
UC Irvine
UC Irvine Previously Published Works

Title

CTRP13 ablation improves systemic glucose and lipid metabolism.

Permalink

https://escholarship.org/uc/item/5qc0b7qt

Authors

Chen, Fangluo
Sarver, Dylan
Saqib, Muzna
et al.

Publication Date

2023-12-01

DOI

10.1016/j.molmet.2023.101824
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5qc0b7qt
https://escholarship.org/uc/item/5qc0b7qt#author
https://escholarship.org
http://www.cdlib.org/


Original Article
CTRP13 ablation improves systemic glucose and
lipid metabolism
Fangluo Chen 1,2, Dylan C. Sarver 1,2, Muzna Saqib 1,2, Mingqi Zhou 3,4, Susan Aja 2,5, Marcus M. Seldin 3,4,
G. William Wong 1,2,*
ABSTRACT

Objective: Tissue crosstalk mediated by secreted hormones underlies the integrative control of metabolism. We previously showed that CTRP13/
C1QL3, a secreted protein of the C1q family, can improve glucose metabolism and insulin action in vitro and reduce food intake and body weight
in mice when centrally delivered. A role for CTRP13 in regulating insulin secretion in isolated islets has also been demonstrated. It remains
unclear, however, whether the effects of CTRP13 on cultured cells and in mice reflect the physiological function of the protein. Here, we use a
loss-of-function mouse model to address whether CTRP13 is required for metabolic homeostasis.
Methods: WT and Ctrp13 knockout (KO) mice fed a standard chow or a high-fat diet were subjected to comprehensive metabolic phenotyping.
Transcriptomic analyses were carried out on visceral and subcutaneous fat, liver, and skeletal muscle to identify pathways altered by CTRP13
deficiency. RNA-seq data was further integrated with the Metabolic Syndrome in Man (METSIM) cohort data. Adjusted regression analysis was
used to demonstrate that genetic variation of CTRP13 expression accounts for a significant proportion of variance between differentially expressed
genes (DEGs) in adipose tissue and metabolic traits in humans.
Results: Contrary to expectation, chow-fed Ctrp13-KO male mice had elevated physical activity, lower body weight, and improved lipid handling.
On a high-fat diet (HFD), Ctrp13-KO mice of either sex were consistently more active and leaner. Loss of CTRP13 reduced hepatic glucose output
and improved glucose tolerance, insulin sensitivity, and triglyceride clearance, though with notable sex differences. Consistent with the lean
phenotype, transcriptomic analyses revealed a lower inflammatory profile in visceral fat and liver. Reduced hepatic steatosis was correlated with
the suppression of lipid synthesis and enhanced lipid catabolism gene expression. Visceral fat had the largest number of DEGs and mediation
analyses on the human orthologs of the DEGs suggested the potential causal contribution of CTRP13 to human metabolic syndrome.
Conclusions: Our results suggest that CTRP13 is a negative metabolic regulator, and its deficiency improves systemic metabolic profiles. Our
data also suggest the reduction in circulating human CTRP13 levels seen in obesity and diabetes may reflect a compensatory physiologic
response to counteract insulin resistance.

� 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Secreted hormone; Obesity; Diabetes; Dyslipidemia; Insulin sensitivity; Metabolic syndrome
1. INTRODUCTION

Systemic metabolic homeostasis is maintained by both tissue auton-
omous and non-autonomous mechanisms. The integrative control of
metabolism is dependent on tissue crosstalk facilitated by secreted
endocrine factors [1]. Some of the secreted metabolic regulators (e.g.,
adiponectin, leptin, FGF-21, GDF15) are produced by only select cell
types and tissues while others are expressed more broadly [1]. Dys-
regulated production and activity of these endocrine factors are
frequently associated with and linked to metabolic disorders [2,3].
As part of an ongoing effort to decode mechanisms underlying inter-
organ communication, we have described and systematically
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characterized the metabolic functions of a family of secreted proteins,
the C1q/TNF-related proteins (CTRP1-15) [4e12]. All CTRPs possess
the signature C1q globular domain in the C-terminus, and are part of
the extended C1q family [13]. Gain- and loss-of-function mouse
models have helped establish non-redundant metabolic functions for
CTRP family members [7,14e29], and provided insights into their
remarkable conservation across all vertebrate lineages. CTRPs control
various aspects of glucose and lipid metabolism by either directly
acting on metabolic tissues (e.g., liver, adipose tissue, skeletal
muscle) or indirectly via their modulatory roles on immune cells and
inflammation [15,30]. Additional functions of CTRPs have also been
established in the cardiovascular system [31e42], kidney [43,44],
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gut [45], eye [46,47], musculoskeletal system [48e50], and brain
[51e53].
While we have described the metabolic phenotypes of most CTRP
knockout (KO) mice [14e26], the impact of CTRP13 deficiency on
systemic metabolism has yet to be determined. We initially identified
CTRP13 (also known as C1QL3 and C1QTNF13) on the basis of shared
sequence homology with other CTRP family members and adiponectin
[8]. As with all C1q family proteins, secreted CTRP13 forms trimers and
higher-order oligomeric structures [54]. We previously showed that
CTRP13 can promote glucose uptake in cultured adipocyte, hepato-
cyte, and myocyte cell lines, as well as ameliorate lipid-induced insulin
resistance in hepatocytes [8]. We also showed that central delivery of
CTRP13 suppresses food intake and reduces body weight in mice [55].
Circulating levels of CTRP13 are reduced in obese and diabetic adult
humans [56e58] and in obese children [59]. Therefore, a reduction in
plasma CTRP13 levels is thought to contribute to dysregulated glucose
and lipid metabolism and insulin resistance in humans.
In the context of atherosclerosis, circulating levels of CTRP13 are
reduced in patients with coronary heart disease and in ApoE-deficient
mice [60]; infusion of human CTRP13 reduces atherosclerotic lesions
in ApoE-deficient mice by suppressing macrophage lipid uptake and
foam cell formation [60]. Additional protective roles of CTRP13, based
on recombinant protein supplementation, have also been demonstrated
in the contexts of vascular calcification and aortic aneurysm formation
[61,62]. In contrast to its protective role in the vasculature, CTRP13
appears to be a negative regulator of insulin secretion in pancreatic b-
cells. In both b-cell lines and isolated mouse islets, CTRP13 inhibits
insulin secretion in response to extendin-4, elevated cAMP, or high
glucose [63,64]. Although the requirement of CTRP13 for CNS function
has been extensively documented based on constitutive and conditional
KO mouse models [65e68], it is unclear whether the metabolic and
pharmacologic effects of CTRP13 on cultured cells, isolated pancreatic
islets, and in mice reflect the physiological function of the protein.
The aim of the study was to use a genetic loss-of-function approach to
establish whether CTRP13 is required for metabolic homeostasis.
Based on previous findings [8,55e58,63], we speculated that CTRP13
deficiency would impact insulin secretion and systemic metabolism.
Indeed, loss of CTRP13 reduced body weight gain and improved
systemic glucose and lipid metabolic profiles, although the direction of
change was contrary to what we had initially expected. Loss of CTRP13
did not affect basal serum insulin levels in chow- or high-fat diet (HFD)-
fed mice but resulted in a modest decrease of insulin during refeeding
in female mice. Consistent with the lean phenotype, Ctrp13-KO mice
had lower adiposity, smaller adipocytes, and reduced adipose
inflammation in response to high-fat feeding. CTRP13 deficiency also
reduced hepatic inflammation and steatosis. By integrating our RNA-
seq data with the Metabolic Syndrome in Man (METSIM) cohort
data, and applying an adjusted regression approach (a form of
mediation analysis), we further showed that CTRP13/C1QL3 expres-
sion is relevant to and potentially contributes causally to metabolic
syndrome in humans. Collectively, our data provide physiologic evi-
dence that CTRP13 is a negative metabolic regulator, in that its defi-
ciency improves systemic metabolic profiles.

