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Adipose tissue-derived adipokines play important roles in
controlling systemic insulin sensitivity and energy balance.
Our recent efforts to identify novel metabolic mediators pro-
duced by adipose tissue have led to the discovery of a highly
conserved family of secreted proteins, designated as C1q/TNF-
related proteins 1-10 (CTRP1 to -10). However, physiological
functions regulated by CTRPs are largely unknown. Here we
provide the first in vivo functional characterization of CTRP3.
‘We show that circulating levels of CTRP3 are inversely corre-
lated with leptin levels; CTRP3 increases with fasting, de-
creases in diet-induced obese mice with high leptin levels, and
increases in leptin-deficient 0b/0b mice. A modest 3-fold ele-
vation of plasma CTRP3 levels by recombinant protein admin-
istration is sufficient to lower glucose levels in normal and in-
sulin-resistant 0b/ob mice, without altering insulin or
adiponectin levels. The glucose-lowering effect in mice is
linked to activation of the Akt signaling pathway in liver and a
marked suppression of hepatic gluconeogenic gene expression.
Consistent with its effects in mice, CTRP3 acts directly and
independently of insulin to regulate gluconeogenesis in cul-
tured hepatocytes. In humans, alternative splicing generates
two circulating CTRP3 isoforms differing in size and glycosy-
lation pattern. The two human proteins form hetero-olig-
omers, an association that does not require interdisulfide bond
formation and appears to protect the longer isoform from pro-
teolytic cleavage. Recombinant human CTRP3 also reduces
glucose output in hepatocytes by suppressing gluconeogenic
enzyme expression. This study provides the first functional
evidence linking CTRP3 to hepatic glucose metabolism and
establishes CTRP3 as a novel adipokine.

As the largest endocrine organ, adipose tissue secretes
many bioactive molecules that circulate in blood, collectively
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termed adipokines (1). These proteins include leptin, adi-
ponectin, resistin, retinol-binding protein 4 (RBP4), omentin,
and vaspin (2-7). Adipokines play important roles in energy
homeostasis; their circulating levels are often dysregulated in
conditions of obesity and/or diabetes (1). Adiponectin, the
most highly expressed and intensely studied adipokine, has
insulin-sensitizing, anti-inflammatory, and antiatherogenic
properties (8). Allelic polymorphisms and reduced plasma
adiponectin levels are tightly linked to insulin resistance and
type 2 diabetes (8). A large body of evidence implicates adi-
ponectin as a major insulin-sensitizing adipokine as well as an
important biomarker and therapeutic target for obesity-asso-
ciated metabolic diseases (1, 8). However, variable and rela-
tively mild metabolic dysfunctions in adiponectin knock-out
mice suggest the existence of additional metabolic regulators
sharing overlapping function with adiponectin (9-12). Our
efforts to identify such mediators produced by adipose tissue
have led to the discovery of a highly conserved family of se-
creted proteins, designated as C1q/TNF-related proteins
1-10 (CTRP1 to -10) (13-15). Both CTRPs* and adiponectin
are part of the expanding C1q/TNF superfamily of proteins
(16).

Most CTRPs are expressed by adipose tissue and circulate
in plasma (14, 15). Their circulating levels vary according to
sex, genetic background, and metabolic state of the animals
(14, 15). All CTRPs form trimers as their basic structural unit;
some are assembled into hexameric and high molecular
weight oligomeric complexes that may have distinct biological
and signaling properties (14, 15). Additionally, CTRPs form
combinatorial associations, representing a potential mecha-
nism to generate functionally distinct ligands with altered
receptor specificity and/or function (14, 15, 17). Although the
metabolic functions of adiponectin are well characterized, the
physiological processes regulated by CTRPs are only begin-
ning to be appreciated. Recombinant protein administration
or adenovirus-mediated overexpression of some of these
CTRPs reduces blood glucose in mice (14, 15). Apart from
these studies, little is known about the biological significance
and modes of action of CTRPs.

The present study aimed to characterize the metabolic
function of CTRP3, a secreted protein expressed predomi-
nantly by adipose tissue in mice (14). Previous in vitro studies

*The abbreviations used are: CTRP, C1q/TNF-related protein; G6Pase, glu-
cose-6-phosphatase; PEPCK, phosphoenolpyruvate carboxykinase; Bis-
Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
AMPK, AMP-activated protein kinase.
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have shown that CTRP3 (also known as CORS26/cartducin)
(18) stimulates chondrogenic precursor cell proliferation (19),
promotes angiogenesis (20), and is overexpressed in the os-
teosarcoma cell line (21). In primary monocytes derived from
healthy but not type 2 diabetic humans, recombinant human
CTRP3 reduces proinflammatory cytokine IL-6 and TNF-«
secretion in response to lipopolysaccharide stimulation, sug-
gesting an anti-inflammatory role (22). Beyond these in vitro
studies, the biological relevance and function of CTRP3 in
vivo remain unknown.

Here we show that recombinant mouse CTRP3 administra-
tion lowered blood glucose in both normal and insulin-resis-
tant ob/ob mice, an effect linked to activation of the Akt sig-
naling pathway and a marked suppression of gluconeogenic
gene expression in mouse liver. Consistent with its effect in
mice, CTRP3 acts independently of insulin to reduce glucose
output in rat H4IIE hepatocytes by suppressing the expression
of glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK), two key enzymes involved in glu-
coneogenesis. Further, we identified two human CTRP3 iso-
forms that circulate in plasma. The two human proteins differ
in size and glycosylation and form hetero-oligomers that ap-
pear to protect the longer isoform from proteolytic cleavage.
Recombinant human CTRP3 also potently reduced gluconeo-
genesis in hepatocytes by suppressing the expression of glu-
coneogenic enzymes. This study represents the first func-
tional characterization of CTRP3 in vivo and establishes the
biological relevance of CTRP3 as a metabolic regulator of glu-
cose homeostasis.

