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Abstract

Adipose triglyceride lipase (ATGL) is a recently described adipose-enriched protein with
triglyceride-specific lipase activity. ATGL shares the greatest sequence homology with adiponutrin,
a nutritionally regulated protein of unclear biological function. Here we present a functional analysis
of ATGL and adiponutrin and describe their regulation by insulin. Retroviral-mediated
overexpression of ATGL in 3T3-L1 adipocytes increased basal and isoproterenol-stimulated glycerol
and nonesterified fatty acid (NEFA) release, whereas siRNA-mediated knockdown of ATGL had
the opposite effect. In contrast, sSiRNA-mediated knockdown of adiponutrin in 3T3-L1 adipocytes
had no effect on glycerol or NEFA release. In mice, both ATGL and adiponutrin are nutritionally
regulated in adipose tissue, with ATGL being upregulated and adiponutrin being downregulated by
fasting. In 3T3-L1 adipocytes, insulin decreased ATGL and increased adiponutrin expression in a
dose- and time-dependent manner, suggesting that insulin directly mediates this nutritional
regulation. In addition, adipose expression of ATGL was increased by insulin deficiency and
decreased by insulin replacement in streptozotocin-induced diabetic mice and was increased in fat-
specific insulin receptor knockout mice, whereas adiponutrin showed the opposite pattern. These
data suggest that murine ATGL but not adiponutrin contributes to net adipocyte lipolysis and that
ATGL and adiponutrin are oppositely regulated by insulin both in vitro and in vivo.

Adipose tissue triglycerides are the predominant form of energy storage in animals. The ability
to store and release this energy in response to variable energy availability is advantageous to
survival and requires a carefully regulated balance between triglyceride synthesis and
hydrolysis. Dysregulation of these processes may result in metabolic disorders, such as obesity
and lipodystrophy, which are associated with dyslipidemia, insulin resistance, and overt
diabetes. Hence understanding the regulatory mechanisms underlying the storage and
mobilization of triglycerides is essential to understanding the pathophysiology of obesity,
diabetes, and related metabolic disorders.

Hormone-sensitive lipase (HSL) has traditionally been considered the key lipolytic enzyme in
adipocytes (1-4). Lipolytic hormones such as catecholamines stimulate lipolysis primarily via
cAMP-mediated activation of protein kinase (PK) A. PKA then phosphorylates HSL and
perilipin A. Phosphorylation of perilipin A alleviates the barrier function of this protein and
prompts its active participation in the lipolytic process. Phosphorylation of HSL results in
translocation of HSL from the cytosol to the lipid droplet where it catalyzes the hydrolysis of

© 2006 by the American Diabetes Association.

Address correspondence and reprint requests to Erin E. Kershaw, MD, Division of Endocrinology and Metabolism, Department of
Medicine, Beth Israel Deaconess Medical Center, 330 Brookline Ave., Boston, MA 02215. ekershaw@bidmc.harvard.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kershaw et al.

Page 2

tri-, di-, and monoglycerides; cholesteryl esters; and other substrates. Insulin acutely inhibits
lipolysis, at least in part, via inhibition of the above cAMP-dependent pathway by PKB-
dependent phosphorylation and activation of phosphodiesterase 3B, which in turn lowers
CAMP levels (5). However, insulin also has long-term effects on lipolysis that are independent
of HSL and cAMP and that remain poorly characterized (6).

Despite the central role of HSL in adipocyte lipolysis, the available evidence suggests that HSL
is not the only hormone-responsive lipase in adipocytes. Mice with a targeted deletion of HSL
(HSL-KO mice) have reduced catecholamine-sensitive adipocyte lipolysis but are not obese
(7,8). Although HSL-KO mice do not accumulate triglycerides, they do accumulate
diglycerides in various tissues, suggesting that HSL is rate limiting for diglyceride but not
triglyceride hydrolysis (9). In addition, both adipose tissue and isolated adipocytes derived
from mouse embryonic fibroblasts of HSL-KO mice have significant residual triglyceride
lipase activity, suggesting the presence of one or more additional triglyceride-specific lipases
(7,9,10). Furthermore, this triglyceride lipase activity is sensitive to regulation by various
factors including catecholamines, tumor necrosis factor-a, and thiazolidinediones, suggesting
that the triglyceride lipase activity is also hormone responsive (10).

A novel adipocyte triglyceride lipase has been recently reported, designated as adipose
triglyceride lipase (ATGL) (11) or desnutrin (12) in mice and calcium-independent
phospholipase A, (iPLAL)C in humans (13). ATGL shares the greatest homology with
adiponutrin, thus raising the possibility that these two molecules share function and/or
regulation. Although the human homolog of adiponutrin (iPLA€) has acyl hydrolase activity
in vitro (13), no lipolytic function has been reported for the murine homolog. Furthermore,
despite insulin’s critical role in lipolysis, the ability of insulin to regulate ATGL and adiponutrin
remains poorly characterized. Here we describe the functional analysis of ATGL and
adiponutrin and the regulation of these two molecules by insulin.