2. MATERIALS AND METHODS

2.1. Mouse model
Eight-week-old mouse tissues (gonadal white adipose tissue, inguinal
white adipose tissue, brown adipose tissue, liver, heart, skeletal
muscle, kidney, pancreas, cerebellum, cortex, hypothalamus, hind-
brain, and hippocampus) from C57BL/6J male mice (The Jackson
2 MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. T
Laboratory, Bar Harbor, ME) were collected from fasted and refed ex-
periments as we have described previously [69]. In brief, for the fasted
group, food was removed for 16 h (beginning 10 h into the light cycle),
and mice were euthanized 2 h into the light cycle. For the refed group,
mice were fasted for 16 h and refed with chow pellets for 2 h before
being euthanized. A separate cohort of mouse tissues (gonadal white
adipose tissue, inguinal white adipose tissue, brown adipose tissue,
liver, heart, skeletal muscle, kidney, pancreas, whole brain, spleen,
colon, and small intestine) from C57BL/6J male mice fed a control low-
fat diet (LFD) or a high-fat diet (HFD) for 12 weeks were also collected as
we have described previously [69]. Ctrp13/C1ql3 knockout (KO) mouse
strain [66] was obtained from the Jackson Laboratory (strain # 029672).
The mice were backcrossed to C57BL/6J genetic background for more
than 5 generations. To generate a constitutive whole-body KO mouse
model, C1ql3flox/þ mice were first crossed to a CMV-Cre driver mouse
line (The Jackson Laboratory mouse strain # 006054) to generate C1ql3
heterozygous (þ/�) mice. Homozygous KO (�/�) mice were gener-
ated by intercrossing Ctrp13 heterozygous (þ/�) mice. Deletion of exon
2 (encoding amino acid 1e199) removed 77% of the protein coding
region of the gene, thus ensuring a complete null allele. Genotyping
primers for the WT allele were forward (m13-WT-F) 50-TTCAC
ATAGGTGCGTGCTAG-30 and reverse (m13-WT-R) 50-GTCAGCATAAA-
TAATAAATCCAGAG-30. The size of theWT bandwas 186 bp. Genotyping
primers for the Ctrp13 KO allele were forward (mVenus-F) 50-CAA-
CATCCTGGGGCACAAGCTGGAG-30 and reverse (mVenus-R) 50-
CAGCTTGGACTGGTAGCTCAG-30. The size of the KO band was 220 bp.
The genotyping PCR parameters were as follows: 94 �C for 5 min,
followed by 10 cycles of (94 �C for 10 s, 65 �C for 15 s, 72 �C for 30 s),
then 25 cycles of (94 �C for 10 s, 55 �C for 15 s, 72 �C for 30 s), and
lastly 72 �C for 5 min. Due to the presence of GC rich sequences, 8%
DMSO was included in the PCR genotyping reaction. Ctrp13 KO (�/�)
and WT (þ/þ) littermate controls were housed in polycarbonate cages
on a 12-h lightedark photocycle with ad libitum access to water and
food. Mice were fed either a standard chow (Envigo; 2018SX) or a high-
fat diet (HFD; 60% kcal derived from fat; #D12492, Research Diets, New
Brunswick, NJ). HFD was provided for the duration of the study,
beginning at 6 weeks of age. At termination of study, mice were fasted
for 2 h and euthanized. Tissues were collected, snap-frozen in liquid
nitrogen, and kept at �80 �C until analysis. All mouse protocols were
approved by the Institutional Animal Care and Use Committee of the
Johns Hopkins University School of Medicine. All animal experiments
were conducted in accordance with the National Institute of Health
guidelines and followed the standards established by the Animal Wel-
fare Acts.

2.2. Body composition analysis
Body composition analyses for total fat, lean mass, and water content
were determined using a quantitative magnetic resonance instrument
(Echo-MRI-100, Echo Medical Systems, Waco, TX) at the Mouse
Phenotyping Core facility at Johns Hopkins University School of
Medicine.

