

4. DISCUSSION

4.1. Leptin and prolactin changes

The plasma leptin concentrations in the
present ewes were in the lower range of val-
ues that were observed in non-obese humans
[13]. This could result either from ovariec-
tomy of ewes [32], or from an underesti-
mation by immunoreactive leptin of the total
plasma leptin in ovine species.

The lower plasma leptin concentration
of underfed ewes, compared to refed ewes,
is in agreement with previous observations
in rodents [1] and cattle [11]. It is notewor-
thy that the negative effect of short days,
when compared to long days, occurred in
both nutritional situations. The effects of
both the photoperiod and the feeding level
were also apparent on adipose tissue leptin
mRNA, in agreement with results of the
effect of feeding level in rats [31]. This indi-
cates that regulation of leptin gene expres-
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Figure 1. Effects of daylength (shaded bars: short days (8 h/d) and open bars: long days (16 h/d)) and
nutritional status (underfed (22 %) or refed (190 % of energy requirements)) on (A) plasma leptin,
(B) adipose tissue leptin mRNA (in arbitrary units), (C) plasma insulin and (D) overall mean plasma
prolactin (five ewes per group, mean + SEM). F, P or f, p: significant effect of feeding level and
photoperiod (P < 0.05 or P < 0.10, respectively); f x p: significant interaction (P < 0.10).

Table 1. Effects of nutritional status and daylength on perirenal adipose tissue characteristics, and
plasma metabolites (five ewes per group).

Nutritional status! Underfed Refed
Daylength? Short Long Short Long
Energy intake (MJ ME/d)? 2.1+0.12 22+0.12 17.2£0.7° 17.2+0.7°
Body weight (kg) 71.1+19 71.6+32 76122 749 +473
Perirenal adipose tissue
Mass (kg) 2.31+0.17 2.14 £0.25 2.40+0.27 2.26 +0.43
Adipocyte volume (pl) 935+ 76 843 + 38 712+ 77 867 + 149
G6PDH* 149 + 132 146 + 182 547 + 320 575+ 119b
Plasma metabolites
Glucose (mM) 321+0.11%F  3.15+0.11* 3.88+006° 3.50+0.22%
3-OH-butyrate (mM) 0.44 +0.04 0.47 +0.07 0.55 +0.05 0.60 = 0.04
Lactate (mM) 0.72+0.06® 0.57+0.07° 1.15+021> 0.79+0.16%
Acetate (UM) 115+ 222 201 + 322 607 + 540 720 £ 53b
Glycerol (uM) 139 + 82 124 + 32b 114 +3b 122 £ 62
Triglycerides (UM) 83+ 1220 49 + 4b 122 + 242 113 +182
Urea (g/l.) 0.15+0.012 0.16 £0.022 049 +£0.05> 0.49+0.03°

' Underfed or refed, i.e. 22 or 190 % of maintenance requirements, respectively.
2 Short = 8 h/d light; long = 16 h/d light.

3 Recorded during the 2 d before slaughtering. ME: Metabolizable energy.

4 Glucose-6-phosphate dehydrogenase (nmol/min/10° adipocytes).
Means (+ SEM) which share a different superscript are statistically different (P < 0.05).
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Figure 2. Effects of daylength (shaded bars: short days (8 h/d) and open bars: long days (16 h/d)) and
nutritional status (underfed (22 %) or refed (190 % of energy requirements)) on (A) plasma non-
esterified fatty acids, and on adipose tissue, (B) fatty acid synthase, (C) malic enzyme and (D) glyc-
erol-3-phosphate dehydrogenase activities: (1) nmol/min/10° adipocytes (five ewes per group, mean
+ SEM). F, P or {, p: significant effect of feeding level and photoperiod (P < 0.05 or P < 0.10, respec-

tively); f x p: significant interaction (P < 0.10).

sion occurred, at least in part, at a pretrans-
lational level. It has been previously shown
in sheep [5, 27, 36] that plasma prolactin is
very sensitive to photoperiod and to feed-
ing level [5]. The results in the present
experiment are in good agreement with these
previous observations: plasma prolactin was
decreased by short days and by underfeed-
ing. The similarity in the pattern of varia-
tions of overall mean plasma prolactin and
plasma leptin at 2 p.m., according to exper-
imental treatments, is striking (figure 1A,
D). In view of recent data [38] indicating
that leptin acutely stimulates in vitro pro-
lactin release by rat pituitary, our results
suggest that the photoperiod and feeding-
induced changes in prolactin could be
driven, at least in part, by leptin. Future stud-
ies on diurnal rhythm of plasma leptin [29]

in sheep could help to better understand this
putative relationship.

4.2. Direct effect of photoperiod
on adipose tissue leptin synthesis

The fact that the effect of photoperiod
on leptin was shown in ewes consuming
strictly the same amount of food suggests
that this effect is not due to nutritional fac-
tors. Furthermore, the effect of photoperiod
on leptin in sheep was not associated with
changes in other factors known to alter lep-
tin production in rodents, human and cat-
tle. Hence, it is established that plasma lep-
tin is positively related to body fatness (in
rodents: [18], in humans: [13] and in cows:
[11]). In the present study, owing to their
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short duration (i.e. less than 2 weeks), exper-
imental treatments neither affected the
perirenal adipose tissue mass, nor mean cell
volume (table I). Since the weight of perire-
nal depot is a good estimate of total fat mass
in ewes (r = +0.91 [33]), this suggests that
observed changes in leptin levels were not
elicited by changes in adiposity.

