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Members of the C1q/TNF family play important and diverse
roles in the immune, endocrine, skeletal, vascular, and sensory
systems. Here, we identify and characterize CTRP13, a new and
extremely conserved member of the C1q/TNF family. CTRP13
is preferentially expressed by adipose tissue and the brain in
mice and predominantly by adipose tissue in humans. Within
mouse adipose tissue,CTRP13 is largely expressedby cells of the
stromal vascular compartment. Due to sexually dimorphic
expression patterns, femalemice have higher transcript and cir-
culating CTRP13 levels than males. CTRP13 transcript and cir-
culating levels are elevated in obese male mice, suggesting a
potential role in energy metabolism. The insulin-sensitizing
drug rosiglitazone also increases the expression of CTRP13 in
adipocytes, which correlates with the insulin-sensitizing action
of CTRP13. In a heterologous expression system, CTRP13 is
secreted as a disulfide-linked oligomeric protein. When co-ex-
pressed, CTRP13 forms heteromeric complexes with a closely
related family member, CTRP10. This heteromeric association
does not involve conservedN-terminal Cys residues. Functional
studies using purified recombinant protein demonstrated that
CTRP13 is an adipokine that promotes glucose uptake in adi-
pocytes, myotubes, and hepatocytes via activation of the AMPK
signaling pathway. CTRP13 also ameliorates lipid-induced
insulin resistance in hepatocytes through suppression of the
SAPK/JNK stress signaling that impairs the insulin signaling
pathway. Further, CTRP13 reduces glucose output in hepato-
cytes by inhibiting the mRNA expression of gluconeogenic
enzymes, glucose-6-phosphatase and the cytosolic form of
phosphoenolpyruvate carboxykinase. These results provide the
first functional characterization of CTRP13 and establish its
importance in glucose homeostasis.

Adipose tissue plays important roles in whole-body energy
balance. This specialized tissue serves as a storage depot for
triacylglycerol and is the source of many secreted factors, col-
lectively termed adipokines, that directly or indirectly regulate
systemic insulin sensitivity and whole-body energy homeosta-
sis (1). The expression of many adipokines is dysregulated in
pathologic conditions (e.g. diabetes and obesity), making them
important biomarkers and potential drug targets (2). Since the
discoveries of leptin (3) and adiponectin (4–6), the list of newly
discovered adipokines has significantly expanded, increasing
our appreciation for the complexity of intertissue cross-talk
mediated by these secreted proteins.
Despite well documented insulin-sensitizing, anti-inflam-

matory, and anti-atherosclerotic properties, adiponectin
knock-out mice display modest phenotypes (7–10). Other fac-
tors could probably compensate for the loss of adiponectin (11,
12). Our efforts to discover novel adipokines have led to the
identification of a family of secreted proteins designated
CTRP1 to -10 (13–15). Both adiponectin andCTRPs4 belong to
the C1q/TNF superfamily (16), all members of which contain a
signature C-terminal globular domain homologous to the
immune complement C1q andwhose three-dimensional struc-
tures strikingly resemble that of TNF-� (17).
Many CTRPs are expressed by adipose tissue, and most of

them circulate in plasma with levels varying according to the
genetic backgrounds and metabolic states of mice (14, 15). All
CTRPs form trimers as the basic structural unit, and some are
further assembled into higher order multimeric structures (14,
15). Physiological functions and mechanisms of action of
CTRPs are only beginning to be elucidated. To date, in vitro
studies of metabolic regulations (13, 18, 19) using recombinant
proteins have been described forCTRP2,CTRP5, and g-CTRP6
(the C-terminal globular domain), whereas in vivo metabolic
functions (14, 15, 20) have been demonstrated for CTRP1,
CTRP3, andCTRP9. In addition, in vitro studies highlighted the
potential cell proliferation/migration and anti-inflammatory
roles of CTRP3/CORS-26/cartducin (21, 22). Here, we identify
and characterize CTRP13, a novel member of the C1q/TNF

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK084171 (to G. W. W.). This work was also supported in part by
American Heart Association Grant SDG2260721 and Baltimore Diabetes
Research and Training Center Grant P60DK079637.

The nucleotide sequence(s) reported in this paper has been submitted to the Gen-
BankTM/EBI Data Bank with accession number(s) EU399230.

1 Supported by American Heart Association Fellowship PRE3790034.
2 Supported by National Institutes of Health National Research Service Award

F32DK084607.
3 To whom correspondence should be addressed: Dept. of Physiology and

Center for Metabolism and Obesity Research, Johns Hopkins University
School of Medicine, 855 N. Wolfe St., Baltimore, MD 21205. Tel.: 410-502-
4862; Fax: 410-614-8033; E-mail: gwwong@jhmi.edu.

4 The abbreviations used are: CTRP, C1q/TNF-related protein; AICAR, amino-
imidazole carboxamide ribonucleotide; AMPK, AMP-activated kinase;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
SVF, stromal vascular fraction; G6Pase, glucose-6-phosphatase; PEPCK-C,
phosphoenolpyruvate carboxykinase (GTP) (cytosolic).

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 18, pp. 15652–15665, May 6, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

15652 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 18 • MAY 6, 2011



family. Our results establish CTRP13 as a novel adipokine with
important metabolic functions.

EXPERIMENTAL PROCEDURES

Antibodies and Chemicals—Mouse monoclonal anti-FLAG
M2 antibody was obtained from Sigma, and rat monoclonal
anti-HA (Clone 3F10) antibody was obtained from Roche
Applied Science. Rabbit antibodies that recognize phospho-
Akt (Thr-308), phospho-AMPK� (Thr-172), phospho-SAPK/
JNK (Thr-183/Tyr-185), Akt, AMPK�, and SAPK/JNK were
obtained from Cell Signaling Technology. Rosiglitazone was
obtained from Cayman Chemical, TNF-� was from BioSource,
phosphatidylinsositol 3-kinase (PI3K) inhibitor (LY294002)
was from Cell Signaling Technology, AMPK activator (amino-
imidazole carboxamide ribonucleotide; AICAR) was from Cal-
biochem, and AMPK inhibitor (compound C) was from
Calbiochem.
Mice—Leptin-deficient obese (ob/ob) mice on a C57BL/6J

background and C57BL/6J lean controls were purchased from
Jackson Laboratory. Animal experiments were approved by the
Animal Care andUse Committee at the Johns Hopkins Univer-
sity School of Medicine.
Generation of CTRP13-specific Antibody—Rabbit polyclonal

anti-CTRP13 antibody directed against theC-terminal globular
domainwas generated in this study. Sequences that correspond
to the globular domain (amino acids 115–255) of CTRP13were
cloned into a bacterial expression vector, pTrcHis (Invitrogen),
and verified by DNA sequencing. g-CTRP13 was produced in
an Escherichia coli expression system, purified as described for
several CTRPs (14), and used as an immunogen for antibody
production. Sera from immunized rabbits were collected and
tested for their ability to recognize CTRP13 in the supernatants
of transfected HEK293T cells.
Cloning of CTRP13—CTRP13 cDNA was cloned from a