RESEARCH DESIGN AND METHODS

Microarray analysis

Total RNA isolated from 3T3-L1 adipocytes after 0, 6, 12, 24, and 48 h and 8 days of
differentiation was run as a single microarray at each time point using Affymetrix GeneChip
technology on MOE 420A chips. RNA/cDNA preparation and hybridization were performed
in accordance with the Affymetrix protocol. Computer data analysis was performed using
DChip software with the PM/MM model for determining expression values (14,15).

Retroviral constructs and stable cell lines

Full-length ATGL cDNA was amplified by PCR from pSPORT1 vector clone 30024535 (Open
Biosystems) using forward primer 5 GAAGATCTCCATGTTCCCGAGGGAG and reverse
primer 5 CCGCTCGAGTCAGCAAGGCGGGAG. The PCR product was digested with Bgl
I1 and Xho | (New England Biolabs), gel purified (QIAquick gel extraction kit; Qiagen), and
subcloned into Bgl 11 and Xho I sites of the pMSCVpuro retroviral vector (BD Biosciences/
Clontech). The sequence was confirmed by sequence analysis followed by comparison with
the reported sequence (GenBank BC064747). Packaging cells were transfected with 20 pg of
retroviral construct containing full-length ATGL or control vector alone (16,17). Viral
supernatants were used to infect 3T3-L1 cells, after which puromycin selection was conducted,
as previously described (16,17). The resulting stably transfected 3T3-L1 cells were cultured
and differentiated as described below, except that media were supplemented with 2.0 pg/ml
puromycin.
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3T3-L1 cells (American Type Culture Collection) were grown to 2 days postconfluence in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf serum (Invitrogen). Cells
were induced to differentiate by changing the medium to DMEM containing 10% fetal bovine
serum (FBS; Invitrogen), 0.5 mmol/l 3-isobutyl-1-methylxanthine (Sigma), 1 pmol/l
dexamethasone (Sigma), and 10 pg/ml bovine insulin (Sigma) (16). After 48 h and every 2
days thereafter, the medium was replaced with maintenance medium containing DMEM with
10% FBS. For insulin regulation experiments, fully differentiated 3T3-L1 adipocytes were
incubated in DMEM containing 10% FBS or serum-free DMEM containing 2% fatty acid—
free BSA (Serologicals) with and without bovine insulin for the times and at the doses indicated.

RNA interference

RNA interference by small interfering RNA (siRNA) was performed as previously described
(18). In brief, 3T3-L1 adipocytes were detached from culture dishes with 0.25% trypsin
(Invitrogen) and 0.5 mg/ml collagenase D (Roche Diagnostics), washed twice, and resuspended
in PBS. Control (siControl noninterfering control pool; Dharmacon) or gene-specific SIRNAS
for ATGL, adiponutrin, and/or HSL (siGenome SMARTselection duplexes; Dharmacon) were
delivered into adipocytes (5 nmol siRNA/2.5 million cells) by electroporation using a Bio-Rad
gene pulser I system set at 0.18 kV and 960 UF capacitance. Adipocytes were then mixed with
DMEM containing 10% FBS and reseeded onto multiwell plates. Gene expression and glycerol
and nonesterified fatty acid (NEFA) release were determined 48 h after electroporation. For
each gene, four separate sSiRNAs were tested. Results were considered valid if data were
reproducible with at least two of the four SiRNAs tested. The siRNA sequences for data
presented in relation to this study are as follows: ATGL: sense 3'
GCACAUUUAUCCCGGUGUAUU, anti-sense 5'P UACACCGGGAUAAAUGUGCUU;
adiponutrin: sense 3' GGAGAGCUGUGCUAUCAAGUU, antisense 5P
CUUGAUAGCACAGCUCUCCUU; and HSL: sense 3’
GAGCGUACUCUCUAAGUGUUU, antisense 5'P ACACUUAGAGAGUACGCUCUU.

RNA extraction, reverse transcription, and gene expression

Total RNA was extracted from homogenized tissues or cells using an RNeasy Lipid Tissue
Mini kit with on-column DNase treatment (Qiagen). Reverse transcription of 1 pg total RNA
was performed using random decamers (RETROscript Kit; Ambion). Gene expression was
determined by quantitative real-time PCR (Q-PCR) (MX4000 Multiplex Quantitative PCR
System; Stratagene). Reactions were performed in triplicate in 25 pl containing 2.5 pul of 1:100-
diluted cDNA, 1x Tagman Universal PCR Master Mix (Applied Biosystems), and gene-
specific primer probe sets (Tagman Gene Expression Assays; Applied Biosystems). Reactions
were run at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Gene
expression was determined by the standard curve method and normalized to the expression of
18S ribosomal RNA or hypoxanthine guanine phosphoribosyl transferase (HPRT) internal
control genes. Appropriate analyses were performed to determine that the expression of control
genes was unchanged under the experimental conditions described. The accuracy of RNA
quantification was optimized by DNAse treatment of samples, the use of gene-specific primer
probe sets that span intron-exon boundaries, and verification of the lack of amplification in
no—reverse transcriptase and no-template controls.

