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Impaired Expression of the Uncoupling Protein-3
Gene in Skeletal Muscle During Lactation 

Fibrates and Troglitazone Reverse Lactation-Induced
Downregulation of the Uncoupling Protein-3 Gene
Neus Pedraza, Gemma Solanes, M. Carmen Carmona, Roser Iglesias, Octavi Viñas, Teresa Mampel, 

Manuel Vazquez, Marta Giralt, and Francesc Villarroya

The expression of uncoupling protein (UCP)-3 mRNA in
skeletal muscle is dramatically reduced during lacta-
tion in mice. The reduction in UCP-3 mRNA levels low-
ers the amount of the UCP-3 protein in skeletal muscle
mitochondria during lactation. Spontaneous or abrupt
weaning reverses the downregulation of the UCP-3
mRNA but not the reduction in UCP-3 protein levels. In
lactating and virgin mice, however, fasting increases
UCP-3 mRNA levels. Changes in UCP-3 mRNA occur in
parallel with modifications in the levels of free fatty
acids, which are reduced in lactation and are upregulated
due to weaning or fasting. Modifications in the energy
nutritional stress of lactating dams achieved by manip-
ulating litter sizes do not influence UCP-3 mRNA levels
in skeletal muscle. Conversely, when mice are fed a
high-fat diet after parturition, the downregulation of
UCP-3 mRNA and UCP-3 protein levels due to lactation
is partially reversed, as is the reduction in serum free
fatty acid levels. Treatment of lactating mice with a sin-
gle injection of bezafibrate, an activator of the peroxi-
some proliferator-activated receptor (PPAR), raises
UCP-3 mRNA in skeletal muscle to levels similar to
those in virgin mice. 4-chloro-6-[(2,3-xylidine)-pirim-
idinylthio] acetic acid (WY-14,643), a specific ligand of
the PPAR-� subtype, causes the most dramatic increase
in UCP-3 mRNA, whereas troglitazone, a specific acti-
vator of PPAR-�, also significantly increases UCP-3
mRNA abundance in skeletal muscle of lactating mice.
However, in virgin mice, bezafibrate and WY-14,643 
do not significantly affect UCP-3 mRNA expression,
whereas troglitazone is at least as effective as it is in lac-
tating dams. It is proposed that the UCP-3 gene is reg-
ulated in skeletal muscle during lactation in response to
changes in circulating free fatty acids by mechanisms
involving activation of PPARs. The impaired expression
of the UCP-3 gene is consistent with the involvement of

UCP-3 gene regulation in the reduction of the use of
fatty acids as fuel by the skeletal muscle and in
impaired adaptative thermogenesis, both of which are
major metabolic adaptations that occur during lacta-
tion. Diabetes 49:1224–1230, 2000

U
ncoupling protein (UCP)-2 and UCP-3 are 2
recently cloned genes that have a high sequence
homology with the brown adipose tissue UCP-1.
They uncouple oxidative phosphorylation when

transfected into yeast, and, by analogy with UCP-1, they are
considered to be potentially involved in regulatory thermo-
genesis (1–4). The UCP-2 and UCP-3 genes are located adja-
cent in a region of human chromosome 11, which coincides
with quantitative trait loci for obesity and type 2 diabetes (5).
The UCP-3 gene has attracted attention due to its preferential
expression in thermogenic tissues, brown fat, and skeletal
muscle in rodents and skeletal muscle in humans. However,
recent studies indicate that the physiological role of UCP-3 as
a mediator of thermogenesis in muscle is quite complex. For
example, UCP-3 mRNA abundance is unaltered in situations
of enhanced regulatory thermogenesis in muscle, such as
long-term cold exposure (6), whereas UCP-3 mRNA is upreg-
ulated in situations of depressed muscle thermogenesis, such
as starvation (7,8). In fact, most of the physiological or patho-
logical situations reported to date in which UCP-3 gene
expression in skeletal muscle is altered (i.e., during instances
of high-fat diets, postnatal development, or streptozotozin-
induced diabetes) are associated with parallel changes in cir-
culating free fatty acids (9–11). Fatty acids themselves have
been reported to upregulate UCP-3 gene expression in mus-
cle (7,12), most likely by activating peroxisome proliferator-
activated receptor (PPAR)-� (12), and it has been proposed
that UCP-3 could be specifically involved in the regulation of
the use of lipids as fuel substrates in skeletal muscle. 
Decreased UCP-3 mRNA expression has been described in the
muscle of type 2 diabetic patients (13), a situation associated
with decreased rates of lipid oxidation by skeletal muscle
(14), although other studies did not confirm this finding (15).
Moreover, several studies in obese and type 2 diabetic
humans show an association between polymorphisms in the
UCP-3 gene and a reduction in basal lipid oxidation (16,17).
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The breeding cycle is a physiological situation associated
with dramatic metabolic adaptations and changes in energy
balance. A major increase in energy requirements occurs dur-
ing lactation due to the needs of milk production. Well-nour-
ished women meet most of the additional energy costs of lac-
tation by increasing food intake, and there is little evidence of
energy-sparing adaptations involving basal metabolic rate or
adaptative thermogenesis (18). However, a reduction in diet-
induced thermogenesis has been demonstrated in lactating
women under nutritionally unfavorable conditions (19), and it
has been interpreted as a way to save energy in periods when
food restriction overlaps with a high-energy output because
of lactation. The molecular mechanisms for this adaptation are
not known, but skeletal muscle has been reported to be
involved (20). In rodents, an overall increase in the efficiency
of energy utilization and a reduction in adaptative thermoge-
nesis develop in lactation, even in well-nourished animals
(21). Functional atrophy of brown fat, a major thermogenic tis-
sue in rodents, and a reduced expression of the UCP-1 gene
take place during lactation (22,23), and these have been pro-
posed to contribute to energy sparing during this period. Lac-
tation is a unique physiological situation in which an adapta-
tive decrease in energy expenditure appears in association
with hyperphagia. This phenomenon also occurs in many
cases of obesity, and lactation constitutes an excellent model
to assess the molecular mechanisms that determine adapta-
tive changes in energy expenditure and inter-organ metabolic
partitioning. During lactation, metabolic adaptations develop
to promote the utilization of metabolic fuels by the mammary
gland. In lactating mothers, glucose and fatty acids are chan-
neled to the mammary gland for the synthesis of milk,
whereas other tissues, including skeletal muscle, reduce their
use of metabolic fuels for oxidation (24).