mouse brain cDNA pool (Clontech) using the primer pair 5�-
GGTGATGGTGCTTCTGCTGGTCATC-3� and 5�-GATTC-
ACTGACGTTAGCCATACG-3� in a 35-cycle PCR using Plat-
inumPfx polymerase (Invitrogen) in the presence of 8%DMSO.
The PCR product was fractionated in 1% agarose gel, excised,
purified, and cloned into the pCR2.1TOPOvector (Invitrogen).
After verification by DNA sequencing, the cDNA insert was
excised and cloned into the EcoRI restriction site of a mamma-
lian expression vector, pCDNA3.1 (Invitrogen). The cDNA
sequence was deposited in theNCBIGenBankTM data base and
assigned accession number EU399230.
cDNA Constructs—The C-terminal FLAG (DYKDDDDK

peptide) and HA (YPYDVPDYA peptide) epitope-tagged
mouse CTRP13 were generated by PCR and cloned into the
pCR2.1 TOPO vector. Epitope-tagged cDNA was excised from
the plasmid and cloned into the EcoRI restriction site of
pCDNA3 expression vector. All constructs were verified by
DNA sequencing. The mammalian expression vectors en-
coding C-terminal HA-tagged adiponectin, CTRP1, CTRP2,
CTRP3, CTRP5, CTRP6, CTRP9, CTRP10, and CTRP10�Cys
used in this study were described in our previous studies
(14, 15).
Site-directed Mutagenesis—A site-directed mutagenesis kit

using high fidelity Pfu polymerase from Stratagene was used to

mutate Cys-28 and Cys-32 to Ser residues (C28S,C32Smutant)
according to the manufacturer’s protocol. This construct is
designated as CTRP13�Cys. The following primer pair was
used: forward primer, 5�-ACGAGATGCTGGGCACCAGC-
CGCATGGTCAGCGACCCCTATGGGGGCAC-3�; reverse
primer, 5�-GTGCCCCCATAGGGGTCGCTGACCATGCG-
GCTGGTGCCCAGCATCTCGT-3�. Successful mutagenesis
was confirmed by DNA sequencing.
Isolation of Primary Adipocytes and Stromal Vascular Cells

from Adipose Tissue—8-week-old male/female obese (ob/ob)
mice and their control littermates were used to obtain primary
adipocytes and stromal vascular cells (stromal vascular frac-
tion; SVF) from adipose tissue as described previously (14).
Total RNAs from primary adipocytes and SVF were isolated
with TRIzol reagent (Invitrogen). Potential DNA contaminants
were removed by RNase-free DNase I (Ambion).
Quantitative Real-time PCR Analysis of CTRP13 Expression

in Mouse and Human Tissues—A quantitative PCR approach
was used to screen multiple tissue cDNA panels (Clontech),
RNA isolated from adipose tissue of 8-week-old ob/ob mice and
lean controls, andRNA isolated fromprimary adipocytes and SVF
for thepresenceofCTRP13transcripts.The followingPCRprimer
pairs were used in this study: CTRP13 forward, 5�-AACGCAAG-
ATAAGCAGATGTGTG-3�; CTRP13 reverse, 5�-AAGGAGTA-
TTTGCTTTGGCGG-3�; adipsin forward, 5�-AGCAGTGGGT-
GCTCAGTGC-3�; adipsin reverse, 5�-CGTCATCCGTCACTC-
CATCC-3�; resistin forward, 5�-TCTTATGTTGACAGGGA-
CGG-3�; resistin reverse, 5�-CCCTCAGCTTAGACCTGCCC-
3�; glucose-6-phosphatase (G6Pase) forward, 5�-CGACTCGCT-
ATCTCCAAGTGA-3�; G6Pase reverse, 5�-GTTGAACCAGTC-
TCCGACCA-3�; phosphoenolpyruvate carboxykinase (GTP)
(cytosolic) (PEPCK-C) forward, 5�-CTGCATAACGGTCTGGA-
CTTC-3�; PEPCK-Creverse, 5�-CAGCAACTGCCCGTACTCC-
3�; 18 S rRNA forward, 5�-GCAATTATTCCCCATGAACG-3�;
and 18 S rRNA reverse, 5�-GGCCTCACTAAACCATCCAA-3�.
The default PCR protocol was used on an Applied Biosystems
Prism 7500 sequence detection system. Primary adipocytes and
SVF cDNAs were synthesized from 2 �g of total RNA and 200 ng
of random hexamers using the Superscript II RNase H-Reverse
Transcriptase protocol (Invitrogen). For quantitative PCR, sam-
pleswere analyzed in 25-�l reactions (10ng of cDNA, 900nmol of
primer, 12.5 �l of master mix, and water) according to the stan-
dard protocol provided for the SyBR� Green PCR Master Mix
(Applied Biosystems).
Gel Filtration Chromatographic Analysis—Supernatant (400

�l) from transfected human embryonic kidney (HEK293T)
cells containing FLAG-tagged CTRP13 was loaded onto an
AKTA FPLC and fractionated through a 10/30 Superdex 200
column (GE Healthcare) in PBS as described previously for
other CTRPs (14, 15). The collected fractions were subjected to
immunoblot analysis.
Expression and Purification of Recombinant CTRP13—Full-

length recombinant CTRP13, containing a C-terminal FLAG
tag, was produced in mammalian HEK293 cells and purified as
described for other CTRPs (14). Like adiponectin, all secreted
CTRPs form trimers and higher order structures, and most
contain posttranslational modifications that include N-linked
glycosylation and proline hydroxylation (14, 15). These modi-
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fications and the assembly of higher order structures are
likely to be functionally important as have been shown for
adiponectin (23, 24). Therefore, recombinant CTRP13 was
produced in mammalian expression system. Purified pro-
teins were dialyzed against 20 mM Hepes buffer (pH 8.0)
containing 135 mM NaCl in a 10 kDa cut-off Slide-A-Lyzer
dialysis cassette (Pierce). Protein concentration was deter-
mined by the Bradford method (25) using the Coomassie
Plus assay kit (Thermo Scientific). Recombinant protein has
�95% purity as judged by a Coomassie Blue-stained SDS-
polyacrylamide gel.
Glycoprotein Detection—Approximately 50 ng of purified

recombinant FLAG-tagged CTRP13 was separated on an SDS-
polyacrylamide gel, transferred to PVDF membrane (Bio-Rad),
and subjected to the ECL glycoprotein detection protocol
according to the manufacturer’s instructions (GE Healthcare).
Briefly, any carbohydrate moiety on recombinant CTRP13 was
oxidized with sodium metaperiodate, and the oxidized sugar
aldehyde group was labeled with biotin using biotin-hydrazide
(26). The presence of a carbohydrate moiety was then detected
using streptavidin conjugated to horseradish peroxidase (HRP)
and chemiluminescence substrate (Millipore).
Immunoprecipitation and Immunoblot Analysis—C-termi-

nal HA-tagged adiponectin, CTRP1, CTRP2, CTRP3, CTRP5,
CTRP6, CTRP9, CTRP10, and CTRP13 were transfected in
combination with FLAG-tagged CTRP13 into HEK293T cells
using Lipofectamine (Invitrogen). An aliquot of the collected
supernatants (300 �l) was combined with 500 �l of immuno-
precipitation buffer (150mMTris-HCl, pH 7.4, 150mMNaCl, 1
mM EDTA, and 1% Triton X-100) and subjected to an immu-
noprecipitation using the anti-FLAG affinity gel (Sigma). Sam-
ples were rotated for 4 h at 4 °C, washed four times with immu-
noprecipitation buffer, resuspended in 60 �l of NuPAGE LDS
Sample buffer (Invitrogen) containing reducing agent (�-mer-
captoethanol), heated at 90 °C for 10min, and separated on 10%
BisTris NuPAGE gel (Invitrogen). Proteins from gels were
transferred to 0.2-�mProtran BA83 nitrocellulose membranes
(Whatman), blocked in 2% nonfatmilk for 1 h, and probed with
rat anti-HA antibody in the presence of 2% nonfat milk for
overnight. Immunoblots were washed three times (10 min
each) in PBS containing 0.1% Tween 20 and incubated with
sheep anti-rat HRP (Amersham Biosciences) (1:5000) for 1 h.
Blots were washed three times (10 min each) in PBS containing
0.1% Tween 20, developed in ECL reagent (Millipore) for 2–5
min, and exposed to Blue XB-1 film (Eastman Kodak Co.). For
input controls, aliquots of conditioned medium from trans-
fected cells were analyzed by immunoblot analysis using the
anti-FLAG or anti-HA antibody.
Glucose Uptake Assay—3T3-L1 adipocytes or L6 myotubes

