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Abstract Adipose triglyceride lipase (ATGL) catalyzes the
first step of triacylglycerol hydrolysis in adipocytes. Abhy-
drolase domain 5 (ABHD5) increases ATGL activity by an
unknown mechanism. Prior studies have suggested that the
expression of ABHD?5 is limiting for lipolysis in adipocytes,
as addition of recombinant ABHD5 increases in vitro TAG
hydrolase activity of adipocyte lysates. To test this hypothe-
sis in vivo, we generated transgenic mice that express 6-fold
higher ABHD5 in adipose tissue relative to wild-type (WT)
mice. In vivo lipolysis increased to a similar extentin ABHD5
transgenic and WT mice following an overnight fast or injec-
tion of either a B-adrenergic receptor agonist or lipopoly-
saccharide. Similarly, basal and p-adrenergic-stimulated
lipolysis was comparable in adipocytes isolated from ABHD5
transgenic and WT mice. Although ABHD5 expression was
elevated in thioglycolate-elicited macrophages from ABHD5
transgenic mice, Toll-like receptor 4 (TLR4) signaling was
comparable in macrophages isolated from ABHD5 trans-
genic and WT mice. Overexpression of ABHD5 did not
prevent the development of obesity in mice fed a high-fat
diet, as shown by comparison of body weight, body fat per-
centage, and adipocyte hypertrophy of ABHD5 transgenic
to WT mice.ll The expression of ABHD5 in mouse adi-
pose tissue is not limiting for either basal or stimulated
lipolysis.—Caviglia, J. M., J. L. Betters, D-H. Dapito, C. C.
Lord, S. Sullivan, S. Chua, T. Yin, A. Sekowski, H. Mu, L.
Shapiro, J. M. Brown, and D. L. Brasaemle. Adipose-selective
overexpression of ABHD5,/CGI-58 does not increase lipolysis

or protect against diet-induced obesity. J. Lipid Res. 2011.
52: 2032-2042.
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In vertebrates, energy is stored primarily in triacylglycer-
ols (TAGs) in adipose tissue. During fasting and exercise,
stored TAG is hydrolyzed, releasing fatty acids and glycerol
for use by other tissues. The complete hydrolysis of TAG is
catalyzed by several lipases, including adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (HSL), and
monoacylglycerol lipase (1-5). The first step, hydrolysis of
TAG to diacylglycerols and fatty acids, is catalyzed by ATGL
and HSL, which account for 90-95% of TAG hydrolase ac-
tivity in mouse adipose tissue (3, 5). The hydrolysis of dia-
cylglycerol to monoacylglycerol and fatty acids is catalyzed
by HSL in adipose tissue (6); HSL-null mice accumulate
diacylglycerol in adipose tissue, suggesting that HSL is the
primary diacylglycerol lipase in that tissue (6, 7). The final
step of hydrolysis of monoacylglycerol to glycerol and fatty
acids is catalyzed by monoacylglycerol lipase (8).

Adipocyte lipolysis is regulated by hormones to ensure ad-
aptation to variable nutritional and physiological conditions.
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Catecholamines bind to B-adrenergic receptors, increas-
ing cAMP and activating cAMP-dependent protein kinase
A, which phosphorylates HSL and perilipin (2, 9, 10).
Phosphorylation of HSL minimally increases its TAG hy-
drolase activity while promoting its translocation from the
cytosol to lipid droplets (9, 11), facilitating lipase access to
lipid substrates and a major increase in lipolysis. Concur-
rent phosphorylation of perilipin A is required for maxi-
mal TAG hydrolysis by both HSL and non-HSL lipases,
including ATGL (12-15). ATGL is not known to be phos-
phorylated by protein kinase A (5) and localizes to lipid
droplets under both basal and hormonally stimulated con-
ditions (5, 16).

The acute-phase response of animals to infection or in-
flammation also triggers increased adipose lipolysis to
produce fuel for cells mediating innate immunity. The ad-
ministration of bacterial endotoxin to mice induces lipoly-
sis through activation of the Toll-like receptor 4 (TLR4)
signaling pathway, resulting in increased release of fatty
acids and glycerol into circulation (17-20). Moreover,
activation of TLR4 induces adipocytes to secrete tumor
necrosis factor a (TNFa) and other cytokines, some of
which also increase lipolysis (19, 21). The Lipid A moiety
of bacterial endotoxin binds to TLR4 on adipocytes, initi-
ating a signaling cascade through MEK1/2 (MAPK/ERK
kinase; mitogen-activated protein Kkinase/extracellular
signal-regulated kinase kinase) and ERK1/2 (Extracellu-
lar signal-regulated kinase) (20); similarly, incubation of
adipocytes with TNFa also activates MEK1/2 and ERK1/2
signaling (22). The consequence of increased MEK and
ERK phosphorylation is increased phosphorylation of
perilipin A (20, 22) and modest increases in protein levels
of ATGL and HSL (20), leading to increased lipolysis.

