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We previously identified a quantitative trait locus for adiposity,
non-insulin-dependent diabetes 5 (Nidd5), on mouse chromo-
some 2. In the current study, we identified the actual genetic
alteration at Nidd5 as a nonsense mutation of the Acvr1c gene
encoding activin receptor-like kinase 7 (ALK7), one of the type I
transforming growth factor-b receptors, which results in a COOH-
terminal deletion of the kinase domain. We further showed that
the ALK7 dysfunction causes increased lipolysis in adipocytes
and leads to decreased fat accumulation. Conversely, ALK7 acti-
vation inhibits lipolysis by suppressing the expression of adipose
lipases. ALK7 and activated Smads repress those lipases by
downregulating peroxisome proliferator–activated receptor g
(PPARg) and CCAAT/enhancer binding protein (C/EBP) a. Al-
though PPARg and C/EBPa act as adipogenic transcription fac-
tors during adipocyte differentiation, they are lipolytic in sum in
differentiated adipocytes and are downregulated by ALK7 in obe-
sity to accumulate fat. Under the obese state, ALK7 deficiency
improves glucose tolerance and insulin sensitivity by preferentially
increasing fat combustion in mice. These findings have uncov-
ered a net lipolytic function of PPARg and C/EBPa in differen-
tiated adipocytes and point to the ALK7-signaling pathway that is
activated in obesity as a potential target of medical intervention.
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R
ecent genome-wide association studies in human
populations have identified multiple genes asso-
ciated with common polygenic diseases, including
type 2 diabetes and obesity (1). However, be-

cause of their intrinsic technical limitations, these studies
can only identify common variants of a relatively small effect
size and not rare variants of a large effect size. In contrast to
human studies, genetic crosses in animal polygenic disease
models allow mapping of quantitative trait loci (QTLs), and
further, the construction of congenic strains harboring the
specific chromosomal segment can easily relate linkage
disequilibrium-based association to the physical definition
of the responsible gene. The identification of genetic alter-
ations with major effects in animal polygenic diseases will

deepen our understanding of human pathophysiology, as
has the discovery of causal genes in animal monogenic
diseases (2–4). However, such studies are time- and
labor-intensive, and few have demonstrated actual gene
alterations.

We previously identified non-insulin-dependent diabetes
5 (Nidd5) on mouse chromosome 2 that affects adiposity by
genetic crosses between Tsumura, Suzuki, Obese Diabetes
(TSOD) mice and control BALB/cA (BALB) mice (5). We
then generated congenic strains for this QTL and charac-
terized their phenotypes to physically determine its location
(6). In the current study, we demonstrate that a nonsense
mutation of the Acvr1c gene encoding activin receptor-like
kinase 7 (ALK7) decreases adiposity. ALK7 deficiency
upregulates peroxisome proliferator–activated receptor g
(PPARg) and CCAAT/enhancer binding protein (C/EBP) a
and promotes lipolysis by increasing the expression of adi-
pose lipases, which leads to a net decrease in fat accumu-
lation. Surprisingly, PPARg and C/EBPa reduce triglyceride
(TG) content in sum in mature adipocytes, although they
promote both TG synthesis and breakdown. Furthermore,
ALK7 deficiency in the obese state ameliorates obesity-
induced glucose intolerance and insulin resistance in vivo.
These findings suggest that PPARg and C/EBPa play lipid-
mobilizing roles in mature adipocytes and point to the ALK7-
signaling pathway as a possible target of therapy for obesity.