2.3. Indirect calorimetry
Chow or HFD-fed WT and Ctrp13 KO male and female mice were used
for simultaneous assessments of daily body weight change, food intake
(corrected for spillage), physical activity, and whole-body metabolic
profile in an open flow indirect calorimeter (Comprehensive Laboratory
Animal Monitoring System, CLAMS; Columbus Instruments, Columbus,
OH) as described previously [20]. In brief, data were collected for three
days to confirm mice were acclimatized to the calorimetry chambers
(indicated by stable body weights, food intakes, and diurnal metabolic
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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patterns), and data were analyzed from the subsequent three days,
including one day of fasting and one day of refeeding. Rates of oxygen
consumption ( _VO2

; mL kg�1 h�1) and carbon dioxide production (VCO2
;

mL kg�1 h�1) in each chamber were measured every 24 min
throughout the studies. Respiratory exchange ratio (RER ¼ VCO2

/VO2
)

was calculated by CLAMS software (version 5.66) to estimate relative
oxidation of carbohydrates (RER ¼ 1.0) versus fats (RER ¼ 0.7), not
accounting for protein oxidation. Energy expenditure (EE) was calcu-
lated as EE ¼ VO2

� [3.815 þ (1.232 � RER)] and normalized to lean
mass. Because normalizing to lean mass can potentially lead to over-
estimation of EE, we also performed ANCOVA analysis on EE using body
weight as a covariate [70]. Physical activities weremeasured by infrared
beam breaks in the metabolic chamber.

2.4. Glucose, insulin, pyruvate, and lipid tolerance tests
All tolerance tests were conducted as described previously [16,19,24].
For glucose tolerance tests (GTTs), mice were fasted for 6 h before
glucose injection. Glucose (Sigma, St. Louis, MO) was reconstituted in
saline (0.9 g NaCl/L), sterile-filtered, and injected intraperitoneally (i.p.)
at 1 mg/g body weight (i.e., 10 mL/g body weight). Blood glucose was
measured at 0, 15, 30, 60, and 120 min after glucose injection using a
glucometer (NovaMax Plus, Billerica, MA). Blood was collected at 0,
15, and 30 min time points for serum isolation followed by insulin
ELISA. For insulin tolerance tests (ITTs), food was removed 2 h before
insulin injection. 8.62 mL of insulin stock (4 mg/mL; Gibco) was diluted
in 10 mL of saline, sterile-filtered, and injected i.p. at 1.0 U/kg body
weight (i.e., 10 mL/g body weight). Blood glucose was measured at 0,
15, 30, 60, and 90 min after insulin injection using a glucometer
(NovaMax Plus). For pyruvate tolerance tests (PTTs), mice were fasted
overnight for 16 h before sodium pyruvate injection. Sodium pyruvate
(Sigma) was reconstituted in saline to a final concentration of 1 g/
10 mL and injected i.p. into mice at a dose of 1 g/kg body weight (i.e.,
10 mL/g body weight). Blood glucose was measured at the indicated
time points using a glucometer. For lipid tolerance tests (LTTs), mice
were fasted for 12 h and then injected i.p. with 20% emulsified
Intralipid (soybean oil; Sigma; 10 mL/g of body weight). Sera were
collected via tail bleed using a Microvette� CB 300 (Sarstedt) at 0, 1,
2, 3, and 4 h post-injection. Serum triglyceride levels were quantified
using kits from Infinity Triglycerides (Thermo Fisher Scientific).

2.5. Fastingerefeeding metabolite and insulin response
Mice were fasted overnight (w16 h) then reintroduced to food as
described previously [21]. Blood glucose was monitored at the 16 h
fast time point (time¼ 0 h refed) and at 1, 2, and 3 h into the refeeding
process. Serum was collected at the 16 h fast and 2 h refed time points
for insulin ELISA, as well as for the quantification of triglyceride,
cholesterol, non-esterified free fatty acids (NEFA), and b-hydrox-
ybutyrate levels.

2.6. Blood and tissue chemistry analysis
Tail vein blood samples were allowed to clot on ice and then centri-
fuged for 10 min at 10,000 � g. Serum samples were stored
at �80 �C until analyzed. Serum triglycerides (TG) and cholesterol
were measured according to manufacturer’s instructions using an
Infinity kit (Thermo Fisher Scientific, Middletown, VA). Non-esterified
free fatty acids (NEFA) were measured using a Wako kit (Wako
Chemicals, Richmond, VA). Serum b-hydroxybutyrate (ketone) con-
centrations were measured with a StanBio Liquicolor kit (StanBio
Laboratory, Boerne, TX). Serum insulin levels were measured by ELISA
MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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according to manufacturer’s instructions (Crystal Chem, Elk Grove
Village, IL; cat # 90080).

2.7. Serum triglyceride and cholesterol analysis by FPLC
Food was removed for 2 h (in the light cycle) prior to blood collection.
Sera collected from mice were pooled (n ¼ 6e10/group) and sent to
the Mouse Metabolism Core at Baylor College of Medicine for analysis.
Serum sample was first fractionated by fast protein liquid chroma-
tography (FPLC). A total of 45 fractions were collected. TG and
cholesterol level in each fraction were quantified.

2.8. Histology and quantification
Inguinal (subcutaneous) white adipose tissue (iWAT), gonadal (visceral)
white adipose tissue (gWAT), and liver, were dissected and fixed in
formalin. Paraffin embedding, tissue sectioning, and staining with he-
matoxylin and eosin were performed at the Pathology Core facility at
Johns Hopkins University School of Medicine. Images were captured
with a Keyence BZ-X700 All-in-One fluorescence microscope (Keyence
Corp., Itasca, IL). Adipocyte (gWAT and iWAT) cross-sectional area
(CSA), as well as total area covered by lipid in hepatocytes were
measured on hematoxylin and eosin-stained slides using ImageJ
software [71]. For adipose CSA and hepatocyte lipid area measure-
ments, all cells in one field of view at 100� magnification per tissue
section per mouse were analyzed. For iWAT and gWAT adipocyte CSA,
an average of 600 and 450 cells were quantified per mouse, respec-
tively. Image capturing and quantifications were carried out blinded to
genotype.

