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Abstract

Adipose triglyceride lipase (ATGL) hydrolyzes triacylglycerols to diacylglycerols in the first step of lipolysis, providing substrates for hormone-sensitive
lipase (HSL). Here we studied whether ATGL messenger RNA (mRNA) and protein levels were affected by 24-h cold exposure in different white adipose tissue
depots and in interscapular brown adipose tissue of lean and obese Zucker rats submitted to feeding and 14-h fasting conditions. HSL mRNA expression was also
studied in selected depots. In both lean and obese rats, as a general trend, cold exposure increased ATGL mRNA and protein levels in the different adipose
depots, except in the brown adipose tissue of lean animals, where a decrease was observed. In lean rats, cold exposure strongly improved fasting up-regulation
of ATGL expression in all the adipose depots. Moreover, in response to fasting, in cold-exposed lean rats, there was a stronger positive correlation between
circulating nonesterified fatty acids (NEFA) and ATGL mRNA levels in the adipose depots and a higher percentage increase of circulating NEFA in comparison
with control animals not exposed to cold. In obese rats, fasting-induced up-regulation of ATGL was impaired and was not improved by cold. The effects of
obesity and cold exposure on HSL mRNA expression were similar to those observed for ATGL, suggesting common regulatory mechanisms for both proteins.
Thus, cold exposure increases ATGL expression and improves its fasting-up-regulation in adipose tissue of lean rats. In obese rats, cold exposure also increases
ATGL expression but fails to improve its regulation by fasting, which could contribute to the increased difficulty for mobilizing lipids in these animals.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Fatty acids deposited as triacylglycerols in adipose tissue represent
the primary energy store in animals. In periods of increased energy
demand, such as fasting and cold exposure, stored fat is mobilized
by lipolytic enzymes, which hydrolyze adipose triacylglycerols and
release nonesterified fatty acids (NEFA) into the circulation. Adipose
triglyceride lipase (ATGL) [1], also known as desnutrin [2] and
calcium-independent phospholipase-A2ζ [3], is a 486-amino-acid
protein that is now considered to be the main triacylglycerol lipase in
adipose tissue. It hydrolyzes triacylglycerols to diacylglycerols in the
first step of lipid hydrolysis, providing the substrate for hormone-
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sensitive lipase (HSL) in the lipolytic cascade [1,2]. The molecular
mechanism by which ATGL activity is regulated is not completely
understood. Differently to what has been observed for HSL, ATGL
activity is not regulated directly by protein kinase A (PKA) phospho-
rylation. However, preliminary evidence inmammalian cells indicates
that ATGL is phosphorylated by kinases (reviewed in Refs. [4,5]), and
recent experiments performedbyDeiuliis et al. [6] suggest that ATGL is
an indirect target of PKA signaling in brown adipocytes. Also recently,
Duncan et al. [7] demonstrated that although the loss of phosphor-
ylation of two conserved C-terminal serine residues (S406 and S430)
does not alter cellular localization or triacylglycerol hydrolysis by
ATGL, the C-terminal region of this protein is required for triacylgly-
cerol breakdown in live cells. Moreover, the same authors identified
two critical sites in ATGL N-terminal region, S47 and D166, which are
necessary for triacylglycerol hydrolysis in live cells [7]. In addition to
the possible regulation of ATGL activity by phosphorylation, its
lipolytic activity is strongly stimulated by an activator, comparative
gene identification 58 (CGI-58) [8], and is highly dependent on the
phosphorylation of perilipin A [9], which coordinates the recruitment
of proteins to the lipid droplet, thus allowing the lipolytic process.

The importance of ATGL in the lipolytic process has been dem-
onstrated in several in vitro experiments [1,2,10,11], and Haemmerle
et al. [12] confirmed its important role in vivo, showing that ATGL-
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knockout mice presented increased fat storage in the form of tria-
cylglycerols in different tissues, weight gain and greater use of carbo-
hydrate instead of fat as a primary fuel source during fasting. Recently,
Ahmadian et al. [13] corroborated the key lipolytic role of ATGL in
adipose tissue, showing that transgenic mice overexpressing ATGL
specifically in white adipose tissue (WAT) displayed elevated lipolysis
and increased fatty acid oxidation, resulting in higher energy expen-
diture and resistance to diet-induced obesity.

ATGL messenger RNA (mRNA) expression is markedly up-
regulated during 3T3-L1 in vitro differentiation [1–3] in a process
regulated by PPARγ [14], and in accordancewith a protein involved in
lipolysis, its expression levels are regulated by the nutritional status,
being induced after fasting and decreased by refeeding [2,15]. Related
with changes in nutritional status, in vitro experiments have dem-
onstrated that ATGL expression is up-regulated by glucocorticoids [2]
and down-regulated by insulin [10], probably through FoxO1 [16], in
a dose-dependent manner, suggesting that ATGL has an important
hormonal regulation. We recently demonstrated that fasting up-
regulation of ATGL expression in WAT is impaired in old rats, which
could contribute to explain the difficulty for mobilizing lipids when
exposed to nutritional stress such as fasting and, hence, the weight
gain that occurs with aging [17]. Furthermore, ATGL is down-
regulated in the gonadal adipose tissue in animal models of obesity
and diabetesmellitus (ob/ob and db/dbmice) [2] and in obese humans
with insulin resistance [18], indicating that this protein could also be
related to obesity; however, there are no data on how obesity affects
the regulation of ATGL by fasting.

Cold stimulus, in a process mediated by catecholamine release,
produces extensive mechanisms of adaptation in adipose tissue, in-
cluding an increase in lipolysis. Some in vivo and in vitro experiments
in rodents indicate an important role of ATGL in lipid mobilization
under cold exposure or catecholamine stimulation. Thus, Haemmerle
et al. [12] showed that upon fasting, ATGL-deficient mice were
extremely cold sensitive, reducing their oxygen consumption and
dropping their body temperature during 4°C cold exposure. The same
group demonstrated that inactivation of ATGL gene function in mice
resulted in a drastic decrease (70%) of free fatty acid release from
WAT in response to the β1 and β2 adrenoceptor agonist isoproterenol
[12]. Moreover, Kershaw et al. [10] demonstrated that overexpression
of ATGL in 3T3-L1 adipocytes increased basal and isoproterenol-
stimulated glycerol and NEFA release, whereas small interfering
RNA-mediated knockdown of ATGL had the opposite effect. In 2010,
Deiuliis et al. [6] showed that the β3 adrenoceptor agonist CL 316,243
down-regulated ATGL gene and protein expression in brown
adipocytes and that cold exposure at an early time point decreased
ATGL mRNA and protein levels in brown adipose tissue of mice.
However, up to now, there are no data available comparing the in vivo
regulation of ATGL in response to cold exposure and fasting in dif-
ferent adipose depots, which could provide extra information con-
cerning the role of this protein in lipolysis.

The key role of ATGL in lipid mobilization, its well-known nutri-
tional regulation and the link between cold exposure and lipolysis,
prompted us to analyze the effect of 24-h cold exposure to 4°C on
mRNA and protein basal levels of ATGL and how this stimulus could
affect ATGL nutritional regulation (response to fasting) in different
adipose tissues. For these purposes, lean and obese Zucker rats —

which display genetic obesity due to deficiencies in leptin receptor —
were used.