Here, we report that the expression of the UCP-3 gene is
suppressed in the skeletal muscle of lactating mice, even
though UCP-3 mRNA expression remains highly sensitive to
induction by physiological (fasting, weaning) or pharmaco-
logical (PPAR activators) stimuli.

RESEARCH DESIGN AND METHODS

Materials. Bezafibrate was acquired from Sigma (St. Louis, MO) and 4-chloro-
6-[(2,3-xylidine)-pirimidinylthio]acetic acid (WY-14,643) was acquired from
Cayman Chemicals (Ann Arbor, MI). Troglitazone was provided by Glaxo Well-
come (Greenford, U.K.).
Animals. Adult female Swiss mice were used. They were maintained under
standard conditions of illumination (12-h light/dark cycle) and temperature
(21 ± 1°C) and were fed a standard diet composed of 72% (in gross energy) car-
bohydrate, 6% fat, and 22% protein (B.K. Universal, Barcelona, Spain), unless
otherwise indicated. Female mice were mated with adult males, and the day
of pregnancy was determined by the presence of spermatozoa in vaginal
smears. When lactating mice were studied, litter sizes were adjusted at birth
to 10 pups, except when the effects of exceptionally small (4 pups) or large
(18 pups) litters were determined. Pregnant (day 19), lactating (days 1, 7, 15,
and 30), abruptly weaned dams (24 h after removal of 15-day lactating pups),
and virgin control mice were studied in basal conditions. The effects of fast-
ing were determined after 24-h suppression of food to 15-day lactating dams
and virgin controls. The effects of a high-fat diet during lactation were
assessed by replacing the standard diet by a diet composed of 36% (in gross
energy) carbohydrate, 42% fat, and 22% protein (Harlan Teklad, Madison, WI)
after parturition, and dams were studied on day 15 of lactation. When indicated,
mice were treated with a single intraperitoneal injection of bezafibrate (100
µg/g body wt), WY-14,643 (50 µg/g body wt), or troglitazone (100 µg/g body wt)
in 50% dimethyl sulfoxide/saline. Controls were given equivalent volumes of
the vehicle, and mice were studied 6 h after injections. Direct observation and
weighing of litters before and after the injections did not reveal major changes
in lactational performance due to the 6-h treatments. Mice were killed by
decapitation at the beginning of the light cycle, except for those mice in

experiments with PPAR activators, in which injections were performed at the
beginning of the light cycle and animals were killed 6 h later. The gastrocne-
mius, extensor digitorum longus, and tibialis anterior skeletal muscles were
dissected and blood was collected. Skeletal muscle from mouse fetuses and
spleen from virgin controls were also obtained for comparative purposes in
immunoblot assays of mitochondrial proteins.
RNA isolation and Northern blot hybridization. RNA from skeletal mus-
cles was prepared using a guanidine thiocyanate method (25). RNA (20 µg) was
denatured, electrophoresed on 1.5% formaldehyde-agarose gels, and transferred
to positively charged membranes (N+; Boehringer Mannheim, Mannheim, Ger-
many). Ethidium bromide (0.2 µg) was added to RNA samples to check equal
loading of gels and transfer efficiency. Prehybridization and hybridization
were performed at 55°C using 0.25 mol/l Na2HPO4 (pH 7.2), 1 mmol/l EDTA,
20% SDS, and 0.5% blocking reagent (Boehringer Mannheim) solution. Blots
were hybridized using as probes the human cDNA for UCP-3 (4) and the
mouse cDNA for the mitochondrial genome–encoded cytochrome oxidase sub-
unit II (COII) (26) that was used as a control. The DNA probes were labeled
with an [�-32P]dCTP using a random oligonucleotide-primer method.
Hybridization signals were quantified using Molecular Image System GS-525
(Bio-Rad, Richmond, CA).
Immunoblot analysis. Mitochondria were isolated from gastrocnemius and
whole skeletal muscle from the legs of fetuses and from adult mouse spleens
(27). Samples containing 20 µg mitochondrial protein were mixed with equal
volumes of 2 � SDS loading buffer, incubated at 90°C for 5 min, and elec-
trophoresed on SDS/12%-polyacrylamide gels. Proteins were transferred to
polyvinylidene difluoride membranes, and immunological detection was per-
formed using a rabbit affinity-pure UCP-3 antiserum (Alpha Diagnostic, San
Antonio, TX). This antibody was generated against a 17–amino acid peptide
sequence located at the second and third transmembrane domain of human UCP-
3, showing 71% homology with mouse UCP-3 and no significant homology with
UCP-1 or UCP-2. It was used at a 4-µg/ml dilution, and detection was achieved
using the enhanced chemiluminescence (ECL) detection system (Amersham,
Amersham, U.K.). As a positive control, 293 cells stably transfected with a tetra-
cycline-inducible (Tet-On; Clontech, Palo Alto, CA) construct driving the long
isoform of human UCP-3 (UCP-3L) cDNA expression (293-U3 cells) were used
(B. Sibille, G.S., F.V., unpublished data). Blots were stripped thereafter and
probed with a rabbit antiserum against bovine heart adenine nucleotide
translocase (ANT), a gift of Dr. G. Brandolin (DBMS/Biochimie, Grenoble,
France), which, according to previously established procedures (27), was used
as a control of equal abundance of mitochondrial membrane protein in the sam-
ples. The sizes of the proteins detected were estimated using protein molecu-
lar-mass standards (Bio-Rad). Quantitation of autoradiographs and ECL signals
was performed by scanning densitometry.