Abhydrolase domain 5 (ABHD5, also called CGI-58) is a
ubiquitously expressed protein linked to TAG metabolism.
Mutations in ABHDb5 were identified to be the cause of a
neutral lipid storage disorder called Chanarin-Dorfman
syndrome characterized by ichthyosis, hepatic steatosis,
and excessive storage of TAG in multiple cells and tissues
(23). ABHD5 lacks TAG hydrolase activity, yet increases
the lipase activity of ATGL (24, 25) through a poorly un-
derstood mechanism. Addition of purified recombinant
ABHDS5 to either purified recombinant ATGL or lysates of
cells overexpressing ATGL increases in vitro TAG hydro-
lase activity (24-28). Similarly, addition of ABHD5 to cyto-
solic extracts of adipose tissue from wild-type (WT) mice,
but not ATGL-null mice, increases in vitro TAG hydrolase
activity (3), suggesting that the effects of ABHD5 on lipol-
ysis require ATGL. Interestingly, overexpression of ABHDb5
in CHO K1, McA RH777, Cos-1, and HepG2 cells reduces
TAG content (29), suggesting that low levels of endoge-
nous CGI-58 limit TAG hydrolysis in some cells. Consistent
with an important role for ABHD5 in TAG hydrolysis, re-
duction of ABHD5 expression causes accumulation of
TAG in McA RH7777 and Hepal cells (28, 29) and in
mouse liver (30), and it decreases lipolysis in 3T3-L1 adi-
pocytes and Hepal cells (24, 28). Thus, modulating the
expression of ABHDb5 significantly alters lipolysis and
levels of TAG; furthermore, it has been suggested that

Adipose overexpression of ABHD5 does not increase lipolysis

endogenous levels of ABHDDb are limiting in adipose tissue
of mice (24).

We hypothesized that overexpression of ABHD5 selec-
tively in adipose tissue will increase lipolysis while decreas-
ing storage of TAG, and it may render mice resistant to
diet-induced obesity. To test this hypothesis, we generated
transgenic mice that selectively express ectopic mouse
ABHDY5 in adipose tissue. We studied lipolysis in the whole
animal and in isolated adipocytes. Additionally, we fed the
mice a high-fat diet to induce the development of obesity.
Our results show that levels of endogenous ABHD5 are
not limiting for lipolysis in mouse adipose tissue and that
overexpression of ABHD5 does not prevent the develop-
ment of diet-induced obesity.

MATERIALS AND METHODS

Generation of transgenic mice overexpressing ABHD5 in
adipose tissue

Transgenic mice were generated as described (31) at the Her-
bert Irving Comprehensive Cancer Center Transgenic Mouse
Facility at Columbia University. The ¢cDNA of mouse ABHD5
(32) was subcloned into a plasmid that contains the fatty acid bind-
ing protein 4 (Fabp4) promoter to direct gene expression selec-
tively in adipose tissue and the distal region, including the 3’
untranslated region, of the rabbit -globin gene (33). Transgenic
mice were generated using C57B1/6]xCBA F2 fertilized oocytes.
Four ABHD5 transgene-positive founder lines were established,
and the line with the highest level of ABHD5 expression in adi-
pose tissue was selected for further study. These transgenic mice
were backcrossed to C57BL/6] mice for four to six generations
before being used for experiments. Mouse genotypes were deter-
mined by PCR analysis of DNA contained in ear-clip samples (34)
using the primers 5-GCCGCTTACTCACTGAAGTACCC-3" and
5-CTCAAACGCTGCACTAGACTTAACC-3’, which amplify a 209
bp DNA fragment specific to DNA from the transgenic mice.

Mouse experiments

Mice were conventionally housed at a temperature of 21-24°C,
with a 12 h-12 h light-dark cycle. They were fed Breeder Diet
(LabDiet 5021) or standard chow diet ad libitum, unless other-
wise noted. All procedures were conducted in accordance with
the Public Health Service Policy on Humane Care and Use of
Laboratory Animals and were approved by the institutional ani-
mal care and use committees of Rutgers, Columbia, and Wake
Forest Universities.

In vivo lipolysis was studied under several conditions. To study
lipolysis stimulated by fasting, 26- to 29-week-old female mice
were either given free access to food or fasted for 24 h. Following
a 24 h fast, mice were euthanized by carbon dioxide inhalation,
and blood was collected from the vena cava. To study -adrenergic
receptor-stimulated lipolysis, saline vehicle or the Bs-specific ago-
nist, CL 316243 (Sigma C5976), was administered to 10- to 11-week-
old female mice at 0.1 pg/gram body weight by intraperitoneal
injection, and blood was collected after 15 min from the subman-
dibular vein. To study cytokine-stimulated lipolysis and the acute
phase response, mice were acutely treated with lipopolysaccha-
ride (LPS). Briefly, 16- to 24-week-old female ABHD5 Tg and WT
mice were injected intraperitoneally with 5 wg LPS (Escherichia
coli 0111:B4) or saline vehicle. Exactly 1 h post LPS injection,
mice were terminally anesthetized with ketamine/xylazine, and
blood was collected by heart puncture. Following blood collec-
tion, whole-body perfusion was conducted with 0.9% saline to
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remove residual blood. Multiple tissues, including liver, white ad-
ipose tissue, brown adipose tissue (BAT), lung, spleen, heart, and
kidney, were collected and snap frozen for subsequent analysis.