2. Methods and materials

2.1. Animals

The animal protocol followed in this study was reviewed and approved by the
Bioethical Committee of our university, and guidelines for the use and care of labora-
tory animals of the university were followed.
Three-month-old male Zucker rats, both lean (−/?) and obese (fa/fa) (Charles
River Laboratories España SA, Barcelona, Spain), fed with a standard chow diet
(Panlab, Barcelona, Spain) were used. They were single housed at 22°C with a 12-h
period of light/dark (lights on at 8:00 a.m.) and with free access to food and water.
After a 7-day adaptation period, rats were distributed in two experimental groups
for 24 h: control group, with animals acclimatized to 22°C, and cold group, with
animals exposed to 4°C for 24 h. Animals in the control and cold groups were divided
into two groups and submitted to different feeding conditions (n=5 rats for each
condition): a control-fed group, animals provided with ad libitum access to chow diet,
and a fasted group, animals deprived of food overnight (for 14 h). In the fed groups,
food intake was recorded during the 24 h of the experimental period, and in the
fasted groups, coprophagy was prevented by changing the cage immediately prior to
food deprivation.

Different WAT depots— retroperitoneal (RWAT), mesenteric (MWAT), epididymal
(EWAT) and inguinal (IWAT) — as well as the interscapular brown adipose tissue
(IBAT) were rapidly removed after death, weighed, frozen in liquid nitrogen and stored
at −70°C until RNA analysis. Blood was also collected, stored at room temperature for
1 h and overnight at 4°C, and then centrifuged at 1000g for 10 min to collect the serum.
2.2. Adiposity index

Adiposity was determined by an adiposity index computed for each rat as the sum
of EWAT, IWAT, MWAT and RWAT depot weights and expressed as a percentage of
total body weight.
2.3. RNA extraction

Total RNA from the different WAT depots studied (EWAT, IWAT, MWAT and
RWAT) and from the IBAT depot was extracted by Tripure Reagent (Roche Diagnostic
Gmbh, Mannheim, Germany) according to the manufacturer's instructions. RNA yield
was quantified in a Nanodrop ND 1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA), and the integrity of the RNA was confirmed using agarose
gel electrophoresis.
2.4. Real-time quantitative reverse transcriptase polymerase chain reaction
(Q-PCR) analysis

Q-PCR was used to measure mRNA expression levels of ATGL in different WAT
depots (EWAT, IWAT, MWAT and RWAT) and in IBAT of Zucker rats. HSL, CGI-58
and lipoprotein lipase (LPL) mRNA expression levels were also studied in selected
adipose depots.

Q-PCR was performed as previously described [19]. In brief, 0.5 μg of total RNA was
denatured and then reverse transcribed to complementary DNA (cDNA) using MuLV
reverse transcriptase (according to Applied Biosystem's procedure) in a Perkin Elmer
9700 Thermal Cycler (Norwalk, CT, USA). For Q-PCR, the LightCycler System with SYBR
Green I (Roche Diagnostic, Barcelona, Spain) was used. All Q-PCRs were made from
diluted (1:40) cDNA template and performed with the following cycling conditions:
after an initial Taq activation at 95°C for 10 min, Q-PCR was performed using 40–45
cycles and the following parameters: 95°C for 2 s, 60°C for 6 s and 72°C for 12 s for
ATGL; 95°C for 2 s, 60°C for 6 s and 72°C for 7 s for HSL; 95°C for 2 s, 60°C for 6 s and
72°C for 8 s for CGI-58; 95°C for 2 s, 60°C for 7 s and 72°C for 8 s for LPL and 95°C for 2 s,
60°C for 6 s and 72°C for 8 s for LRP10 (used as housekeeping gene). LRP10 was chosen
as housekeeping gene because it has been demonstrated as a suitable reference gene
for expression studies in adipose tissue [20]. In order to verify the purity of the
products, a melting curve was produced after each run by increasing the temperature
of the reaction mixtures up to 95°C, by 0.1°C/s, starting at 55°C for 10 s. Values for the
threshold (Ct) were determined using the LightCycler software. Primers were as
follows: for ATGL, f5′-TGTGGCCTCATTCCTCCTAC-3′ and r5′-AGCCCTGTTTGCA-
CATCTCT-3′; for HSL, f5′-TCACGCTACATAAAGGCTGCT-3′ and r5′-CCACCCGTAAA-
GAGGGAACT-3 ′; for CGI-58, f5 ′-CTACCTGGTGTCCCACGTCT-3 ′ and r5′-
CAAGACCTCCTCCAAAACCA-3′; for LPL, f5′-TATGGCACAGTGGCTGAAAG-3′ and r5′-
CTGACCAGCGGAAGTAGGAG-3′ and for LRP10, f5′-TCCCCTTTCTTCTCCTCCTC-3′ and
r5′-TTACCGTCTGTTCCTTGCTG-3. Primers were obtained from Sigma Genosys (Sigma
Aldrich Química SA, Madrid, Spain). Relative gene expression numbers were calculated
as a percentage of control rats, using the 2−ΔΔCt method [21] with the LRP10 as
reference gene.
2.5. Quantification of circulating insulin, leptin, glucose and NEFA

Serum insulin and leptin levels were measured using enzyme-linked immuno-
sorbent assay (ELISA) kits (from DRG Instruments, Marburg, Germany, and R&D
Systems, Minneapolis, MN, USA, respectively), and blood glucose was measured
using an Accu-Chek Glucometer (Roche Diagnostics, Barcelona, Spain). The NEFA levels
were measured in serum using an enzymatic colorimetric NEFA C kit (from WAKO,
Neuss, Germany).
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2.6. Homeostatic model assessment for insulin resistance (HOMA-IR) analysis

Insulin resistance was assessed by the HOMA-IR in rats submitted to overnight
(14 h) fasting (n=5 for all groups). HOMA-IR score was calculated from fasting insulin
and glucose concentrations using the formula of Matthews et al. [22], as follows:
HOMA-IR=fasting glucose (mmol/L)×fasting insulin (mU/L)/22.5.

2.7. Total lipid content extraction and quantification

Lipid extraction was performed in the different adipose tissues of lean animals
using the methods described by Hara and Radin [23] and Rodríguez-Sureda and
Peinado-Onsurbe [24] with modifications. Briefly, 20–25 mg of different WAT depots
(EWAT, IWAT, MWAT and RWAT) and 30–35 mg of IBAT were mixed with 1 ml of
hexane/isopropanol (3:2, vol/vol). The tubes with the samples were gassed with
nitrogen before being closed to minimize lipid oxidation and then left overnight under
orbital agitation at room temperature protected from light. The content of each tube
was transferred into a new one, and 0.3 ml of Na2SO4 (0.47 M) was added. Tubes were
mixed for 5 min, left for 15 min in orbital agitation and centrifuged at 1000g for 10 min
at 4°C. The upper phase containing lipids was dissolved in hexane and transferred to a
clean, previously weighed glass tube. The hexane extract was then dried with nitrogen
gas. Once the tube was dried, the percentage of lipids was determined as the weight
difference between tubes with lipids extract and clean tubes, taking into account the
initial amount of tissue present.