Serum free fatty acid levels were quantified using a colorimetric acyl-CoA syn-
thase and acyl-CoA oxidase-based method (Wako Chemicals, Neuss, Germany).

Statistical analysis was performed with Student’s t test.

RESULTS

UCP-3 mRNA expression in skeletal muscle is sup-

pressed in lactating mice. Weaning reverses the down-

regulation of UCP-3 mRNA expression. Figure 1 shows
the UCP-3 mRNA levels in the gastrocnemius muscle of
female virgin controls, late-pregnant mice, and lactating mice
at different days of lactation. UCP-3 mRNA levels were sim-
ilar in female virgin and late pregnant mice. Lactating mice
showed a dramatically lowered expression of UCP-3 mRNA,
and, in mid-lactating dams, UCP-3 mRNA was hardly
detectable in the conditions of Northern blot assays that
allow an optimal detection in virgin controls (Fig. 1). The
impairment in UCP-3 mRNA expression in mid-lactating mice
was equally observed in other skeletal muscles: UCP-3
mRNA levels in tibialis anterior and extensor digitorum
longus muscles from 15-day lactating dams were, respec-
tively, 8 ± 4 and 14 ± 5% of those in the corresponding virgin
controls. The drop in UCP-3 mRNA expression in skeletal
muscle occurred suddenly after birth, and, after only 1 day of
lactation, UCP-3 mRNA abundance decreases to less than one-
tenth of that in pregnant dams just before parturition. Thirty
days after parturition, when pups had spontaneously substi-
tuted milk for standard diet, UCP-3 mRNA levels in dams
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returned to control values. However, the effects of weaning on
UCP-3 mRNA did not require a long duration. When 15-day
lactating dams were abruptly separated from their offspring
for 24 h, UCP-3 mRNA abundance was upregulated and
reached levels similar to those of controls. The reduction in
the expression of UCP-3 mRNA during lactation and the
upregulation due to weaning occurred in parallel for the 2.5-
and 2.8-kb mRNA species of UCP-3 (Fig. 1B). All of these
changes occurred without modifications in the mRNA levels
for COII, which were used as a control of overall mitochon-
drial biogenesis.
UCP-3 abundance is reduced in skeletal muscle mito-

chondria from lactating mice. To assess whether the
reduction in UCP-3 mRNA expression results in a decrease
in the relative amount of UCP-3 protein in skeletal muscle
mitochondria from lactating mice, immunoblot assays of
UCP-3 were performed using a specific antibody (see
RESEARCH DESIGN AND METHODS). Analysis of mitochondrial
protein from adult mouse gastrocnemius resulted in the

detection of a single 34-kD band. 293 cells stably transfected
with a tetracycline-inducible construct driving the expression
of human UCP-3L. cDNA showed no signal (noninduced) or
a strong (tetracycline-induced) 34-kD signal, the same size as
that observed in muscle samples (Fig. 2B). No 34-kD signal
was detected in mitochondria from fetal muscle or spleen in
which UCP-2 mRNA but not UCP-3 mRNA is expressed
(6,12). This confirms the specificity of UCP-3 detection. Fig-
ure 2B shows an immunoblot analysis of UCP-3 protein lev-
els in mitochondria isolated from the gastrocnemius muscle
of virgin or lactating mice at different days of lactation.
Homogeneity of mitochondrial preparations of muscles from
virgin and lactating mice was assessed as equal signals in
immunoblot analysis of the ANT, a mitochondrial protein
unaltered in skeletal muscle during lactation (N.P., F.V.,

FIG. 1. Changes in UCP-3 mRNA levels in the gastrocnemius skeletal

muscle of late pregnant and lactating mice. A: Representation of the

abundance of UCP-3 mRNA in virgin control mice (V), 19-day pregnant

mice (P), and mice at the indicated days of lactation. Discontinuous

line indicates abrupt weaning of 15-day lactating dams. Points are

means ± SE (indicated by bars) of the hybridization intensity signals

of 3–4 samples. The 2.8- and 2.5-kb transcripts for UCP-3 were addi-

tively quantified as a single point. Data are expressed as the per-

centage relative to the virgin control value. Statistical comparisons

between virgin controls and experimental groups are shown by *P ≤
0.05. B: Representative Northern blot analysis of 20 µg/lane of RNA

from gastrocnemius. The sizes of the UCP-3 and COII transcripts are

depicted to the right.

FIG. 2. Changes in mitochondrial UCP-3 abundance in gastrocnemius

skeletal muscle during lactation. A: Abundance of UCP-3 in virgin

control mice (V) and mice at the indicated days of lactation. Bars are

means ± SE of the Western blot intensity signals of 3–4 samples. Data

are expressed as the percentage relative to the virgin control value.

Statistical comparisons between virgin controls and experimental

groups are shown by *P ≤ 0.05. B: Representative immunoblot analy-

sis of the UCP-3 content in mitochondrial preparations of gastrocne-

mius from virgin mice (V), mice at the indicated days of lactation, and

mitochondria from 18-day fetal mouse skeletal muscle (fetus) or adult

spleen. 293-U3 lanes are mitochondria preparations from 293 cells sta-

bly transfected with a tetracycline-inducible human UCP-3L cDNA

construct nonexposed (–) or exposed (+) to tetracycline. Of mito-

chondrial protein, 20 µg was loaded in each lane, except for 293 cells

(10 µg), and was immunoblotted using a rabbit anti–UCP-3 antibody

(upper lane) and, subsequently, a rabbit anti-ANT antibody as a con-

trol (lower lane). The sizes of the signals obtained are shown to the

right of the lanes.