For the diet-induced obesity study, 4-week-old male mice were
caged individually and fed diets of defined composition in which
either 10% or 60% of calories were derived from fat (Research
Diets D12450B and D12492, respectively). Body weight was deter-
mined at regular intervals. Body composition was determined by
Dual Energy X-Ray Absorptiometry using a PIXImus machine
(GE Lunar PIXIMus) of mice anesthetized with acepromazine-
ketamine-xylazine. After 120 days of treatment, the mice were
euthanized by carbon dioxide inhalation. Perigonadal and sub-
cutaneous adipose tissues and liver were dissected and weighed,
and sections were prepared for histological analyses or frozen
prior to solvent extraction for TAG assays.

Adipocyte isolation and incubations

Adipocytes were isolated from perigonadal fat of wild-type and
ABHD5 transgenic mice according to the method of Rodbell (35)
with modifications (36, 37). Adipocytes were incubated in Krebs-
Ringer bicarbonate buffer containing 5 mM glucose, 4% fatty acid-
free BSA, 200 nM adenosine, 8 pg/ml adenosine deaminase, and
20 nM Ng-phenylisopropyladenosine, either with or without 1 pM
isoproterenol (for stimulated or basal conditions, respectively). Adi-
pocytes were incubated in tubes gassed with 5% carbon dioxide in
air for 2 h at 37°C, using an oscillating water bath. Aliquots of the
incubation medium were collected for analysis of glycerol content.

Peritoneal macrophage isolation and culture

Elicited peritoneal macrophages were collected four days after
injection of 1 ml of 10% thioglycolate into the peritoneal cavities
of 16- to 24-week-old male mice that were maintained on a stan-
dard chow diet as previously described (38). Macrophages from
five WT or five ABHD5 Tg mice were pooled for signaling ana-
lyses. Following 2 h of culture, nonadherent cells were removed
by washing three times with PBS, and remaining adherent mac-
rophages were maintained in serum free RPMI-1640 for an addi-
tional 2 h to dampen basal serum-induced signaling. Thereafter,
cells were treated with vehicle (PBS) or 10 ng/ml of the defined
TLR4 agonist Kdoy-Lipid A for a time course of up to 2 h. TLR4
signaling was examined by immunoblotting.

Immunoblot analysis

White adipose tissue (epididymal fat pad) was homogenized
with a rotor/stator type tissue homogenizer in a solution contain-
ing 50 mM HEPES, pH 7.4, 2 mM EDTA, 50 mM NaF, 100 pM
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 10
mg/1 leupeptin, 500 pM benzamidine, and 5% SDS (2 ml/gram
of tissue). Homogenates were incubated in a sonicating water
bath at 37°C for 1 h with vortexing every 10 min. Homogenates
were centrifuged at 14,000 gfor 10 min at room temperature and
the infranatants were collected. Solubilized proteins contained
in the resulting infranatants (below visible fat layers) were re-
solved by SDS-PAGE and electrophoretically transferred to nitro-
cellulose membranes. ABHD5 protein was detected as described
(82) and quantified by scanning densitometry.

For immunoblots depicted in Fig. 1C, whole tissue or cell ho-
mogenates were made in a modified RIPA buffer as previously
described (38, 39). Proteins were separated by 4-12% SDS-PAGE,
transferred to polyvinylidene difluoride membranes, and pro-
teins were detected after incubation with specific antibodies. An-
tibodies used include anti-CGI-58 (ABHD5) mouse monoclonal
(Novus Biologicals #HL00051099-M01), anti-B-actin (Sigma
#Ab5441), anti-BIP rabbit polyclonal (Cell Signaling Technologies
#3183), phospho-SAPK/JNK (Thr183/Tyr185) rabbit monoclo-
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nal (Cell Signaling Technologies #4668), phospho-p38-MAPK
(Thr180/Tyr182) rabbit monoclonal (Cell Signaling Technolo-
gies #4631), and phospho-IkBa (Ser32) rabbit monoclonal (Cell
Signaling Technologies #2859).

Plasma analyses

Plasma was isolated using EDTA as an anticoagulant and stored
at —70°C until analyses were conducted. Glycerol concentrations
were determined using the Free Glycerol Determination Kit
(Sigma F6428). Plasma nonesterified fatty acid (NEFA) concen-
trations were measured enzymatically (Wako NEFA C or NEFA-
HR; Wako Diagnostics). TAG concentrations were measured
using the Infinity Triglycerides Liquid Stable Reagent (Thermo-
Scientific). Plasma TNFa was determined by enzyme-linked im-
munosorbent assay (R and D Systems #MTA00).

Adipocyte lipolysis

Adipocyte lipolysis was assessed by measuring glycerol released
into the incubation medium using a fluorimetric enzyme-based
assay (37, 40). Data were normalized by cell number as calculated
from cell size and lipid mass (41).

Histological studies

Pieces of liver and perigonadal fat (~0.2 g) were fixed in Z-fix
(Anatech), embedded in paraffin, cut into 5 pm sections and
stained with hematoxylin and eosin at the Histology Core Facili-
ties of the Columbia University Diabetes and Endocrine Research
Center. Histologic sections were viewed using a Nikon Diaphot-
TMD Inverted Microscope (Nikon), and digital images were cap-
tured using a SPOT digital camera (Diagnostic Instruments). To
measure sizes of adipocytes, digital images of histology sections
were converted into binary format with Adobe Photoshop 7.0
(Adobe Systems), and adipocyte surface areas were quantified us-
ing the Image Processing Tool Kit (Reindeer Games) (42).