2.8. Triacylglycerol determination

To evaluate triacylglycerol content, the lipid extracts (obtained as com-
mented above) were dissolved in LPL buffer (28.75 mM Pipes, 57.41 mM
MgCl2.6H20, 0.569 mg/ml bovine serum albumin-fatty acid free (BSA-FFA free)) with
sodium dodecyl sulfate 0.1%, using the method described by Rodríguez-Sureda and
Peinado-Onsurbe [24]. WAT samples were resuspended in 6 ml and IBAT samples in 4
ml of LPL buffer. Then, samples were sonicated for 30 s, and tubes were left overnight in
an orbital shaker at room temperature and protected from light. On the following day,
the tubes were cold sonicated with three pulses of 30 s each, and their triacylglycerol
levels were measured immediately using the Serum Triglyceride Determination Kit
(Sigma Aldrich).

2.9. Western blot analysis of ATGL

Immunoblot analyses of ATGL (antibody anti-ATGL from Cayman Chemical, Ann
Arbor, MI, USA) in IBAT and in IWAT and MWAT depots of fed and fasted control and
cold-exposed Zucker rats were performed as previously described [17]. The signal for
ATGL protein was normalized to the signal of the black amide B10 staining, and the
results were expressed as the ATGL/black amide B10 ratio.

2.10. Statistical analysis

All data are expressed as the mean±S.E.M. Differences between groups were
analyzed using two- or one-way analysis of variance (ANOVA) or Student's t test. The
test used for each comparison is specified in the footnotes of the tables and figures.
Linear relationships between key variables were tested using Pearson correlation
coefficients. The analyses were performed with SPSS for windows (SPSS, Chicago, IL).
Threshold of significance was defined at Pb.05 and is indicated when different.
Table 1
Biometric parameters, food intake, serum parameters and HOMA-IR in control and cold-expo

Control group

Zucker lean Zucker obese

Body weight (g) 328±9 404±17a

Adiposity index (%) 2.52±0.22 8.69±0.13a

EWAT (g) 1.75±0.21 6.61±0.74a

IWAT (g) 3.77±0.42 21.4±0.7a

MWAT (g) 1.20±0.12 2.95±0.27a

RWAT (g) 1.64±0.14 4.04±0.26a

IBAT (g) 0.39±0.02 0.60±0.06
Food intake (g) 22.2±1.0 30.5±0.8a

Insulin (μg/L) 0.79±0.11 19.2±4.9a

Leptin (μg/L) 3.47±0.24 41.1±2.9a

HOMA-IR (%) 1.83±0.21 21.2±3.3a

The adiposity index was computed as the sum of EWAT, IWAT, MWAT and RWAT depot weigh
groups during the 24 h of the experimental period. HOMA-IR was computed using the form
represent mean±S.E.M. (n=5). O, effect of body weight; T, effect of temperature; OxT, intera
obese animals of the control and the cold group.

a Obese vs. lean animals of the same group (Student's t test, Pb.05).
b Lean/obese rats of the cold group vs. lean/obese rats of the control group (Student's t te
3. Results

3.1. Body weight, adiposity and circulating parameters: effect of obesity,
cold exposure and fasting

Obese Zucker rats presented 22% greater body weight and 260%
higher adiposity index both in the control and the cold groups; food
intake was also higher in obese Zucker (28%) at the two tempera-
tures studied (22°C and 4°C; Student's t test, Pb.05; Table 1). Cold
exposure for 24 h did not significantly affect body weight or adiposity
of the studied animals, either in lean or in obese rats; however, in
lean animals, cold produced a significant decrease in the MWAT
(one-way ANOVA, Pb.05), a depot that has been previously shown to
be especially responsive to stimuli such as food intake [25] (Table 1).
As a result of cold exposure, there was a reduction in food intake,
approximately 38%, in both lean and obese rats (Student's t test,
Pb.05; Table 1).

As shown in Table 1, according to their higher body weight and
adiposity, obese Zucker rats of both the control and the cold groups
were hyperleptinemic and hyperinsulinemic and presented a higher
HOMA-IR index (one-way ANOVA, Pb.05). It has been described
that animals exposed to cold present low levels of circulating leptin
[26–28] and insulin [28,29]. In our animals, as a result of cold ex-
posure, circulating leptin levels, but particularly insulin levels,
decreased in obese rats (1.3- and 3.3-fold, respectively; Student's
t test, Pb.05), while the decrease in lean animals was not significant
(P=.145, Student's t test, for leptin).

Cold exposure induced a decrease in NEFA levels; however, as a
consequence of 14-h fasting, there was an increase in circulating
NEFA in lean and obese rats, both in animals housed at 22°C and in
those housed at 4°C (Table 2). In lean animals, the percentage
increase in circulating NEFA levels in response to fastingwas higher in
cold-exposed than in control animals (119% vs. 50.4%; Table 3).

3.2. Effect of obesity on ATGL and HSL mRNA expression levels and on
ATGL protein levels

ATGLmRNA expression in lean Zucker rats was higher in IBAT than
in the different WAT depots studied (one-way ANOVA, Pb.05;
Fig. 1A). In obese Zucker rats, ATGL mRNA levels were decreased in
comparison to lean rats in IBAT and in all the WAT depots, with the
exception of IWAT (Student's t test, Pb.05; Fig. 1A), although this was
not translated into a decrease in protein levels (data not shown). The
mRNA expression pattern of HSL in the different adipose tissue depots
sed lean and obese Zucker rats

Cold group

Zucker lean Zucker obese

321±10 391±16a O
2.31±0.13 8.68±0.22a O
1.55±0.19 5.24±0.37 O
3.29±0.19 19.8±1.2 O
0.85±0.07b 3.83±0.26b OxT
1.74±0.14 5.27±0.55 O
0.49±0.05 0.57±0.08 O
13.6±0.9b 19.1±0.8a,b O, T
0.68±0.21 5.81±1.58a,b OxT
2.63±0.46a 31.7±2.0b OxT
1.21±0.30 16.4±2.8a O

ts and expressed as a percentage of total body weight. Food intake was recorded in fed
ula of Matthews et al. [22]. Insulin and leptin levels were measured by ELISA. Results
ction of body weight and temperature (two-way ANOVA, Pb.05) considering lean and

st, Pb.05).