A

B

A

B
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unpublished data). A significant decrease in UCP-3 protein lev-
els was achieved on days 7 and 15 of lactation, and sponta-
neously weaned 30-day lactating dams already showed lower
UCP-3 protein levels than those of virgin controls (Fig. 2A).
24-h weaning of 15-day lactating dams did not reverse UCP-
3 protein downregulation, which remained at 44 ± 11% of vir-
gin control values.
Effects of fasting on UCP-3 gene expression in skele-

tal muscle of lactating mice. The effects of 24-h starvation
on UCP-3 mRNA in gastrocnemius from virgin and lactating
mice were determined to assess whether the impairment in
UCP-3 mRNA expression of lactating mice affects their
response to fasting. Fasting of female virgin mice caused a
significant rise in UCP-3 mRNA expression (Fig. 3), which is
in agreement with previous reports (6,28). Although the basal
levels of UCP-3 mRNA were very low in lactating dams, after
24 h of fasting, they rose dramatically to similar levels to
those in fasted virgin mice. Thus, there was a >50-fold induc-
tion of UCP-3 mRNA in gastrocnemius from fasted lactating
dams compared with fed lactating controls. The same behav-
ior was observed for extensor digitorum longus and tibialis
anterior muscles (data not shown). COII mRNA levels were
essentially unaltered due to fasting in any of the experimen-
tal groups. However, the relative content of UCP protein in
mitochondrial preparations of either fasted virgin or fasted
lactating mice, as compared with fed animals, was unaltered:
115 ± 25% in fasted vs. fed virgins and 52 ± 12% in fasting vs.
fed lactating dams. 
Changes in litter size modify energy nutritional stress in

lactating mice but do not affect UCP-3 mRNA expression

in skeletal muscle. As an experimental approach to assess
the role of the nutritional stress during lactation in the UCP-3
gene downregulation in muscle, litter sizes were manipu-
lated. Litters were adjusted after birth to a low size (4 pups)
or a high size (18 pups) as a way to decrease or increase,
respectively, the output of milk by lactating dams. This exper-
imental model is known to raise or lower, respectively, non-
shivering thermogenesis and brown adipose tissue thermo-
genic activity in lactating mothers (29). The impact of litter
size on nutritional stress was revealed by the fact that, on day

15 of lactation, the total weight of the litters consisting of 4
pups was 45.6 ± 1.2 g, 91% of the dam’s body weight, whereas
it was 108.0 ± 3.6 g in litters consisting of 18 pups, 216% of the
dam’s weight. However, UCP-3 mRNA expression in skeletal
muscle of dams was not significantly altered by these changes
in litter size. UCP-3 mRNA levels in dams nursing small or
large litters were 128 ± 23 and 106 ± 19%, respectively, vs. lac-
tating controls. It is concluded that modulation of overall
energy nutritional stress is not a major determinant of UCP-3
mRNA expression during lactation.
A high-fat diet during lactation partially reverses

UCP-3 mRNA and UCP-3 protein downregulation in

skeletal muscle. As a second approach to assess the role of
nutrition on UCP-3 gene downregulation in skeletal muscle
during lactation, dams were exposed after parturition to a
high-fat diet and studied at mid-lactation. This treatment
resulted in an average increase in caloric intake of 22.5%
with respect to lactating mice fed a regular high-carbohy-
drate diet. The weight of pups from 15-day lactating mice fed
a high-fat diet was higher than that of control pups (high-fat
diet 8.43 ± 0.4 g, controls 6.9 ± 0.2 g, P ≤ 0.05), thus indicat-
ing the impact of this dietary treatment on the amount of
energy delivered as milk by lactating dams. UCP-3 mRNA lev-
els in skeletal muscle of mid-lactating dams fed the high-fat
diet were significantly higher (451 ± 59%, P ≤ 0.05) than mid-
lactating mice fed a regular diet, although they did not reach
the levels found in virgin controls. Similar behavior was
observed for UCP-3 protein: the relative concentration in
lactating dams fed the high-fat diet was higher (164 ± 21%, P ≤
0.05) than that in lactating dams fed a regular diet.
Serum nonesterified fatty acid levels in pregnant and

lactating mice: the effects of weaning, fasting, high-fat

diet, and changes in litter size. Table 1 shows the changes
in serum free fatty acids due to the different physiological and
nutritional situations studied. Late pregnant mice did not
show significant changes in serum free fatty acid levels,
whereas a progressive decrease in serum free fatty acid con-
centrations occurred after parturition. The lowest levels of

FIG. 3. Effects of 24-h fasting of virgin and 15-day lactating mice on

UCP-3 mRNA expression in gastrocnemius muscle. Bars are means ±

SE of the hybridization intensity signals of at least 3 samples. Data are

expressed as the percentage relative to the fed virgin value. Statisti-

cal significance of comparisons between fed and fasted groups for each

experimental situation are shown by *P ≤ 0.05.