RESEARCH DESIGN AND METHODS

Animal procedures. All animal experiments were performed in accordance
with the rules and regulations of the Animal Care and Experimentation
Committee, Gunma University. Mice had ad libitum access to water and
standard laboratory chow (CE-2; CLEA Japan) in an air-conditioned room with
12-h light/dark cycles. The composition of the high-fat diet (HFD) was 55% fat,
28% carbohydrate, and 17% protein (calorie percentage; Oriental Yeast). The
TSOD mouse was originally established as an inbred strain with obesity and
urinary glucose (7). BALB and C57BL/6N mice were purchased from CLEA
Japan. The development of congenic mouse strains for Nidd5 has been de-
scribed elsewhere (6). Genotyping was performed using primers listed in
Supplementary Table 1. Only male mice were phenotypically characterized in
this study. Blood samples were collected from the tail vein. Serum levels of
nonesterified fatty acid (NEFA) and glycerol were measured by NEFA C-test
(Wako) and Free Glycerol Assay Kit (BioVision), respectively. Oxygen con-
sumption and CO2 production were measured using the Oxymax system
(Columbus Instruments).
Adipocyte isolation. Epididymal fat was excised, minced, and digested with
1 mg/mL collagenase type I (Invitrogen) for 30 min at 37°C under shaking. The
cells were filtered through a 250-mm nylon mesh and centrifuged at 50 3 g for
10 min. The floating adipocytes were washed with PBS twice. The pellet
containing the stroma-vascular fraction (SVF) was filtered through a 40-mm
nylon mesh and incubated with erythrocyte-lysing buffer (155 mmol/L NH4Cl,
5.7 mmol/L K2HPO4, and 0.1 mmol/L EDTA) at room temperature for 5 min and
washed with PBS twice. For immunoblotting and immunoprecipitation, cells
were lysed with buffer (20 mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 1%
Triton X-100, 0.2 mmol/L EDTA, and 1 mmol/L dithiothreitol) containing
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protease and phosphatase inhibitors. For the lipid metabolic assays, an equal
number of freshly isolated adipocytes was used from each mouse strain.
Cell culture. A 3T3-L1 cell line stably expressing coxsackie-adenovirus re-
ceptor (CAR) to facilitate adenovirus uptake (8) was cultured in 10% calf
serum-containing Dulbecco’s modified Eagle’s medium. To induce differenti-
ation into mature adipocytes, confluent cells (day 0) were switched to the medium
containing 10% FBS, supplemented with 5 mg/mL insulin, 0.5 mmol/L 3-isobutyl-1-
metylxanthine, and 0.25 mmol/L dexamethasone for 2 days and subsequently with
5 mg/mL insulin for 2 days.
Quantitative PCR analyses. Total RNA was reverse-transcribed using oligo-
(dT)12–18 primer and Superscript III (Invitrogen). PCR was then performed
with SYBR premix Ex Taq (Takara Bio). The results were normalized against
the ribosomal protein 36B4 mRNA expression. The primer sequences are lis-
ted in Supplementary Table 2.
Vector construction. Full-length cDNAs for ALK7, Smads, PPARg2, and
C/EBPa were reverse transcribed from RNA of mouse epididymal or 3T3-L1
adipocytes and subcloned in the pcDNA3 vector (Invitrogen) modified to con-
tain a COOH-terminal hemagglutinin tag or COOH-terminal three tandem FLAG
tags. All of the mutants were generated using a PCR-based mutagenesis
strategy. The short-hairpin RNAs (shRNAs) were designed according to the
BLOCK-iT Adenoviral RNAi Expression System (Invitrogen). The primer
sequences are listed in Supplementary Table 3.
Lipid assays. Incorporation of [14C]palmitate into TG was measured as de-
scribed previously (9). Briefly, isolated adipocytes were incubated at 37°C for
2 h in Krebs-Ringer-HEPES buffer containing 1% fatty acid (FA)-free BSA and
0.2 mCi/mL [1-14C]palmitic acid (PerkinElmer). Lipolysis was assessed by
measuring the concentration of glycerol. Adipocytes were incubated at 37°C
for 3 h in Krebs-Ringer-HEPES buffer containing 2 mmol/L glucose and 1% FA-
free BSA with or without 10 mmol/L isoproterenol (Sigma-Aldrich). The TG
concentration of cell lysates was measured using a TG Quantification Kit
(BioVision) and normalized for protein concentration. Hepatic TG content was
measured as described previously (10).
Luciferase reporter assay. CAR–3T3-L1 adipocytes (day 6) were transfected
with reporter plasmid containing the indicated gene promoter and control
plasmid pGL4.74 [hRluc/TK] (Promega). At 5 h posttransfection, the cells were
infected with adenovirus and incubated for a further 43 h. The luciferase activ-
ities were measured by the Dual-Luciferase Reporter Assay System (Promega).
The primer sequences are listed in Supplementary Table 4.
Chromatin immunoprecipitation assay. This was performed using a ChIP
Assay Kit (Millipore). The precipitated and input DNAs were assayed for
quantitative PCR using the primers listed in Supplementary Table 5.
Insulin secretion assay. Ten fresh islets isolated as described previously (11)
were first incubated at 37°C for 30 min in Krebs-Ringer-HEPES buffer con-
taining 0.1% BSA and 2.8 mmol/L glucose and then for another 30 min in the
same buffer containing 16.7 mmol/L glucose. Insulin secreted in each buffer or
remained in the cells was measured using an AlphaLISA insulin kit with an
EnVision 2101 multilabel reader (PerkinElmer).
Antibodies. Rabbit polyclonal antibody was generated toward the COOH-
terminal region (230–493 amino acids) of ALK7 protein and affinity-purified
from whole serum using the antigen protein immobilized on a nitrocellulose
strip. Other commercially available antibodies are listed in Supplementary
Table 6.
Statistical analyses. Statistical significance was determined using two-tailed
Student t test or one-way ANOVA with Tukey multiple comparison test.