Table 2
Circulating NEFA levels in ad-libitum-fed and 14-h-fasted control and cold-exposed
lean and obese Zucker rats

Zucker lean Zucker obese

Fed Fasted Fed Fasted

Control group
Serum NEFA (mM) 0.82±0.06 1.23±0.09a 1.36±0.02b 2.21±0.13a,b

Cold group
Serum NEFA (mM) 0.40±0.08c 0.88±0.07a 0.97±0.10 b,c 2.01±0.34a,b

Circulating NEFA levels in ad-libitum-fed and 14-h-fasted lean and obese Zucker rats
housed at 22°C (control group) or at 4°C for 24 h (cold group) were measured in serum
using an enzymatic colorimetric kit. Results represent means±S.E.M. (n=5).

a Effect of fasting: lean/obese fasted rats vs. lean/obese fed rats of the same group
(Student's t test, Pb.05).

b Effect of obesity: obese fed/fasted rats vs. lean fed/fasted rats of the same group
(Student's t test, Pb.05).

c Effect of cold exposure: lean/obese fed rats of the cold group vs. lean/obese fed
rats of the control group (Student's t test, Pb.05).
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studied and the effect of obesity on HSL expression were similar to
those observed for ATGL (Fig. 1B).
Table 3
Percentage changes (increase or decrease) in ATGL and HSL mRNA expression, in
circulating NEFA and in adipose tissue lipid and triacylglycerol content in response
to 14-h fasting in lean Zucker rats housed at 22°C (control group) or at 4°C for 24 h
(cold group)

Fasted/fed conditions Control group Cold group P value

▲ ATGL mRNA expression (%) 36.4±9.6 78.1±17.2 .067
▲ HSL mRNA expression (%) 11.0±8.4 64.1±14.3⁎ .033
▲ Circulating NEFA (%) 50.4 119
▼ Lipid content (%) 5.45±0.57 9.30±1.64 .078
▼ TG content (%) 6.90±3.09 11.7±6.4 N.1

▲, percentage increase; ▼, percentage decrease. ATGL and HSL mRNA expression (%)
represents the mean±S.E.M. of the percentage change of ATGL and HSL expression in
response to fasting taking into account all the adipose depots studied in control and
cold-exposed lean Zucker rats (n=5 depots for ATGL; n=3 depots for HSL, in each
group of animals). Circulating NEFA (%) represents the percentage change of
circulating NEFA levels in response to fasting obtained in control and cold-exposed
lean Zucker rats. Lipid content (%) and TG content (%) represent the mean±S.E.M. of
the percentage change of lipid and triacylglycerol content in response to fasting in
control and cold-exposed lean Zucker rats obtained when considering all the adipose
depots studied (n=5 depots in each group of animals, control and cold). The statistical
significance of each percentage between control and cold-exposed animals was
assessed by Student's t test, defined at Pb.05, and is indicated with ⁎. All the P values
are given.
3.3. Effect of cold exposure and fasting on ATGL mRNA expression and
protein levels in lean and obese Zucker rats

3.3.1. Lean rats
In lean rats, cold stimulus affected ATGL mRNA and protein levels,

but the effect was dependent on the adipose depot. In both fed and
fasted animals, ATGL mRNA expression was inhibited as a result of
cold exposure in IBAT but was increased in EWAT and in RWAT depots
(two-way ANOVA, Pb.05; Fig. 2A). The inhibitory effect of cold expo-
sure on ATGLmRNA levels in the IBAT was confirmed in the fed group
by studying the protein levels, although they did not reach statis-
tical significance (Student's t test, P=.066; Fig. 2B). In the IWAT
depot, cold exposure only increased ATGL mRNA expression in fasted
animals (Student's t test, Pb.05), and the same pattern was found
when ATGL protein levels were assessed (Fig. 2A and B). No effect on
ATGL mRNA expression in response to cold exposure was found on
the MWAT (Fig. 2A); however, an important increase was observed in
the MWAT depot when considering protein levels, both in fed and in
fasted animals (two-way ANOVA, Pb.05; Fig. 2B).

As a result of 14-h fasting, ATGL mRNA expression was signi-
ficantly increased in IBAT, EWAT, MWAT and RWAT depots when
both control and cold-exposed animals were considered (two-way
ANOVA, Pb.05; Fig. 2A). However, this increase in response to fasting
was more evident in cold-exposed than in control animals in most of
these adipose depots [IBAT: control (percentage increase: 20.4%), cold
(percentage increase: 67.5%); MWAT: control (51.5%), cold (89.4%);
RWAT: control (39.9%), cold (46.9%)], with the exception of EWAT, in
which a higher percentage increase in ATGL mRNA levels in response
to fasting was found in control (61%) compared to cold-exposed
animals (47.4%). In the IWAT depot, ATGLmRNA expression increased
in response to fasting only in cold-exposed animals (Student's t test,
Pb.05), in which a percentage increase of 139.4%was found, compared
to the cold-fed animals (Fig. 2A). Consequently, when the effect of
fasting was analyzed considering the mean percentage increase of
ATGL mRNA expression obtained from each adipose tissue depot
studied, a greater increasewas observed in cold-exposed lean animals
in comparison with the controls (Table 3). Coincident with mRNA
levels, ATGL protein levels significantly increased in response to
fasting in MWAT depot in both control and cold-exposed animals,
although the effect was more evident in cold-exposed than in control
animals (two-way ANOVA, Pb.05; Fig. 2B). In control animals, ATGL
protein levels did not increase either in the IBAT depot or in the IWAT
depot as a result of fasting. However, as also happened with mRNA
levels, in cold-exposed rats, ATGL response to fasting was improved at
the protein level in both tissues, although the increase observed as a
result of 14-h fasting did not reach statistical significance either in
IBAT or in IWAT (P=.1 and P=.076, respectively; Student's t test).

3.3.2. Obese rats
In obese Zucker rats, as a general trend, cold exposure increased

ATGL mRNA and/or protein levels in the different adipose tissue
depots studied, even in IBAT (Fig. 3A and B). The different regulatory
pattern observed in response to cold exposure in IBAT between lean
and obese Zucker rats was confirmed by studying the protein levels
(Figs. 2B and 3B).

Fasting response was partially impaired in obese animals, as ATGL
mRNA levels only increased in EWAT and MWAT of both control and
cold-exposed animals (two-way ANOVA, Pb.05) and in IBAT of con-
trol animals (Student's t test, Pb.05; Fig. 3A). Moreover, contrary to
what was observed in lean animals, regulation by fasting did not
improve as a result of cold exposure in any of the adipose depots, with
the exception of EWAT [control (percentage increase: 44.8%), cold
(percentage increase: 70%)] (Fig. 3A). ATGL protein levels were
affected by fasting in IBAT andMWAT depots of both control and cold-
exposed animals (two-way ANOVA, Pb.05). It is worth noting that,
differently to what was observed for mRNA levels, ATGL response to
fasting improved in response to cold exposure in MWAT of obese
Zucker rats [control (percentage increase: 62.6.%), cold (percentage
increase: 115.2%)]. No changes were found in ATGL protein levels of
IWAT in response to fasting either in control or in cold-exposed obese
animals (Fig. 3B).

3.4. Effect of cold exposure and fasting on HSL mRNA expression in lean
and obese Zucker rats

The effect of cold exposure on HSL expression was very similar
to that observed for ATGL in both lean and obese rats (Fig. 4 and B). It
is worth noting that, in lean rats, the effect of cold exposure on HSL
mRNA levels was also dependent on the adipose tissue depot studied
and, as observed for ATGL, decreased in IBAT, while it increased in
EWAT but was not affected in MWAT (two-way ANOVA, Pb.05;
Fig. 4A).