TABLE 1
Free fatty acid levels in serum of virgin control, late pregnant, and
mid-lactating mice under different experimental conditions

Serum free fatty
Animals acid levels (µmol/l)

Virgin control mice
Baseline 1,278 ± 96
+ 24-h fasting 1,779 ± 113*

Late pregnant mice
Day 19 972 ± 174

Mid-lactating mice
Day 1 763 ± 102*
Day 7 494 ± 79*
Day 15 411 ± 14*
+ 24-h Fasting 729 ± 110*†
+ 24-h Weaning 1,017 ± 127†
+ High-fat diet 820 ± 134*†
Low litter size (4 pups) 534 ± 133*
Large litter size (18 pups) 525 ± 101*
Day 30 892 ± 98†

Data are means ± SE of 4 or 5 samples. *P < 0.05 vs. virgin con-
trols; †P < 0.05 vs. 15-day lactating mice.
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serum free fatty acids were attained in mid-lactation; this
finding is in agreement with previous reports (30). Both 24 h
after abrupt weaning of mid-lactating dams or after sponta-
neous weaning (day 30 of lactation), serum free fatty acid lev-
els rose to levels that were not significantly different from
those in virgin controls. Fasting induced a rise in serum free
fatty acid concentrations in virgin and mid-lactating mice. Lit-
ter size had no effect on serum free fatty acids. Feeding dams
a high-fat diet during lactation resulted in levels of serum free
fatty acids higher than those in lactating dams fed a regular
diet. In conclusion, there was a close positive association
between changes in serum free fatty acid levels elicited by lac-
tation and nutritional manipulations and changes in UCP-3
mRNA levels in skeletal muscle.
Differential effects of fibrates and troglitazone on

UCP-3 mRNA expression in skeletal muscle of lactating

mice. The present results suggest that free fatty acids may be
responsible for adaptative changes in UCP-3 gene expression
in skeletal muscle during lactation, and we have reported
recently that fibrates, which are activators of PPAR, may
mediate free fatty acid effects on the UCP-3 gene (12). The
effects of single injections of the hypolipidemic drug bezafi-
brate, a preferential PPAR-� activator (31), WY-14,643, a
highly specific activator of PPAR-� (32), and troglitazone, a
thiazolidinedione specific for PPAR-� (33), were studied in
mid-lactating mice (Fig. 4). Bezafibrate or WY-14,643 admin-
istration did not significantly alter UCP-3 mRNA expression
in skeletal muscle of virgin mice, whereas troglitazone
induced it. When injected into lactating mice, bezafibrate
induced UCP-3 mRNA levels and almost reversed the down-
regulation of UCP-3 gene expression in lactation. WY-14,643
caused the most dramatic increase in UCP-3 mRNA abun-
dance in lactating dams, which achieved levels even higher
than those in virgin controls. Troglitazone increased UCP-3
mRNA expression in skeletal muscle of lactating mice to a
similar extent as that in virgin mice (3- to 4-fold induction in
comparison with vehicle-injected lactating mice). The acute

injections with the PPAR activators did not significantly mod-
ify serum nonesterified fatty acid levels in either virgin or lac-
tating mice (data not shown).
Unaltered PPAR-� mRNA expression in skeletal muscle

of lactating mice. Considering the different sensitivity to
fibrates and particularly to PPAR-�–specific activation in vir-
gin and lactating mice, PPAR-� gene expression in skeletal
muscle of lactating mice was determined in comparison with
virgin controls. Northern blot analysis showed that PPAR-�
gene was expressed in mouse skeletal muscle as a single tran-
script of 8.5 kb, as already reported (12). No difference was
observed in the levels of PPAR-� mRNA expression in gas-
trocnemius skeletal muscle between virgin and 15-day lactating
mice. Densitometric scanning of 4 independent Northern blot
assays indicated that PPAR-� mRNA signals in mid-lactating
mice was 92 ± 28% of those found in virgin controls.

DISCUSSION

In the present study, a dramatic reduction in UCP-3 mRNA
expression resulting in a decrease in the relative abundance
of UCP-3 in the skeletal muscle mitochondria is described as
part of the metabolic regulatory events that take place in
skeletal muscle during lactation. The comparison of changes
in UCP-3 mRNA and UCP-3 protein levels indicates that, as
a general rule, long-term modifications in UCP-3 mRNA, such
as those observed in lactation or high-fat diet, lead to signi-
ficant changes in UCP-3 protein abundance in mitochondria.
However, short-term modifications in UCP-3 mRNA levels,
such as those elicited by 24-h fasting or 24-h weaning, had no
significant effect on UCP-3 protein abundance. Indeed, pre-
vious reports on the effects of fasting showed a modest
increase in UCP-3 protein only after 2-day starvation (28). In
the absence of UCP-3 protein turnover studies, these results
indicate a slow-acting translational and/or posttranslational
regulation of the UCP-3 gene.

In the context of the current debate on the physiological
role of UCP-3, two physiological events occur in lactation that
are compatible with the downregulation of UCP-3 gene
expression: a reduction in nonshivering thermogenesis (21)
and a decrease in the utilization of fatty acids by muscle,
which favors the use of these substrates by the mammary
gland for milk production (24). The time-course of UCP-3 pro-
tein downregulation throughout lactation fits well with the
adaptative reduction in nonshivering thermogenesis, which
develops progressively as lactation proceeds (21–23). Thus,
UCP-3 protein abundance is slightly decreased in dams just
after parturition, when milk production is very low, whereas
it attains minimal levels in mid-lactation when milk produc-
tion is maximal. However, the drop in UCP-3 mRNA after par-
turition is abrupt and UCP-3 mRNA expression is extremely
low in lactating mice at any moment of lactation, indicating
that regulatory events leading to a low expression of the
UCP-3 gene start long before substantial energy-sparing
mechanisms are required. In this sense, circulating fatty
acids are already reduced just 1 day after parturition.