2.9. Respirometry of frozen tissue samples
Respirometry was conducted on frozen tissue samples to assay for
mitochondrial activity as described previously [72]. Briefly, all tissues
were dissected, snap frozen in liquid nitrogen, and stored at �80 �C
for later analysis. Samples were thawed in MAS buffer (70 mM su-
crose, 220 mM mannitol, 5 mM KH2PO4, 5 mM MgCl2, 1 mM EGTA,
2 mM HEPES pH 7.4), finely minced with scissors, and then homog-
enized with a glass Dounce homogenizer. The resulting homogenate
was spun at 1000 g for 10 min at 4 �C. The supernatant was collected
and immediately used for protein quantification by BCA assay (Thermo
Scientific, cat # 23225). Each well of the Seahorse microplate was
loaded with 8 or 15 mg of homogenate protein for liver and gastroc-
nemius or iWAT and gWAT, respectively. Each biological replicate is
comprised of three technical replicates. Samples were run on a
Seahorse XFe96 Analyzer (Agilent Technologies). Samples from all
tissues were treated separately with NADH (1 mM) as a complex I
substrate or succinate (a complex II substrate, 5 mM) in the presence
of rotenone (a complex I inhibitor, 2 mM), then with the inhibitors
rotenone (2 mM) and Antimycin A (4 mM), followed by TMPD (0.45 mM)
and ascorbate (1 mM) to activate complex IV, and finally treated with
azide (40 mM) to assess non-mitochondrial respiration.
Mitochondrial content of homogenates used for respirometry was
quantified using MitoTracker Deep Red FM (MTDR, Invitrogen,
M22426) as described previously [72]. Briefly, lysates were incubated
with MTDR (1 mM) for 10 min at 37 �C, then centrifuged at 2000 g for
5 min at 4 �C. The supernatant was carefully removed and replaced
with 1� MAS solution and fluorescence was read with excitation and
emission wavelengths of 581 nm and 644 nm, respectively. To
minimize non-specific background signal contribution, control wells
were loaded with MTDR and 1� MAS and subtracted from all sample
values.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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2.10. RNA sequencing
Bulk RNA sequencing of liver, skeletal muscle (gastrocnemius),
gonadal white adipose tissue (gWAT), and inguinal white adipose
tissue (iWAT) of Ctrp13-KO mice and WT controls were performed by
Novogene (Sacramento, California, USA) on an Illumina platform
(NovaSeq 6000) and pair-end reads were generated. Sample size: 6
WT and 6 KO for liver and skeletal muscle; 4 WT and 6 KO for gWAT; 5
WT and 6 KO for iWAT. Novogene provided bioinformatics analysis
using their standard pipeline. In brief, data analysis was performed
using a combination of programs, including Hisat2, FeatureCounts,
DEseq2, CluterProfiler, Gsea,and Gatk. Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment were
implemented by ClusterProfiler.

2.11. RNA-seq analysis and integration with the METSIM cohort
All processed datasets used and R scripts to reproduce analyses are
freely available at: https://github.com/Darington/CTRP13KO-and-
integration. Before integrating the RNA-seq data with the METSIM
data, we performed independent analysis of the RNA-seq data generated
by Novogene. Raw reads were aligned to the mouse genome (GRCm38
mm10) using standard settings on STAR aligner [73] and PCR duplicates
removed via gatk. Briefly, counts matrices were filtered for genes which
showed >50 counts across animals and tissues. Next, differential
expression was performed using limma [74]. Resulting Ctrp13-KO
differentially expressed genes (DEGs) were considered significant at a
logistic regression p-value of 0.005, where human orthologues were
used for downstream analyses. Here, human orthologues for mouse
geneswere identified from theMouse Genome Informatics database and
intersected with genes measured in the METSIM cohort [75]. Within the
METSIM cohort, adipose tissue gene expression data is available for 770
individuals [75,76]. We leveraged this dataset for our data integration
analysis. Given the direction of effect of Ctrp13 ablation (KO mice
showed favorable systemic metabolic profiles), focal genes for the an-
alyses were used for genes upregulated in Ctrp13-KO and negatively
correlated (bicor p-value< 0.01) with insulin resistance traits inMETSIM
or Ctrp13-KO down-regulated genes that showed negative correlations
with the same traits. Thesewere used to visualize correlation structure of
human orthologues in METSIM. From these, TNFRSF1B and HIF3A were
used for regression adjustments. Specifically, empirical regressions
were performed between either gene and indicated metabolic traits
(biweight mid-correlation coefficient [77] where the regression p-values
were compared to the same analyses, except performed using residuals
of indicated gene with CTRP13/C1QL3 expression and indicated trait as
previously described [78e80]).

2.12. Quantitative real-time PCR
Total RNA was isolated from tissues using Trizol reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Purified RNA
was reverse transcribed using an iScript cDNA Synthesis Kit (Bio-rad).
Real-time quantitative PCR analysis was performed on a CFX Connect
Real-Time System (Bio-rad) using iTaq� Universal SYBR Green
Supermix (Bio-rad) per manufacturer’s instructions. Data were normal-
ized to the stable housekeeping gene b-actin or 36B4 (encoding the
acidic ribosomal phosphoprotein P0) and expressed as relative mRNA
levels using the DDCt method [81]. Real-time qPCR primers used to
assess Ctrp13 expression across mouse tissues were: forward 50-
AACGCAAGATAAGCAGATGTGTG-30 and reverse 50-AAGGAG-
TATTTGCTTTGGCGG-30. qPCR primers used to confirm the absence of
Ctrp13/C1ql3 in KO mice were: forward (m13-F), 50-CTACTTCTTCACCT
ACCACGTC-30 and reverse (m13-R), 50-GAAGGACCACACTGTT
ACTGG-30.
4 MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. T
2.13. Statistical analyses
Sample size for each assay and test is indicated in the figure and/or
figure legend. All results are expressed as mean � standard error of
the mean (SEM). Statistical analysis was performed with Prism 10
software (GraphPad Software, San Diego, CA). Data were analyzed
with two-tailed Student’s t-tests or by repeated measures ANOVA.
Normality tests were performed in GraphPad Prism 10 to ensure the
data points are normally distributed prior to statistical analysis. All
tolerance tests, body weights over time, and fastingerefeeding re-
sponses were analyzed via 2-way ANOVA with Sidak’s multiple
comparisons test. p < 0.05 was considered statistically significant.