Lipolysis and protein assays

For basal and stimulated lipolysis, adipocytes were washed twice with DMEM and then
incubated for 2 h in serum-free DMEM containing 2% fatty acid—free BSA in the presence or
absence of 2 umol/l isoproterenol. Conditioned medium was then removed and stored at —80°
C until analysis. Adipocytes were rinsed with PBS, harvested in lysis buffer containing 25
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mmol/l Tris (pH 7.4), 50 mmol/I NaCl, 0.5% sodium deoxycholate, 2% NP-40, 0.2% SDS,
and Complete Protease Inhibitor Cocktail (Roche) and stored at —80°C until analysis. The
protein content of cell lysates was determined using the Bicinchoninic Acid Protein Assay kit
(Pierce Chemical). Glycerol and NEFA content of conditioned medium and cell lysates was
determined using the GPO-Trinder Reagent Set (Pointe Scientific) and the NEFA-C kit (Wako
Chemicals), respectively.

Mice were housed individually under standard conditions at 25°C with a 14:10-h light:dark
cycle (lights from 6:00 am to 8:00 »m) with free access to standard diet (Harlan Teklad RD
8664) and water. Animals were handled in accordance with the guidelines established by the
National Institutes of Health. Experimental procedures were approved by the Institutional
Animal Care and Use Committee. Fat-specific insulin receptor knockout (FIRKO) mice were
obtained from a colony maintained at Joslin Diabetes Center (19). C57BL/6J mice were
obtained from The Jackson Laboratories (Bar Harbor, ME). FVB mice were obtained from
Taconic (Germantown, NY). To determine gene expression in various tissues, ad libitum—fed
male C57BL/6J mice (n = 6) were killed at age 10 weeks. To determine the effect of nutritional
status, FVVB mice age 8 weeks were either fed ad libitum or fasted for 6, 12, 18, or 24 h with
the onset of the light cycle (6:00 am) as time 0 (n = 10 per group). Two additional groups of
mice were re-fed for 12 or 24 h after the 24-h fast (n = 10 per group). To determine the effects
of insulin deficiency and replacement on gene expression, male C57BL/6J mice age 10 weeks
were intraperitoneally given 50 mmol/l sodium citrate (control group, n = 8) or 250 mg/kg
body wt streptozotocin (STZ) dissolved in 50 mmol/l sodium citrate (STZ group, n = 20). Blood
glucose was determined twice daily using a OneTouch Glucometer until blood glucose was
>450 on two consecutive measurements, at which time STZ-administered animals were
randomly allocated into two groups (n = 10 per group): 1) the STZ group, which was followed
for an additional 24 h with no insulin therapy, or 2) the STZ + INS group, which received
Ultralente insulin at 2—4 units, s.c. per mouse every 6-8 h for 24 h. To control for the effects
of stress, mice of the control and STZ groups also had their blood glucose measured and
received an equal volume of PBS subcutaneously every 6-8 h for 24 h. All mice were killed
by CO, inhalation, after which their tissues were collected and stored at —80°C until analysis.

Statistical analysis

RESULTS

Data are given as means + SE. Comparisons were made by unpaired two-tailed Student’s t tests
or one- or two-way ANOVA, as appropriate. For ANOVAs, post hoc analysis was performed
by Bonferroni’s multiple comparison test.

ATGL and adiponutrin are induced during adipogenesis

Affymetrix Microarray analysis revealed a 30-fold increase in the expression of ATGL (Riken
0610039C21, GenBank NM_025802) in 3T3-L1 adipocytes from day 0 through day 8 of
differentiation. Q-PCR analysis in a separate set of differentiating 3T3-L1 adipocytes
confirmed that ATGL was expressed at low but detectable levels early in differentiation (days
0-2), increased significantly by days 3-4, and reached maximum levels by day 5 (P < 0.0001)
(Fig. 1A). The temporal expression pattern of ATGL was similar to that of HSL (data not
shown). Adiponutrin expression was not detectable until day 3 of differentiation and reached
maximum levels by day 8 (P < 0.0001) (Fig. 1B).

Diabetes. Author manuscript; available in PMC 2010 February 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kershaw et al. Page 5

ATGL and adiponutrin are enriched in adipose tissue

Q-PCR analysis of tissue-specific gene expression in mal C57BL/6J mice at age 10 weeks
revealed that ATGL and adiponutrin were highly enriched in adipose tissue (Fig. 2A and B).
Although adiponutrin expression was predominantly confined to adipose tissue and the adrenal
gland, ATGL had a broader expression pattern, with moderate expression in the adrenal gland,
testes, cardiac muscle, and skeletal muscle and low but detectable levels in the lung, kidney,
liver, and hypothalamus. Adipose tissue expression of ATGL and adiponutrin was depot
specific, with higher expression in brown adipose tissue (BAT) and perigonadal adipose tissue
(PGAT) depots relative to other depots.