Quantitative real-time PCR

Tissue RNA extraction and quantitative real-time PCR (Q-PCR)
were conducted as previously described (38, 43). Cyclophilin
B was used as an invariant control for these studies, and expres-
sion levels were calculated based on the AA-CT method. Q-PCR
was conducted using the Applied Biosystems 7500 Real-Time
PCR System. Primers used for Q-PCR are as follows: cyclophilin
B (forward, 5-CCGTCGTCTTCCTTTTGCT-3; reverse, 5-TCC-
TTGATGACACGATGGAA-3"), ABHD5 (forward, 5-TGACA-
GTGATGCGGAAGAAG-3’; reverse, 5-AGATCTGGTCGCTCA-
GGAAA-3'), CD-68 (forward, 5- CCTCCACCCTCGCCTAGTGC-3";
reverse, 5’- TTGGGTATAGGATTCGGATTTGA-3'), TNFa (forward,
5- CCACCACGCTCTTCTGTCTAC-3"; reverse, 5- AGGGTCTG-
GGCCATAGAACT-3), interleukin (IL)-1B (forward, 5-TGTGAA-
ATGCCACCTTTTGA-%; reverse, 5-GGTCAAAGGTTTGGAA-
GCAG-3"), IL-6 (forward, 5- TGATGCACTTGCAGAAAACA-3’;
reverse, 5- ACCAGAGGAAATTTTCAATAGGGS'), and interferon vy
(IFNv; forward, 5'- ACAGCAAGGCGAAAAAGGAT-3’; reverse,
5- TGAGCTCATTGAATGCTTGG-3").

TAG assay

To measure the TAG content of the livers of mice from the diet-
induced obesity study, pieces of liver were homogenized, TAG was
solvent-extracted, and TAG mass was determined as described (44).
The values were expressed relative to protein content, which was
determined using the Coomassie Plus Reagent (Pierce).

Statistical analyses

Data correspond to either means and SD or means and SEM of
replicate samples, as specified in the figure legends. Statistical



analyses were performed by Student #test when comparing two
groups. To compare more than two groups, one-way or two-way
ANOVA with Bonferroni posthoc test was used. GraphPad Prism
or SigmaStat software was used for the analyses. Differences were
considered significant when the Pvalue was less than 0.05.

RESULTS

ABHD)5 expression is increased in adipose tissue and
macrophages of ABHDb5 Tg mice

To study the function of ABHD5 in adipose tissue, we
generated transgenic mice that express mouse ABHD5 un-
der control of the Fabp4 promoter. The protein mass of
ABHD?b increased by 6-fold in white adipose tissue from
ABHDb5 Tg mice compared with WT mice (Fig. 1A, B).
Lysates from brown adipose tissue (BAT) showed similar
elevated protein levels of ABHD5 in ABHD5 Tg mice (Fig.
1C). Expression of the transgene, as measured by North-
ern blot with a transgene-specific probe, was not detected
in liver, kidney, heart, or testis (data not shown). Consis-
tent with these observations, protein levels of ABHDb5 were

comparable in lysates of heart, kidney, and liver from
ABHDb5 Tg and WT mice (Fig. 1C). Endogenously, the
Fabp4 promoter drives expression of FABP4 in macro-
phages, in addition to white and brown adipocytes. To ex-
amine whether ABHD5 was overexpressed in macrophages,
thioglycolate-elicited peritoneal macrophages were col-
lected from ABHD5 Tg and WT mice. As expected, pro-
tein levels of ABHD5 were elevated in macrophages from
ABHDb) Tg mice relative to WT mice (Fig. 1C). Tissue ly-
sates from spleen and lung also showed higher protein
mass of ABHD5 in ABHDb) Tg mice, likely due to high lev-
els of resident macrophages in these tissues; there is no
evidence that elevated ABHD5 in these tissues has an im-
pact on development or energy metabolism. Thus, ABHDb5
Tg mice overexpress ABHD5 selectively in adipose tissue
and also in macrophages.

Overexpression of ABHD5 in adipose tissue had no ef-
fect on body weight or body composition in mice fed a
standard chow diet (Table 1). Moreover, the plasma con-
centrations of TAG and fatty acid were comparable in
ABHD5 Tg and WT mice (Table 1).
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Fig. 1.

Protein levels of ABHD5 are increased in adipose tissue and macrophages of ABHD5 Tg mice.

(A) Protein levels of ABHD5 in white adipose tissue from perigonadal fat pads of wild-type (WT) and ABHD5
Tg mice were analyzed by immunoblotting; equal amounts of total protein were loaded in each lane. Results
from a representative experiment are shown. (B) Levels of ABHD5 protein were quantified by densitometry
and expressed relative to the level of ABHDb5 present in WT mice. Values represent the means + SEM from
three independent experiments, each with 2-4 mice per genotype. Statistical analysis was performed using a
one-sample #test. (C) Protein levels of ABHD5 in tissues and cells of wild-type (WT) and ABHD5 Tg mice.
For macrophage protein, freshly isolated thioglycolate-elicited macrophages were pooled from n = 5 mice

per genotype and cultured as described in “Materials and Methods.”