EXPERIMENTAL PROCEDURES

Animals—C57BL/6] and leptin-deficient obese (0b/0b)
mice were purchased from the Jackson Laboratory and were
allowed to acclimatize to the animal facility for at least 1
week. Laboratory mice consumed standard chow diet (no.
5001, Lab Diet, St. Louis, MO) and water ad [ibitum and were
housed in polycarbonate cages on a 12-h light/dark photo-
cycle. To model diet-induced obesity, 4-week-old C57BL/6
mice were placed on a high fat diet (60 kcal% fat; D12492) or
an isocaloric low fat diet (10 kcal% fat; D12450B) purchased
from Research Diets Inc. (New Brunswick, NJ). All experi-
ments were approved by the Animal Care and Use Committee
at Johns Hopkins University School of Medicine.

Mouse and Human Serum—Mouse serum samples were
harvested by tail bleeding after overnight fast and separated
using Microvette® CB 300 (Sarstedt). Serum samples were
prepared according to the manufacturer’s instructions for
individual assay or diluted 1:20 in SDS loading buffer (50 mm
Tris-HCl, pH 7.4, 2% (w/v) SDS, 6% (w/v) glycerol, 1% (v/v)
2-mercaptoethanol, and 0.01% (w/v) bromphenol blue) and
subjected to Western blot analysis. Pooled normal human
serum samples (Innovative Research) were diluted 1:20 in
SDS loading buffer and subjected to Western blot analysis. An
equivalent of 1 ul of serum was used to assess the presence of
CTRP3A and CTRP3B.

Antibodies—Mouse monoclonal anti-FLAG M2 antibody
was obtained from Sigma, and rat monoclonal anti-HA (clone
3F10) antibody was obtained from Roche Applied Science.

39692 JOURNAL OF BIOLOGICAL CHEMISTRY

Rabbit anti-CTRP3 antibody was generated as described pre-
viously (14). Goat polyclonal CTRP3/C1qTNF3 antibody was
obtained from R&D Systems. Rabbit antibodies that recognize
phospho-AKT (Thr-308), phospho-Erk1/2 (Thr-202/Tyr-
204), phospho-AMPKa (Thr-172), phospho-GSK38 (Ser-9),
total Akt, total AMPKe, and total Erk1/2 were obtained from
Cell Signaling Technology.

Recombinant Protein—pCDNAS3.1 expression constructs
encoding C-terminal FLAG-tagged mouse CTRP3, human
CTRP3A, or human CTRP3B were used in transient transfec-
tions to generate recombinant proteins. HEK 293 cells (Grip-
Tite™ cells, Invitrogen) were cultured in DMEM containing
10% (v/v) bovine calf serum supplemented with 100 ug/ml
penicillin and 100 pg/ml streptomycin. Transfections were
performed in HEK 293 cells using Lipofectamine (Invitrogen)
or calcium phosphate methods. At 24 h post-transfection,
media were replaced with serum-free Opti-MEM media (In-
vitrogen) supplemented with vitamin C (0.1 mg/ml). Superna-
tants were collected three times, every 48 h, pooled, and puri-
fied using an anti-FLAG affinity gel according to the
manufacturer’s protocol (Sigma) and then eluted with 150
png/ml FLAG peptide (Sigma). Purified proteins 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.

Recombinant Protein Injection—Food was removed in the
morning 2 h prior to recombinant protein injection; drinking
water was supplied for the duration of the experiment. Re-
combinant mouse CTRP3 (2 ug/g body weight) or the equiva-
lent volume of vehicle buffer (20 mm HEPES (pH 8) and 135
mM NaCl) was injected intraperitoneally into 8 —10-week-old
C57BL/6 mice (n = 8). Blood glucose levels were measured at
time O (prior to protein injection) and at the indicated time
postinjection using the BD logic™ glucometer (BD Pharmin-
gen). During the experiment, ~100 ul of blood was collected
from the tail tip for serum analysis. The experiment was re-
peated three times, using 6 — 8 new mice per experiment and
different batches of recombinant protein; the glucose-lower-
ing effects of CTRP3 were comparable across replicates. In
addition, a third round of protein injection (2 ug/g body
weight) was carried out with a different batch of mice and
recombinant protein, and the livers were harvested and pre-
pared for RNA and protein analysis 90 min postinjection. Fur-
thermore, separate cohorts of mice were injected with differ-
ent batches of recombinant CTRP3 at 1 ug/g (n = 6) and 4
pg/g (n = 6) to evaluate the glucose-lowering effect of CTRP3
at different doses.

Cell Culture and Gluconeogenesis Assay—Experiments were
performed on rat hepatoma cell line H4IIE (obtained from
Fredric Wondisford’s laboratory at Johns Hopkins Univer-
sity), maintained in Dulbecco’s modified Eagle’s medium con-
taining 5% newborn calf serum (Gemini Bio-product). For
experimentation, cells were grown to near confluence in 24-
well tissue culture plates (BD Biosciences) and incubated
overnight with 500 nm dexamethasone and 0.1 mm 8-CTP-
cAMP (Dex-cAMP), as described by Gocorko et al. (23). Cells
were then stimulated with vehicle control or recombinant
protein (5 ug/ml) and harvested at the indicated times for
immunoblot and RNA analysis. For gluconeogenesis assays,
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HA4IIE hepatoma cells were incubated overnight with recom-
binant CTRP3 (5 ng/ml) before transferring to glucose pro-
duction buffer (glucose-free Dulbecco’s modified essential
medium, pH 7.4, containing 20 mm sodium lactate (Sigma)
and 2 mm sodium pyruvate without phenol red) for an addi-
tional 5 h. At the end of this incubation, 0.2 ml of medium
was taken to measure the glucose concentration using the
Amplex Red glucose assay kit (Invitrogen). Glucose produc-
tion was normalized to total protein concentration as mea-
sured by the Bradford method to correct for potential varia-
tion in cell number.