were differentiated as described (20). On the day of the experi-
ment (day 8 or beyond for 3T3-L1 adipocytes, day 5 or beyond
for myotubes), cells were serum-starved in low glucose DMEM
for 2 h. Adipocytes or myotubes were treated with vehicle or
CTRP13 (5 �g/ml) for 30 min at 37 °C. Cells were then incu-
bated with uptake media containing 0.5 �Ci/ml 2-deoxy-D-[1-
14C]glucose in Krebs-Ringer-Hepes buffer (25 mM HEPES-
NaOH (pH 7.4), 120 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.3
mM CaCl2, 1.3 mM KH2PO4) supplemented with 0.5% BSA for

10 min. Uptake was stopped by aspirating the media, followed
by extensive washing with ice-cold PBS buffer. For the glucose
uptake assay in clone 9 cells (a non-transformed rat liver cell
line; ATCC) (27), cells were cultured in DMEMcontaining 10%
FBS until confluent. Cells were serum-starved overnight and
were treated as indicated in the figure legends. Glucose uptake
was started by adding 2-deoxy-D-[1-14C]glucose (0.5 �Ci/
ml) to the medium. After 2 min of incubation, uptake was
stopped by aspirating the medium, followed by extensive
washing with ice-cold PBS buffer. Cells were lysed with 0.1%
Triton in PBS buffer. An aliquot of cell lysate from each
sample was used for protein content analysis using a bicin-
choninic acid (BCA) assay kit (Pierce). The radioactivity of
the cell lysates were counted in Ecoscint� scintillation mix-
ture (National Diagnostics) using a Beckman LS-6000 liquid
scintillation counter. The radioactivity in each sample was
normalized against the protein content.
Glucose Production andMeasurement—RatH4IIE hepatoma

cells were cultured to near confluence in low glucose DMEM
containing 10% FBS and antibiotics. Cells were incubated over-
night in glucose production buffer (glucose-free DMEM, pH
7.4, supplementedwith 20mM sodium lactate and 2mM sodium
pyruvate without phenol red). The next day, cells were treated
with vehicle buffer or CTRP13 (5 �g/ml) for various lengths of
time as indicated in the Fig. 8 legend. An aliquot of themedium
was taken from each sample for the measurement of glucose
concentration using the Amplex Red� glucose assay kit (Invit-
rogen). Glucose concentration was corrected for cell number
variations based on protein content in each sample asmeasured
by the BCA assay. For quantitative real-time PCR analysis of
the expression of two key gluconeogenic enzymes, G6Pase
and PEPCK-C, H4IIE hepatocytes were cultured to near con-
fluence in low glucose DMEM containing 10% FBS and anti-
biotics. Cells were then treated with vehicle buffer or
CTRP13 (5 �g/ml) for 24 h. Total RNAs were isolated from
the treated cells and reverse transcribed into cDNA. Quan-
titative real-time PCR analyses were performed as described
above.
Statistical Analysis—Statistical analyses were performed

using Student’s t test in Excel. p � 0.05 was considered signifi-
cant. All quantification results with error bars are expressed as
mean � S.E.

RESULTS

Identification and Analysis of CTRP13 cDNA and Protein—
Using the globular C1q domain sequences of adiponectin and
CTRPs to query the NCBI GenBankTM data base, we identified
a novel member of the C1q/TNF family (Fig. 1). The cDNA is
different from the 10 adiponectin paralogs (CTRP1 to -10) we
recently identified and characterized (13–15, 28). Because we
previously depositedCTRP11 andCTRP12 cDNA sequences in
the GenBankTM data base,5 we designated the current cDNA
and its encoded protein CTRP13. PCR was used to clone
CTRP13 cDNA from mouse brain based on the sequences of
overlapping EST clones (Fig. 1, A and B). In searching for pro-
teins that interact with heat shock protein (HSP)-47 through

5 G. W. Wong, unpublished results.
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yeast two-hybrid screen, Koide et al. (29) recently described a
protein identical to CTRP13, which they designated as C1q-
like-3/Gliacolin/K-100. However, no functional information
was described for K-100. While the present study was ongoing,
Iijima and co-workers (30) characterized in great detail the
expression of CTRP13/C1q-like-3 in the central nervous sys-
tem. The function of CTRP13 in the CNS has not been

described. Here, we provide further molecular, biochemical,
and functional characterizations of CTRP13 in metabolism.
The deduced CTRP13 protein has similar domain structures
as other CTRPs (13–15), consisting of a signal peptide, a
short N terminus with two highly conserved Cys residues, a
collagen domain with 17 Gly-X-Y repeats, and a C-terminal
globular domain homologous to the immune complement

FIGURE 1. Identification of CTRP13 and its tissue expression profile. A, cloning of CTRP13 cDNA from overlapping EST sequences. The arrows indicate
forward and reverse primers used to amplify the coding region of CTRP13 cDNA. B, agarose gel electrophoresis showing the PCR product of the cloned CTRP13
cDNA (�810 bp). Indicated on the left is the 1-kb Plus DNA ladder from Invitrogen. C, the deduced CTRP13 protein domain structure. Four domains are
indicated: a signal peptide (SP) for protein secretion, an N-terminal domain with two conserved Cys residues, a collagen domain with 17 Gly-X-Y repeats,
and a C-terminal globular domain homologous to the immune complement C1q. The positions of conserved Cys residues found in the mature protein
are indicated with a ball and stick. D, Ctrp13 gene structure. The chromosomal position (2A1) and the sizes of intron and exons are indicated. E and F,
quantitative real-time PCR analysis of CTRP13 expression in mouse (E) and human (F) tissues. All expression data were normalized to 18 S rRNA level in
each sample.
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protein C1q (Fig. 1C). The mouse Ctrp13 gene is 9.8 kb in
size, consists of two exons, and is located on chromosome
2A1 (Fig. 1D).
CTRP13 Is Preferentially Expressed by Brain and Adipose

Tissue—Quantitative real-time PCR analysis showed that
among the 17 adult mouse tissues profiled, the brain and white
adipose tissue expressed the highest levels of CTRP13 tran-

script, with relatively low levels of expression in other tissues
(Fig. 1E). In humans, adipose tissue had the highest expression
of CTRP13mRNA, with�100-fold or higher enrichment com-
pared with other tissues (Fig. 1F).
CTRP13 Is Highly Conserved throughout Vertebrate

Evolution—CTRP13 is extremely conserved throughout verte-
brate evolution (Fig. 2A). Mouse CTRP13 and its correspond-