When considering HSL mRNA expression, as happened for ATGL,
24-h cold exposure also improved the response to fasting in lean
animals (Fig. 4A). Thus, the fasting response increase in HSL mRNA
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levels was more evident in cold-exposed than in control animals in all
the adipose depots [IBAT: control (percentage increase: 17.1%), cold
(percentage increase: 77.8%); EWAT: control (−5.7%), cold (35.5%);
MWAT: control (21.4%); cold (79.1%)]. Therefore, the mean percent-
age increase of HSL mRNA expression obtained from each adipose
tissue depot studied was higher in cold-exposed lean animals in
comparison with control lean animals (Table 3). In the same way as
that occurred with ATGL, HSL mRNA levels increased in response to
fasting in EWAT and MWAT of both control and cold-exposed obese
Zucker rats (two-way ANOVA, Pb.05) and in IBAT of control animals
(Student's t test, Pb.05), but the exposure to cold did not improve the
response to fasting in any of the adipose depots.
3.5. Effect of cold exposure on LPL and CGI-58 mRNA expression

We also analyzed the mRNA expression of LPL and CGI-58 (which
has been found to act as a co-lipase for ATGL, increasing ATGL activity
in the lipolytic process) in IBAT and EWAT of lean and obese fed-
Zucker rats.

In EWAT, LPL mRNA expression was not affected by cold expo-
sure either in lean or in obese Zuker rats (lean rats: control group:
100%±12%, cold group: 81.4%±4.2%; obese rats: control group:
81.2%±23%, cold group: 103%±5.5%). Differently to that observed
in EWAT, LPL mRNA expression was increased in IBAT of lean Zucker
rats in response to 24-h cold exposure (control group: 100%±6.3%,
cold group: 234%±22%; Student's t test; Pb.05), while no changes
were found in obese rats (control group: 98.3%±9.5%, cold group:
86.9%±12%).

Comparative gene identification 58 mRNA expression was not
affected by cold exposure in any of the selected adipose depots
studied either in lean or in obese rats (data not shown), in spite of the
clear effect that cold produced on ATGL expression in these depots.
3.6. Correlation of ATGL mRNA and protein levels with serum parameters

ATGL mRNA expression correlated positively with circulating
NEFA (r=0.263, Pb.05) only when considering lean animals, both
control and cold exposed (fed and fasted). When control and cold-
exposed lean animals were considered separately, a positive corre-
lation between both parameters was also observed in both groups,
but the correlation was stronger in the case of cold-exposed in
comparison to control animals (r=0.491, Pb.01 vs. r=0.310, Pb.05).
This positive correlation between ATGL mRNA expression and
circulating NEFA was also stronger in cold-exposed animals in
comparison with control ones when each adipose tissue depot was
considered separately, and was statistically significant for the EWAT,
IWAT and MWAT depots (r=0.802, Pb.01; r=0.730, Pb.05 and
r=0.741, Pb.05, respectively), while statistical significance was not
reached in any of the adipose depots of animals of the control
group. When considering only the obese animals, a positive
correlation between ATGL mRNA expression and circulating NEFA
was observed in the MWAT depot of the cold group (r=0.750,
Pb.05). ATGL protein levels and circulating NEFA only correlated
positively (r=0.824, Pb.01) when MWAT of cold-exposed lean
animals was considered.

In accordance with their opposite roles in lipid metabolism
(lipolytic/lipogenic), a negative correlation between ATGL mRNA ex-
pression and serum insulin levels was foundwhen all the animals and
all the adipose tissue depots were considered together (r=−0.319,
Pb.01) and also when lean and obese animals were considered
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separately (r=−0.245, Pb.05 and r=−0.312, Pb.01, respectively).
When all the animals were taken into account and each adipose
tissue depot was considered separately, this negative correlation was
found in EWAT, MWAT and RWAT depots (r=−0.395, Pb.05; r=
−0.482, Pb.01 and r=−0.363, Pb.05, respectively), while statistical
significance was not reached in IWAT and IBAT depots. A negative
correlation between ATGL protein levels and serum insulin levels
was only observed in MWAT (r=−0,325, Pb.05) when both lean and
obese animals were considered.
3.7. Lipid and triacylglycerol content in adipose tissues: effect of fasting
and cold exposure

Lipid and triacylglycerol content was measured in lean animals
(control and cold exposed) because these were the ones with a
clearer response to fasting conditions in terms of ATGL mRNA and
protein levels.

Lipid content was only affected by fasting in the MWAT and EWAT
depots of cold-exposed animals, where a decrease was observed
(feeding: 648±18 and fasting: 562±24 mg/g tissue, P=.061,
Student's t test, for the MWAT; feeding: 744±12 and fasting:
684±26 mg/g tissue, P=.084, Student's t test, for the EWAT). When
the effect of fasting was analyzed considering the mean percentage
decrease in lipid content obtained from each of the adipose tissue
depots studied, a higher percentage decrease was observed in cold-
exposed animals in comparison with control ones (Table 3).

A decrease in triacylglycerol content in fasted animals was
observed only in the IWAT depot of cold-exposed rats (442±33 in
fed vs. 307±41 mg/g tissue in fasted rats, Pb.05, Student's t test). As
what happened with lipid content, when the effect of fasting was
analyzed considering the mean percentage decrease in triacylglycerol
content obtained from each adipose tissue depot studied, a higher
percentage decrease was observed in cold-exposed animals than in
control ones, although the decrease did not reach statistical signifi-
cance (Table 3). The difference in this percentage decrease was
higher when not considering the triacylglycerol values from the
IBAT (15.9%±6.2% vs. 5.42%±3.50% of decrease in cold-exposed and
control animals, respectively).

An effect of temperature was only observed in the IBAT, in which
lipid and triacylglycerol levels decreased as a consequence of cold
exposure (control group: 413±19 and 121±15 mg/g tissue, respec-
tively; cold group: 198±21 and 87.2±3.22 mg/g tissue, respectively;
Pb.05; Student's t test).
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3.8. Correlation of ATGL mRNA and protein levels with lipid and
triacylglycerol content

ATGL mRNA expression correlated negatively with lipid content
only in the MWAT depot, both in control and in cold-exposed lean
animals, although this correlation was stronger in animals of the cold
group (r=−0.680, Pb.05 and r=−0.785, Pb.01, in control and cold-
exposed animals, respectively). No correlation was observed between
ATGL mRNA expression and triacylglycerol content in any adipose
tissue depot. ATGL protein levels did not correlate with lipid or
triacylglycerol content in any of the different depots studied.