Our results indicate that different stages of lactation or
nutritional manipulations in the breeding period (fasting,
weaning, and high-fat diet) were associated with changes in
UCP-3 mRNA expression in skeletal muscle only when the lev-
els of free fatty acids were modified in the same direction and
regardless of the lipolytic activity of adipose tissue. For
instance, both fasting and weaning activate UCP-3 mRNA

FIG. 4. Effects of PPAR activators on UCP-3 mRNA expression in

skeletal muscle of virgin and lactating mice. Representation of the rel-

ative abundance of UCP-3 mRNA in gastrocnemius from virgin and

15-day lactating mice 6 h after being injected intraperitoneally with

bezafibrate (100 µg/g body wt), WY-14,643 (50 µg/g body wt), trogli-

tazone (100 µg/g body wt), or vehicle solution. Data are expressed as

the percentage relative to the fed virgin value. Statistical signifi-

cance of comparisons between groups of PPAR activator–treated mice

and their respective vehicle-treated controls are shown by *P ≤ 0.05.
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expression in skeletal muscle of lactating dams because they
cause an increase in free fatty acid levels. However, lipolysis
is activated during fasting, but it is reduced in weaning, when
the rise in free fatty acids is caused by the sudden impairment
of their use by the mammary gland (34). This supports the
notion that fatty acids themselves regulate the expression of
the UCP-3 gene in skeletal muscle during lactation. Other hor-
monal or metabolic signals previously reported to induce
the UCP-3 gene in muscle, such as leptin or thyroid hor-
mones, are unlikely to play a major role in UCP-3 downreg-
ulation during lactation. The levels of circulating leptin are
unaltered during lactation (35), and, although lactation is
associated with a mild hypothyroid state, changes in serum
thyroid hormones due to fasting (36) or litter size manipula-
tion (37) do not correlate with changes in UCP-3 mRNA
expression in muscle.

Activators of PPAR reverse the UCP-3 mRNA downregula-
tion during lactation, and they are likely to mimic the positive
action of fatty acids on the UCP-3 gene. Whereas the effects
of long-term treatments with fibrates or thiazolidinediones
may rely on indirect metabolic mechanisms (38,39), the effec-
tiveness of PPAR activators in the very short-term exposure
shown here suggests direct effects on skeletal muscle. The abil-
ity of fibrates to induce the UCP-3 gene in muscle has been
reported in newborn mice (12) and adult rats (39), and the
highest potency of WY-14,643, a specific ligand of PPAR-� in
lactating mice, supports a major involvement of this PPAR sub-
type in UCP-3 gene regulation in skeletal muscle. According
to the present results, the higher sensitivity to PPAR-� acti-
vation of the UCP-3 gene expression in skeletal muscle of
lactating mice was not attributable to changes in PPAR-�
receptor expression. A potential explanation for these findings
would be that if PPAR-� activation mimics the effect of free
fatty acids on UCP-3 mRNA in skeletal muscle (12), then this
pathway of stimulation would already be quite active in virgin
mice because virgin mice have higher levels of serum free fatty
acid levels and UCP-3 mRNA expression. As a result, a lack of
sensitivity to PPAR-� activators is observed here. In most
cases, target genes of PPAR-� regulation code for enzymes and
proteins that are part of the lipid oxidation machinery of the
cell (40), and the identification of the UCP-3 gene as a target
of PPAR-� activation further supports its putative involve-
ment in the regulation of fatty acid oxidation. Troglitazone, an
antidiabetic thiazolidinedione and a specific activator of
PPAR-� (33), could also induce UCP-3 gene expression in
skeletal muscle of lactating mice and normalize UCP-3 mRNA
levels, but, in contrast to fibrates, it was also effective in vir-
gin animals. This finding indicates a different pathway of reg-
ulation of UCP-3 gene expression by PPAR-� activation, with
respect to the PPAR-�–dependent pathway. Moreover, it sug-
gests that the PPAR-�–dependent activation of the UCP-3
gene is not related to the physiological action of fatty acids pro-
moting UCP-3 gene expression. Although PPAR-� is
extremely low in skeletal muscle (12,33), chronic treatments
of humans or rodents with troglitazone are known to improve
insulin sensitivity and reduce triacylglyceride content in
skeletal muscle (41). Several recent reports claim there is a
direct effect of thiazolidinediones on this tissue (42,43), which
would be consistent with the effects on the UCP-3 gene
observed in this study. However, newborn mice, which are
highly sensitive to upregulation of UCP-3 gene expression in
response to PPAR-� activators, are poorly sensitive to the

action of thiazolidinediones (12). Further research will be
necessary to establish the precise mechanisms of action of thi-
azolidinediones on the UCP-3 gene in muscle and how they are
modified in different physiological situations.

Insulin resistance of skeletal muscle is fundamental to the
development of type 2 diabetes, and excessive exposure of
muscle to free fatty acids appears to play a prominent role in
the appearance of the insulin-resistant state associated with
obesity (44). Understanding the regulatory mechanisms of
fatty acid oxidation by the skeletal muscle cells is essential for
the development of strategies to avoid an insulin-resistant
state. In the present work, we report that impaired UCP-3
gene expression in skeletal muscle is a physiological event
associated with the metabolic adaptations of lactation and, par-
ticularly, with the reduced utilization of fatty acids by the tis-
sue as an energy source. Both fibrates and troglitazone reverse
the downregulation of the UCP-3 mRNA expression. Further
research should be undertaken to determine the involvement
of the UCP-3 gene upregulation in skeletal muscle in the
hypolipidemic and antidiabetic effects of these drugs.

ACKNOWLEDGMENTS

This study was supported by grants PB95.0969 and
PM98.0188 from the Ministry of Education and Culture, Spain
and Fundació la Marató de TV3. 

Technical support by the staff of the Animal Facility and the
Faculty of Biology of the University of Barcelona is acknowl-
edged. 

We thank Dr. B. Lowell (Beth Israel Hospital, Boston, MA),
Dr. N. Glaichenhaus (University of Nice, Nice, France), and
Dr. S. Green (Zeneca, Cheshire, U.K.) for the UCP-3, COII, and
PPAR-� cDNA probes. We also thank Dr. G. Brandolin
(DBMS/Biochimie, CENG, Grenoble, France) for the anti-
serum against ANT.