Glucose Uptake Assay—Glucose uptake experiments were
performed on mouse 3T3-L1 adipocytes and rat L6 myotubes
(ATCC). 3T3-L1 fibroblasts were cultured and differentiated
as described previously (15). Rat L6 cells were maintained in
DMEM (1 g/liter glucose) containing 10% (v/v) fetal bovine
serum (Gemini Bio-Product). Myotubes were obtained by
allowing undifferentiated myocytes to reach confluence and
then switching to media containing 2% (v/v) fetal bovine se-
rum for 7 days, with medium changes every second day. Myo-
tubes were cultured for 2 h in serum-free DMEM containing
0.2% bovine serum albumin with CTRP3 (5 pg/ml) or vehicle
buffer. Insulin was added during the last 30 min of incubation.
Myotubes were washed twice in prewarmed PBS and then
placed in HEPES-buffered saline solution (25 mm HEPES, pH
7.4, 120 mm NaCl, 5 mm KCl, 1.25 mm MgSO,, 1.2 mm CaCl,,
1.3 KH,PO,, and 0.5% BSA) containing 0.5 uCi/ml 2-deoxy-
p-[**C]glucose (MP Biomedicals) and incubated for 10 min.
The reactions were terminated by washing twice in ice-cold
PBS. Cells were incubated 5 min with 1% Triton X-100, and
the lysates were transferred to scintillation vials containing
Ecoscint scintillation fluid (National Diagnostics) and then
allowed to sit at room temperature for 1 h before being
counted with a Beckman Coulter counter (model LS6000SC).

Blood Chemistry Analysis—Blood glucose was measured
using a glucometer (BD Pharmingen). Serum insulin, gluca-
gon, and adiponectin concentrations were measured using the
Multiplex assay kit (Millipore). Serum leptin concentrations
were measured using a leptin ELISA kit (Millipore). Serum
non-esterified fatty acid and triglycerides were measured us-
ing assay kits from Wako.

Expression Profiling of CTRP3A and CTRP3B in Human
Tissues—A semiquantitative PCR approach was used to evaluate
the tissue distribution of CTRP3A and CTRP3B transcripts in
human multiple tissue cDNA panels (Clontech). For human
CTRP3, the following primer pair was used: forward primer, 5'-
GAATCATGCTTTGGAGGCAGCTC-3'; reverse primer,
5'-CAGCTACAAGTCTTCCCCAAAGTGG-3'. 35-cycle PCRs
were carried out using the Pfx polymerase (Invitrogen). For con-
trol human GAPDH, the following primer pair was used: for-
ward primer, 5'-TGAAGGTCGGAGTCAACGGATTTGGT-3';
reverse primer, 5'-CATGTGGGCCATGAGGTCCACCAC-3'.

Identification and Cloning of Human CTRP3A and
CTRP3B—Two isoforms of human CTRP3 mRNA were ob-
served in human tissues. The two PCR products correspond-
ing to alternative splicing of the CTRP3 gene were separated
in 1% agarose gel, extracted from the gel, and cloned into the
pCR2.1 TOPO vector (Invitrogen). The entire cDNA insert
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corresponding to CTRP3A and CTRP3B were sequenced, and
DNA sequences were deposited into the NCBI GenBank™
data base with accession numbers ABY86416 and ABY86417,
respectively.

Site-directed Mutagenesis—A PCR-based method was used
to carry out site-directed mutagenesis using a kit from Strat-
agene. pCDNA3.1 expression vector encoding CTRP3A or
CTRP3B was used as a PCR template. To generate the
hCTRP3B (N70A) mutant, the following primer pair was
used: forward primer, 5'-AACTGGGACTGTGGATGCT-
AACACTTCTACAGACC-3'; reverse primer, 5'-GGTCT-
GTAGAAGTGTTAGCATCCACAGTCCCAGTT-3'. To
generate CTRP3A (C39A,C42A,C43A) and CTRP3B
(C112A,C115A,C116A) Cys mutants, the following primer
pair was used: forward primer, 5'-CCGGAGGACTACCCCC-
AGACGCCAGTAAGGCTGCTCATGGAGACTACAGCTT-
TCG-3’; reverse primer, 5'-CGAAAGCTGTAGTCTCCAT-
GAGCAGCCTTACTGGCGTCTGGGGGTAGTCCTCCGG-
3'. All constructs were verified by DNA sequencing.

Quantitative Real-time-PCR Analysis—For quantitative
real-time-PCR analysis, RNAs were isolated from tissues (e.g.
liver) or cell lines (e.g. H4IIE hepatocytes) using TRIzol® (In-
vitrogen) and reverse transcribed using Superscript II RNase
H-reverse transcriptase (Invitrogen) according to the manu-
facturer’s protocol. PCR primers used in the quantitative
real-time-PCR analysis were as follows: G6Pase forward,
5'-CGACTCGCTATCTCCAAGTGA-3'; G6Pase reverse,
5'-GTTGAACCAGTCTCCGACCA-3'; PEPCK forward, 5'-
CTGCATAACGGTCTGGACTTC-3'; PEPCK reverse,
5'-CAGCAACTGCCCGTACTCC-3'; 18 S RNA forward, 5'-
GCAATTATTCCCCATGAACG-3’; 18 S RNA reverse,
5'-GGCCTCACTAAACCATCCAA-3'. Analyses were per-
formed on an Applied Biosystems Prism 7000 sequence
detection system. Samples were analyzed in 25-ul reactions
according to the standard protocol provided in the SYBR®
Green PCR Master Mix (Applied Biosystems). All expression
levels were normalized to the corresponding 18 S RNA levels.

Gel Filtration Chromatographic Analysis—Supernatants
(500 wl) from transfected HEK 293 cells containing FLAG-
tagged mouse CTRP3, human CTRP3A, or human CTRP3B
were sequentially loaded onto an AKTA FPLC and fraction-
ated through an HR 10/30 Superdex 200 column (GE Health-
care) in PBS. The collected fractions were subjected to West-
ern blot analysis using the anti-FLAG or the anti-CTRP3
antibodies.