FIGURE 2. Sequence alignment and phylogenetic analysis of CTRP13. A, ClustalW (72) alignment of CTRP13 protein sequences extracted from the NCBI
Refseq or the draft genome sequences of mouse (GenBankTM accession number NP_694795), human (NP_001010908), canine (XP_848586), cow
(XP_870462.2), horse (XP_001492004), pig (NP_001072144), opossum (XP_001368316), frog (NP_001090380), puffer fish (CAG07104), and zebrafish
(CAD61081). Identical amino acids are shaded, and gaps are indicated by a dashed line. The highly conserved Cys residue is indicated by a ball and stick. Four
distinct domains of CTRP13 are indicated: signal peptide, N terminus, collagen domain, and globular C1q domain. The arrows indicate the highly conserved
residues found in all C1q/TNF superfamily members. Amino acid numbering is indicated on the left. B, phylogenetic analysis of mouse CTRP13 and other
C1q/TNF family members based on the ClustalW alignment of the C1q domain sequences. The tree was generated using the MEGA program version 4 (73). The
percentage of amino acid identity (of the C1q domain) between each protein and CTRP13 is indicated on the right. GenBankTM accession number for each of
the mouse proteins: C1q-A chain (NP_031598), C1q-B chain (NP_033907), C1q-C chain (NP_031600), multimerin-1 (XP_284198), multimerin-2 (NP_878260),
emilin-1 (NP_598679), emilin-2 (NP_660140), CTRP1 (NP_064343), CTRP2 (NP_081255), CTRP3 (NP_112150), CTRP4 (NP_080437), CTRP5 (AAY21930), CTRP6
(NP_082607), CTRP7 (NP_780634), CTRP9 (DQ002401), CTRP10 (AAY21934), CRF (NP_035925), CTRP13 (ABY86415), adiponectin (NP_033735), cerebellin-1
(Cbln-1, NP_062600), Cbln-2 (NP_766221), Cbln-3 (NP_062794), and Cbln-4 (NP_783439).
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ing human, dog, cow, opossum, horse, pig, frog, puffer fish, and
zebrafish orthologs share striking degrees of amino acid iden-
tity across the full-length protein (Table 1). The protein
sequence conservation is even higher when the comparison is
restricted to just the C-terminal globular domain (Table 1). For
instance, the presumed functional C1q domain of human and
zebrafish CTRP13 are 96% identical despite immense evolu-
tionary distance separating these two species. Structure-based
alignment between adiponectin, complement C1q, and TNF
family members (TNF-�, TNF-�, and CD40L) reveals highly
conserved residues important in the packing of the protomer’s
hydrophobic core (17). These residues are also conserved in
CTRP13 (Fig. 2A, arrows). Among the C1q/TNF family mem-
bers, CTRP13 is most closely related to C1q-related factor
(CRF/C1q-like 1) and CTRP10, both of which share 89% amino
acid identity to the globular domain of CTRP13 (Fig. 2B). In
contrast, adiponectin and CTRP13 share only 39% amino acid
identity at their globular domain. The striking conservation of
CTRP13 protein sequence throughout vertebrate evolution
implies an essential biological function.
SexuallyDimorphic Expression Pattern of CTRP13 inAdipose

Tissue—Because CTRP13 is highly expressed in human and
mouse adipose tissue, we explored its expression in adipocytes.
Using 3T3-L1 cells, we showed that preadipocytes and mature
adipocytes have similar levels of CTRP13 transcript (Fig. 3A),
indicating that expression of CTRP13 is not significantly mod-
ulated by adipocyte differentiation. The expression of CTRP13
transcript is about one-three thousandth of adiponectin, an
abundant adipocyte-specific transcript found in mature adi-
pocytes (Fig. 3B); thus, CTRP13 is expressed at relatively low
levels in adipocytes. Indeed, comparison between primary adi-
pocytes and the SVF of gonadal fat pads, which contain preadi-
pocytes, fibroblasts, endothelial cells, and occasional immune
cells, from male and female mice showed that SVF has signifi-
cantly higher CTRP13 expression compared with primary adi-
pocytes (Fig. 3C). Interestingly, CTRP13 exhibits pronounced
sexually dimorphic expression patterns; females express
�9-fold higherCTRP13 transcript levels in SVF comparedwith
male mice (Fig. 3C).
Expression of CTRP13 in Obesity and Its Up-regulation by

Rosiglitazone—Expression of many adipokines is often dys-
regulated inmetabolic diseases. Thus, we explored whether the
expression of CTRP13 is differentially regulated under the con-
dition of obesity. In 8-week-old male leptin-deficient ob/ob

mice, expression levels of adipsin decreased, whereas resistin
increased significantly (Fig. 3D), consistent with previous stud-
ies (31, 32). Interestingly, CTRP13mRNA levels weremarkedly
increased in obese male mice (Fig. 3D). In contrast, no signifi-
cant up-regulation of CTRP13 expression was observed in
female ob/ob mice (data not shown). The observed increase in
CTRP13 mRNA levels may simply result from increased fat
mass; alternatively, this findingmay reflect some functional sig-
nificance of CTRP13. To distinguish these possibilities, we
examined CTRP13 expression in 3T3-L1 adipocytes treated
with rosiglitazone, an insulin-sensitizing and anti-diabetic
drug, or TNF-�, an inflammatory cytokine known to be up-reg-
ulated in obesity leading to insulin resistance (33). CTRP13
expression increased significantly following rosiglitazone treat-
ment (Fig. 3E) but not after TNF-� (Fig. 3F). These results sug-
gest that the observed increase in CTRP13 expression in male
ob/ob mice may reflect a compensatory response to insulin
resistance found in these hyperphagic mice.
Sex and Nutritional State Affect Circulating CTRP13 Levels—

To detect endogenously synthesized CTRP13, we generated
rabbit polyclonal antibody specific to CTRP13 (Fig. 4A). We
have previously shown that most CTRPs (when specific anti-
bodies are available) circulate in plasma (14, 15). Similarly,

FIGURE 3. Regulation and sexually dimorphic expression pattern of
CTRP13. A, quantitative real-time PCR analysis of CTRP13 expression in
3T3-L1 preadipocytes (Preadpc) and mature adipocytes (Adpc; day 8) (n � 6).
B, comparison between CTRP13 and adiponectin (Adpn) expression levels in
mature 3T3-L1 adipocytes (day 8, n � 6). C, expression of CTRP13 in adi-
pocytes (Adpc) and stromal vascular faction (SVF) derived from gonadal fat
pads of male and female C57BL/6 mice (8 weeks old) (n � 3). All expression
data were normalized to 18 S rRNA and expressed as -fold change over the
mRNA levels found in adipocytes. D, expression of CTRP13, adipsin, and resis-
tin in adipose tissue of leptin-deficient obese (ob/ob) mice and age-matched
lean controls (n � 10/group; 8 weeks old). E and F, expression of CTRP13 in
mature 3T3-L1 adipocytes in response to rosiglitazone (Rosi; 1 �M; n � 6) (E)
and TNF-� treatments (2 ng/ml; n � 6) (F). All expression data were normal-
ized to 18 S rRNA or �-actin level in each sample. All data are expressed as
mean � S.E. (error bars).