For tissue distribution, protein was

pooled from n = 3 mice per genotype. Samples were probed on the same blotting membrane and binding
immunoglobulin protein (BIP) was used as an invariant loading control.
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TABLE 1. Characteristics of ABHD5 Tg and WT mice maintained
on either a standard chow diet or defined low-fat diet

Parameter WT ABHD5 Tg
Weight (g)

Males” 21.8 (+x 1.4) 21.1 (x 1.3)

Females’ 23.3 (= 1.7) 22.8 (+2.4)
Body composition

Fat mass (%) 16.0 (£2.3) 15.5 (£2.3)

Lean mass (%) 83.8 (£2.2) 84.4 (+2.8)
Naso-anal length (cm)* 8.8 (+0.3) 8.7 (x0.3)
Plasma triacylglycerol (mg/dl)* 49.6 (+6.5) 48.0 (£17.5)
Plasma NEFA (mM)* 0.21 (£0.10) 0.23 (£0.82)

“Male 12-week old mice fed a low fat diet (n =17 and 16).

"Female 10- to 12-week old mice fed chow (n=10).

“Female 26- to 29-week old mice, fasted for 24 h (maintained on a
chow diet) (n=8).

“Female 27- to 30-week old mice fed chow (n=10).

Overexpression of ABHD5 in adipose tissue does not
alter in vivo lipolysis

In assays conducted in vitro, the addition of exogenous
ABHD5 increased TAG hydrolase activity of cytosolic ex-
tracts from adipose tissue (3, 24). To evaluate the effects of
overexpressing ABHDDb in vivo, we measured the products
of TAG hydrolysis, glycerol, and NEFA in plasma from WT
and ABHD5 Tg mice. Because lipolysis of adipose TAG
stores increases during fasting (10, 45), we analyzed plasma
glycerol and NEFA levels from mice that had been fasted
for 24 h or had free access to food. Plasma glycerol and
NEFA concentrations were equivalent in fed WT and
ABHD5 Tg mice (Fig. 2A, B). Fasting increased plasma
glycerol and NEFA in both groups; however, no significant
differences were detected between WT and ABHD5 Tg
mice (Fig. 2A, B). Moreover, no differences were observed
when comparing male and female ABHD5 Tg mice. Thus,
overexpression of ABHDb5 had no effect on plasma glyc-
erol or NEFA levels either in fed conditions or during
fasting.

Catecholamines increase lipolysis by stimulating
B-adrenergic receptors on adipocytes, thus activating
cAMP-dependent protein kinase, which phosphorylates
several key proteins in the lipolytic pathway and ultimately
increases lipolysis (1, 9, 10). To investigate the effects of
overexpressed ABHD) on B-adrenergic-stimulated lipoly-
sis, we injected CL316243, an agonist of Bs-adrenergic re-
ceptors, into WT and ABHD5 Tg mice. Blood was collected
after 15 min for determination of levels of glycerol and
NEFA in plasma; blood collected from the same mice fol-
lowing an earlier injection of saline solution was used for
control conditions. WT and ABHD5 Tg mice injected with
saline solution had similar concentrations of glycerol and
NEFA in plasma (Fig. 2C, D). Treatment with CL316243
increased plasma concentrations of glycerol and NEFA in
both groups of animals; however, no significant differ-
ences were detected between WT and ABHD5 Tg mice
(Fig. 2C, D). Therefore, overexpression of ABHD5 in adi-
pose tissue does not increase plasma levels of glycerol or
NEFA following administration of a B-adrenergic agonist.

The acute phase response of mice to bacterial endotoxins
increases lipolysis of adipose TAG stores. To investigate
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Fig. 2. Overexpression of ABHD5 does not alter in vivo lipolysis.
(A, B) WT and ABHD5 Tg mice either were allowed free access to
food or fasted for 24 h. Blood was collected, and the concentra-
tions of glycerol (A) and NEFA (B) in plasma were measured. Val-
ues represent means = SD (n = 9-10). (C, D) WT and ABHD5 Tg
mice were injected with saline solution or the Bs-adrenergic recep-
tor agonist CL316243. Blood was collected 15 min later, and the
concentrations of glycerol (C) and NEFA (D) in plasma were mea-
sured. Values represent means = SD (n = 7-11). (E, F) WT and
ABHDb5 Tg mice were maintained on a standard chow diet and re-
ceived a single intraperitoneal injection of either saline or LPS (5
g per mouse). Blood was collected 1 h later, and plasma concen-
trations of NEFA (E) and TNFa (F) were determined. Values rep-
resent means + SEM (n = 4-5). For all panels, statistical analyses
were performed using two-way ANOVA and Bonferroni posthoc
test; values not sharing a common superscript differ significantly (P
< 0.05). ND, levels below the limit of detection.

the effects of ABHDb overexpression on lipolysis triggered
by the acute phase response, LPS was injected into WT
and ABHD5 Tg mice. Blood was collected after 1 h for
determination of levels of NEFA and TNFa in plasma; lev-
els of TNFa were used to confirm initiation of the acute
phase response. WI' and ABHD5 Tg mice injected with
saline solution had similar concentrations of NEFA in
plasma (Fig. 2E) and undetectable levels of TNFa (Fig.
2F). Injection of LPS modestly increased plasma concen-
trations of NEFA in both groups of animals; however, no
significant differences were detected between WT and
ABHDb Tg mice (Fig. 2E). Moreover, both groups of animals



showed similarly elevated plasma TNFa (Fig. 2F), consis-
tent with comparable induction of the acute phase re-
sponse. Therefore, overexpression of ABHD5 in adipose
tissue does not alter lipolysis in response to inflammation
induced by LPS injection.