4. Discussion

An important role for ATGL in fasting-induced lipolysis has been
suggested [2,15], thus prompting the idea that an alteration in its
expression and/or nutritional regulation could contribute to increased
fat deposition. Previously, we have described that impairment in
ATGL fasting response with age in different adipose tissue depots can
be associated with the increase in body weight characteristic of aging
[17]. A relation of ATGL mRNA expression with obesity has also been
suggested, as ATGL is down-regulated in subcutaneous adipose tissue
of insulin-resistant overweight/obese humans [18] and in the gonadal
adipose depot of obese ob/ob and db/db mice [2]. Our data show that
ATGL mRNA levels in obese Zucker rats are lower in the different
adipose depots studied, with the only exception of the subcutaneous
IWAT, suggesting a relation of the obese state with regulatory mecha-
nisms affecting ATGL expression. Genetically obese Zucker rats lack
the functional leptin receptor, which determines the development of
obesity accompanied by hyperleptinemia, hyperinsulinemia and
insulin resistance [30–32]. Different in vitro studies have demon-
strated that ATGL mRNA expression is down-regulated by insulin [10]
and up-regulated by leptin [33], while Kershaw et al. [10] showed that
ATGL regulation by insulin is impaired in adipose tissue of
streptozotocin-induced diabetic mice. Thus, taking into account the
regulatory effect of insulin and leptin on ATGL mRNA levels, the
deregulation on ATGL mRNA expression observed in the different
adipose depots of obese rats could be related to the evident alteration
in leptin and insulin signaling pathways that these rats presented.
However, as this clear effect in ATGL mRNA expression levels was not
translated into a decrease in protein levels, which could be due to a
fast translational rate, further investigation is necessary to clarify the
role of both hormones in ATGL regulation in the obese state.

Exposure to cold is a situation that requires physiological adap-
tations to maintain body temperature, such as increases of heat
production (thermogenesis) and food intake, which are frequently
accompanied by hypoinsulinemia [28,29] and hypoleptinemia
[26–28]. In the present study, insulin and leptin circulating levels
were lower in cold-exposed obese rats; however, a reduction in food
intake was observed in both lean and obese rats in response to cold
stimulus. Although we do not have a clear explanation for this, we
hypothesize that such an effect could be due to an initial stress
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response to cold exposure, as 24 h could be not enough time to achieve
an optimal adaptation to a cold environment. Related with this, Leung
and Horwitz [34] demonstrated that rats exposed to cold for a long
time showed an immediate reduction in nocturnal meal frequency
and did not increase the nocturnal food intake until 8 days of cold
exposure. Therefore, it would be expected that after a longer period
of cold exposure, optimal adaptation to this environment would be
achieved, and thus, an increase in food intake would be observed.

Cold stimulus increases sympathetic activity, and the catechol-
amines released from sympathetic innervations, acting mainly
through β3 adrenergic receptors, stimulate lipolysis (and fatty acid
release) in WAT and BAT and thermogenesis in BAT [35,36]. Detailed
in vivo and in vitro studies have suggested an important role of ATGL
in lipid mobilization in response to cold stimuli and isoproterenol
treatment [10,12]. In this sense, Haemmerle et al. [12] demonstrated
that ATGL null mice display defective cold adaptation, suggesting that
the enzyme provides NEFA for fuel thermogenesis in IBAT, and
Deiuliis et al. [6] showed that ATGL mRNA and protein levels drop
after short- and/or medium-term cold exposure in IBAT of mice,
probably via a PKA-dependent mechanism. However, as far as we
know, there are no data available concerning how cold exposure
affects ATGL mRNA and protein basal levels in different WAT depots.
Our results in cold-exposed animals show that, as a general trend,
ATGL mRNA expression is increased in different WAT depots, both in
lean and in obese Zucker rats. When studying protein levels in
selected depots, we observe an important increase as a result of
cold exposure in MWAT of lean rats. In obese rats, the increase in
ATGL mRNA levels was also observed at the protein level in MWAT
and IWAT depots and could be tentatively related to the important
decrease observed with cold exposure in circulating insulin basal
levels in combination with increased sympathetic stimulation that
occurs under cold exposure. All in all, these data demonstrate for the
first time that ATGL mRNA and protein basal levels are affected by
cold exposure in WAT, which is in agreement with the previously
suggested role of ATGL in cold-stimulated lipolysis.

In IBAT, however, ATGL mRNA expression increases in obese cold-
exposed rats but decreases in lean rats, this pattern being confirmed
when studying ATGL protein levels. When we study the effect of cold
exposure on HSL mRNA expression, the results are very similar to
those observed for ATGL, even in the different response to cold in IBAT
of lean and obese animals, suggesting similar regulatory mechanisms
for both proteins in the different adipose tissues studied. The current
results obtained in lean rats are mainly in agreement with those
obtained recently by Deiuliis et al. [6], who demonstrated that cold
exposure at different times produced significant decreases in ATGL
and HSLmRNA levels (at 3, 6 and 24 h) and also in ATGL protein levels
(at 3 h) in IBAT of mice. A differential cold response regulatory
pattern, like that observed here for ATGL and HSL mRNA expression
inWAT and IBAT of lean rats, has also been observed for other lipases,
such as LPL (reviewed in Ref. [37]), and could be tentatively
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associated with the different size and form of fat stores in the two
types of tissues. Thus, in a situation of energy demand as is cold
exposure, while WAT could use (or release) its own fatty acids
derived from the hydrolysis of triacylglycerols through the up-
regulation of ATGL and HSL in white adipocytes, brown adipose fat is
more directed to be quickly burned, and therefore, ATGL and HSL
mRNA expression is down-regulated. In this situation, the mobiliza-
tion of fatty acids from WAT and/or the activation in IBAT of LPL,
which is essential for the hydrolysis and distribution of triglyceride-
rich lipoprotein-associated fatty acids among extrahepatic tissues
[38], would be necessary in order to replenish the tissue supply of
fatty acids. In fact, several studies have demonstrated that LPL activity
is stimulated rapidly in response to cold exposure in IBAT [38–42] but
not in EWAT [39,42] or IWAT [38] depots of rodents. In agreement
with these reports, in the present study, we have found an increase
in LPL mRNA levels in IBAT of lean rats in response to cold exposure,
but not in EWAT. Due to the greater amount of lipids present in IBAT,
this mechanism would not be evident in obese rats, in which ATGL
mRNA and protein levels are increased in response to fasting in the
same way as happens in the WAT depots.

Regarding ATGL regulation by fasting, our data show that in lean
animals, ATGL mRNA expression is up-regulated in all the depots
studied in both control and cold-exposed rats, with the exception of
the IWAT of control animals. A very similar pattern is found for HSL.
However, it is worth noting that in lean rats, cold exposure highly
improves fasting up-regulation of ATGL and HSL: under a cold stimu-
lus, both ATGL and HSL mRNA levels rise sharply in fasted animals in
most of the WAT depots studied and also in IBAT, with a much more
evident response to fasting than that observed in rats acclimated to
22°C. In fact, in lean rats, the percentage increase of ATGL and HSL
mRNA expression in response to fasting taking into account all the
adipose depots studied is higher in cold-exposed than in control
animals for both proteins (78.1% vs. 36.4% for ATGL and 64.1% vs. 11%
for HSL). This improvement in the response to a fasting situation
under cold exposure is also observed at the protein level in all the
adipose depots studied and could contribute to a better capacity
for mobilizing lipids in a situation that deeply affects energy homeo-
stasis. All these data suggest a synergic effect between catechol-
amines, released as a result of exposure to low temperatures, and
other regulating factors involved in the fasting response in the
regulation of ATGL. Moreover, regarding the putative role of ATGL in
cold-induced lipolysis, a stronger positive correlation was found
between circulating NEFA and ATGLmRNA expression in the different
adipose tissue depots in cold-exposed in comparison with control
lean Zucker rats. Furthermore, a positive correlation between circu-
lating NEFAs and ATGL protein levels was only found in cold-exposed
animals, specifically in MWAT. All in all, these data in lean animals,
together with the fact that the percentage decrease in lipid content
considering the different adipose tissue depots and the percentage
increase of circulating NEFA in response to fasting are higher in cold-
exposed animals, reinforce the hypothesis of an important role of
ATGL in cold-stimulated lipolysis.