TABLE 1
Conservation of CTRP13 sequences across vertebrate species

Amino acid identity
to mouse CTRP13

Full-length C1q domain

% %
Mouse (Mus musculus) 100 100
Human (Homo sapiens) 100 100
Dog (Canis familiaris) 100 100
Cow (Bos taurus) 100 100
Opossum (Monodelphis domestica) 100 100
Horse (Equus caballus) 68 83
Pig (Sus scrofa) 74 88
Frog (Xenopus laevis) 66 85
Puffer fish (Tetraodon nigroviridis) 84 96
Zebrafish (Danio rerio) 88 96
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here we detected CTRP13 inmouse sera (Fig. 4B). Consistent
with the sexually dimorphic expression pattern of CTRP13
mRNA in mouse adipose tissue (Fig. 3C), circulating
CTRP13 levels in serum were also higher in lean female mice
compared with males (Fig. 3B). Further, as with mRNA levels
(Fig. 3D), serum levels of CTRP13 were higher in male ob/ob
mice compared with lean controls (Fig. 4B), whereas no dif-
ference was observed between lean and obese (ob/ob) female
mice.
CTRP13 Is a Multimeric Glycoprotein That Forms Homo-

oligomers and Heteromeric Complexes with CTRP10—When
expressed in mammalian HEK293T cells, CTRP13 was de-
tected in cell lysates and conditioned medium of transfected
cells, indicating that CTRP13 is a secreted protein (Fig. 5A, left).
The apparent molecular weight of secreted CTRP13 on immu-
noblot is higher compared with that in the cell lysate, suggest-
ing possible posttranslational modifications of the protein (Fig.
5A). Because most CTRPs contain N-linked glycans (14), we

tested if the size shift on immunoblot is due to this modifica-
tion. Treatment with or without N-glycosidase F did not result
in a size shift of CTRP13 on immunoblot (Fig. 5A, middle),
indicating the absence of N-linked glycans. However, purified
recombinant CTRP13 clearly contains a carbohydrate moiety,
as indicated by a glycoprotein detectionmethod that labeled all
sugar moieties (Fig. 5A, right). In the presence of reducing
agent, CTRP13 migrated as a monomer with an apparent
molecular mass of �36 kDa on immunoblot (Fig. 5B). In the
absence of reducing agent, CTRP13 migrated on immunoblot
as a disulfide-linked dimer, trimer, and higher order multimers
(Fig. 5B, arrows). The formation of multimeric complexes was
confirmed by gel filtration chromatographic analysis, in which
recombinant CTRP13 was eluted as a multimer �350 kDa in
size (Fig. 5C). Importantly, CTRP13 has a larger stoke radius
(due to the presence of a rigid collagen triple helical structure in
the N terminus) compared with all of the spherical proteins
used to calibrate the gel filtration column; thus, the size esti-
mate of CTRP13 appears larger than its actual size. We have
previously shown that some CTRPs can form heteromeric
complexes with each other (14, 15, 28), representing a potential
mechanism to generate an expanded repertoire of functionally
distinct ligands with altered function and/or receptor specific-
ity. Similarly, we found that secreted CTRP13 forms hetero-
meric complexes with the most closely related member,
CTRP10, when co-expressed in vitro (Fig. 5D). This physical
association is specific; other related family members do not
form physical complexes with CTRP13 (Fig. 5D). Interaction
between CTRP13 and CTRP10 occurred during biosynthesis;
mixing secreted proteins that were expressed separately did not
result in co-immunoprecipitation (Fig. 5E). Further, highly
conserved Cys residues found in the N terminus of CTRP13
(Cys-28 and Cys-32) or CTRP10 (Cys-29 and Cys-33) are not
required for their physical association (Fig. 5F).
CTRP13 Increases Glucose Uptake in Adipocytes, Myotubes,

and Hepatocytes—CTRP13 expression in adipocytes was
increased by the insulin-sensitizing drug rosiglitazone (Fig. 3E),
suggesting that CTRP13 may contribute to enhancing insulin
signaling or function. Thus, we explored the role of CTRP13 in
glucose uptake in adipocytes. Treatment with insulin signifi-
cantly increased glucose uptake in adipocytes as expected (Fig.
6A). Importantly, recombinant CTRP13 treatment also re-
sulted in a significant increase in glucose uptake, to an extent
similar to that of insulin (Fig. 6A). Interestingly, treatment with
a combination of CTRP13 and insulin resulted in further
enhancement of glucose uptake in adipocytes, an effect greater
than insulin or CTRP13 treatment alone, suggesting that both
work in an additive manner (Fig. 6A). The ability of CTRP13 to
further enhance glucose uptake in adipocytes in the presence of
a nearly saturating dose of insulin (10 nM) suggests that
CTRP13 works through a signaling pathway distinct from that
of insulin signaling. Because insulin robustly activates the phos-
phatidylinositol 3-kinases (PI3K) pathway downstream of the
insulin receptor to exert its biological effects (34), we tested
whether CTRP13 increases glucose uptake in adipocytes in a
PI3K-independent manner using a PI3K-specific inhibitor,
LY294002 (35). Co-treatment with LY294002 suppressed insu-
lin-induced glucose uptake in adipocytes as expected (Fig. 6B).

FIGURE 4. Circulating levels of CTRP13 in lean and obese mice. A, the spec-
ificity of the anti-CTRP13 antibody was demonstrated by an immunoblot
analysis (top). The bottom panel indicates the presence of input proteins.
B, immunoblot (top) and relative quantification (bottom) of circulating
CTRP13 levels in sera obtained from age-matched leptin-deficient obese (ob/
ob) mice and lean controls (8 weeks old; n � 5/group). All data are expressed
as mean � S.E. (error bars).
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In contrast, LY294002 was ineffective in suppressing glucose
uptake induced by CTRP13 (Fig. 6B), indicating that CTRP13
activates a signaling pathway independent of PI3K and protein
kinase B/Akt. Because GLUT4 is an insulin-responsive glucose
transporter, we explored whether other glucose transporters
mediate the effect of glucose uptake induced by CTRP13. To
address this question, we utilized clone 9 liver cells, a non-
transformed rat liver cell line that expresses only GLUT1 but
not other glucose transporters (36). As a positive control,
AICAR, an AMPK activator (37), significantly increased glu-
cose uptake in clone 9 liver cells (Fig. 6C). Similarly, CTRP13
also increased glucose uptake in clone 9 liver cells to the same
extent as AICAR (Fig. 6C). These results indicate that CTRP13
increases glucose uptake through the GLUT1 transporter, at
least in clone 9 liver cells. To test whether CTRP13 has any
effect in glucose uptake in muscle cells, rat L6 myotubes were
treated with CTRP13, insulin, or both. Treatment with insulin
or CTRP13 alone resulted in increased glucose uptake in myo-
tubes (Fig. 6D). Only modest enhancement of glucose uptake
was observed when cells were treated with a combination of

insulin and CTRP13 (Fig. 6D). Because AMPK activation has
been linked to increased glucose uptake in myotubes and is
PI3K-independent, we examined whether CTRP13 induces
glucose uptake inmyotubes through the AMPK signaling path-
way. L6 myotubes treated with CTRP13 or AICAR exhibited
increased glucose uptake to the same extent (Fig. 6E). However,
there was no further enhancement of glucose uptake when cells
were treated with a combination of CTRP13 and AICAR, sug-
gesting that they possibly target the same signaling pathway.
Indeed, incubation of L6 myotubes with compound C, an
AMPK inhibitor, abolished glucose uptake induced by CTRP13
(Fig. 6F). These results confirmed the activation of the AMPK
signaling pathway by CTRP13 to mediate glucose uptake in
myotubes.
CTRP13Activates the AMPKSignaling Pathway andAmelio-

rates Lipid-induced Insulin Resistance—Consistent with our
glucose uptake studies (Fig. 6), recombinant CTRP13 signifi-
cantly activated the AMPK signaling in 3T3-L1 adipocytes (Fig.
7A), L6myotubes (Fig. 7B), and clone 9 liver cells (Fig. 7C). In all
cases, AMPK activation was rapid, reaching maximum phos-