Overexpression of ABHD5 does not alter basal or
stimulated lipolysis in isolated adipocytes

Plasma concentrations of glycerol and NEFA are com-
monly used as indices of lipolysis; however, rapid removal
of these metabolites from circulation can limit the accu-
racy of this assessment. Adipocytes isolated from perigo-
nadal fat pads of WT and ABHD5 Tg mice provided an
additional experimental model. Cells were incubated ei-
ther without or with isoproterenol, an agonist of {-
adrenergic receptors, for basal and stimulated conditions,
respectively. Additionally, media contained adenosine, ad-
enosine deaminase, and Ng-phenylisopropyladenosine to
manage adenosine levels to reduce elevated lipolysis due
to handling of mice prior to dissection of fat pads (46).
Basal lipolysis, assessed as glycerol release in the absence
of isoproterenol, was similar in adipocytes isolated from
WT and ABHDb) Tg mice (Fig. 3). Incubation of cells with
isoproterenol increased glycerol release 10- to 14-fold;
however, no significant differences were detected in glyc-
erol released from ABHD5 Tg adipocytes compared with
WT adipocytes (Fig. 3). Hence, overexpression of ABHD5
does not increase lipolysis in isolated adipocytes.

Transgenic overexpression of ABHD5 does not alter the
systemic inflammatory response to bacterial endotoxin
Administration of LPS to mice induces lipolysis of adi-
pose TAG stores (47, 48) and also activates signaling path-
ways to increase expression and secretion of inflammatory
cytokines. To determine the effect of increased ABHD5
expression on the LPS-induced inflammatory response,
we assessed mRNA levels of cytokines in white adipose tis-
sue and liver of ABHDb5 Tg mice relative to WT mice fol-
lowing administration of LPS. As expected, mRNA levels
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Fig. 3. Basal and isoproterenol-stimulated lipolysis are similar in
adipocytes isolated from WT and ABHD5 Tg mice. Adipocytes were
isolated from WT and ABHD5 Tg mice and incubated for two h
without (basal) or with isoproterenol (stimulated) prior to mea-
surement of glycerol released into the media. The values represent
means + SEM from four independent experiments, each with trip-
licate samples. Statistical analysis was performed using one-way
ANOVA and Bonferroni posthoc test. Values not sharing a com-
mon superscript differ significantly (P< 0.001).
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for IL-1B, IL-6, and IFNvy were increased in both adipose
tissue and liver following LPS injection; however, there
were no significant differences between ABHD5 Tg and
WT mice (Fig. 4A, B). Assessment of mRNA levels of CD-
68 showed that macrophage infiltration into adipose tissue
and liver was comparable in ABHD5 Tg and WT mice (Fig.
4A, B). Finally, because ABHD5 was overexpressed in mac-
rophages (Fig. 1C), we investigated TLR4 signaling in
thioglycolate-elicited macrophages from ABHD5 Tg and
WT mice following incubation of cells with Kdoo-Lipid A, a
TLR4 agonist. As expected, TLR 4 signaling increased at
30 min and 2 h, as indicated by increased phosphorylation
of JNK (c-Jun N-terminal kinase), p38 MAPK (mitogen-
activated protein kinase), and IkBa (Inhibitor of kappa B,
alpha) (Fig. 4C); however, no differences were observed in
macrophages from ABHD5 Tg mice relative to those of
WT mice.

Overexpression of ABHD5 in adipose tissue does not
prevent diet-induced obesity

We fed WT and ABHD5 Tg mice a high-fat diet to deter-
mine whether overexpression of ABHD5 in adipose tissue
can impair the development of diet-induced obesity. We
used either a low- or high-fat diet of defined composition
that contained 10% or 60% of calories from fat, respec-
tively. Animals were provided with the diets starting at 4
weeks of age and continuing for 120 days; body weight and
composition were determined at regular intervals. WT and
ABHDb5 Tg mice fed the 10% fat diet gained equal weight
over 120 days (Fig. 5A). WT ABHDb5 Tg mice fed the 60%
fat diet gained more weight than mice fed the 10% fat
diet; however, no significant differences in weight were de-
tected between WT and ABHD5 Tg mice (Fig. 5A). Simi-
larly, the body composition of WI and ABHD5 Tg mice
fed the same diet was comparable throughout the 120-day
experiment (Fig. 5B); WT and ABHD5 Tg mice displayed
equivalent higher percentage of body fat when fed the
60% fat diet relative to mice fed the 10% fat diet.