Retroviral-mediated overexpression of ATGL increases lipolysis

3T3-L1 adipocytes stably transfected with a retrovirus containing full-length ATGL cDNA
demonstrated higher ATGL expression than control cells throughout adipogenesis, with the
greatest difference at day 4 (1.65-fold higher) (Fig. 3A), without affecting HSL or adiponutrin
expression (data not shown). This retroviral-mediated overexpression of ATGL was associated
with a 1.85-fold increase in basal (Fig. 3B) and a 1.24-fold increase in stimulated (Fig. 3C)
glycerol release. Basal (Fig. 3D) and stimulated (Fig. 3E) NEFA release were similarly
increased (by 2.12- and 1.39-fold, respectively).

siRNA-mediated knockdown of ATGL decreases lipolysis

Treatment of 3T3-L1 adipocytes with ATGL-specific sSiRNA at day 4 of differentiation resulted
in 81% knockdown of ATGL mRNA at day 6 (Fig. 4A) but had no effect on HSL or adiponutrin
expression (data not shown). This siRNA-mediated knockdown of ATGL was associated with
a 68% decrease in basal (Fig. 4B) and 74% decrease in stimulated (Fig. 4C) glycerol release.
Basal (Fig. 4D) and stimulated (Fig. 4E) NEFA release were similarly decreased by 55 and
86%, respectively.

Comparison of siRNA-mediated knockdown of ATGL, adiponutrin, and HSL in fully
differentiated 3T3-L1 adipocytes

The treatment of 3T3-L1 adipocytes with siRNA specific for ATGL, adiponutrin, or HSL at
day 7 of differentiation resulted in 96, 78, and 83% average knockdown of ATGL (Fig. 5A),
adiponutrin (Fig. 5B), and HSL (Fig. 5C) mRNA, respectively, at day 9 of differentiation.
Gene-specific mMRNA expression was altered in those groups treated with the corresponding
gene-specific sSiRNA but not in other groups. Basal glycerol and NEFA release were decreased
only by ATGL knockdown and not by knockdown of adiponutrin or HSL alone, although there
was a small reproducible decrease after HSL knockdown that did not reach statistical
significance (Fig. 5D and F). Stimulated glycerol and NEFA release were decreased by
knockdown of ATGL as well as HSL but not by knockdown of adiponutrin alone (Fig. 5E and
G). Neither adiponutrin nor HSL knockdown had an additive effect on basal or stimulated
glycerol or NEFA release when performed in combination with knockdown of ATGL. ATGL
knockdown had a significantly greater effect on both basal and stimulated glycerol and NEFA
release than did either HSL or adiponutrin knockdown.

ATGL and adiponutrin are oppositely regulated by nutritional status

ATGL expression was increased by fasting (P < 0.0001) and decreased by re-feeding after a
24-h fast (P < 0.0001) (Fig. 6A). In contrast, adiponutrin expression was decreased by fasting
(P < 0.0001) and increased by re-feeding (P < 0.0001) (Fig. 6B). A significant effect of time
of day on gene expression was observed in ad libitum—fed animals for both ATGL (P < 0.05)
and adiponutrin (P <0.05), characterized by an increase in ATGL and a decrease in adiponutrin
during the light cycle when animals consume less food and the opposite pattern during the dark
cycle when animals consume most of their food. Similar expression patterns for ATGL and
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adiponutrin were observed in subcutaneous adipose tissue and BAT (data not shown). HSL
expression was not significantly affected by fasting or re-feeding (data not shown).

ATGL and adiponutrin are oppositely regulated by insulin in vitro

Incubation of fully differentiated 3T3-L1 adipocytes in serum-free DMEM supplemented with
10~* to 10* ng/ml insulin for 12 h resulted in a dose-dependent decrease in ATGL expression
(P <0.0001) (Fig. 7A). Similar treatment resulted in a biphasic pattern for adiponutrin
expression characterized by an initial dose-dependent increase followed by a decrease at higher
doses (Fig. 7B). Incubation in serum-free medium, and hence in the absence of insulin as well
as other serum factors, resulted in a time-dependent increase in ATGL expression, with a peak
at 12 h (P <0.001) (Fig. 7C). Incubation in serum-free medium supplemented with insulin at
1 ng/ml prevented this increase (data not shown). Incubation in medium supplemented with
1,000 ng/ml insulin resulted in a time-dependent decrease in ATGL expression, with the nadir
occurring at 12 h regardless of the presence or absence of serum (P < 0.0001). For adiponutrin,
incubation in the serum-free medium resulted in a time-dependent decrease in adiponutrin
expression (P < 0.0001) (Fig. 7D). Incubation in medium supplemented with 1 ng/ml of insulin
resulted in a time-dependent increase in adiponutrin expression, regardless of the presence or
absence of serum (P < 0.0001). However, the increase at 12 h was more pronounced for
adipocytes incubated in serum-free medium.