FIGURE 5. CTRP13 is a secreted homo-oligomeric glycoprotein that can also form heteromeric complexes with CTRP10. A, immunoblot analysis of cell
pellet (P) and supernatant (S) of HEK293 cells transfected with empty vector or FLAG-tagged CTRP13 (left). Recombinant CTRP13 protein treated with (�) or
without (	) peptide N:glycosidase F (PNGaseF) (middle). CTRP13 (50 ng) was subjected to glycoprotein detection (right), indicating the presence of a sugar
moiety. B, SDS-PAGE analysis of recombinant CTRP13, carried out in the absence (	) or presence (�) of reducing agent (�-mercaptoethanol; b-ME). C, gel
filtration chromatographic analysis of recombinant CTRP13. Fractions 10 –36 were analyzed by immunoblot analysis. Arrows, molecular weight markers that
correspond to the peak elution fraction of protein standard thyroglobulin, ferritin, catalase, and aldolase, respectively. D, co-expression and immunoprecipi-
tation analyses of epitope-tagged proteins in HEK293 cells. The top panel indicates anti-FLAG pull-down of CTRP13-HA (as positive control) and CTRP10-HA.
Input CTRP13-FLAG and HA-tagged proteins are indicated in the middle and bottom panels, respectively. E, conditioned medium containing co-expressed
CTRP13 and CTRP10 or a mixture (Mixed) of the two separately expressed proteins was subjected to immunoprecipitation analysis. Top, anti-FLAG pull-down
of CTRP10-HA only when both proteins were co-expressed in cells. Input CTRP13-FLAG and HA-tagged proteins are indicated in the middle and bottom panels.
F, conditioned media containing N-terminal Cys mutant, CTRP13-FLAG�Cys, and/or CTRP10-HA�Cys were subjected to immunoprecipitation analysis. Top,
anti-FLAG pull-down of CTRP10-HA�Cys. Input FLAG- and HA-tagged proteins are indicated in the middle and bottom panels. IP, immunoprecipitation; IB,
immunoblot.
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phorylation at or before 30 min, probably indicating a direct
signaling activation by CTRP13. AMPK activation is known to
enhance insulin sensitivity (38). Also, the anti-diabetic drug,
rosiglitazone, increased CTRP13 expression in adipocytes
(Fig. 3E), thus suggesting a possible role for CTRP13 in insu-
lin sensitization. Therefore, we explored whether CTRP13
can decrease insulin resistance associated with obesity. To
address this question, we utilized a free fatty acid-induced
insulin resistance model in rat H4IIE hepatocytes, a cell type
known to be susceptible to lipid-induced insulin resistance
(39). Consistent with previous studies, treatment with
palmitate, a saturated 16-carbon fatty acid, strongly acti-
vates cellular stress signaling, indicated by activation of the
SAPK/JNK pathway (Fig. 7D), which is believed to be a
mechanism by which free fatty acids induce insulin resist-
ance in cells (39). Treatment with CTRP13 reduced base-line
stress signaling and potently suppressed palmitate-induced
SAPK/JNK activation in H4IIE hepatocytes (Fig. 7D). As a
consequence of insulin resistance, palmitate-treated cells
showed a significant reduction in insulin-stimulated phos-
phorylation of Akt (Fig. 7E). However, CTRP13 relieved

palmitate-induced insulin resistance and enhanced insulin-
stimulated phosphorylation of Akt in palmitate-treated cells
(Fig. 7E). Together, these results indicate that CTRP13 acti-
vates the AMPK signaling pathway in multiple cell types and
ameliorates free fatty acid-induced insulin resistance at the
level of Akt by suppressing the SAPK/JNK stress signaling
pathway that interferes with insulin signaling.
CTRP13 Suppresses the Expression of Gluconeogenic Enzymes

and Gluconeogenesis—Because CTRP13 ameliorates lipid-in-
duced insulin resistance in H4IIE hepatocytes, we tested
whether it also modulates other biological processes in these
cells relevant to glucose metabolism. As shown in Fig. 8A,
H4IIE hepatocytes treated with recombinant CTRP13 showed
a marked reduction in de novo glucose production over time
relative to vehicle control-treated cells. Consistent with
decreased glucose output, the expression of two key gluconeo-
genic enzymes, G6Pase and PEPCK-C, were alsomarkedly sup-
pressed by CTRP13 (Fig. 8B). Similar to adipocytes, L6 myo-
tubes, and clone 9 liver cells (Fig. 7), H4IIE cells also
demonstrated rapidly activated AMPK signaling in response to
CTRP13 treatment (Fig. 8C). Because AMPK activation sup-

FIGURE 6. CTRP13 increases glucose uptake in adipocytes, myotubes, and liver cells. A, 2-deoxy-D-[1-14C]glucose (2-DG) uptake in 3T3-L1 adipocytes
treated with vehicle control, CTRP13 (5 �g/ml; 30 min), and/or insulin (10 nM; 15 min). B, 2-deoxy-D-[1-14C]glucose uptake in adipocytes treated with vehicle
control, insulin (10 nM; 15 min), or CTRP13 (5 �g/ml; 30 min) in the presence or absence of PI3K inhibitor, LY29004 (25 �M; 1 h). C, 2-deoxy-D-[1-14C]glucose
uptake in clone 9 liver cells treated with vehicle control, AICAR (2 mM; 1 h), or CTRP13 (5 �g/ml; 1 h). D, 2-deoxy-D-[1-14C]glucose uptake in L6 myotubes treated
with vehicle control, insulin (100 nM, 15 min), and/or CTRP13 (5 �g/ml; 30 min). E, 2-deoxy-D-[1-14C]glucose uptake in L6 myotubes treated with vehicle control,
AICAR (2 mM, 1 h), and/or CTRP13 (5 �g/ml; 30 min). F, 2-deoxy-D-[1-14C]glucose uptake in L6 myotubes treated with vehicle control or CTRP13 in the presence
or absence of an AMPK inhibitor, compound C (10 �M; 1 h). Statistical analysis was as follows: compared with vehicle control (a); compared with insulin
treatment (b); compared with CTRP13 treatment (c). All data are expressed as -fold change (normalized to control) and as mean � S.E. (error bars) (n � 3 in all
experiments).
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presses hepatic glucose output (40–42), we explored whether
AMPK mediates the suppression of gluconeogenesis by
CTRP13. Compound C, an AMPK inhibitor, did not affect
glucose output when given to H4IIE cells alone (Fig. 8D).

However, compound C partially abolished the ability of
CTRP13 to inhibit glucose production (Fig. 8D), indicating
that AMPK mediates, at least in part, the effect of CTRP13
on gluconeogenesis.