At 120 days, the mice were euthanized, and their fat
pads were dissected and weighed. The weights of perigo-
nadal and subcutaneous fat pads isolated from both WT
and ABHD5 Tg mice fed the 60% fat diet were greater
than those from mice fed the 10% fat diet; however, no
differences were apparent between tissues from WT and
ABHDb5 Tg mice fed the same diet (Fig. 6A, B). Relative
adipocyte size was analyzed using histological sections of
perigonadal fat. Adipocytes from mice fed the 10% fat diet
were smaller than adipocytes from mice fed the 60% fat
diet, but no differences in adipocyte size were detected be-
tween WT and ABHD)5 Tg mice that had been fed either
the 10% fat diet or the 60% fat diet (Fig. 6C, D).

In obesity, excessive TAG is deposited not only in adi-
pose tissue but also in other tissues, including the liver,
leading to fatty liver (49). To evaluate the effects of adi-
pose-specific overexpression of ABHDb5 on fat deposition
in other tissues, we assessed TAG content of liver. Mice fed
the 60% fat diet showed evident lipid infiltration in histo-
logical sections of liver (Fig. 7A); however, no significant
differences were detected between the livers of WT and
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Fig. 4. Transgenic overexpression of ABHD5 did not alter the systemic response to bacterial endotoxin. WT and ABHD5 Tg mice were
maintained on a standard chow diet and received a single intraperitoneal injection of either saline or LPS (5 ug per mouse) 1 h prior to
dissection of tissues. (A, B) Q-PCR analyses of epididymal white adipose tissue (WAT) (A) and hepatic (B) gene expression. TNFa, tumor
necrosis factor a; IL-6, interleukin 6; IL-18, interleukin 1f; IFNv, interferon . Data in panels (A) and (B) represent the mean = SD (n =
4); values not sharing a common superscript differ significantly (P < 0.05). (C) Freshly isolated thioglycolate-elicited macrophages were
pooled from n = 5 mice per genotype and cultured as described in “Materials and Methods.” To examine TLR4-driven signal transduction,
macrophages were treated with 10 ng/ml Kdog-Lipid A (TLR4 agonist) for 2 h. Cell samples were collected at 15 and 30 min (15’, 30") and
2 h (2h), and signaling was examined by immunoblotting to detect phospho-IkBa (Ser32), phospho-SAPK/JNK (Thr183/Tyr185), phos-

pho-p38-MAPK (Thr180/Tyr182), and B-actin as a loading control.

ABHDS5 Tg mice. WT and ABHD5 Tg mice fed the 10% fat
diet had equal liver content of TAG (Fig. 7B). Mice fed
the 60% fat diet had higher liver content of TAG than
those fed the 10% fat diet; however, no differences were
detected between WT and ABHD5 Tg mice (Fig. 7B).

DISCUSSION

The major findings of this study are that overexpression
of ABHD5 in adipose tissue does not increase lipolysis of
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TAG stored in adipocytes, alter aspects of the acute phase
response to bacterial endotoxins, or render transgenic
mice resistant to diet-induced obesity. These conclusions
are supported by the following results obtained from the
study of ABHDb Tg mice relative to WT mice: (i) circulat-
ing levels of glycerol and NEFA in fed ABHD5 Tg and WT
mice were similar; (i) a 24 h fast or brief treatment with a
Bs-adrenergic agonist increased plasma concentrations of
glycerol and NEFA in ABHD5 Tg and WT mice to similar
levels; (i) basal and stimulated lipolysis were equivalent
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expression of inflammatory cytokines was comparable in
adipose tissue and liver of ABHD5 Tg and WT mice in-
jected with LPS; (v) overexpression of ABHDb5 did not
alter TLR4 signaling in macrophages; and (vi) ABHD5 Tg
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Fig. 5. Body weight and fat mass were similar in
WT and ABHD5 Tg mice fed diets containing either
10% or 60% fat. Starting at the age of 4 weeks, WT
and ABHD5 Tg mice were fed diets of defined com-
position containing either 10% or 60% of calories
from fat for 120 days. The body weight (A) and per-
centage of fat mass (B) were determined at regular
intervals. Values represent means + SD (n = 15-19).
Statistical analyses were performed using two-way
ANOVA and Bonferroni posthoc test. Mice fed the
60% fat diet had greater weight and percentage of fat
mass than mice fed the 10% fat diet at 15 days and
later times (P < 0.001). No significant differences
were observed when comparing ABHD5 Tg to WT
mice fed either diet.

obesity. Although overexpression of ABHD5 was also ob-
served in brown adipose tissue of ABHD5 Tg mice, given
our findings, we anticipate no effect of excess ABHD5 on
lipolysis required for adaptive thermogenesis.