ATGL and adiponutrin are oppositely regulated by insulin in vivo

ATGL expression was increased by insulin deficiency due to STZ administration and decreased
by insulin replacement (Fig. 8A). Conversely, adiponutrin expression was decreased by insulin-
deficiency due to STZ administration and normalized by insulin replacement (Fig. 8B). The
differences between ATGL and adiponutrin expression in STZ-administered mice that did and
did not receive insulin were highly significant. In the PGAT of FIRKO mice, ATGL expression
was increased (Fig. 9A) and adiponutrin expression was decreased (Fig. 9B). HSL expression
was unchanged in both of the above models (data not shown).

DISCUSSION

Using microarray analysis, we identified a Riken gene 0610039C21 that was markedly induced
during adipogenesis and highly expressed in adipose tissue, and we performed studies designed
to determine its function and regulation. The identification and characterization of Riken
06010039C21, alternatively designated ATGL or desnutrin, has been reported by other groups
using different approaches while our studies were being completed (11,12). The human
homolog iPLA2( (previously TTS-2.2) and the Drosophila homolog Brummer lipase have also
been reported (13,20). ATGL shares considerable sequence and structural homology with
several proteins in a variety of organisms, ranging from prokaryotes to humans (21,22), and
with functions ranging from plant nutrient storage and host defense to bacterial virulence
(23,24). Its NHp-terminal sequence contains a patatin-like domain, characteristic of patatin, a
potato protein with lipid acyl hydrolase, acyl transferase, and esterase activity (25-28). It also
contains a predicted o/p hydrolase fold, a GXSXG serine hydrolase motif, and a Ser-Asp
catalytic dyad, all features commonly found in known lipases. ATGL shares the greatest
sequence homology with adiponutrin, a previously reported nutritionally regulated gene that
is induced during adipogenesis, enriched in adipose tissue, and upregulated in genetic models
of obesity (29-32).

ATGL and adiponutrin are induced during adipogenesis in 3T3-L1 adipocytes. However,
although adiponutrin is undetectable until day 3, ATGL is expressed at low but detectable
levels early in differentiation and begins to increase within the first 24 h of differentiation. This
early expression precedes the expression of several adipogenic genes, including C/EBP-a and
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PPAR-y, suggesting a potential role for ATGL in the adipogenic process. In addition, both
ATGL and adiponutrin are highly enriched in adipose tissue in a depot-specific manner, with
higher expression in BAT and PGAT. This differential expression may contribute to the
metabolic heterogeneity among adipose tissue depots. Interestingly, ATGL expression exceeds
adiponutrin expression in cultured 3T3-L1 adipocytes, whereas the opposite is true in adipose
tissue. Furthermore, although adiponutrin expression is confined to adipose tissue and the
adrenal gland, ATGL is expressed in a variety of tissues, most notably cardiac and skeletal
muscle. Indeed, the expression of ATGL in muscle is comparable with its expression in several
white adipose tissue depots, suggesting a potentially important role for ATGL in this
metabolically active tissue as well.

Functional analysis of ATGL demonstrates that stable retroviral-mediated overexpression
increases while siRNA-mediated knockdown decreases both basal and stimulated glycerol and
NEFA release in 3T3-L1 adipocytes. Qualitatively similar effects of overexpression and
knockdown of ATGL in 3T3-L1 adipocytes using adenoviral-mediated delivery systems (and
antisense RNA) have been reported (11). The quantitatively greater knockdown of ATGL in
our study was associated with a comparably greater effect on glycerol and NEFA release.
Despite this decrease in absolute basal and stimulated lipolysis after ATGL knockdown, some
residual fold-stimulation in lipolysis was observed. This may have been due to residual ATGL
expression or to other ATGL-independent mechanisms. It has been previously observed that
PKA increases phosphorylation of ATGL only 2-fold compared with 26-fold for HSL but does
not significantly affect ATGL activity (11), thereby implicating a PKA-independent
mechanism for isoproterenol’s effects on ATGL-mediated lipolysis. Nevertheless, the dramatic
effect of experimental manipulation of ATGL expression on absolute glycerol and NEFA
release suggests that ATGL-mediated lipolysis has major physiological relevance.