3. RESULTS

3.1. Expression of CTRP13 in peripheral tissues is modulated by
diet and metabolic state
We previously showed that Ctrp13 is expressed in the brain and adi-
pose tissue of mice [8]. We extend the finding here and showed that
Ctrp13 is also expressed in other metabolically relevant peripheral
tissues, including liver, skeletal muscle, and pancreas (Figure 1A).
Consistent with the mouse data, human CTRP13/C1QL3 is most highly
expressed in the brain, with lower expression seen in peripheral tis-
sues (Figure 1B). Expression of Ctrp13 varies depending on the
metabolic state of the animal. Refeeding after an overnight food
withdrawal suppressed the expression of Ctrp13 in visceral (gonadal)
white adipose tissue (gWAT), brown adipose tissue (BAT), liver, skel-
etal muscle, kidney, and cerebellum (Figure 1C). Fasting and refeed-
ing, however, has no effect on the expression of Ctrp13 in
subcutaneous (inguinal) white adipose tissue (iWAT) and other brains
regions such as the hypothalamus, hindbrain, and hippocampus
(Figure 1C). Relative to lean mice fed a control low-fat diet (LFD), obese
mice fed a high-fat diet (HFD) had a modest upregulated expression of
Ctrp13 in the heart, iWAT, and small intestine, and downregulated
expression in the kidney (Figure 1D). These data indicate that Ctrp13
expression in peripheral tissue is responsive to nutritional cues and
changes in metabolic state, suggestive of a metabolic role.

3.2. Chow-fed Ctrp13-KO mice have lower body weight and higher
physical activity
We used a whole-body knockout (KO) mouse model [66] to address the
requirement of CTRP13 for metabolic homeostasis. As expected,
Ctrp13-KO mice lacked Ctrp13 transcript (Figure 2AeB). At 16 weeks
of age, male, but not female, Ctrp13-KO mice weighed less compared
to wild-type (WT) littermates (Figure 2C), and this modest difference in
body weight was due to slightly lower lean mass (Figure 2D). Mice
were housed in indirect calorimetry cages to assess food intake,
physical activity, and energy expenditure. Food intake across the
circadian cycle (light and dark) and metabolic states (ad libitum fed,
fasted, refed) was not significantly different between genotypes of
either sex (Figure 2E,I). Ambulatory activity levels, however, were
elevated in Ctrp13-KO mice of both sexes (Figure 2F,J). Despite higher
physical activity levels, increased energy expenditure (when normal-
ized to lean mass) was only observed in Ctrp13-KO mice of either sex
during the fasting period (Figure 2G,J). It is known that energy
expenditure when normalized to body weight or lean mass can
potentially lead to overestimation of energy expenditure [70]. We
therefore performed ANCOVA analyses on energy expenditure using
body weight as a covariate [70]. This analysis also indicated male KO
mice had significantly higher energy expenditure (p ¼ 0.0055) during
fasting (Figure 2H,L). Together, these data show that higher physical
activity likely contributes to lower body weight in Ctrp13-KO mice.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Expression of Ctrp13 is responsive to nutritional and metabolic cues. (A) Expression of Ctrp13 across different mouse tissues (n ¼ 10). Expression levels were first
normalized to b-actin, then to that of the small intestine (with the lowest expression) (B) Expression of CTRP13/C1QL3 across human tissues derived from the GTEx Portal [94]. (C)
Ctrp13 expression in mouse tissues in response to overnight (16 h) fast and 2 h refeeding (after an overnight fast). Expression levels were normalized to b-actin. (D) Ctrp13
expression in mouse tissue in response to a 12-week period of control low-fat diet (LFD) or a high-fat diet (HFD). Expression levels were normalized to b-actin. All data are
presented as mean � S.E.M. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
3.3. Chow-fed Ctrp13-KO mice have lower refed insulin level and a
modest improvement in triglyceride clearance
Because Ctrp13 expression is regulated by nutritional state, we
assessed the consequence of CTRP13 deficiency on serum metabo-
lites in response to fasting and refeeding. Blood glucose, serum in-
sulin, triglyceride, cholesterol, non-esterified free fatty acid (NEFA), and
b-hydroxybutyrate levels in overnight fasted and refed states were not
significantly different between genotypes in male mice (Figure 3A). In
contrast, serum insulin levels in the refed state were significantly lower
in Ctrp13-KO female mice relative to WT controls, even though refed
blood glucose levels were virtually identical between genotypes
(Figure 3B), suggesting an improvement in insulin action as less insulin
was needed to handle the rise in blood glucose upon refeeding.
Although Ctrp13 expression is modulated by fasting and refeeding in
WT mice, its absence only affected insulin levels in the refed state of
females, but had no impact on other serum lipid metabolite levels.
We next determined whether CTRP13 deficiency affects glucose up-
take in peripheral tissues in response to acute glucose challenge.
Ctrp13-KO female, but not male, mice showed enhanced glucose
tolerance, most notably at the 15 min time point (Figure 3C,F). Direct
assessment of insulin action by insulin tolerance test did not reveal any
differences in insulin sensitivity between genotypes of either sex
(Figure 3D,G). In the fasted state, pyruvate is converted to glucose in
MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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the liver via gluconeogenesis. Because insulin suppresses gluconeo-
genesis, insulin sensitivity in liver affects hepatic glucose output.
Assessment of hepatic glucose output and insulin sensitivity by py-
ruvate tolerance test revealed an improvement in Ctrp13-KO female,
but not male, mice (Figure 3E,H). Lipid tolerance tests were performed
to assess whether CTRP13 deficiency affects the capacity of KO mice
to handle an acute fat loading. Loss of CTRP13 significantly improved
the rate of triglyceride clearance in male mice (Figure 3I), and with a
trend toward faster triglyceride clearance in female mice (Figure 3J).
Together, these data indicate that CTRP13 deficiency improves glucose
handling and hepatic insulin sensitivity in female mice and enhances
lipid handling in male mice.