RESULTS

A nonsense mutation of the Acvr1c gene in the
genome of the BALB mouse. We previously mapped
a QTL for adiposity, Nidd5, in a 9.5-megabase (Mb) in-
terval between D2Mit433 and D2Mit91 on mouse chro-
mosome 2 by phenotypic analysis of congenic strains that
carry a control BALB-derived genomic interval and an
obese diabetic TSOD background (6). By genotyping of
these congenic strains for single nucleotide polymorphisms
(SNPs) around the region, we further narrowed the locus
to a 1.0-Mb interval between SNPs rs29504161 and
rs13476526, which contains five genes (Fig. 1A). Se-
quencing of all the exons and the exon–intron boundaries
of these genes, however, revealed no significant mutations
in the genome of TSOD mice. Northern blot analysis
showed comparable sizes and levels of the gene tran-
scripts between TSOD and BALB mice (data not shown),
except for those of the Acvr1c gene encoding ALK7 (Fig.

1B). Surprisingly, sequencing analysis of the Acvr1c gene
revealed a mutation in the genome of control BALB mice,
which generates a stop codon at the arginine 322 of ALK7
protein. Therefore, the observed difference in the transcript
level between the two strains should be due to its decreased
levels in BALB mice via a nonsense-mediated mRNA decay
mechanism (12). Consistently, polyclonal antibody gener-
ated against the COOH-terminal region of ALK7 protein
recognized a protein of the expected size (56 kDa) in the
white adipose tissue (WAT) and brown adipose tissue
(BAT) extracts of TSOD mice, but not in those of BALB
mice or the congenic strain T.B-Nidd5/3 (6) harboring this
Acvr1c gene mutation (Fig. 1C). The ALK7 transcript and
protein were detected only in mature adipocytes but not
in the SVF of WAT from the TSOD mice (Fig. 1D). Fur-
thermore, ALK7 protein was expressed only in later stages
of adipose differentiation in the 3T3-L1 cell line (Fig. 1E),
which is consistent with previous findings (13).
Increased lipolysis in ALK7-deficient adipocytes. The
apparently normal adipose tissue of T.B-Nidd5/3 mice (6)
indicates that the responsible gene is not involved in adi-
pogenesis. Further, the smaller adipocyte size without a
change in the adipocyte number in T.B-Nidd5/3 mice (6)
suggests that the gene does not directly regulate adipocyte
proliferation or apoptosis. Thus, we investigated the ac-
tivity of lipid metabolism, which could affect the size of the
adipocytes and the degree of fat accumulation. Palmitate
uptake and its conversion into TG were significantly in-
creased in ALK7-deficient adipocytes from the T.B-Nidd5/3
mice compared with those from the TSOD mice (Fig. 2A).
The transcript levels of the genes involved in those pro-
cesses were consistently higher. However, the increased TG
synthesis should augment adiposity, contrary to the ob-
served phenotype of ALK7-deficient mice. Because mobili-
zation of fat stores predominantly occurs through the
hydrolysis of TG into glycerol and FA, the increased lipolysis
could account for the decreased fat accumulation in the T.B-
Nidd5/3 mice. In fact, glycerol release from ALK7-deficient
adipocytes was significantly increased in both the basal and
isoproterenol-stimulated states (Fig. 2B). Consistently, the
protein and transcript levels of adipose TG lipase (ATGL)
and hormone-sensitive lipase (HSL), two major lipases in
WAT (14), were much higher in ALK7-deficient adipo-
cytes (Fig. 2C). These findings indicate that ALK7 de-
ficiency promotes both TG synthesis and breakdown,
although the net lipid storage appears to be decreased.
ALK7 suppresses lipase expression through Smads 2,
3, and 4. We next investigated whether activation of ALK7
elicits opposite effects on lipolysis in cultured 3T3-L1
adipocytes. In contrast to wild-type (WT) ALK7, constitu-
tively active (CA) ALK7 generated by replacing the threo-
nine 194 with aspartate (15) decreased both protein and
transcript levels of ATGL and HSL (Fig. 3A and B). Ac-
cordingly, glycerol release was reduced significantly in both
the basal and isoproterenol-stimulated states (Fig. 3C). We
then investigated the downstream signaling of ALK7. ALK7
is known to phosphorylate Smad2 and/or Smad3, which
then form a complex with Smad4 to enter the nucleus
(16,17). In fact, CA ALK7, but not WT ALK7, stimulates
phosphorylation of Smad2 and Smad3 (Fig. 3A). The inert
activity of WT ALK7 suggests that its activating ligand is not
present in the culture medium of 3T3-L1 adipocytes. When
3T3-L1 adipocytes were infected with adenoviruses encod-
ing shRNAs against those Smads (Fig. 3D), shRNA against
Smad4 or combined shRNAs against Smad2 and Smad3
blocked CA ALK7-induced inhibition of ATGL and HSL