The variations in plasma metabolites and
hormones due to changes in feeding level
are in agreement with observed responses
in underfed-refed ruminants [10]. Insulin
and glucose are potential regulators of lep-
tin gene expression in rodents [25, 31]. Here,
insulinaemia (figure 1) and glycaemia (table I)
were decreased by underfeeding but not sig-
nificantly changed by photoperiod. This
makes it unlikely that these factors are
involved in the effects of daylength. The
absence of photoperiod-induced changes in
all other plasma metabolites (table I) except
NEFA (figure 2) indicates that the effects
of photoperiod on plasma leptin and on adi-
pose tissue leptin mRNA are probably not
due to changes in intermediary metabolism.

It was reported that photoperiod changed
adipose tissue leptin mRNA in Djungarian
hamsters [20]. Similar to our observations,
short days decreased leptin gene expression.
However, in this model, food consumption
was not controlled. Furthermore, adipose
tissue mass and gonadal activity, which have
been shown to modulate leptin production in
rats and humans [32], were sharply decreased
along with leptin mRNA [20]. Unless strictly
controlled feeding conditions and a castrated
hamster model are used, similar to our study,
no direct role may be attributed to daylength.

4.3. Effects of photoperiod
on adipose tissue lipogenesis
and mobilization

The activity of adipose tissue lipogenic
enzymes was (malic enzyme) or tended to be
(FAS, G3PDH and G6PDH) increased by
long daylength in refed ewes. This was not

apparent in underfed ewes, whose adipose
tissue lipogenic activity is very low. Sig-
nificant effects of photoperiod on adipose
tissue lipoprotein lipase activity and mRNA
were also observed (M. Bonnet et al., unpub-
lished results). These effects of photoperiod
were not driven by nutrient supply, since
food intake was kept identical between the
groups of ewes. This could reflect an
enhanced ability of adipose tissue to deposit
fat during long-day periods of the year, when
food is highly available. Such a result is in
agreement with observations made under
natural daylight conditions in sheep [36].
These authors observed that the rate of fatty
acid synthesis and lipoprotein lipase activ-
ity were increased 5.8 and 2.3 folds, respec-
tively, between October and May. This was,
however, probably related in part to an incre-
ment of food intake since plasma insulin,
glucose and acetate were also increased
between October and May (+ 44, + 18 and
+ 23 %, respectively). Our results further
demonstrate that lipogenic activity can be
enhanced directly by long daylength.

An effect of the photoperiod was observed
on plasma NEFA, which were increased in
the underfed ewes adapted to short
daylength. This has not been reported so
far, and could reflect an enhanced mobili-
zation of body fat when underfeeding occurs
during short days, which naturally occurs
during the winter.

4.4. General discussion
and conclusions

This work gives evidence that, depending
on feeding level, the photoperiod affects
either adipose tissue mobilization or, less
markedly, lipogenic activity. Furthermore
plasma leptin and adipose tissue leptin
mRNA are modulated both by photoperiod
and feeding level.

In the Siberian hamster [24], exposure
to short days increased norepinephrine
turnover. A similar effect, which remains
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to be demonstrated in sheep, could account
for an increase in plasma NEFA, as well as
for decreases in adipose tissue leptin and
lipogenic activities. Indeed, beta-adrener-
gic agents lowered leptin gene expression
and plasma level in rodents [35] and cattle
[12]. In refed ewes, however, shortening
daylength decreased leptin level without
any significant effect on plasma NEFA,
which are known to be sensitive to beta-
adrenergic agents in sheep [34] and in
overfed cattle [16]. This indicates that the
effect of the short-day photoperiod on leptin
is probably not mediated uniquely through
beta-adrenergic pathways in sheep, or that
adipose tissue leptin synthesis is more sen-
sitive to beta-agonists than is lipolysis.

The mechanisms through which pho-
toperiod influences adipose tissue leptin
remain unknown. As short days increase the
nocturnal release of the pineal melatonin, it
is possible that melatonin secretory pattern
modulates leptin gene expression and/or
secretion. Interestingly enough, peripheral
effects of melatonin are plausible, since spe-
cific binding sites have been recently
described in Siberian hamster brown adi-
pose tissue [22]. Other mediators could be
involved, since it has been shown recently
[15] that an iv injection of neuropeptide Y
increased leptin mRNA level in ovine adi-
pose tissue. It was also shown that gluco-
corticoids could modulate leptin in rats [26]
and humans [211; however, cortisol did not
change in sheep between October and May
[36].

Our study shows that short days decrease
plasma leptin and down-regulate adipose
tissue leptin gene expression, regardless of
changes in food supply and at constant body
fatness and gonadal activity. Leptin might
act as a chronic metabolic signal to the
reproductive system, by indicating the level
of fat stores available to meet the caloric
demands of reproduction. In addition, it has
been suggested [1] that in mice a transiently
insufficient nutrient supply would be acutely
signalled to the neuroendocrine and repro-

ductive systems by lowering plasma leptin.
In ewes, the modulation of leptin levels by
photoperiod could play a role in the physi-
ological adaptation to environmental con-
straints. In short days, a low basal level of
leptin could increase the sensitivity to short-
age of feed resources that would further
decrease plasma leptin below a threshold,
critical for the reproductive processes.

The enhanced responsiveness of adipose
tissue mobilization during short photope-
riod may be of adaptive value to cope with
winter shortage of food. Furthermore, in
long days, out of the reproductive period,
high leptin levels may be associated with a
lower sensitivity of the central mechanism
by which leptin regulates appetite {13]. This
adaptation, coupled to a trend towards a
higher adipose tissue lipogenic activity for
a given level of food intake, would facili-
tate the replenishment of body reserves dur-
ing the period of high food availability.
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