3.4. Loss of CTRP13 reduces weight gain in response to an
obesogenic diet
Given the modest phenotypes seen in chow-fed Ctrp13-KO mice, we
next determined whether loss of CTRP13 affects body weight gain in
response to an obesogenic diet. Male KO mice had consistently lower
body weight over the course of high-fat diet (HFD) (Figure 4A), and
also gained significantly less weight over the same time frame
(Figure 4BeC). Similar to male mice, female KO mice also had lower
body weight over the course of HFD (Figure 4D). However, female
mice gained similar amount of weight in the first 9 weeks on HFD,
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Figure 2: Chow-fed Ctrp13-KO mice have lower body weight and higher physical activity and energy expenditure. (A) Confirmation of Ctrp13 KO mice by PCR. (B)
Expression of Ctrp13 transcript is completely abolished in the frontal cortex of Ctrp13-KO mice (n ¼ 6). Expression levels were normalized to 36B4 gene. (C) Body weights of
Ctrp13-KO mice and WT littermates at 16 weeks of age (male: WT, n ¼ 9; KO, n ¼ 14; female: WT, n ¼ 12; KO, n ¼ 12). (D) Body composition analysis of fat mass, lean mass, %
fat mass (relative to body weight), and % lean mass of WT and KO male mice. (EeG) Food intake, ambulatory activity, and energy expenditure in male mice across the circadian
cycle (light and dark) and metabolic states (ad libitum fed, fasted, refed) (WT, n ¼ 8; KO, n ¼ 13). (H) ANCOVA analysis of energy expenditure using body weight as a covariate in
ad libitum fed, fasted, and refed male mice. (IeK) Food intake, ambulatory activity, and energy expenditure in female mice (WT, n ¼ 11; KO, n ¼ 11). (L) ANCOVA analysis of
energy expenditure using body weight as a covariate in ad libitum fed, fasted, and refed female mice. All data are presented as mean � S.E.M. *P < 0.05.
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Figure 3: Chow-fed Ctrp13-KO mice have lower refed insulin level and a modest improvement in triglyceride clearance. (AeB) Overnight fasted and refed blood glucose,
serum insulin, triglyceride, cholesterol, non-esterified free fatty acids (NEFA), and b-hydroxybutyrate levels in male (A) and female (B) mice. (CeE) Blood glucose levels during
glucose tolerance tests (GTT; C), insulin tolerance tests (ITT; D), and pyruvate tolerance tests (PTT; E) in WT and KO male mice. (FeH) Blood glucose levels during GTT (F), ITT (G),
and PTT (H) in WT and KO female mice. (IeJ) Serum triglyceride levels over the course of lipid tolerance tests (LTT) in male (I) and female (J) WT and KO mice. The bar graphs
indicate area-under-curve of the LTT data. All data are presented as mean � S.E.M. *P < 0.05.
but the weight gain started to diverge due to KO female mice losing
weight from 9 weeks onward (Figure 4E), resulting in lower body
weight at the end of 11 weeks of HFD (Figure 4F). Lower body weight
was due to reduced fat mass and not lean mass in KO male and
female mice (Figure 4G). Reduced weight gain in response to high-fat
feeding was not due to altered caloric intake. Food intake mea-
surements did not reveal any differences between genotypes of either
sex across the circadian cycle (light and dark) and metabolic states
(ad libitum fed, fasted, refed) (Figure 4H,L). Similar to the chow-fed
MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
mice, Ctrp13-KO mice on HFD maintained elevated ambulatory ac-
tivity levels (Figure 4I,M). A modest increase in energy expenditure
(when normalized to lean mass) was only observed in female mice
(Figure 4J,N). When body weight was used as a covariate in ANCOVA
analyses, energy expenditure was shown to be significantly higher in
KO female mice during fasting (p ¼ 0.0011) (Figure 4K,O). Together,
these data indicate that increased physical activity levels likely
contribute to lower adiposity and body weight in Ctrp13-KO mice fed
an obesogenic diet.
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Figure 4: Loss of CTRP13 reduces weight gain in response to an obesogenic diet. Body weight (A) and weight gained (B) over time of WT and KO male mice fed a high-fat
diet (HFD). (C) Representative image of WT and KO male mice after 11 weeks on HFD. Body weight (D) and weight gained (E) over time of WT and KO female mice fed a high-fat
diet. (F) Representative image of WT and KO female mice after 11 weeks on HFD. (G) Fat mass, lean mass, % fat mass (normalized to body weight), and % lean mass of WT and KO
mice on HFD forw12 weeks (Male: WT, n ¼ 7; KO, n ¼ 16; female: WT, n ¼ 13; KO, n ¼ 11). (HeJ) Food intake, ambulatory activity, and energy expenditure in male mice across
the circadian cycle (light and dark) and metabolic states (ad libitum fed, fasted, refed) (WT, n ¼ 8; KO, n ¼ 16). (K) ANCOVA analysis of energy expenditure using body weight as a
covariate in ad libitum fed, fasted, and refed male mice. (LeN) Food intake, ambulatory activity, and energy expenditure in female mice (WT, n ¼ 10; KO, n ¼ 10). (O) ANCOVA
analysis of energy expenditure using body weight as a covariate in ad libitum fed, fasted, and refed female mice. All data are presented as mean � S.E.M. *P < 0.05; **P < 0.01.
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3.5. CTRP13 deficiency improves glucose, pyruvate, and lipid
tolerance and insulin sensitivity in mice fed a high-fat diet
We again assessed whether serum metabolite response to fasting and
refeeding would be different in the context of a diet-induced obese
state. Blood glucose, serum insulin, triglyceride, cholesterol, NEFA,
and b-hydroxybutyrate levels in the overnight fasted and refed states
were not significantly different between genotypes in male mice
(Figure 5A). In KO female mice, however, fasting insulin levels trended
(p ¼ 0.08) higher, and serum triglyceride and NEFA levels were lower
in the refed state relative to WT controls (Figure 5B). We performed
FPLC fractionation on pooled sera to assess lipoprotein-associated
triglyceride and cholesterol. The profiles of very low-density lipopro-
tein-triglyceride (VLDL-TG) and high-density lipoprotein-cholesterol
(HDL-C) were not different between genotypes in male mice
(Figure 5C) but was lower in female KO mice (Figure 5D).
We next determined the impact of CTRP13 deficiency on glucose
tolerance and insulin sensitivity in HFD-fed mice. The rate of glucose
clearance in response to an acute glucose or insulin challenge was
significantly higher in male, but not female, KO mice relative to WT
controls (Figure 5E,F). Pyruvate tolerance tests also indicated a sig-
nificant reduction in hepatic gluconeogenesis, suggesting an
improvement in hepatic insulin sensitivity in KO mice, though the ef-
fects were much more pronounced in male compared to female KO
mice (Figure 5G). Because we observed an improvement in triglyceride
clearance in the chow-fed KO mice (Figure 3I,J), we again performed
fat loading tests on the HFD-fed mice. Female, but not male, KO mice
showed a faster rate of triglyceride clearance relative to WT controls
(Figure 5H). Altogether, these data indicate that CTRP13 deficiency
improves insulin sensitivity and systemic glucose and lipid profiles in
the context of diet-induced obesity.