ALK7 INHIBITS LIPOLYSIS IN MATURE ADIPOCYTES

116 DIABETES, VOL. 62, JANUARY 2013 diabetes.diabetesjournals.org

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0295/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0295/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0295/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0295/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0295/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0295/-/DC1


expression (Fig. 3E). These findings suggest that ALK7
downregulates lipase expression through the canonical
pathway involving a complex of Smad4 with Smad2 and/
or Smad3.

ALK7 suppresses lipase expression through the
regulatory elements for PPARg and C/EBPa. To in-
vestigate the regulatory mechanism of lipase gene expres-
sion by ALK7/Smads, we performed transactivation assays

FIG. 1. The Acvr1c gene mutation is responsible for the adiposity QTL, Nidd5. A: Refinement of the Nidd5 QTL location with four interval-specific
congenic strains. Physical positions (Mb) of simple sequence-length polymorphism markers and SNPs are indicated in parentheses. In each strain,
a region replaced by a donor BALB genomic interval in a recipient TSOD background is shown by a closed box, whereas flanking intervals in which
a crossover occurs are indicated by open boxes. A double-headed arrow indicates a minimal region of Nidd5 (from rs29504161 to rs13476526)
defined by the presence (T.B-Nidd5/3 and T.B-Nidd5/1.1; red) or absence (T.B-Nidd5/2 and T.B-Nidd5/1.2; black) of the decreased adipose index of
each congenic strain compared with the parental TSOD mouse (6). The BALB genome harbors a functional polymorphism in the exon 6 of the
Acvr1c gene, rs27910675 C(Arg)/T(*), which results in a nonsense mutation at the arginine 322 of ALK7 protein. B: ALK7 mRNA expression in the
brain, liver, WAT, and BAT of TSOD and BALB mice. C: ALK7 and a-tubulin protein expression in WAT and BAT (30 mg) isolated from 10-week-old
T.B-Nidd5/3, TSOD, and BALB mice. *The band shown by an asterisk is a nonspecific protein. D: ALK7 mRNA (top) and protein (bottom) ex-
pression in adipocytes and SVF from epididymal adipose tissues of 7-, 10-, and 20-week-old TSOD and T.B-Nidd5/3 mice. *P < 0.05, **P < 0.01 vs.
TSOD mice. E: Protein extracts of CAR–3T3-L1cells differentiated for the indicated time periods were electrophoresed for immunoblotting with
antibodies toward the indicated proteins. All quantitative data are means 6 SD (n = 3/group).

FIG. 2. Loss of functional ALK7 leads to increased lipolysis in mouse adipocytes. A: [14C]Palmitate uptake (left) and esterification (middle) in
adipocytes of 11-week-old TSOD (white bars) and T.B-Nidd5/3 (black bars) mice. Quantitative PCR analysis of FA uptake- and esterification-
related gene expression in the adipocytes of 10-week-old mice (right). B: Basal and isoproterenol-stimulated glycerol release from adipocytes of
10-week-old mice. C: ATGL and HSL protein (left) and mRNA (right) expression in mouse adipocytes. All quantitative data are means 6 SD (n =
3/group). *P < 0.05, **P < 0.01 vs. TSOD mice.
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in 3T3-L1 adipocytes. Because WT ALK7 appears to be inert
in those cells (Fig. 3A and B), we performed the assays with
or without the expression of CA ALK7. Smad transcription
factors generally bind the consensus sequence, designated
as the Smad-binding element (SBE), to regulate gene ex-
pression (18). In fact, there are several SBEs in the ATGL
and HSL promoter regions. However, the deletion of each of
those SBEs had no effect on the repression of the lipases by
ALK7 (Fig. 4A and B), suggesting that ALK7 does not act
through the SBEs. Instead, the presence or absence of pu-
tative regulatory elements for PPARs and C/EBPs affected
the induction of the reporter expressions. In particular, the
ATGL promoter activity was markedly reduced in the