Co-immunoprecipitation—C-terminal FLAG or HA-tagged
CTRP3A, CTRP3B, and their corresponding Cys mutants
were transfected individually or together into HEK 293 cells
as described above. An aliquot of the collected supernatants
(250 ul) combined with 500 ul of immunoprecipitation buffer
(150 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1 mm EDTA, and
1% Triton X-100) was subjected to immunoprecipitation us-
ing either 10 ul of EZview™ anti-FLAG affinity gel (Sigma)
or anti-HA affinity matrix (Roche Applied Science). Samples
were rotated for 4 h at 4 °C, washed four times with IP buffer,
and subjected to protein immunoblot analysis.

Protein Immunoblot Analysis—Mouse liver protein homo-
genates and H4IIE cell lysates were prepared in tissue protein
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extraction buffer (Thermo Scientific) supplemented with pro-
tease inhibitors (Roche Applied Science) and phosphatase
inhibitors (Sigma). All samples were boiled for 4 min at 100 °C
after the addition of an equal amount of 2X SDS loading
buffer. The proteins were separated by electrophoresis (Nu-
PAGE 10% or 4—12% BisTris gel, Invitrogen) according to the
manufacturer’s instructions. The gels were blotted onto nitro-
cellulose membranes (Bio-Rad) and stained with Ponceau S
red (Sigma) to confirm equal loading and transferring of pro-
teins to the membrane in each lane. Secondary antibodies
were conjugated to horseradish peroxidase, and the signals
were developed by chemiluminescence (GE Healthcare). The
signals were imaged and quantified using FluorChem Q mul-
tilmage III (Alphalnnotech). Values were expressed as arbi-
trary units. The sizes of the proteins were verified by using the
standard prestained SeeBlue® Plus 2 molecular weight mark-
ers (Invitrogen).

Statistical Analyses—Data from blood glucose measure-
ments, after recombinant CTRP3 injection, were analyzed
using a repeated measures analysis of variance followed by
Tukey post hoc analysis. All remaining statistical analyses
were performed using a one-way analysis of variance. Statisti-
cal analyses were performed using GraphPad Prism 5 statisti-
cal software. Statistical significance was accepted at p < 0.05.
All data are given as mean * S.E.

RESULTS

Inverse Relationship between Circulating CTRP3 and Leptin
Levels—To address whether circulating levels of CTRP3 are
regulated by the metabolic states of the animal, we fed normal
C57BL/6 male mice with a high fat diet or an isocaloric-
matched low fat diet for 9 or 12 weeks. Although no differ-
ences were observed in the circulating levels of CTRP3 when
mice were fed a high or low fat diet for 9 weeks (Fig. 14), we
observed a significant decrease in the serum levels of CTRP3
in mice fed a high fat diet for 12 weeks (Fig. 1B). The diet-
induced obese mice had much higher levels of circulating lep-
tin, in proportion to their increased adiposity, compared with
mice fed a low fat diet (Fig. 1C). Conversely, circulating levels
of CTRP3 were elevated in 8- or 12-week-old leptin-deficient
ob/ob mice (Fig. 1, D and E), consistent with increased CTRP3
mRNA levels found in adipose tissue of 0b/0b mice (14).
Moreover, older (12-week-old) 0b/ob mice had higher serum
CTRP3 levels compared with younger (8-week-old) mice. Fur-
ther, serum CTRP3 levels were significantly elevated in mice
after an overnight fast, in which leptin levels are known to be
low (24), compared with ad libitum fed or fasted/refed mice
(Fig. 1F). Together, these data indicate an inverse relationship
between circulating CTRP3 and leptin levels. Using known
amounts of purified recombinant mouse CTRP3 as our stan-
dard in immunoblot analysis, we determined the serum
CTRP3 concentration to be ~1 * 0.3 ug/ml. Given that
CTRP3 forms trimers and higher order multimers (14), the
effective circulating concentration is ~0.1-0.3 ug/ml or less.
Precise measurement of CTRP3 concentration in serum re-
quires the development of a CTRP3-specific ELISA assay,
which is currently unavailable.
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FIGURE 1. Circulating levels of CTRP3. The CTRP3 immunoblot of sera from
mice on either a high fat or low fat diet shows no change after 9 weeks (A)
but significant reduction of CTRP3 after 12 weeks (B). Mice on a high fat diet
had significantly elevated leptin levels (C). The immunoblot of sera from
leptin-deficient obese (ob/ob) mice showed increased concentration of
CTRP3 at 8 weeks (D) and 12 weeks (E) of age, compared with the lean phe-
notype. F,immunoblot of sera for circulating CTRP3 levels in fasted, refed,
and ad libitum-fed mice. Each bar represents the mean = S.E. (error bars)
(n=4-8).*% p < 0.05.

Recombinant Protein Administration Reduces Blood Glu-
cose Levels—To address the potential metabolic function of
CTRP3, we purified recombinant protein from the superna-
tant of HEK 293 mammalian cells overexpressing CTRP3 (Fig.
2A) and evaluated its in vivo effect when administered to
mice. Intraperitoneal injection of recombinant CTRP3 (2
pg/g body weight) into normal C57BL/6 mice resulted in a
3-fold elevation of circulating CTRP3 levels within 2 h (Fig.
2B). The rise in serum CTRP3 levels led to a significant reduc-
tion in blood glucose levels compared with vehicle-injected
animals (Fig. 2C), and this effect was sustained over a 7-h time
period. Maximum reduction in blood glucose was observed
3—4 h after protein administration. Importantly, CTRP3 ad-
ministration lowered blood glucose without altering insulin,
glucagon, non-esterified free fatty acids (NEFA), leptin, or
adiponectin levels in C57BL/6 mice (Fig. 2, E-I). To investi-
gate whether CTRP3 has similar glucose-lowering effects in
an insulin-resistant mouse model, we injected recombinant
CTRP3 into 0b/ob mice. Leptin-deficient obese (0b/0b) mice
are hyperphagic and display hyperglycemia and pronounced
hyperinsulinemia (2). As in normal C57BL/6 mice, injection
of recombinant CTRP3 (2 ug/g body weight) into these mice
led to a significant decrease in blood glucose levels 3 h postin-
jection (Fig. 2D). The reduction in blood glucose lasted for 2 h
in ob/ob mice, compared with the more sustained effect seen
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FIGURE 2. CTRP3 administration decreases blood glucose in mice. Injec-
tion of mice with 2 ug/g body weight of purified recombinant CTRP3 (A)
increased circulating CTRP3 levels 3-fold (B) and was sufficient to lower
blood glucose in normal C57BL/6 (C) and obese and diabetic (ob/ob) mice
(D) without altering serum insulin, glucagon, non-esterified fatty acids
(NEFA), leptin, or adiponectin levels (E-/). Each bar represents the mean =
S.E. (error bars) (n = 8).*, p < 0.05.