3.6. Loss of CTRP13 has minimal impact on mitochondrial
respiration in adipose, liver, and skeletal muscle
Next, we determined whether the lean phenotype of Ctrp13-KO mice is
related to increased mitochondrial activity in adipose tissue, liver, or
skeletal muscle. Maximal mitochondrial respiration through complex I
(CI), CII, and CIV were not significantly different between genotypes
across the four major tissues examined when oxygen consumption
rate (OCR) was normalized to input protein level (Figure 6AeD, panels
1e3). Mitochondrial content was quantified using the mitoTracker
Deep Red (MTDR). Interestingly, Ctrp13-KO mice had lower liver
mitochondrial content (Figure 6C, panel 4). When OCR was normalized
to mitochondrial content, respiration through CIV was higher in the
iWAT of KO animals (Figure 6B, panel 5). Altogether, the data indicate
that loss of CTRP13 had minimal impact on maximal mitochondrial
respiration across four major metabolic tissues.

3.7. CTRP13 deficiency reduces adipose tissue inflammation
Consistent with lower adiposity, histological analyses of visceral
(gonadal) and subcutaneous (inguinal) adipose tissues showed that
male Ctrp13-KO mice had smaller adipocytes (Figure 7AeB). RNA
sequencing was performed on these two major fat depots. The top
biological processes downregulated in gonadal white adipose tissue
(gWAT) were related to immune response (Figure 7C). In accordance,
the expression of many pro-inflammatory macrophage marker genes
(Tnf, Il6, Adgre1, Ccl2, Itgax, Nos2), as well as many chemokine genes,
were significantly lower in Ctrp13-KO mice relative to WT controls
(Figure 7D). Interestingly, we did not observe similar reduction in pro-
inflammatory gene signatures in inguinal white adipose tissue (iWAT).
Together, these data suggest that reduced adiposity and visceral fat
MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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inflammation likely contribute to an overall better systemic metabolic
profiles in Ctrp13-KO male mice.

3.8. Loss of CTRP13 reduces hepatic inflammation and steatosis
Reduced weight gain in response to an obesogenic diet generally re-
sults in reduced lipid accumulation in liver. Consistent with the lean
phenotype, histological analyses and quantification showed that
Ctrp13-KO male mice had reduced hepatic steatosis (Figure 7E). Based
on RNA sequencing, the top biological processes downregulated in the
liver of KO male mice were related to immune response and lipid
synthesis (Figure 7F). The expression of many fatty acid and choles-
terol synthesis and lipid droplet genes (Fasn, Scd2, Elovl3, Elovl5,
Dgat1, Mgat3, Hmgcr, Hmgcs1, Sqle, Pparg, Acss3, Plin2, Plin4, Plin5)
were significantly suppressed in KO mice relative to WT controls
(Figure 7G). Concomitantly, the expression of a number of lipid
catabolism genes (Cpt1a, Ppara, Ppargc1b, Acad11, Acad12, Pla2g15,
Pla2g6) were significantly upregulated in KO mice relative to WT
controls (Figure 7G). In addition, transcripts encoding proteins involved
in insulin signaling (Insr, Irs2), PI3K signaling (Pik3c2a, Pik3c2g,
Pik3cb), and AMPK signaling (Prkaa2, Prkacb) were also elevated in KO
male mice (Figure 7G). Like the visceral fat depot, many pro-
inflammatory genes were downregulated in the liver of KO male
mice relative to WT controls (Figure 7H). Together, these tran-
scriptomics changes likely contribute to reduced lipid accumulation
and enhanced insulin sensitivity (as indicated by the pyruvate tolerance
test) in Ctrp13-KO mouse liver.