absence of C/EBP regulatory elements (23908 to 23896
and22951 to22939) or a PPAR regulatory element (23021
to 23009). In contrast, the HSL promoter activity was
markedly reduced by the deletion of three consecutive
PPAR regulatory elements (22061 to 22049, 22048 to 2
2036, and21997 to21985). Chromatin immunoprecipitation
(ChIP) assays in 3T3-L1 adipocytes revealed ALK7-sensitive
binding of PPARg and C/EBPa in the 23089 to 22930 re-
gion of the ATGL promoter (site 3 in Fig. 4C) and of PPARg
in the 22066 to 21965 region of the HSL promoter (site 1
in Fig. 4D). By contrast, there was no ALK7-sensitive binding
of either C/EBPb or C/EBPd, which share a binding se-
quence with C/EBPa and are known to be involved in adi-
pocyte differentiation (19). These findings indicate that ALK7
represses lipase expression by decreasing the binding of
PPARg and C/EBPa to the lipase promoters.
ALK7 downregulates PPARg and C/EBPa. We next
examined whether ALK7 affects the expression levels of
PPARg and C/EBPa. The protein levels of PPARg and
C/EBPa, but not those of C/EBPb or C/EBPd, were mark-
edly upregulated in ALK7-deficient adipocytes (Fig. 5A).
Consistently, the transcript of adipose-specific PPARg2 and
that of C/EBPa were markedly increased in those cells (Fig.
5B). Conversely, when CA ALK7 was expressed in 3T3-L1
adipocytes, PPARg and C/EBPa were markedly down-
regulated (Fig. 5C and D). Furthermore, knockdown of
Smad4 or simultaneous knockdown of Smad2 and Smad3
blocked CA ALK7-induced inhibition of PPARg2 and C/EBPa
expression (Fig. 5E), as was found in the inhibition of ATGL
and HSL expression (Fig. 3E). We then investigated the in-
teraction of those Smads with PPARg and C/EBPa in 3T3-L1
adipocytes (Fig. 5F). To make the Smads enter the nucleus
efficiently, we constructed CA Smad mutants, in which the
COOH-terminal three serine residues are replaced with
phosphomimetic aspartate or glutamate residues. When the
Smad2 or Smad3 CA mutant or WT Smad4 was singly
overexpressed, none of the Smads bound either PPARg or
C/EBPa. However, when Smad4 and CA Smad3 were
coexpressed, those complexes interacted with endoge-
nous C/EBPa. Consistent with previous findings from in
vitro binding experiments (20), we could find little in-
teraction between Smad2 and C/EBPa, although a much
higher expression level of CA Smad2 may be required to
detect it. These findings suggest that the Smad complex
containing Smad3 titrates C/EBPa to inhibit its transcrip-
tional activity and subsequently to downregulate PPARg
and C/EBPa itself by disrupting a positive-feedback loop
for the expression between the two transcription factors
(19). Consistent with this idea, the coexpression of Smad4
and CA Smad3 decreased the binding of C/EBPa at site 3
of the ATGL promoter (Fig. 5G), which is important for
ATGL expression (Fig. 4A and C). Furthermore, it re-
pressed the transcriptional activation of the ATGL pro-
moter induced by C/EBPa (Fig. 5H).
PPARg and C/EBPa promote lipolysis and decrease
TG content in mature adipocytes. Our hypothesis that
PPARg and C/EBPa induce net lipolysis in mature adipo-
cytes is somewhat counterintuitive because those tran-
scription factors are essential for adipogenesis and thus
are generally considered to be lipogenic. In fact, the
upregulation of those factors in ALK7-deficient adipocytes
led to increased TG synthesis (Fig. 2A). We thus investigated
the net effect of PPARg2 and C/EBPa in fully differentiated
3T3-L1 adipocytes. The expression of either PPARg2 or
C/EBPa at levels .5–10-fold above the endogenous levels
increased the expression of both ATGL and HSL, promoted