FIGURE 7. Activation of the AMPK and suppression of the SAPK/JNK signaling pathway by CTRP13. A, time course of AMPK activation in 3T3-L1 adipocytes
induced by recombinant CTRP13 (5 �g/ml). AMPK-P, AMPK� phosphorylated at Thr-172. B, time course of AMPK activation in L6 myotubes induced by CTRP13
(5 �g/ml). C, time course of AMPK activation in clone 9 liver cells induced by CTRP13 (5 �g/ml). D, suppression of SAPK/JNK stress signaling (phosphorylation
at Thr-183/Tyr-185) by CTRP13 (5 �g/ml) in control (BSA) or palmitate (300 �M)-treated H4IIE hepatocytes. H4IIE cells were treated with or without palmitate in
2% free fatty acid-free BSA in the absence or presence of CTRP13 for 5 h. E, enhanced insulin signaling (Akt phosphorylation at Thr-308) by CTRP13 in palmitate
(300 �M)-treated H4IIE hepatocytes in response to insulin (10 nM). All data are expressed as -fold change (normalized to control) and as mean � S.E. (error bars)
(n � 3 in all experiments). *, p � 0.05; **, p � 0.01; #, p � 0.001.
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DISCUSSION

CTRP13 is one of the most conserved members of the C1q/
TNF family characterized to date. The striking conservation,
with 96% amino acid identity in the presumed functional C1q
domain of CTRP13 between zebrafish and humans, implies an
essential and highly conserved function ofCTRP13. In contrast,
the widely studied insulin-sensitizing adipokine, adiponectin,
shares only 56%amino acid identity at the globular domainwith
its zebrafish ortholog. Unlike the intensely studied adiponectin,
little is known about the function, regulation, and mechanism
of action of CTRPs. Table 2 shows the similarities and differ-
ences among CTRPs based on recent studies (13–15, 18, 19, 22,
43–45).
Of the characterized CTRPs, CTRP13 has the most pro-

nounced sexually dimorphic expression pattern. The higher
CTRP13 mRNA and circulating levels in female mice suggest
that sex hormones may play a role in regulating the expression
of CTRP13 in vivo, as has been reported for adiponectin (46).
Aside from CTRP13, CTRP5 and CTRP9 also exhibit sexual
dimorphism, with female mice having higher circulating levels
of the proteins (14, 15). The functional significance of a sexually
dimorphic expression pattern for CTRP13 is unclear. However,
males aremuchmore susceptible to the development of obesity
and diabetes than are females (47, 48). Our functional studies
demonstrate that CTRP13 promotes glucose uptake, sup-
presses de novo glucose production, and ameliorates lipid-in-

duced insulin resistance; therefore, higher circulating levels
of CTRP13 in female mice may partly account for sex differ-
ences seen in the development of metabolic abnormalities
associated with obesity. Whether a sexually dimorphic
CTRP13 expression pattern also exists in humans remains to
be determined.
CTRP13 is a secreted multimeric protein, a characteristic

shared by all C1q/TNF family proteins that have been biochem-
ically characterized (14–16, 49–57). All CTRPs with a C1q
domain form trimers as their basic structural unit (14, 15). In
addition, some CTRPs are further assembled into hexamers
and higher order structures, similar to the octadecamers found
in classical complement C1q (58) and adiponectin (59, 60). As
has been shown for adiponectin, different oligomeric forms
appear to bind to different receptors (61, 62) and further acti-
vate distinct signal transduction pathways (50). Analysis using
gel filtration chromatography indicated thatCTRP13 forms oli-
gomeric complexes of �350 kDa, suggesting an octameric-like
or higher order structure. A higher resolution analytical
method, such as sedimentation equilibrium centrifugation
analysis (59), is needed to determine the number of subunits
that comprise the oligomeric form of CTRP13. The presence of
the carbohydrate moiety and the formation of disulfide-linked
higher order structure underscore the importance of using
recombinant protein produced in the mammalian expression
system for functional study. Recombinant protein produced in

FIGURE 8. Inhibition of gluconeogenic enzyme gene expression and gluconeogenesis in hepatocytes by CTRP13. A, recombinant CTRP13 (5 �g/ml)
inhibits glucose production in H4IIE hepatocytes (n � 3). H4IIE cells were treated with or without CTRP13 in glucose production buffer containing glucose-free
and phenol red-free DMEM supplemented with sodium pyruvate and sodium lactate. B, CTRP13 suppresses the expression of two key gluconeogenic enzymes,
G6Pase, and PEPCK-C, as revealed by quantitative real-time PCR analysis (n � 6). C, time course of AMPK activation (phosphorylation at Thr-172) in H4IIE
hepatocytes induced by CTRP13 (5 �g/ml) (n � 3). D, incubation of H4IIE hepatocytes with compound C (10 �M) partially abolished the suppression of glucose
production by CTRP13 (n � 3). All data are expressed as -fold change (normalized to control) and as mean � S.E. (error bars). *, p � 0.05; #, p � 0.001.
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bacteria is unlikely to contain functionally important posttrans-
lational modifications.
CTRP13 forms heteromeric complexes in vitrowith a closely

related family member, CTRP10. This interaction has been
independently confirmed by Iijima et al. (30). Heteromeric
complex formations appear to be a characteristic feature of the
C1q domain-containing proteins (14, 15, 28, 30, 58, 63, 64) and
represent a potential mechanism to generate functionally dis-
tinct protein complexes. Inmost cases, only closely related fam-
ily members form heteromeric complexes. For instance,
CTRP13 and CTRP10 share 89% amino acid identity at the C1q
domain while sharing only �40% sequence identity with other
CTRPs. Hence, CTRP13 specifically forms heteromeric com-
plexes with CTRP10 but not with other more distantly related
CTRPs. Once formed, the heteromeric complex is stable and
does not interchange subunits. Whether such an association
also occurs in vivo awaits future investigation.
The relevance of CTRP13 to in vivo energy metabolism is

indicated by the fact that obese male mice have higher mRNA
and circulating levels of CTRP13 compared with lean controls.
The beneficial metabolic effects of CTRP13 could partially
compensate for the development of insulin resistance. Consis-
tent with this notion, the anti-diabetic drug, rosiglitazone,
increased CTRP13 expression in vitro. Recent studies indicate
that the insulin-sensitizing effect of thiazolidinediones (e.g.
rosiglitazone and pioglitazone) ismediated in part by adiponec-
tin; the full pharmacologic effect of rosiglitazone in lowering
blood glucose is blunted in adiponectin knock-out mice (10,
65). Further, depending on the dose used, there appears to be an
adiponectin-dependent and -independent mechanism by
which pioglitazone exerts its effect in vivo (65). CTRP13may be
one of the molecular components mediating the adiponectin-
independent, insulin-sensitizing effect of pioglitazone.
In obesity, ectopic deposition of fatty acids in non-adipose

tissues, such as liver and muscle, has been proposed as a mech-

anism underlying insulin resistance in these tissues (67). Ele-
vated intracellular free fatty acids and their derivatives (e.g. cer-
amide) activate stress signaling pathways, such as the SAPK/
JNK pathway (67). Activation of SAPK/JNK impairs signal
transduction downstream of the insulin receptor (39, 68).
Importantly, we show that CTRP13 can ameliorate insulin
resistance by lowering basal levels of SAPK/JNK signaling in
H4IIE hepatocytes and further suppresses this stress signaling
pathway induced by saturated fatty acids. This novel aspect of
CTRP13 function, not previously described for any other
CTRPs, underscores the potential of CTRP13 to improve insu-
lin sensitivity in disease conditions where insulin resistance is
present.
We have shown recently that hepatocytes are the major tar-

get cells of CTRP3 action in vitro and in vivo (20). Mechanisti-
cally, CTRP3 regulates hepatic glucose output via activation of
the Akt signaling. The Akt signaling pathway, downstream of
PI3K, is known tomediate the inhibition of gluconeogenesis by
insulin (34) through regulation of the Forkhead box O (FoxO1)
transcription factor (69). Phosphorylation of FoxO1 by Akt
leads to its nuclear exclusion, thereby turning off gluconeo-
genic gene transcription regulated by FoxO1. In contrast,
CTRP13 suppresses gluconeogenesis in hepatocytes via activa-
tion of the AMPK signaling pathway. The AMPK signaling
pathway, activated in response to elevated cellular AMP/ATP
ratio or by upstream kinases (e.g. LKB1), has been shown to
inhibit gluconeogenesis through phosphorylation and nuclear
exclusion of CREB-regulated transcription factor coactivator 2
(CRTC2) (70). Although CTRP13 and CTRP3 differ in tissue
expression profiles and share only limited amino acid identity
(35%) at the presumed functional C-terminal globular domain,
they share similar function in regulating de novo glucose syn-
thesis. However, they do so by activating two distinct signaling
pathways.