in normal C57BL/6 mice (Fig. 2, C and D). Administration of
different doses (1, 2, and 4 ug/g) and batches of recombinant
CTRP3 in over 20 C57BL/6 mice demonstrated a consistent
glucose-lowering effect compared with vehicle injection, with
maximum glucose lowering achieved at 4 ug/g body weight
(data not shown). The modest glucose-lowering effect (~20%)
of CTRP3 at 2 ug/g body weight is comparable with the re-
ductions in blood glucose achieved by recombinant adiponec-
tin injection into C57BL/6 mice (25). Importantly, a closely
related protein family member, CTRP5, did not lower blood
glucose levels when injected into C57BL/6 mice at 2 ug/g
body weight, although the protein was produced and purified
in an identical manner (14).

CTRP3 Suppresses Gluconeogenic Gene Expression in Mouse
Liver—Blood glucose levels are affected by the rate of glucose
uptake in the peripheral tissues and by hepatic glucose output
(26). In the postprandial state, insulin secreted from the pan-
creatic B-cells is largely responsible for glucose disposal in the
muscle and adipose tissue. In the postadsorptive state, in
which insulin levels are low, blood glucose levels are largely
controlled by the rate of hepatic glucose output. All of the
recombinant protein injection experiments (Fig. 2) were per-
formed in the morning (around 10 a.m.) with food removed
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2 h prior to protein administration. Under this condition, in-
sulin levels are low, and thus the glucose-lowering effects we
observed with CTRP3 injection are probably due to the sup-
pression of hepatic glucose output. To address whether
CTRP3 regulates hepatic gluconeogenesis, livers were har-
vested 90 min after administration with vehicle or 2 ug/g
body weight of recombinant protein. Quantitative real-time
PCR analysis revealed a profound suppression (~80%) of two
key gluconeogenic enzymes, G6Pase and PEPCK, in the liver
of CTRP3-administered mice relative to vehicle-treated con-
trols (Fig. 3A4). The PKB/Akt signaling pathway plays a major
role in controlling hepatic glucose output (27-29); thus,
CTRP3 may activate this signaling pathway in the liver to reg-
ulate gluconeogenic enzyme expression. Indeed, recombinant
CTRP3 induces phosphorylation and activation of the Akt
and ERK1/2 signaling pathway in mouse liver (Fig. 3, B and
C). These effects are specific; we observed no changes in
AMPKa phosphorylation (Fig. 3, B and C).

CTRP3 Acts Directly and Independently of Insulin to Regu-
late Glucose Metabolism in Hepatocytes—Rat hepatoma cells,
HAIIE, are a well established hepatocyte cell line used in
studying the transcriptional control of gluconeogenesis (30,
31). Using HA4IIE cells, we established a direct effect of CTRP3
in regulating glucose production. Treatment of H41IIE hepa-
toma cells with recombinant CTRP3 significantly attenuated
gluconeogenesis (Fig. 4A4). Further, CTRP3 acts independently
of insulin to suppress de novo glucose production (Fig. 4B);
increasing the concentration of insulin did not alter the mag-
nitude of CTRP3 in suppressing gluconeogenesis. Reduction
of glucose output in H4IIE hepatoma cells by CTRP3 treat-
ment was due to suppressed expression of gluconeogenic en-
zymes G6Pase and PEPCK (Fig. 4C). As with its effects on
mouse liver, CTRP3 induced the phosphorylation and activa-
tion of Akt in hepatoma cells (Fig. 4D). Further, GSK3-f, a
downstream target of Akt, was also phosphorylated following
CTRP3 treatment (Fig. 4E). In contrast, we observed no
changes in the phosphorylation of AMPK (Fig. 4F). Besides
liver, muscle and adipose tissue play important roles in con-
trolling whole-body glucose metabolism (32, 33). To investi-
gate whether CTRP3 effects are specific to liver cells, we
treated mouse 3T3-L1 adipocytes and rat L6 myotubes, repre-
senting the adipocyte and muscle cells, respectively, with re-
combinant CTRP3 (34, 35). With or without insulin, CTRP3
treatment did not affect the Akt signaling pathway (data not
shown) or glucose uptake in these cells (Fig. 4, G and H).

Humans Express Two CTRP3 Isoforms—In mice, CTRP3 is
predominantly expressed by adipose tissue (14). In humans,
CTRP3 is more broadly expressed, with transcript detectable
in pancreas, small intestine, colon, and adipose tissue (Fig.
5A). Brain, kidney, thymus, and ovary also express low levels
of CTRP3, but none of the resting or activated immune cells
express detectable levels of CTRP3 mRNA. Although CTRP3
is overexpressed in some cancer cells (21), we did not detect
CTRP3 expression in human cancer xenografts (Fig. 54). Two
specific PCR products were amplified from human tissues
(Fig. 54, arrows). Cloning, sequencing, and genomic mapping
revealed that the two PCR products derived from alternative
splicing of the CTRP3 gene (Fig. 5B). The first product was
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FIGURE 3. CTRP3 administration suppresses hepatic gluconeogenic gene expression. Injection of mice with 2 ng/g body weight of recombinant CTRP3
suppressed the expression of gluconeogenic genes PEPCK and G6Pase in mouse liver, as assessed by quantitative real-time PCR analysis (A). Administration
of recombinant CTRP3 to mice increased Akt and Erk1/2 phosphorylation in liver with no change in AMPKa phosphorylation (B and C). Each bar represents

the mean = S.E. (error bars) (n = 5). %, p < 0.05.