FIG. 3. ALK7 suppresses lipase expression through Smads 2, 3, and 4 in
3T3-L1 adipocytes. Differentiated CAR–3T3-L1 adipocytes were infec-
ted with adenovirus encoding LacZ, hemagglutinin-tagged, WT or CA
ALK7 on day 5 and were analyzed on day 8 by immunoblotting (A),
quantitative PCR (B), or basal and isoproterenol-stimulated glycerol
release assays (C). Immunoblotting (D) or quantitative PCR analyses
(E) in CAR–3T3-L1 adipocytes on day 10 after differentiation, which
had been infected with adenovirus encoding shRNA against luciferase,
Smad2, Smad3, or Smad4 on day 5 and further with that encoding LacZ
or CA ALK7 on day 8. All quantitative data are means 6 SD (n =
3/group). *P < 0.05, **P < 0.01 vs. 3T3-L1 cells expressing LacZ (B and
C) or those expressing shRNAs against luciferase and CA ALK7 (E).
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lipolysis, and decreased the TG content (Fig. 6A). PPARg2
had more potent effects on lipolysis than did C/EBPa, de-
spite the weaker effects on the expression of ATGL and
HSL, which suggests that PPARg2 might influence the ex-
pression of lipolysis-promoting factors other than those
lipases. We also examined the effects of the PPARg agonist,
thiazolidinedione (TZD). Troglitazone treatment of 3T3-L1
adipocytes caused similar effects found in the cells over-
expressing PPARg2: the increased expression of ATGL and
HSL as well as an established PPARg target gene aP2, the
promotion of lipolysis, and the decrease of TG content (Fig.
6B). Furthermore, troglitazone administration in TSOD mice
increased serum levels of NEFAs and glycerol, indicating
that PPARg activation increases lipolysis in vivo (Fig. 6C).
Interestingly, troglitazone increased the expression of ALK7
itself as well as lipolytic and lipogenic genes, suggesting that
ALK7 may be a PPARg target. Conversely, knockdown of
PPARg or C/EBPa by specific shRNAs induced opposite
effects in 3T3-L1 adipocytes: it reduced lipase expression,
decreased lipolysis, and increased TG content (Fig. 6D). It
should be noted that the downregulation of PPARg de-
creased the expression of C/EBPa and vice versa (Fig. 6D),
because the expression and activity of the two factors are
mutually dependent (19). Nevertheless, these findings in-
dicate that both PPARg and C/EBPa induce net lipolysis and
decrease fat mass in sum in mature adipocytes.
Improved metabolic indices in obese ALK7-deficient
mice. Elevated lipolysis can result in an excess supply of
NEFAs to the circulating blood and organs and may cause
lipid accumulation and insulin resistance in peripheral tis-
sues. However, the ALK7-deficient T.B-Nidd5/3 mice with
lower body weight showed enhanced glucose tolerance and
insulin sensitivity compared with the TSOD mice (Fig. 7A).

It has been reported that, although pancreatic islets from
lean ALK7-deficient mice exhibit normal insulin secretion
in response to initial glucose stimulation, they show en-
hanced insulin secretion under sustained glucose stimula-
tion (21). We, however, found that islets from T.B-Nidd5/3
mice reveal no significant change in glucose-induced in-
sulin secretion and that the expression level of ALK7 in
islets is much lower than that in WAT (Fig. 7B). Mea-
surement of metabolic rates revealed increased O2 con-
sumption, decreased respiratory quotients, and increased
energy expenditure in T.B-Nidd5/3 mice (Fig. 7C). Fur-
thermore, in contrast to lean ALK7-deficient mice (21),
T.B-Nidd5/3 mice exhibited decreased hepatic TG content
compared with TSOD mice (Fig. 7D). Contrary to expec-
tation from the increased lipolysis in adipocytes, serum
levels of NEFAs and glycerol were decreased in T.B-
Nidd5/3 mice compared with TSOD mice (Fig. 7E). The
decreased serum levels likely reflect the already decreased
fat mass due to net lipolysis continuing from the birth of
ALK7-deficient mice. Furthermore, elevated lipolysis sub-
sequently increases FA oxidation at the whole body level,
and NEFAs released from adipocytes can be efficiently
cleared from the serum. We finally examined the effects of
obesity and HFD on the expression levels of ALK7 and
growth/differentiation factor 3 (GDF3), which has recently
been suggested as a natural ligand of ALK7 because of the
coexpression in adipose tissue, the capability of exogenous
ALK7 expression to mediate GDF3-dependent signaling
in heterologous cells, and the similarity in phenotypes be-
tween GDF3- and ALK7-deficient mice (22). The expression
level of ALK7 was decreased modestly in C57BL/6 mice
under an HFD and in obese TSOD mice compared with
C57BL/6 mice under normal chow (Fig. 7F). By contrast,

FIG. 4. ALK7 suppresses transcription of ATGL and HSL not through the SBEs but through the regulatory elements for PPAR and C/EBP. Lu-
ciferase assays for ATGL (A) or HSL (B) promoter constructs transfected into CAR–3T3-L1 adipocytes expressing LacZ or CA ALK7. ChIP assays
of PPARg, C/EBPa, C/EBPb, and C/EBPd on the ATGL (C) or HSL (D) promoter in CAR–3T3-L1 adipocytes expressing LacZ or CA ALK7. All data
are means 6 SD (n = 3/group). *P < 0.05, **P < 0.01 vs. 3T3-L1 cells expressing LacZ.
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the expression of GDF3 was markedly induced under the
high-fat dietary condition, as reported previously (23), and
in the obese state. These findings suggest that ALK7 can be
downregulated secondarily by robust induction of its ligand
under nutrient excess.