Direct comparison of ATGL and HSL knockdown in fully differentiated 3T3-L1 adipocytes
demonstrated a greater effect of ATGL relative to HSL knockdown on both basal and
stimulated glycerol and NEFA release. In addition, knockdown of HSL in combination with
ATGL did not have an additive effect on basal or stimulated glycerol or NEFA release.
Although the measurable functional effects observed after manipulation of ATGL and HSL
MRNA expression suggested comparable changes in protein expression, an antibody against
ATGL proteinis not currently available and hence direct comparison of ATGL and HSL protein
expression under the above experimental conditions cannot be made at this time. Nevertheless,
the above data suggest that these lipolytic enzymes may work in a serial rather than in a parallel
fashion, with ATGL-mediated triglyceride hydrolysis providing diglyceride substrate for HSL,
thus driving subsequent steps in the lipolytic pathway. This conclusion is supported by data
characterizing the substrate specificity of ATGL, which show that ATGL increases hydrolysis
of triglycerides but not of other substrates, whereas HSL has broad substrate specificity and a
10-fold greater activity against diglycerides than triglycerides (11-13). Furthermore, HSL
plays a relatively greater role in isoproterenol-stimulated compared with basal lipolysis (7,8,
10). Despite HSL’s broad substrate specificity and clear contribution to lipolysis, however,
HSL was not able to compensate for the decrease in basal or stimulated lipolysis after SiRNA-
mediated knockdown of ATGL. More definitive studies in cells and tissues with targeted
deletion of these genes, alone and in combination, will be useful in further evaluating the
relative contribution of ATGL and HSL to lipolysis.

Although these data support a role for ATGL in triglyceride-specific hydrolysis and net
glycerol and NEFA release, the function of the related protein adiponutrin remains less clear.
siRNA-mediated knockdown of adiponutrin in fully differentiated 3T3-L1 adipocytes did not
have a significant effect on basal or stimulated glycerol or NEFA release, despite a >75%
knockdown of adiponutrin mRNA. Furthermore, knockdown of adiponutrin in combination
with ATGL did not have an additive effect on ATGL-mediated glycerol or NEFA release.
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These findings are further supported by those of Zimmerman et al. (11) who parenthetically
reported an inability to detect lipid hydrolysis activity for adiponutrin. Nevertheless, Jenkins
et al. (13) did detect triglyceride hydrolase as well as acyltransferase activity of the human
homolog of adiponutrin, iPLAse. Because an antibody against adiponutrin protein is not
currently available, the possibility that siRNA-mediated knockdown of adiponutrin mRNA
may not produce a comparable knockdown of adiponutrin protein cannot be entirely excluded.
On the other hand, the above finding may represent an inherent functional difference between
the murine and human homologs. Alternatively, adiponutrin may participate primarily in
triglyceride/NEFA recycling rather than in net lipolysis per se. As noted above, more definitive
studies in cells and tissues with targeted deletion of adiponutrin are required to more
definitively determine its contribution to lipolysis.

Despite the above-noted differences in function, both ATGL and adiponutrin are strongly
regulated by nutritional status. ATGL expression is increased by fasting and decreased by re-
feeding, whereas adiponutrin shows the opposite pattern. This nutritional regulation has been
previously reported for adiponutrin (29) and subsequently for ATGL (12). In contrast, HSL is
not significantly regulated at the transcriptional level by nutritional status in rodents (33). In
addition, the expression of ATGL and adiponutrin are temporally related to the feeding cycle
in ad libitum—fed mice, suggesting that transcriptional regulation of these genes may play a
metabolic role under normal physiological conditions as well. Although glucocorticoids have
been implicated in the nutritional regulation of ATGL (12), several other factors and hormones,
notably insulin, may also contribute to this nutritional regulation.

To further explore this possibility, we evaluated the ability of insulin to regulate ATGL and
adiponutrin in vitro and in vivo. Treatment of fully differentiated 3T3-L1 adipocytes with
insulin produces a dose-dependent decrease in ATGL expression with a half-maximal response
near the reported Ky for insulin with its receptor in fully differentiated 3T3-L1 adipocytes
(34). Although adiponutrin shows the opposite pattern at lower insulin doses, its expression
subsequently decreases at higher doses, underscoring the complex regulation of adiponutrin.
A small but significant effect of insulin on adiponutrin expression has been previously reported
at an insulin dose of 170 nmol/l (~1,000 ng/ml) (29). However, our results suggest a relatively
greater contribution of insulin to adiponutrin expression at insulin doses closer to the
physiological range, particularly under serum-starved conditions. Using insulin doses
specifically selected for their maximal effect on ATGL and adiponutrin expression, insulin
decreased ATGL and increased adiponutrin expression in a time-dependent manner. This time-
and dose-dependent regulation of both ATGL and adiponutrin expression by insulin strongly
supports a role for insulin in the transcriptional regulation of these genes.