On the other hand, in obese rats, in spite of the increase in cir-
culating NEFA levels in response to fasting, there is a partial im-
pairment of ATGL regulation by fasting in WAT, as ATGL mRNA levels
only increased in EWAT and MWAT of both control and cold-exposed
animals and ATGL protein levels increased only in the MWAT depot.
However, it is worth noting that in obese animals, an up-regulation
of ATGL in response to fasting is observed in IBAT at mRNA level in
control rats and at protein level in both control and cold-exposed rats.
Contrary to that observed in lean rats, cold exposure has no evident
effect improving the response to fasting in the obese state, as this
improvement is only observed in the EWAT andMWAT depots (at the
mRNA and protein level, respectively), which are probably more
sensitive to the ATGL regulatorymechanisms. Moreover, in obese rats,
the fasting up-regulation of ATGL mRNA expression observed in IBAT
of rats acclimated to 22°C disappears in cold-exposed animals.
Obesity has been shown to be associated with a resistance to
sympathetic action on adipose tissue [43]; thus, this insensitivity
could be related to the impaired response to cold, which would
explain the lack of increase in ATGL expression by fasting that we
observe in obese animals and the lack of improvement in nutritional
regulation in obese cold-exposed rats. Moreover, and taking into
account the effect of leptin increasing sympathetic stimulation
[43,44], the lack of a functional leptin receptor in obese Zucker rats
could contribute to the impairment in ATGL fasting regulation by cold
exposure observed in these animals.

MWAT seems to be the most sensitive to ATGL regulation by
fasting and cold stimulus in both lean and obese rats. In both groups,
ATGL mRNA and protein levels increase in response to fasting, and
this regulation is improved after cold exposure, which is translated
into a decrease in the lipid content in the depot of lean animals.
Moreover, it is the only tissue where a significant positive correlation
between circulating NEFA levels and ATGL mRNA levels was observed
in both lean and obese rats. ATGL protein levels in MWAT depot of
lean and obese rats are also importantly increased as a result of cold
exposure, and a significant positive correlation between circulating
NEFA levels and ATGL protein levels was observed in lean rats. The
fact that in lean animals, the size of theMWAT depot is reduced can be
taken as a proof of the physiological relevance of the effects of cold
exposure increasing ATGL expression. We have previously described
a close relation of the MWAT depot, a tissue especially sensitive to
regulation by feeding, and regulation by nutrients of other adipose-
specific products, such as leptin [25,45].

In conclusion, here we describe a remarkable effect of cold expo-
sure on ATGL regulation, up-regulating both mRNA and protein levels
in different WAT depots of lean and obese rats and improving its
increase with fasting mainly in lean cold-exposed animals. A more
important than previously considered role in cold-induced lipolysis of
ATGL in rat adipose tissue is suggested. In addition, the widespread
decrease of ATGL mRNA expression in adipose tissue of obese rats
and the impairment of its regulation by fasting compared with lean
rats can contribute to a worse capacity to mobilize lipids and, thus, to
fat accumulation and obesity.
References

[1] Zimmermann R, Strauss JG, Haemmerle G, et al. Fat mobilization in adipose tissue
is promoted by adipose triglyceride lipase. Science 2004;306:1383–6.

[2] Villena JA, Roy S, Sarkadi-Nagy E, et al. Desnutrin, an adipocyte gene encoding a
novel patatin domain-containing protein, is induced by fasting and glucocorti-
coids: ectopic expression of desnutrin increases triglyceride hydrolysis. J Biol
Chem 2004;279:47066–75.

[3] Jenkins CM, Mancuso DJ, Yan W, et al. Identification, cloning, expression, and
purification of three novel human calcium-independent phospholipase A2 family
members possessing triacylglycerol lipase and acylglycerol transacylase activities.
J Biol Chem 2004;279:48968–75.

[4] Zimmermann R, Lass A, Haemmerle G, et al. Fate of fat: the role of adipose
triglyceride lipase in lipolysis. Biochimica et Biophysica Acta 2009;1791:494–500.

[5] Watt MJ, Steinberg GR. Regulation and function of triacylglycerol lipases in
cellular metabolism. Biochem J 2008;414:313–25.

[6] Deiuliis JA, Liu LF, Belury MA, et al. Beta(3)-adrenergic signaling acutely down
regulates adipose triglyceride lipase in brown adipocytes. Lipids 2010;45:479–89.

[7] Duncan RE, Wang Y, Ahmadian M, et al. Characterization of desnutrin functional
domains: critical residues for triacylglycerol hydrolysis in cultured cells. J Lipid
Res 2010;51:309–17.

[8] Lass A, Zimmermann R, Haemmerle G, et al. Adipose triglyceride lipase-mediated
lipolysis of cellular fat stores is activated by CGI-58 and defective in Chanarin–
Dorfman syndrome. Cell Metab 2006;3:309–19.

[9] Miyoshi H, Perfield II JW, Souza SC, et al. Control of adipose triglyceride lipase
action by serine 517 of perilipin A globally regulates protein kinase A-stimulated
lipolysis in adipocytes. J Biol Chem 2007;282:996–1002.

[10] Kershaw EE, Hamm JK, Verhagen LA, et al. Adipose triglyceride lipase: function,
regulation by insulin, and comparison with adiponutrin. Diabetes 2006;55:
148–57.



1050 A. Caimari et al. / Journal of Nutritional Biochemistry 23 (2012) 1041–1050
[11] Lake AC, Sun Y, Li JL, et al. Expression, regulation, and triglyceride hydrolase
activity of Adiponutrin family members. J Lipid Res 2005;46:2477–87.

[12] Haemmerle G, Lass A, Zimmermann R, et al. Defective lipolysis and altered
energy metabolism in mice lacking adipose triglyceride lipase. Science 2006;312:
734–7.

[13] Ahmadian M, Duncan RE, Varady KA, et al. Adipose overexpression of desnutrin
promotes fatty acid use and attenuates diet-induced obesity. Diabetes 2009;58:
855–66.

[14] Kershaw EE, Schupp M, Guan HP, et al. PPAR{gamma} regulates adipose
triglyceride lipase in adipocytes in vitro and in vivo. Am J Physiol Endocrinol
Metab 2007;293:1736–45.

[15] Kralisch S, Klein J, Lossner U, et al. Isoproterenol, TNFalpha, and insulin
downregulate adipose triglyceride lipase in 3T3-L1 adipocytes. Mol Cell
Endocrinol 2005;240:43–9.