ABHD?5 is highly expressed in adipose tissue (24, 29, 32,
50) where the majority of TAG is stored, and its expression
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Fig. 6. Fat pad weight and average adipocyte size were similar in WT and ABHD5 Tg mice fed diets con-
taining either 10% or 60% fat. WT and ABHDb5 Tg mice were fed defined diets containing either 10% or
60% of calories from fat. At 120 days, perigonadal (A) and subcutaneous (B) fat pads were dissected and
weighed. Histological preparations were made from perigonadal fat pads (C) and used to determine the
average sizes of adipocytes (D). Values represent means = SD (n = 6-10). Statistical analyses were performed
using one-way ANOVA and Bonferroni posthoc test. Values not sharing a common superscript differ signifi-
cantly (P<0.05).
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ing either 10% or 60% fat. WT and ABHD5 Tg mice were fed defined diets containing either 10% or 60%
of calories from fat for 120 days. (A) Histological sections of liver were prepared, (B) lipids were extracted
from liver samples, and the content of TAG was determined. Values represent means + SD (n = 13-18). Sta-
tistical analyses were performed using one-way ANOVA and Bonferroni posthoc test. Values not sharing a

common superscript differ significantly (P < 0.05).

is induced during the differentiation of 3T3-L1 adipocytes
(32, 50). Additionally, mutations in human ABHD5 cause
excessive accumulation of TAG in multiple cells and tis-
sues (23). Thus, ABHD5 plays an important role in TAG
metabolism in adipocytes and other cells. It is now well
established that ABHDDb functions as a coactivator of ATGL
(3, 24, 26, 27), although the mechanism for this activity
has not yet been elucidated. Previous studies have shown
that addition of exogenous ABHD5 increases in vitro TAG
hydrolase activity of tissue lysates from a variety of tissues,
including white adipose tissue, suggesting that endoge-
nous levels of ABHD5 are limiting for lipolysis in adipose
and other tissues (24). Furthermore, this coactivation
function was not observed when ABHDb5 was added to tis-
sue lysates from ATGL-null mice (3), suggesting that
ABHD5 has specificity for coactivation of ATGL. Our re-
sults obtained from in vivo lipolysis experiments suggest
that endogenous protein levels of ABHD5 in mouse adi-
pose tissue are sufficient for the function of ABHD5 in
basal lipolysis and multiple conditions of stimulated li-
polysis. This study is the first to examine the effects of
ABHDb) overexpression in vivo; the previously hypothe-
sized tissue deficit in ABHDb5 coactivation function is
likely due to the procedure used to prepare cell lysates
during which lipid droplets, which harbor the majority
of ABHDb, may have been removed. Moreover, it is likely
that adipocytes have additional compensatory mecha-
nisms for initiation of TAG hydrolysis, as humans with
inactivating mutations in ABHDb5 are not obese (51, 52)
and ablation of ABHD5 in mouse adipose tissue using
ABHDb5 anti-sense oligonucleotides (ASO) leads to re-
duced adipose tissue mass and resistance to high-fat diet-
induced obesity (30).

Recent studies have suggested that ABHDD5 is required
for intracellular signaling pathways that affect lipid ho-
meostasis and insulin sensitivity of tissues. When ABHDb5
expression was reduced in mice following injection of
specific ASOs, the near ablation of protein levels of ABHDb5
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in white adipose tissue and liver led to reduced TAG storage
in adipose tissue and extreme hepatic steatosis (30). When
these mice were fed a high-fat diet, the ABHD5 ASO mice
were protected against the development of obesity, and
despite severe hepatic steatosis accompanied by elevated
hepatic diacylglycerols and ceramides, they showed nor-
mal glucose tolerance and maintained the insulin sensitiv-
ity characteristic of mice on a chow diet (30). These data
suggest that ABHD5 contributes intracellular signals that
couple TAG storage to insulin signaling and the develop-
ment of insulin resistance. In our current study, we found
that 6-fold overexpression of ABHD5 in adipose tissue
does not have any effect on altering TAG stores in either
adipocytes or hepatocytes or recruitment of macrophages
into adipose tissue or liver. Similarly, we did not observe
any effects of ABHD5 overexpression on whole-body lipid
homeostasis, so if ABHD5 contributes to a mechanism by
which lipid signals dampen insulin signaling in tissues,
these signals are not enhanced in an environment of
excess ABHDb5.

Although the acute phase response changes the ex-
pression of genes for inflammatory cytokines, we found
no added effect of ABHD5 overexpression on changes
in gene expression in liver or adipose tissue following
LPS administration. Moreover, TLR4 signaling was un-
changed in macrophages from ABHD5 Tg mice, despite
elevated macrophage ABHD5 expression. ABHD5 has
been demonstrated to have enzyme activity as a lyso-
phosphatidic acid acyltransferase (53, 54); hence,
ABHDb5 may participate in intracellular signaling path-
ways through the generation of the signaling lipid phos-
phatidic acid. Alteration of intracellular signaling
pathways in ABHD5 ASO-treated mice may be due to
reduced production of this lipid second messenger;
however, overexpression of ABHD5 does not have the
opposite effect on the same pathways.

In summary, 6-fold overexpression of ABHDb5 in adipose
tissue of mice does not increase lipolysis, suggesting that



the expression of endogenous ABHDDb is not limiting for
either basal or stimulated lipolysis. Elucidation of the
mechanism by which ABHD5 promotes ATGL TAG hydro-
lase activity requires additional study. Moreover, signaling
pathways in macrophages and adipose tissue that are sig-
nificantly affected by ablation of ABHD5 are unchanged
by overexpression of ABHD5. Thus, although ABHD5
plays a critical role in maintenance of whole-body TAG ho-
meostasis, increasing the expression of ABHD5 neither
helps nor hinders the mechanisms by which ABHD5 con-
tributes to these processes. ;i
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