REFERENCES

1. Fleury C, Neverova M, Collins S, Raimbault S, Champigny O, Levi-Meyrueis
C, Bouillaud F, Seldin MF, Surwit RS, Ricquier D, Warden CH: Uncoupling pro-
tein-2: a novel gene linked to obesity and hyperinsulinemia. Nat Genet

15:269–272, 1997
2. Gimeno RE, Dembski M, Weng X, Shyjan AW, Gimeno CJ, Iris F, Ellis SJ, Deng

N, Woolf EA, Tartaglia LA: Cloning and characterization of an uncoupling pro-
tein homolog: a potential molecular mediator of human thermogenesis. Dia-

betes 46:900–906, 1997
3. Boss O, Samec S, Paolini-Giacobino A, Rossier C, Dulloo A, Seydoux J,

Muzzin P, Giacobino JP: Uncoupling protein-3: a new member of the mito-
chondrial carrier family with tissue-specific expression. FEBS Lett 408:39–42,
1997

4. Vidal-Puig A, Solanes G, Grujic D, Flier JS, Lowell BB: UCP-3: an uncoupling
protein homologue expressed preferentially and abundantly in skeletal mus-
cle and brown adipose tissue. Biochem Biophys Res Commun 235:79–82, 1997

5. Solanes G, Vidal-Puig A, Grujic D, Flier JS, Lowell BB: The human uncoupling
protein-3 gene: genomic structure, chromosomal localization, and genetic
basis for short and long form transcripts. J Biol Chem 272:25433–25436, 1997

6. Gong DW, He Y, Karas M, Reitman M: Uncoupling protein-3 is a mediator of
thermogenesis regulated by thyroid hormone, �3-adrenergic agonists, and lep-
tin. J Biol Chem 272:24129–24132, 1997

7. Weigle DS, Selfridge LE, Schwartz MW, Seeley RJ, Cummings DE, Havel PJ,
Kuijper JL, BertrandelRio H: Elevated free fatty acids induce uncoupling pro-
tein 3 expression in muscle: a potential explanation for the effects of fasting.
Diabetes 47:298–302, 1998

8. Millet L, Vidal H, Andreelli F, Larrouy D, Riou JP, Ricquier D, Laville M, Lan-
gin D: Increased uncoupling protein-2 and -3 mRNA expression during fast-
ing in obese and lean humans. J Clin Invest 100:2665–2670, 1997

9. Boss O, Bobbioni-Harch A, Assimacopoulos-Jeannet F, Muzzin P, Munger R,
Giacobino JP, Golay A: Uncoupling protein-3 gene expression in skeletal
muscle and free fatty acids in obesity (Letter). Lancet 351:1933, 1998

10. Brun S, Carmona MC, Mampel T, Viñas O, Giralt M, Iglesias R, Villarroya F:



1230 DIABETES, VOL. 49, JULY 2000

UNCOUPLING PROTEIN-3 GENE IN LACTATION

Uncoupling protein-3 gene expression in skeletal muscle during develop-
ment is regulated by nutritional factors that alter circulating non-esterified fatty
acids. FEBS Lett 453:205–209, 1999

11. Kageyama H, Suga A, Kashiba M, Oka J, Osaka T, Kashiwa T, Hirano T, Nemoto
K, Namba Y, Ricquier D, Giacobino JP, Inoue S: Increased uncoupling protein-2
and -3 gene expression in skeletal muscle of STZ-induced diabetic rats. FEBS

Lett 440:450–453, 1998
12. Brun S, Carmona MC, Mampel T, Viñas O, Giralt M, Iglesias R, Villarroya F: Acti-

vators of peroxisome proliferator-activated receptor-� induce the expression
of the uncoupling protein-3 gene in skeletal muscle: a potential mechanism
for the lipid intake-dependent activation of uncoupling protein-3 gene expres-
sion at birth. Diabetes 48:1217–1222, 1999

13. Krook A, Digby J, O’Rahilly S, Zierath JR, Wallberg-Henriksson H: Uncoupling
protein 3 is reduced in skeletal muscle of NIDDM patients. Diabetes

47:1528–1531, 1998
14. Kelley DE, Mandarino J: Hyperglycemia normalizes insulin-stimulated skele-

tal muscle glucose oxidation and storage in non-insulin dependent diabetes
mellitus. J Clin Invest 86:1999–2007, 1990

15. Bao S, Kennedy A, Wojciechowski B, Wallace P, Ganaway E, Garvey WT:
Expression of the mRNAs encoding uncoupling proteins in skeletal muscle:
effects of obesity and diabetes. Diabetes 47:1935–1940, 1998

16. Argyropoulos G, Brown AM, Willi SM, Zhu J, He Y, Reitman M, Gevao SM,
Spruill I, Garvey WT: Effects of mutations in the human uncoupling protein
3 gene on the respiratory quotient and fat oxidation in severe obesity and type 2
diabetes. J Clin Invest 102:1345–1351, 1998

17. Walder K, Norman RA, Hanson R, Schrauwen P, Neverova M, Jenkinson CP,
Easlick J, Warden CH, Pecqueur C, Raimbault S, Ricquier D, Siver MHK,
Shuldiner AR, Solanes G, Lowell BB, Chung WK, Leibel R, Partley R, Ravussin
E: Association between uncoupling protein polymorphisms (UCP2-UCP3)
and energy metabolism/obesity in Pima Indians. Hum Mol Genet 7:1431–1435,
1998