designated as CTRP3A, and the longer splice variant was des-
ignated as CTRP3B. CTRP3B has a larger exon 1 due to the
retention of 219 nucleotides from the intron 1 sequence. The
deduced CTRP3B cDNA encodes a protein with an extra 73
amino acids in the N terminus, which contains a highly con-
served N-linked glycosylation site (Fig. 5B, circled, and sup-
plemental Fig. S2). Human CTRP3A protein sequence is
highly conserved throughout vertebrate evolution, with
amino acid identity ranging from 78 to 99% (supplemental
Fig. S1). The extended N terminus of CTRP3B is also highly
conserved, with amino acid identity ranging from 38 to 100%
between different vertebrate species (supplemental Fig. S2).
Using the anti-CTRP3 antibody, both CTRP3A and CTRP3B
can be detected in pooled normal human sera (Fig. 5C). The
apparent molecular weights of these two proteins on SDS-
PAGE immunoblot are consistent with their predicted molec-
ular mass. Unlike human CTRP3, CTRP3A is the predomi-
nant circulating form found in mouse serum (Fig. 5C).
Human CTRP3 Isoforms Differ in Size and Glycosylation—
Both CTRP3A and CTRP3B were robustly detected in the
conditioned media of transfected HEK 293 cells (Fig. 6A). The
presence of an extended N terminus in CTRP3B is reflected in
its greater apparent molecular mass on immunoblot (~40
kDa), as compared with CTRP3A (~32 kDa), allowing unam-
biguous separation and identification of the two proteins.
Two migrating bands were observed for CTRP3B, suggest-
ing the presence of carbohydrate moieties. Indeed, N-gly-
canase (peptide:N-glycosidase F (PNGaseF)) treatment
shifted the apparent molecular weight of CTRP3B on im-
munoblot, confirming the presence of N-linked glycans
(Fig. 6A). The predicted site of glycosylation is the highly

39696 JOURNAL OF BIOLOGICAL CHEMISTRY

conserved Asn-70, located in the extended N terminus of
CTRP3B (Fig. 5B and supplemental Fig. S2). When mu-
tated to Ala, the N70A mutant migrated as a single band on
immunoblot, in contrast to the two bands observed for WT
protein, confirming Asn-70 as the attachment site for gly-
cans (Fig. 6B).

Physical Association with CTRP3A Protects CTRP3B from
Proteolytic Cleavage—When expressed alone in HEK 293
cells, FLAG- or HA-tagged human CTRP3B was subjected to
proteolytic cleavage, as revealed by multiple migrating bands
on immunoblot with apparent molecular weights smaller than
that of the full-length protein (Fig. 6C, lanes 3 and 10). In
contrast, no proteolytic cleavage was observed for CTRP3A
when expressed in HEK 293 cells. However, when co-ex-
pressed, CTRP3A appears to protect CTRP3B from proteo-
lytic cleavage (Fig. 6C, lanes 6 and 11), suggesting physical
association between CTRP3A and CTRP3B. Indeed, secreted
epitope-tagged CTRP3A can be reciprocally co-immunopre-
cipitated with CTRP3B from cells expressing both proteins
(Fig. 6D, lanes 5 and 6). This physical association is specific;
other related proteins, such as adiponectin and CTRP9, did
not co-immunoprecipitate with CTRP3 (Fig. 6D, lane 7 and
8). As with mouse CTRP3 (14), human CTRP3A and CTRP3B
form higher order structures corresponding to the presumed
trimeric, hexameric, and high molecular weight oligomeric
forms (Fig. 6E, panels 1 and 2). Using gel filtration followed by
immunoprecipitation, CTRP3B co-immunoprecipitated with
CTRP3A in most FPLC fractions, confirming the formation of
heterotrimeric and hetero-oligomeric complexes of CTRP3A
and CTRP3B (Fig. 6E, panel 5).
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FIGURE 4. CTRP3 acts directly on liver cells, independent of insulin, to
suppress gluconeogenic gene expression and glucose production. Glu-
coneogenesis was reduced in rat H4lIE hepatoma cells treated with recom-
binant CTRP3 (n = 6) for 16 h (A); this effect was independent of insulin con-
centration (n = 6) (B). Recombinant CTRP3 suppressed the expression of
gluconeogenic genes PEPCK and G6Pase in hepatoma cells (n = 6) (C). Ad-
ditionally, CTRP3 treatment increased Akt (D) and GSK3-3 (E) phosphoryla-
tion but not AMPKa (F) in hepatoma cells. Treatment with recombinant
CTRP3 in the absence or presence of insulin (10 nm) resulted in no change in
glucose uptake in 3T3-L1 adipocytes (G) and rat L6 myotubes (H). In all ex-
periments, cells were treated with 5 wg/ml recombinant CTRP3. All in vitro
signaling experiments have been repeated at least twice, and comparable
results were obtained. Each bar represents the mean = S.E. (error bars). ¥,

p < 0.05.

CTRP3A-CTRP3B Complexes Form during Biosynthesis and
Do Not Require N-terminal Cys Residues—Human tissues that
express CTRP3A mRNA invariably express CTRP3B. The co-
regulated expression of both transcripts in the same tissue
suggests that CTRP3A-CTRP3B complexes formed during
biosynthesis. Indeed, CTRP3A interacted with CTRP3B only
when they were co-expressed in the same cell (Fig. 6F, lane 4);
mixing supernatants containing CTRP3A and CTRP3B ex-
pressed separately did not result in co-immunoprecipitation
(Fig. 6F, lane 3). Three Cys residues are located in the N ter-
mini of CTRP3A (Cys-39, -42, and -43) and CTRP3B (Cys-
112, -115, and -116); these Cys residues can potentially partic-
ipate in interdisulfide bond formation to covalently link
CTRP3A to CTRP3B. Mutations of all three N-terminal Cys
residues did not disrupt physical complex formation; secreted
Cys mutant of CTRP3A can still co-immunoprecipitate with
the Cys mutant of CTRP3B (Fig. 6F, lane 7), indicating that
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disulfide bond formation between CTRP3A and CTRP3B is
not required for physical association.