[16] Chakrabarti P, Kandror KV. FoxO1 controls insulin-dependent adipose triglyceride
lipase (ATGL) expression and lipolysis in adipocytes. J Biol Chem 2009;284:
13296–300.

[17] Caimari A, Oliver P, Palou A. Impairment of nutritional regulation of adipose
triglyceride lipase expression with age. Int J Obes (Lond) 2008;32:1193–200.

[18] Jocken JW, Langin D, Smit E, et al. Adipose triglyceride lipase and hormone-
sensitive lipase protein expression is decreased in the obese insulin-resistant
state. J Clin Endocrinol Metab 2007;92:2292–9.

[19] Caimari A, Oliver P, RodenburgW, et al. Feeding conditions control the expression
of genes involved in sterol metabolism in peripheral blood mononuclear cells of
normoweight and diet-induced (cafeteria) obese rats. J Nutr Biochem 2010;21:
1127–33.

[20] Gabrielsson BG, Olofsson LE, Sjogren A, et al. Evaluation of reference genes for
studies of gene expression in human adipose tissue. Obesity Research 2005;13:
649–52.

[21] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(−delta delta C(T)) method. Methods 2001;25:
402–8.

[22] Matthews DR, Hosker JP, Rudenski AS, et al. Homeostasis model assessment:
insulin resistance and beta-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia 1985;28:412–9.

[23] Hara A, Radin NS. Lipid extraction of tissues with a low-toxicity solvent. Anal
Biochem 1978;90:420–6.

[24] Rodriguez-Sureda V, Peinado-Onsurbe J. A procedure for measuring triacylglycer-
ide and cholesterol content using a small amount of tissue. Anal Biochem
2005;343:277–82.

[25] Sanchez J, Oliver P, Pico C, et al. Diurnal rhythms of leptin and ghrelin in the
systemic circulation and in the gastric mucosa are related to food intake in rats.
Pflugers Arch 2004;448:500–6.

[26] Hardie LJ, Rayner DV, Holmes S, et al. Circulating leptin levels are modulated by
fasting, cold exposure and insulin administration in lean but not Zucker (fa/fa)
rats as measured by ELISA. Biochem Biophys Res Commun 1996;223:660–5.
[27] Trayhurn P, Duncan JS, Rayner DV. Acute cold-induced suppression of ob (obese)
gene expression in white adipose tissue of mice: mediation by the sympathetic
system. Biochem J 1995;311:729–33.

[28] Torsoni MA, Carvalheira JB, Pereira-Da-Silva M, et al. Molecular and functional
resistance to insulin in hypothalamus of rats exposed to cold. Am J Physiol
Endocrinol Metab 2003;285:E216–23.

[29] Vallerand AL, Perusse F, Bukowiecki LJ. Cold exposure potentiates the effect of
insulin on in vivo glucose uptake. Am J Physiol 1987;253:E179–86.

[30] Chua SC, Chung WK, Wu-Peng XS, et al. Phenotypes of mouse diabetes and rat
fatty due to mutations in the OB (leptin) receptor. Science 1996;271:994–6.

[31] Chua Jr SC, White DW, Wu-Peng XS, et al. Phenotype of fatty due to Gln269Pro
mutation in the leptin receptor (Lepr). Diabetes 1996;45:1141–3.

[32] White BD, Martin RJ. Evidence for a central mechanism of obesity in the Zucker
rat: role of neuropeptide Y and leptin. Proc Soc Exp Biol Med 1997;214:
222–32.

[33] Li YC, Zheng XL, Liu BT, et al. Regulation of ATGL expression mediated by leptin in
vitro in porcine adipocyte lipolysis. Mol Cell Biochem 2010;333:121–8.

[34] Leung PM, Horwitz BA. Free-feeding patterns of rats in response to changes in
environmental temperature. Am J Physiol 1976;231:1220–4.

[35] Trayhurn P. Endocrine and signalling role of adipose tissue: new perspectives
on fat. Acta Physiol Scand 2005;184:285–93.

[36] Watanabe M, Yamamoto T, Mori C, et al. Cold-induced changes in gene expres-
sion in brown adipose tissue: implications for the activation of thermogenesis.
Biol Pharm Bull 2008;31:775–84.

[37] Zechner R, Strauss J, Frank S, et al. The role of lipoprotein lipase in adipose tissue
development and metabolism. Int J Obes Relat Metab Disord 2000;24(Suppl 4):
S53–6.

[38] Klingenspor M, Ivemeyer M, Wiesinger H, et al. Biogenesis of thermogenic
mitochondria in brown adipose tissue of Djungarian hamsters during cold adap-
tation. Biochem J 1996;316(Pt 2):607–13.

[39] Radomski MW, Orme T. Response of lipoprotein lipase in various tissues to cold
exposure. Am J Physiol 1971;220:1852–6.

[40] Goubern M, Portet R. Circadian rhythm and hormonal sensitivity of lipoprotein
lipase activity in cold acclimated rats. Horm Metab Res 1981;13:73–7.

[41] Carneheim C, Nedergaard J, Cannon B. Beta-adrenergic stimulation of lipopro-
tein lipase in rat brown adipose tissue during acclimation to cold. Am J Physiol
1984;246:E327–33.

[42] Bertin R, Triconnet M, Portet R. Effects of cold acclimation on the activity of
lipoprotein lipase in adipose tissues of genetically obese Zucker rats. Comp
Biochem Physiol B 1985;81:797–801.

[43] Rayner DV. The sympathetic nervous system in white adipose tissue regulation.
Proc Nutr Soc 2001;60:357–64.

[44] Jequier E. Leptin signaling, adiposity, and energy balance. Ann N Y Acad Sci
2002;967:379–88.

[45] Oliver P, Ribot J, Rodriguez AM, et al. Resistin as a putative modulator of insulin
action in the daily feeding/fasting rhythm. Pflugers Arch 2006:1–8.


	Adipose triglyceride lipase expression and fasting regulation are differently affected by cold exposure in adipose tissues ...
	Introduction
	Methods and materials
	Animals
	Adiposity index
	RNA extraction
	Real-time quantitative reverse transcriptase polymerase chain reaction �(Q-PCR) analysis
	Quantification of circulating insulin, leptin, glucose and NEFA
	Homeostatic model assessment for insulin resistance (HOMA-IR) analysis
	Total lipid content extraction and quantification
	Triacylglycerol determination
	Western blot analysis of ATGL
	Statistical analysis

	Results
	Body weight, adiposity and circulating parameters: effect of obesity, cold exposure and fasting
	Effect of obesity on ATGL and HSL mRNA expression levels and on ATGL protein levels
	Effect of cold exposure and fasting on ATGL mRNA expression and protein levels in lean and obese Zucker rats
	Lean rats
	Obese rats

	Effect of cold exposure and fasting on HSL mRNA expression in lean and obese Zucker rats
	Effect of cold exposure on LPL and CGI-58 mRNA expression
	Correlation of ATGL mRNA and protein levels with serum parameters
	Lipid and triacylglycerol content in adipose tissues: effect of fasting and cold exposure
	Correlation of ATGL mRNA and protein levels with lipid and �triacylglycerol content

	Discussion
	References