18. Dewey KG: Energy and protein requirements during lactation. Annu Rev

Nutr 17:19–36, 1997
19. Frigerio C, Schutz Y, Witeshead R, Jecquier E: Postpandrial thermogenesis in

lactating and non-lactating women from The Gambia. Eur J Clin Nutr 46:7–13,
1992

20. Spurr GB, Dufour D, Reina JC: Increased muscle efficiency during lactation
in Colombian women. Eur J Clin Nutr 52:17–21, 1998

21. Trayhurn P: Decreased capacity for non-shivering thermogenesis during lac-
tation in mice. Pflügers Arch 398:264–265, 1983

22. Trayhurn P, Douglas JB, McGuckin MM: Brown adipose tissue thermogene-
sis is “suppressed” during lactation in mice. Nature 298:59–69, 1982

23. Martin I, Giralt M, Viñas O, Iglesias R, Mampel T, Villarroya F: Adaptative
decrease in the expression of the mRNA for uncoupling protein and subunit
II of cytochrome c oxidase in rat brown adipose tissue during pregnancy and
lactation. Biochem J 263:965–968, 1989

24. Williamson DH: Regulation of metabolism during lactation in the rat. Reprod

Nutr Dev 26:597–603, 1986
25. Chomczynski P, Sacchi N: Single-step method of RNA isolation by acid guani-

dium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:156–159,
1987

26. Glaichenhaus N, Leopold P, Cuzin P: Increased levels of mitochondrial gene
expression in rat fibroblast cells immortalized or transformed by viral and cel-
lular oncogenes. EMBO J 5:1262–1265, 1986

27. Martin I, Giralt M, Viñas O, Iglesias R, Mampel T, Villarroya F: Co-ordinate
decrease in the expression of the mitochondrial genome and nuclear genes
for mitochondrial proteins in the lactation-induced mitochondrial hypotrophy
of rat brown fat. Biochem J 308:749–752, 1995

28. Sivitz WI, Fink BD, Donohoue PA: Fasting and leptin modulate adipose and
muscle uncoupling protein: divergent effects between messenger ribonucleic
acid and protein expression. Endocrinology 140:1511–1519, 1999

29. Isler D, Trayhurn P, Lunn PG: Brown adipose tissue metabolism in lactating
rats: the effect of litter size. Ann Nutr Metab 28:101–109, 1984

30. Viñas O, Vilaró S, Remesar X: Changes in metabolic pattern of rat mothers and
their pups related to milk production and composition. Nutr Rep Internat

36:29–39, 1987
31. Isseman I, Prince RA, Tugwood JD, Green S: The peroxisome proliferator-acti-

vated receptor: retinoid X receptor heterodimer is activated by fatty acids and
fibrate hypolipidaemic drugs. J Mol Endocrinol 11:37–47, 1993

32. Yu K, Bayona W, Harding HP, Ravera CP, McMahon G, Brown M, Lazar MA:
Differential activation of peroxisomal proliferator-activated receptors by
eicoisanoids. J Biol Chem 270:23975–23983, 1995

33. Spiegelman BM: PPAR-�: adipogenic regulator and thiazolidinedione recep-
tor. Diabetes 47:507–514, 1998

34. Vernon RG, Finley E: Lipolysis in rat adipocytes during recovery from lac-
tation: response to noradrenaline and adenosine. Biochem J 234:229–231,
1986

35. Butte NF, Hopkinson JM, Nicolson MA: Leptin in human reproduction: serum
leptin levels in pregnant and lactating women. J Clin Endocrinol Metab

82:585–589, 1997
36. Harris AR, Fang AL, Azizi F, Lipworth L, Vagenakis AG, Barverman LE: Effect

of starvation on hypothalamic-pituitary-thyroid function in the rat. Metabolism

27:1074–1083, 1978
37. Kahl S, Bitman J, Capuco AV, Keys JE: Effects of lactational intensity on

extra thyroidal 5-deiodinase activity in rats. J Dairy Sci 74:811–818, 1991
38. Kelly LJ, Vicario PP, Thompson GM, Candelore MR, Doebber TW, Ventre J, Wu

MS, Meurer R, Forrest MJ, Conner MW, Cascieri MA, Moller DE: Peroxisome
proliferator-activated receptors gamma and alpha mediate in vivo regulation
of uncoupling protein (UCP-1, UCP-2, UCP-3) gene expression. Endocrinol-

ogy 139:4920–4927, 1998 
39. Cabrero A, Llaverias G, Roglans N, Alegret M, Sánchez R, Adzet T, Laguna JC,

Vazquez M: Uncoupling protein-3 mRNA levels are increased in white adipose
tissue and skeletal muscle of bezafibrate-treated rats. Biochem Biophys Res

Commun 260:547–556, 1999
40. Lemberger T, Desvergne B, Wahli W: Peroxisome proliferator-activated recep-

tors: a nuclear receptor signaling pathway in lipid metabolism. Ann Rev Cell

Dev Biol 12:335–363, 1996
41. Johnson MD, Campbell LK, Campbell RK: Troglitazone: a review and assess-

ment of its role in the treatment of patients with impaired glucose tolerance
and diabetes mellitus. Ann Pharmacother 32:337–348, 1998

42. Park KS, Ciaraldi TP, Abrams-Carter L, Mudalair S, Nikoulina SE, Henry RR: Trogli-
tazone regulation of glucose metabolism in human skeletal muscle cultures
from obese type II diabetic subjects. J Clin Endocrinol Metab 85:1636–1643, 1998

43. Hwang CS, Lane MD: Up-regulation of uncoupling protein-3 by fatty acids in
C2C12 myotubes. Biochem Biophys Res Commun 258:464–469, 1999

44. Simoneau JA, Kelley DE: Skeletal muscle and obesity. In Handbook of Obe-

sity. Bray GA, Bouchard C, James WPT, Eds. New York, Marcel Dekker, 1998,
p. 539–553