As further support for this hypothesis, adipose tissue expression of both ATGL and adiponutrin
are regulated at the transcriptional level in two in vivo models of altered insulin action: the
STZ model of systemic insulin deficiency and the FIRKO model of adipocyte-specific insulin
receptor deficiency. The STZ model is characterized by activation of lipolysis in adipose tissue,
resulting in hydrolysis of stored triglycerides and release of large amounts of NEFAs into the
plasma. STZ administration in rats is associated with increased HSL mRNA expression in
isolated adipocytes, whereas insulin replacement produces no change in HSL mRNA
expression (35). We likewise found no change in HSL expression in response to insulin
treatment, but we were also unable to detect a significant change after STZ administration. The
discrepancy may have been due to a difference in species (rat versus mice) or adipose substrate
(isolated adipocytes versus whole adipose tissue). In contrast to our observations with HSL,
adipose tissue expression of ATGL was clearly increased by insulin deficiency and decreased
by insulin replacement in STZ-administered mice, while adiponutrin showed the opposite
pattern. Similarly, ATGL was increased, adiponutrin was decreased, and HSL was unchanged
in adipose tissue of FIRKO mice, which have normal serum triglycerides and NEFAs but
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increased basal lipolysis and lipogenesis in a subset of “large” adipocytes (19). Although these
data support a potential role for insulin in the transcriptional regulation of ATGL and
adiponutrin, more specific studies evaluating transcription per se are required to better
characterize the specific effect of insulin on mMRNA of these genes.

In conclusion, ATGL and adiponutrin are induced during adipogenesis and are highly enriched
in adipose tissue. Adipose tissue expression of ATGL and adiponutrin are reciprocally
regulated by nutritional status and by insulin in vitro and in vivo. The identification and
characterization of these murine genes and their homologs in other species have now been
reported by several groups (11-13,20). Taken together, these data suggest that ATGL
participates in triglyceride-specific hydrolysis and hence, like HSL, may play an important role
in lipid metabolism. However, although HSL acutely affects lipolysis, primarily via post-
translational mechanisms, ATGL may mediate more long-term effects on lipolysis via
transcriptional mechanisms. Furthermore, despite sequence and regulatory similarities, the
contribution of adiponutrin to lipid metabolism remains unclear. Additional studies, including
in vivo gain and loss of function studies, are required to further characterize the role of ATGL
and adiponutrin in whole-body metabolism and to assess their potential contribution to
disorders such as obesity and diabetes.

Acknowledgments

J.S.F. has received research support from Takeda Pharmaceuticals.

This research was supported by National Institutes of Health (NIH) Grants 5K08DK065833-02 and
5P30DK046200-13 (to E.E.K.), NIH Grant 4R37DK028082-24 (to J.S.F.), Takeda Chemical Industries Grant (to
J.S.F.), and NIH Grant 2P30DK057521-069006 (to the Beth Israel Deaconess Medical Center Metabolic Physiology
Core Facility).

We are grateful to Michael Czech and Qionglin Zhou from the University of Massachusetts Medical Center for sharing
expertise and advice on using siRNA and C. Ronald Kahn from the Joslin Diabetes Center for providing adipose tissue
RNA from FIRKO mice.

Glossary
ATGL adipose triglyceride lipase
BAT brown adipose tissue
FBS fetal bovine serum
FIRKO fat-specific insulin receptor knockout
HPRT hypoxanthine guanine phosphoribosyl transferase
HSL hormone-sensitive lipase
iPLA, calcium-independent phospholipase A,
NEFA nonesterified fatty acid
PGAT perigonadal adipose tissue
PK protein kinase
Q-PCR quantitative real-time PCR
STZ streptozotocin
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FIG. 1.

ATGL and adiponutrin (AN) expression during adipogenesis. ATGL (A) and adiponutrin (B)
expression were determined by Q-PCR in 3T3-L1 adipocytes on days 0, 2, 3, 4, 5, and 8 of
differentiation (n = 3 per time point). Gene expression was normalized to 18S ribosomal RNA
and expressed relative to ATGL expression in day 8 adipocytes.
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FIG. 2.

ATGL and adiponutrin (AN) expression in various murine tissues. ATGL (A) and adiponutrin
(B) expression were determined by Q-PCR in BAT, PGAT, subcutaneous adipose tissue
(SCAT), mesenteric adipose tissue (MAT), adrenal gland (ADR), testes (TES), soleus (SOL),
tibialis anterior (TA), heart (HRT), lung (LNG), kidney (KID), liver (L1V), and hypothalamus
(HYP) of 10-week-old male C57BL/6J mice (n = 6 per group). Gene expression was normalized
to 18S ribosomal RNA and expressed relative to ATGL expression in BAT.
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FIG. 3.

Overexpression of ATGL in 3T3-L1 adipocytes. Retroviral-mediated overexpression of ATGL
in 3T3-L1 adipocytes was achieved via stable transfection with vector alone (L1-Cont) or
vector containing full-length ATGL cDNA (L1-ATGL) (three experiments, n = 3 each). ATGL
expression (A), basal (B) and stimulated (C) glycerol release, and basal (D) and stimulated
(E) NEFA release were then evaluated at day 4 of differentiation. Gene expression was
normalized to 18S ribosomal RNA and expressed relative to ATGL expression in the control
group. Glycerol and NEFA release were normalized to total cellular protein and expressed
relative to the nonstimulated control group. Iso, isoproterenol. *P < 0.05; **P < 0.01; ****pP
< 0.0001.
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Knockdown of ATGL in 3T3-L1 adipocytes. siRNA-mediated knockdown of ATGL in 3T3-
L1 adipocytes was achieved by electroporating 3T3-L1 adipocytes with either control sSiRNA
(Cont) or ATGL-specific SIRNA (ATGL) at day 4 of differentiation (three experiments, n = 3
each). ATGL expression (A), basal (B) and stimulated (C) glycerol release, and basal (D) and
stimulated (E) NEFA release were then evaluated at day 6 of differentiation. Gene expression
was normalized to 18S ribosomal RNA and expressed relative to ATGL expression in the
control group. Glycerol and NEFA release were normalized to total cellular protein and
expressed relative to the nonstimulated control group. Iso, isoproterenol. ***P < 0.001;