Human CTRP3 Suppresses Gluconeogenesis in Hepatocytes—
Despite 95% amino identity between full-length human and
mouse CTRP3, we investigated whether human CTRP3 re-
tains a similar biological function. As with mouse CTRP3,
treatment of H4IIE hepatoma cells with purified recombinant
human CTRP3A or CTRP3B significantly attenuated glucone-
ogenesis in these cells (Fig. 7A). The reduction in de novo glu-
cose production in hepatoma cells is also due to the suppres-
sion of gluconeogenic enzymes G6Pase and PEPCK
expression (Fig. 7B).

DISCUSSION

A 2-fold increase in plasma levels of adiponectin is suffi-
cient to ameliorate many metabolic abnormalities associated
with insulin resistance and/or diabetes in various animal
models (25, 36 —39). Despite its antidiabetic, anti-inflamma-
tory, and antiatherogenic properties, adiponectin knock-
out mice show surprisingly mild phenotypes, exhibiting
varying degrees of insulin resistance when challenged with
a high fat diet (9, 11, 12). These findings suggest the exis-
tence of secreted factors or mechanisms that can compen-
sate for the absence of adiponectin. Indeed, increased lep-
tin sensitivity in adiponectin knock-out mice partially
accounts for the mild metabolic phenotypes (40). Addition-
ally, the highly conserved family of adiponectin paralogs we
recently identified may have overlapping functions, pre-
venting a more severe phenotype in adiponectin knock-out
mice (13-15, 41). However, limited data exist concerning
the biological functions of CTRP proteins in the context of
metabolism. Here we provide functional evidence estab-
lishing CTRP3 as a novel adipokine that regulates hepatic
glucose metabolism.

A modest 3-fold increase in plasma CTRP3 levels by re-
combinant protein administration is sufficient to activate
the Akt signaling pathway in liver, suppress hepatic glu-
coneogenic enzyme expression, and lower blood glucose
levels in both normal and insulin-resistant 0b/0b mice,
without altering insulin, glucagon, or adiponectin levels.
Glucose lowering appears to be a direct effect of CTRP3; in
cultured rat hepatoma cells, we demonstrate that recombi-
nant CTRP3 acts directly and independently of insulin to
reduce glucose output by suppressing the expression of
gluconeogenic genes G6Pase and PEPCK. Importantly, rat
hepatocytes treated with a saturating dose of insulin con-
tinue to respond to CTRP3 treatment with a further de-
crease in gluconeogenesis, indicating that the biological
pathway activated by CTRP3 to suppress glucose output is
parallel to the insulin signaling pathway. This property of
CTRP3 may be exploited in a therapeutic setting to treat
diabetes, a metabolic condition characterized by severe
hyperinsulinemia and profound insulin resistance.

Although adiponectin and CTRP3 lower blood glucose
levels when injected into mice, major differences were
noted between these proteins. First, although both proteins
circulate in blood, the plasma concentration of adiponectin
(10-30 ug/ml) is at least 10-fold higher than that of
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CTRP3 (precise measurement of CTRP3 concentrations in Second, circulating adiponectin levels are consistently
the blood requires the development of sensitive CTRP3- decreased in obese and/or diabetic humans and rodents (1,
specific ELISA). 8), partly accounting for the decrease in systemic insulin
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FIGURE 6. Human CTRP3A forms hetero-oligomers with CTRP3B, protecting CTRP3B from proteolytic cleavage. A, immunoblot analysis was carried
out on conditioned media containing FLAG-tagged CTRP3A or CTRP3B incubated with (+) or without (—) peptide:N-glycosidase F (PNGaseF) to determine
the presence of N-linked glycans. B, conditioned media containing FLAG-tagged wild-type (WT) and mutant (N70A) CTRP3B were subjected to immunoblot
analysis. C, supernatant and cell lysate containing epitope-tagged CTRP3A and/or CTRP3B were subjected to immunoblot analysis. D, secreted epitope-
tagged CTRP3A and/or CTRP3B were immunoprecipitated (/P) with the anti-FLAG affinity gel and immunoblotted (/B) with the anti-HA antibody. E, size ex-
clusion chromatographic (FPLC) analysis of secreted epitope-tagged CTRP3A and/or CTRP3B. Fractions 10-27 were subjected to immunoblot analysis (pan-
els 1-4). Additionally, fractions 10-27 were immunoprecipitated with the anti-FLAG affinity gel and immunoblotted with the anti-HA antibody (panel 5).
The indicated molecular weight markers (669, 440, 232, and 158 kDa) correspond to the peak elution fraction of molecular standard thyroglobulin, ferritin,
catalase, and aldolase, respectively. FPLC fractions that correspond to adiponectin trimers, hexamers, and high molecular weight oligomers are indicated.
F, co-expressed proteins (lane 4) or a mixture of separately expressed protein (lane 3) were immunoprecipitated with the anti-FLAG affinity gel and immu-
noblotted with the anti-HA antibody (top). Replicate blots were probed for the presence of epitope-tagged input proteins. The cysteine mutant of CTRP3A
and/or CTRP3B (lanes 5-7) were immunoprecipitated with the anti-FLAG affinity gel and immunoblotted with the anti-HA antibody (top). Replicate blots
were probed for the presence of epitope-tagged input proteins.

sensitivity. In contrast, an inverse relationship appears to increase. In diet-induced obese mice, in which serum lep-
exist between circulating leptin and CTRP3 levels. During tin levels are high, CTRP3 levels decrease. Conversely, se-
fasting, when leptin levels are low, serum CTRP3 levels rum CTRP3 levels are elevated in leptin-deficient 0b/0b

FIGURE 5. Identification of a novel splice variant of CTRP3 in human tissues. A semiquantitative PCR analysis was carried out to evaluate the expression of
CTRP3 and control GAPDH in human tissues (A). Two splice variants were identified and designated as CTRP3A and CTRP3B. B, organization of the CTRP3A and
CTRP3B genes and proteins. The human CTRP3A gene is 25.3 kb in size, consists of six exons and five introns, and is located on chromosome 5p13.Exons 1,2, 3,4, 5,
and 6 of the CTRP3A gene are 171,112,155, 130, 100, and 2,885 bp in size, respectively. The size of each intron is also indicated. Exon 1B (gray square) contains a
219-nucleotide sequence found in CTRP3B cDNA, coding for an extra 73 amino acid residues. A potential N-linked glycosylation site is circled. The consensus splice
donors are shown in italic type. C, pooled human and mouse sera were subjected to immunoblot analysis using the anti-CTRP3 antibody.
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mice. The mechanisms (direct or indirect) by which leptin
affects circulating levels of CTRP3 remain unknown.