DISCUSSION

We have successfully identified a mutation of the Acvr1c
gene at the Nidd5 QTL, which affects adiposity and body
weight in mice. Unexpectedly, the mutation is not derived
from the obese TSOD strain but from the control BALB
strain. A nonsense mutation of the Acvr1c gene in the
BALB genome results in a deletion of the kinase domain of
encoded ALK7 protein. Thus, BALB mice should be used
with caution particularly for metabolic analyses. We
demonstrate that loss of ALK7 function leads to elevated
lipolysis and decreased fat mass, which explains the phe-
notypes of the congenic T.B-Nidd5/3 strain: lower body
weight and a much lower adipose index without any sig-
nificant changes in food intake, total activity, or adaptive
thermogenesis (6). Furthermore, our findings offer the
missing mechanism to explain the lean phenotypes of re-
cently characterized ALK7 knockout mice, which exhibit
no change in body weight or fat weight under normal
chow, but do exhibit reduced weight gain and reduced fat
accumulation under HFD (22). ALK7 strongly depresses
the expressions of ATGL and HSL through Smads 2, 3, and
4, which appear to act trans through binding C/EBPa to
inhibit its transactivation function. This interrupts the
positive-feedback loop between C/EBPa and PPARg and
markedly decreases the expression of those transcription
factors and adipose lipases (Fig. 7G).

Consistent with our model, it has been shown that
treatment with PPARg agonists such as TZDs activate
adipose tissue lipolysis (24–28). At the whole-body level, it
has been shown that troglitazone administration increases
the number of small adipocytes in obese rats (29) and that
the transgenic mice expressing constitutively activated
PPARg selectively in mature adipocytes have smaller adi-
pocyte size (30). In the current study, we have demon-
strated that upregulation of PPARg or C/EBPa results in
elevated lipolysis and decreased TG content both in differ-
entiated adipocytes and in mouse adipose tissue, whereas
their downregulation causes the opposite effects. Based on
these findings, we propose that PPARg and C/EBPa play
a pivotal role in the lipid remodeling of mature adipocytes
and that their dysfunction leads to decreased mobilization
of TG and increased fat accumulation in adipocytes. In fact,
impaired adipose lipolysis, as well as decreased expression

FIG. 5. ALK7 downregulates PPARg and C/EBPa. A: PPARg, C/EBPa,
C/EBPb, C/EBPd, and b-actin protein expression in adipocytes from 10-
and 20-week-old TSOD and T.B-Nidd5/3 mice. Closed arrowheads in-
dicate the positions of full-length (p42) and alternatively translated
(p30) C/EBPa proteins (41). The protein indicated by an open arrow-
head appears to be a degradation product, which is seen only in the
extracts of mouse adipocytes (A), but not in those of 3T3-L1 adipocytes
(C). B: PPARg2 and C/EBPa mRNA expression in mouse adipo-
cytes isolated from 10-week-old TSOD and T.B-Nidd5/3 mice. C: PPARg,

C/EBPa, C/EBPb, C/EBPd, and b-actin protein expression in CAR–3T3-
L1 adipocytes that were infected with adenovirus encoding LacZ, WT, or
CA ALK7. D: PPARg2 and C/EBPa mRNA expression in CAR–3T3-L1
adipocytes expressing LacZ, WT, or CA ALK7. E: Quantitative PCR anal-
yses of PPARg2 and C/EBPa mRNA expression in CAR–3T3-L1 adipo-
cytes infected with adenoviruses expressing shRNAs against Smads and
CA ALK7 as described in Fig. 3E. F: Complex formation of PPARg or
C/EBPa with Smads in CAR–3T3-L1 adipocytes (day 8) expressing
FLAG-tagged, CA Smad2, CA Smad3, and/or WT Smad4. G: ChIP assays
of C/EBPa on the site 3 region of the ATGL promoter (Fig. 4C) in CAR–
3T3-L1 adipocytes expressing LacZ or those expressing CA Smad3 and
WT Smad4. H: Luciferase assays for ATGL promoter in CAR–3T3-L1
adipocytes expressing LacZ, C/EBPa, CA Smad3, and/or WT Smad4. All
quantitative data are means 6 SD (n = 3/group). *P < 0.05, **P < 0.01
vs. TSOD mice (B), 3T3-L1 cells expressing LacZ (D, G, and H), or
shRNAs against luciferase and CA ALK7 (E).