****p < 0.0001.
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Comparison of siRNA-mediated knockdown of ATGL, adiponutrin (AN), and HSL in fully
differentiated 3T3-L1 adipocytes. 3T3-L1 adipocytes were electroporated in the presence of
control siRNA or siRNAs specific for ATGL, adiponutrin, or HSL, alone or in combination at
day 7 of differentiation (n = 3, representative one of two experiments). ATGL (A), adiponutrin
(B), and HSL (C) expression were determined by Q-PCR 48 h later. Gene expression was
normalized to 18S ribosomal RNA and expressed relative to ATGL expression in the control
group. Basal (D) and stimulated (E) glycerol release and basal (F) and stimulated (G) NEFA
release were determined at day 9 of differentiation. Glycerol and NEFA release was normalized

to total cell protein and expressed relative to the nonstimulated control group. Iso,

isoproterenol. *P < 0.05; **P < 0.01; ***P < 0.001; **** P < 0.0001.
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FIG. 6.
Regulation of ATGL and adiponutrin (AN) expression by nutritional status. ATGL (A) and

adiponutrin (B) mRNA expression were determined by Q-PCR in PGAT of 8-week-old male
FVB mice that were fed ad libitum (m), fasted (6, 12, 18, or 24 h) (o), or re-fed (12 or 24 h
after a 24-h fast) () (n = 10 per group) with the onset of the light cycle (6:00 am) as time 0.
Gene expression was normalized to 18S ribosomal RNA and expressed relative to gene
expression in ad libitum—fed control mice at time 0.
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FIG. 7.

Regulation of ATGL and adiponutrin (AN) expression by insulin in 3T3-L1 adipocytes. Dose-
response curves for ATGL (A) and adiponutrin (B) expression were generated by incubating
fully differentiated 3T3-L1 adipocytes in serum-free DMEM supplemented with insulin at the
doses indicated for 12 h (n = 3, representative one of three experiments). Data were normalized
to 18S ribosomal RNA and expressed relative to gene expression in control cells incubated
without insulin. Time course for ATGL (C) and adiponutrin (D) expression were generated by
incubating fully differentiated 3T3-L1 adipocytes in either DMEM containing 10% FBS or
serum-free DMEM (serum starved) with and without insulin at 1,000 ng/ml for ATGL or 1 ng/
ml for adiponutrin for the time indicated (n = 3, representative one of three experiments). m,
FBS; e, serum starved; ¢, FBS plus insulin; A, serum starved plus insulin. Data were
normalized to 18S and expressed relative to gene expression in the control group at time 0. To
convert ng/ml to nmol/l, multiply by 0.174.

Diabetes. Author manuscript; available in PMC 2010 February 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kershaw et al.

>

1.75-
1.50+
1.25-

o -
N o
o O

0.50-

Relative expression
(ATGL/HPRT)

0.25-

1.75-
1.50-

-
N
b4

1.00-
0.75-
0.50-

Relative expression
(AN/HPRT)

0.25-

0.00-

FIG. 8.
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for 24 h (STZ + Ins) (n = 8-10 per group). Data were normalized to HPRT and expressed
relative to gene expression in the control group. *P < 0.05; ****P < 0.0001.

Page 19

kkkk

Control STZ
Group

STZ+Ins

kdkkk

*khk

Control STZ
Group

STZ+ns

Diabetes. Author manuscript; available in PMC 2010 February 10.



1dudsnuely Joyiny vd-HIN 1dudsnuely Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kershaw et al.

Page 20

>

2.00
1.75-
1.50-
1.25-
1.00+
0.75

0.50-
0.25-

Relative expression
(ATG L/H PRT)

Control FIRKO
Group

o

1.25-

o -
-~ (=]
Cu~

o
o
2

Relative expression
(AN/HPRT)

o

N

¢

Control FIRKO
Group

FIG. 9.

ATGL and adiponutrin (AN) expression in adipose tissue of FIRKO mice. ATGL (A) and
adiponutrin (B) expression were determined by Q-PCR in PGAT of 2-year-old, ad libitum—
fed, male FIRKO mice (n =4 per group). Data were normalized to HPRT and expressed relative
to gene expression in the control group. *P < 0.05.
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