TABLE 2
Comparison of CTRPs
Information was compiled from recent studies (13–15, 18, 19, 22, 43–45). Studies on CTRP4, CTRP11, and CTRP12 have not been published and are not included here.
CTRP8 is absent in mice and rats (28) and therefore is not included here. HMW, high molecular weight; ND, not determined; g-CTRP6, truncated globular domain of
CTRP6.

CTRP1 CTRP2 CTRP3 CTRP5 CTRP6 CTRP7 CTRP9 CTRP10 CTRP13

Primary site of expression Adipose,
placenta

Adipose Adipose, kidney,
testis, stomach

Eye, Testis,
adipose

Placenta Adipose, lung Adipose Eye, brain,
placenta

Adipose, brain

Serum levels in ob/obmice ND ND Up-regulated Up-regulated ND ND Up-regulated ND Up-regulated
Sexual dimorphism in circulating levels No No No Yes No ND Yes nd Yes
Rosiglitazone’s effect on adipocytes ND ND ND ND ND ND ND ND Up-regulated
Forms trimers Yes Yes Yes Yes Yes ND Yes Yes No
Forms hexamers No No Yes Yes Yes ND Yes Yes No
Forms HMW oligomers No No Yes Yes Yes ND No Yes Yes
Forms hetero-oligomers with: CTRP6 Adiponectin

CTRP7
None None CTRP1 CTRP2 Adiponectin CTRP13 CTRP10

Functional studies using bacteria-produced
protein

No Yes No Yes Yes
(g-CTRP6)

No No No No

Functional studies using protein expressed
in mammalian cells

Yes No Yes Yes No No Yes No Yes

Functional studies using protein expressed
in Sf9 insect cells

Yes No Yes No No No No No No

Glucose uptake in myotubes ND ND No Yes ND ND ND ND Yes
Fatty acid oxidation in myotubes ND Yes No Yes Yes ND ND ND ND
Suppression of gluconeogenesis ND ND Yes ND ND ND ND ND Yes
Akt activation Yes No Yes ND ND ND Yes ND No
AMPK activation No Yes No Yes Yes ND Yes ND Yes
Suppression of lipid-induced JNK signaling ND ND ND ND ND ND ND ND Yes
Lower blood glucose in mice Yes ND Yes No ND ND Yes ND ND
Antagonize LPS action ND ND Yes ND ND ND ND ND ND
Prevent collagen-induced platelet
thrombosis in vivo

Yes ND ND ND ND ND ND ND ND

Increase aldosterone production Yes ND ND ND ND ND ND ND ND
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Liver is amajor target tissue of CTRP3 inmice (20). Consis-
tent with this, CTRP3 failed to elicit metabolic changes in
myotubes and adipocytes in vitro. In contrast, CTRP13 acti-
vates the AMPK signaling pathway to promote glucose
uptake in myotubes and adipocytes, suggesting that CTRP13
may regulate glucose metabolism in skeletal muscle and adi-
pose tissue in addition to liver. Hepatic glucose output and
glucose disposal in peripheral tissues are the two major
mechanisms employed bymammals to control blood glucose
levels. Therefore, activating distinct signaling pathways and
targeting different metabolic tissues may represent impor-
tant functional differences between CTRP3 and CTRP13.
Although the receptor(s) for CTRP3 and CTRP13 have not
been identified, it is likely that they interact with distinct
receptors to activate the Akt and AMPK signaling pathway in
cells, respectively.
Besides CTRP13, recent studies show that CTRP5 and

CTRP6 can also activate the AMPK signaling pathway to pro-
mote glucose uptake and fatty acid oxidation (18, 19). Although
bacterially produced recombinant GST-CTRP5 fusion protein
can activate the AMPK signaling pathway in mouse myotubes
(18), its prominent expression in the eye suggests a primary role
in the visual system (14, 45). Indeed, mutation in the CTRP5
gene has been found to cause late onset macular degeneration
in humans (45, 71). The missense mutation (S163R) identified
in the globular C1q domain of human CTRP5 causes the pro-
tein to form abnormal high molecular weight aggregate (71).
Aside from the defect in the eye, no metabolic abnormality has
been reported for patients with a CTRP5 mutation (45, 71).
Also, consistent with its role in the visual system, injection of
recombinant CTRP5, produced in mammalian cells and thus
possessing all of the proper posttranslationalmodifications (e.g.
proline hydroxylation within the collagen domain) and disul-
fide-linked higher order oligomeric structures failed to elicit
any changes in blood glucose levels inmice (14). It is not known
whether GST-CTRP5 fusion protein produced in bacteria can
be correctly assembled into proper trimers and higher order
oligomers. As such, the physiological relevance of CTRP5 in
regulating glucose metabolism in vivo remains to be fully
established.
Bacterially produced g-CTRP6, consisting of just the C-ter-

minal globular domain, can also activate the AMPK signaling
pathway to enhance fatty acid oxidation in mouse myotubes
(19). Because the full-length protein does not express well in
bacteria (19), it remains to be determined whether the full-
length protein has the same function as the truncated g-CTRP6.
When expressed inmammalian HEK293 cells, secreted CTRP6
containsN-linked glycans. It forms trimer as its basic structural
unit, and the trimeric protein can be further assembled into
presumed hexamers and high molecular weight oligomers via
intermolecular disulfide bonds (14). It is not known whether
g-CTRP6 produced in bacteria can be properly assembled into
correct higher order structure.Moreover, CTRP6mRNA is pri-
marily expressed in mouse placenta (14), suggesting a possible
role in reproductive biology. Thus, the physiological signifi-
cance of g-CTRP6 in regulating fatty acid metabolism in skele-
tal muscle remains to be fully established. In contrast to CTRP5
and CTRP6, CTRP13 is primarily expressed in adipose tissue

and the brain, and the expression of CTRP13 mRNA and pro-
tein is modulated by the metabolic state of the animals.
In sum, we provide evidence that CTRP13 is a novel and

highly conserved adipokine that promotes glucose uptake
and suppresses gluconeogenesis. This secreted multimeric
protein improves insulin action in hepatocytes by suppress-
ing the basal and lipid-induced stress signaling that inter-
feres with insulin signaling. Future studies aimed at elucidat-
ing the in vivo action of CTRP13 in normal and
pathophysiologic conditions will probably yield novel
insights into its function and mechanisms of action. Such
knowledge may provide new avenues to treat metabolic dis-
eases associated with diabetes.
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