ALK7 INHIBITS LIPOLYSIS IN MATURE ADIPOCYTES

120 DIABETES, VOL. 62, JANUARY 2013 diabetes.diabetesjournals.org



of HSL and ATGL, has been observed in obese human
subjects (31–34). Dysfunction of PPARg and C/EBPa may
well be a hallmark of obesity, as was found in the adi-
pocytes of TSOD mice. Although clinical treatment of
obesity-associated insulin resistance with TZDs causes
significant weight gain, this side effect has recently been
shown to be mediated via brain PPARg, not via adipocyte
PPARg (35,36). Because ALK7 is scarcely expressed in brain
(37 and the current study), the inhibition of ALK7 should not
produce such weight gain, as in the case of T.B-Nidd5/3
mice.

ALK7 is not essential for adipocyte differentiation be-
cause both ALK7 knockout mice and ALK7-deficient T.B-
Nidd5/3 mice show apparently normal development of
adipose tissues (6,22). Consistently, ALK7 is not expressed
in preadipocytes but is expressed in the late phase of

adipocyte differentiation. Because ALK7-knockout mice
show reduced fat accumulation only in the face of diet-
induced obesity (22), it is likely that ALK7 is activated by
chronic nutritional excess to accumulate fat in mature
adipocytes by inhibiting lipolysis. However, ALK7 tran-
scripts have been shown to be modestly reduced in the
adipose tissue of obese individuals (37). Although we also
found the modestly decreased level of ALK7 in obese mice,
the expression of GDF3, a candidate ligand of ALK7 (22),
was significantly induced under the HFD and obese con-
ditions. Therefore, it is possible that ALK7 is actually
activated by its ligand induction under nutrient excess to
accumulate fat in adipocytes. Future studies should at-
tempt to elucidate the regulatory mechanism for the
expression and secretion of GDF3 and other possible
ALK7 ligands.

FIG. 6. PPARg and C/EBPa promote lipolysis and decrease TG content in fully differentiated adipocytes. A: Protein expression levels of PPARg
and C/EBPa, mRNA expression levels of ATGL and HSL, glycerol release, and TG content in CAR–3T3-L1 adipocytes (day 9) that had been infected
with adenovirus encoding LacZ, PPARg2, or C/EBPa for 4 days. B: Measurement of aP2, ATGL, and HSL mRNA expression levels, glycerol release,
and TG content in CAR–3T3-L1 adipocytes (day 10) that had been treated with DMSO or troglitazone (1 mmol/L) for 4 days. C: mRNA expres-
sion levels in WAT and serum NEFA and glycerol levels in TSOD (17–20-week-old) mice injected intraperitoneally with DMSO or troglitazone
(10 mg/kg) for 6 days. D: Protein expression levels of PPARg and C/EBPa, mRNA expression levels of ATGL and HSL, glycerol release, and TG
content in CAR–3T3-L1 adipocytes (day 9) that had been infected with adenovirus encoding shRNA against luciferase, PPARg (common sequence
to PPARg1 and PPARg2), or C/EBPa for 4 days. All quantitative data are means 6 SD (n = 3/group). *P< 0.05, **P< 0.01 vs. cells expressing LacZ
(A) or shRNA against luciferase (D), DMSO-treated cells (B), or TSOD mice (C).
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Increased lipolysis from adipocytes can elevate circu-
lating FA levels, induce ectopic fat accumulation, and thus
cause insulin resistance. In fact, it has been shown that
lean ALK7-deficient mice exhibit hepatic steatosis and in-
sulin resistance as they age (21). In the current study,
however, we could not detect any adverse effects of ALK7
deficiency in the presence of obesity. Compared with the
parental TSOD mice, the ALK7-deficient T.B-Nidd5/3 con-
genic mice show improved glucose tolerance and insulin
sensitivity with preferential fat combustion at the whole-
body level, probably through increased FA supply from
adipocytes. Furthermore, they exhibit no elevation of se-
rum NEFAs or hepatic TG content. Therefore, ALK7 de-
ficiency causes differential effects on insulin sensitivity
between obese and lean states, dependent on the amount
of TG in adipocytes. These findings are consistent with
recent findings in human adipose tissue that lipolysis is an
important determinant of lipid removal and that the rate of
TG removal from adipocytes has an impact on whole-body
insulin sensitivity (38). The decreases in fat accumulation

and in adipocyte size in obese ALK7-deficient mice could
alleviate chronic inflammation (39) and/or change adipo-
cytokine repertoires (40). In fact, adipocytes from the
T.B-Nidd5/3 mice show lower levels of inflammatory
cytokines such as tumor necrosis factor-a and monocyte
chemotactic protein-1 than do those from TSOD mice
(S.Y. and T.I., unpublished observations). Thus, the in-
hibition of ALK7 function in adipocytes has a beneficial
effect in obesity and provides a rational basis for therapy
aimed at the metabolic dysfunction commonly associated
with obesity.
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