Third, adiponectin is an insulin sensitizer that potentiates
insulin action in liver (25, 36). In the absence of insulin, re-
combinant adiponectin has little effect in suppressing glu-
coneogenesis in primary rat hepatocytes (25). In contrast,
CTRP3 acts independently of insulin to suppress gluconeo-
genic gene expression and glucose output. In the absence of
insulin, CTRP3 can still activate the Akt signaling pathway,
suppress the expression of gluconeogenic enzymes G6Pase
and PEPCK, and decrease glucose production in rat hepatoma
cells.

Fourth, adiponectin exerts its whole-body metabolic effects
mainly by modulating the AMPK signaling pathway in mus-
cle, liver, and the hypothalamus (36, 42, 43). These effects are
attenuated by the use of a dominant negative AMPK (36) or a
specific AMPK inhibitor (44). In contrast, CTRP3 activates
the Akt signaling pathway in mouse liver and cultured hepa-
tocytes without any significant effect on the AMPK pathway.
It is known that Akt activation in liver potently suppresses
hepatic gluconeogenesis (27-29) by phosphorylating the tran-
scription factor Foxol. Phosphorylated Foxol is thus ex-
cluded from the nucleus, preventing the transcription of glu-
coneogenic genes (45).

Fifth, CTRP3 activates the Erk1/2 signaling pathway in the
mouse liver; in contrast, adiponectin in general has little effect
on the same pathway. The biological significance of Erk1/2
activation by CTRP3 in the liver is unknown. However,
Erk1/2 has been shown to regulate transcription factors, such
as Foxol (46), which may link Erk1/2 signaling either directly
or indirectly with the transcriptional suppression of hepatic
glucose output.
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Sixth, adiponectin potentiates the action of insulin to sup-
press glucose output in liver (25) and promotes glucose up-
take and fatty acid oxidation in muscle (36, 42, 47). Although
CTRP3 suppresses gluconeogenesis in vitro and in vivo, it has
no significant effect on the Akt signaling pathway and glucose
uptake in 3T3-L1 adipocytes or L6 myotubes. The potential
metabolic effect of CTRP3 on mouse muscle remains to be
determined. Although CTRP3 and adiponectin belong to the
C1q/TNF superfamily (16, 48) and share a modest 31% amino
acid identity at the conserved C-terminal globular domain
(13), our studies indicate clearly that adiponectin and CTRP3
are functionally distinct adipokines.

Circulating human CTRP3 exists in two isoforms, encoded
by alternatively spliced transcripts. Expression of the splice
variants is co-regulated; human tissues that express CTRP3A
invariably express CTRP3B, and vice versa. It appears that the
highly conserved CTRP3B isoform was first acquired during
tetrapod evolution; teleosts, such as zebrafish and fugu, do
not have the CTRP3B-specific exon 1B in their sequenced
genome.

The longer isoform, CTRP3B, has an extended N terminus
with 73 extra amino acids. These extra sequences confer two
novel biochemical properties to CTRP3B. First, there is a
highly conserved Asn residue in the N-terminal extension
that is glycosylated; mutation of Asn-70 to Ala abolishes N-
glycosylation. In contrast, CTRP3A contains no N-linked gly-
cans. It is well known that secreted proteins are often glycosy-
lated; this post-translational modification tends to enhance
the half-life of the protein in vivo or serves as a carbohydrate
epitope recognized by the cell surface receptor. Glycosylated
human CTRP3B appears not to have a longer half-life in vivo;
in fact, we failed to detect epitope-tagged recombinant
CTRP3B in the blood when injected intraperitoneally into
mice (data not shown), suggesting that the recombinant pro-
tein either gets rapidly cleared from the circulatory system or
alternatively, binds strongly to cell surface receptor(s) lining
the blood vessels. In contrast, an equivalent amount of recom-
binant CTRP3A injected into mice can be detected in the
blood 10 min postinjection and remains in the circulatory
system for up to 6 h (data not shown). Second, CTRP3B, but
not CTRP3A, is susceptible to proteolytic cleavage when ex-
pressed in vitro. Cleavage occurs inside the cell prior to pro-
tein secretion; the cleaved CTRP3B can be detected in both
the cell lysate and supernatant of HEK 293 cells expressing
the protein. Cleavage is not induced by the presence of either
FLAG or HA epitope; similarly tagged CTRP3A is not cleaved.

When co-expressed, CTRP3A forms hetero-oligomers with
CTRP3B; this physical association limits proteolytic cleavage
of CTRP3B. This may be a reason both transcripts are co-
expressed in human tissues. However, the in vivo biological
significance and relevance of these in vitro observations re-
main to be elucidated. Despite differences in size, glycosyla-
tion, and susceptibility to cleavage, both recombinant
CTRP3A and CTRP3B reduce glucose output in hepatocytes
by suppressing the expression of gluconeogenic genes G6Pase
and PEPCK.

In summary, we have provided the first line of in vitro and
in vivo evidence to establish CTRP3 as a novel adipokine that
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regulates hepatic glucose metabolism. Future gain- and loss-
of-function studies in different metabolic contexts will further
clarify CTRP3 roles and its mechanisms in controlling whole-
body energy balance.
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