3.9. The relevance and contribution of human CTRP13/C1QL3 to
metabolic syndrome
Lastly, we addressed whether CTRP13-mediated changes are
conserved in humans and relevant to metabolic traits important in
metabolic disorder. To do so, we integrated our Pan-tissue sequencing
data with the Metabolic Syndrome in Man (METSIM) cohort data [75]. Of
the gene expression changes seen in gWAT, iWAT, liver, and gastroc-
nemius, the strongest degree of change was observed in gWAT
(Supplementary Figure 1AeB). Substantially more differentially
expressed genes (DEGs) were observed in gWAT compared to all other
tissues across 3 statistical thresholds, where little overlap was observed
between genes across tissues (Supplementary Figure 2).
We analyzed adipose expression array data from 770 phenotyped men
from the METSIM cohort [75]. We focused our analyses on human
orthologs of the mouse DEGs which were directionally consistent with
associated metabolic traits. Interestingly, while human CTRP13/C1QL3
was not significantly correlated with metabolic traits itself, nearly all of
the top DEGs derived from the Ctrp13-KO model showed highly sig-
nificant correlations (Figure 8A). Of note, these genes clustered
strongly by whether they were up- or down-regulated within the gWAT
of Ctrp13 KO mice (Figure 8A). To test whether the relationship be-
tween CTRP13/C1QL3 and its top DEG orthologs could be relevant for
explaining the variation with metabolic traits, we adopted an adjusted
regression approach [78e80]. We compared the p-value of re-
gressions between a given DEG and trait from both the raw correlations
and those adjusted for the expression of C1QL3. For example, despite
C1QL3 itself showing no significant correlation to fasting insulin and fat
mass (Figure 8A), adjusting the correlation of TNFRSF1B (Figure 8B) or
HIF3A (Figure 8C) with nearly all metabolic traits abolished the sta-
tistical significance. These data suggest that genetic variation of
C1QL3 expression accounts for a significant proportion of variance
which explains the relationship between adipose DEGs and relevant
metabolic traits.
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Figure 5: CTRP13 deficiency improves glucose and pyruvate tolerance and insulin sensitivity in mice fed a high-fat diet. (AeB) Overnight fasted and refed blood glucose,
serum insulin, triglyceride, cholesterol, non-esterified free fatty acids (NEFA), and b-hydroxybutyrate levels in male (A) and female (B) mice on HFD. (CeD) FPLC analysis of
triglyceride and cholesterol levels in VLDL, LDL, and HDL of male (C) and female (D) mice. (EeG) Blood glucose levels during glucose tolerance tests (GTT; E), insulin tolerance tests
(ITT; F), and pyruvate tolerance tests (PTT; G) in male and female WT and KO mice. (H) Serum triglyceride levels over the course of lipid tolerance tests (LTT) in male and female WT
and KO mice. All data are presented as mean � S.E.M. *P < 0.05. A 2-way ANOVA analysis was performed on all tolerance tests.
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Figure 6: Loss of CTRP13 minimally affects mitochondrial respiration in adipose tissue, liver, and skeletal muscle. AeD) Mitochondrial respiration in the gonadal white
adipose tissue (gWAT; A), inguinal white adipose tissue (iWAT; B), liver (C), and gastrocnemius skeletal muscle (D) of Ctrp13 WT (n ¼ 4e6) and KO (n ¼ 9) male mice fed a high-fat
diet. For each tissue column, the following panels (from top to bottom) are shown: Panel 1: maximal oxygen consumption rate of mitochondrial complex CI and CIV. Panel 2:
maximal oxygen consumption rate of mitochondrial complex CII and CIV. Panel 3: Quantification of maximal oxygen consumption rate of mitochondrial complex CI, CII, and CIV.
Panel 4: Quantification of mitochondrial content by MitoTracker Deep Red. Panel 5: Maximal oxygen consumption rate of mitochondrial complex CI, CII, and CIV after normalization
to mitochondrial content. All data are presented as mean � SEM. *P < 0.05.
4. DISCUSSION

This is the first study to establish the requirement of CTRP13 for
metabolic homeostasis. While previous studies employing gain-of-
function approaches in cell model systems [8,63,64] and in mice
[55,60e62] have yielded valuable insights concerning CTRP13’s bio-
logical functions in normal and disease settings, the physiological and
MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
metabolic impact of CTRP13 loss-of-function in peripheral tissues was
unknown. Using a constitutive KO mouse model, we established that
CTRP13 acts as a negative metabolic regulator and its deficiency pro-
motes leanness and improves systemic glucose and lipid metabolism,
with sex differences noted. The phenotypes of the Ctrp13-KO mice
were, however, contrary of what we had initially expected based on
previous in vitro and in vivo studies using recombinant protein
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Figure 7: Reduced adipose tissue inflammation and hepatic steatosis in Ctrp13 KO male mice fed a high-fat diet. (AeB) Representative H&E stained histological sections
of visceral (gonadal) white adipose tissue (gWAT; A) and subcutaneous (inguinal) white adipose tissue (iWAT; B) of WT (n ¼ 6) and KO (n ¼ 10) male mice on HFD. The
quantifications of adipocyte cell size (CSA, cross sectional area) in gWAT and iWAT are indicated by bar graphs. Data are presented as mean � SEM. **P < 0.01; ***P < 0.001.
(C) The top biological processes in Gene Ontology that were downregulated in gWAT. The number next to each bar indicates the number of genes significantly downregulated. (D) A
heatmap showing some of the differentially expressed genes (DEGs) from gWAT that affect inflammation in adipose tissue. Color gradient reflects row Z-score values. (E)
Representative H&E stained liver sections of WT (n ¼ 6) and KO (n ¼ 10) male mice on HFD. The quantifications of lipid area are indicated by the bar graph. Data are presented as
mean � SEM. **P < 0.01. (F) Some of the top biological processes in Gene Ontology that were downregulated in liver. The number next to each bar indicates the number of genes
significantly downregulated. (G) A heatmap showing some of the differentially expressed genes (DEGs) from liver that affect lipid synthesis and catabolism, as well as signaling.
Color gradient reflects row Z-score values. (H) A heatmap showing some of the DEGs that affect inflammation in liver. Color gradient reflects row Z-score values.
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Figure 8: DEG integration highlights the adipose-specific impacts of CTRP13/C1QL3, where gene expression changes strongly track with cardiometabolic outcomes in
humans. (A) Human orthologs of the top-ranked differentially expressed genes (DEGs) in gonadal white adipose tissue (gWAT) were correlated with select cardiometabolic traits in
the Metabolic Syndrome in Man (METSIM) population, where gene names are colored by whether they were shown to increase (blue) or decrease (brown) in Ctrp13-KO vs WT
controls. Color indicates direction of correlation via biweight midcorrelation coefficient (bicor) and those which meet a regression significance <0.05 contain a “e”. (BeC) Adjusted
regressions were applied to test for statistical mediation of the variance explained by relationships between TNFRSF1B (B) or HIF3A (C) and cardiometabolic traits, as well as how
these shift when adjusting for C1QL3/CTRP13. Adjustments for C1QL3 notably reduced the significance of nearly every correlation between gene and trait. N ¼ 770 individuals.
supplementation or adenoviral-mediated overexpression [8,55,63,64].
One of the major caveats of gain-of-function studies is the difficulty of
assessing whether the outcomes reflect physiological or pharmaco-
logical effects of overexpression or the recombinant protein used. Thus,
our current study using a KO mouse model underscores the value and
importance of using a complementary loss-of-function approach to
independently validate the function of CTRP13 in a physiological
context.
Contrary to our initial expectation, loss of CTRP13 did not affect food
intake in chow-fed or HFD-fed mice. Despite similar caloric intake
across the circadian cycle (light and dark) and metabolic states (ad
libitum fed, fasted-refed), CTRP13-deficient mice were consistently
leaner than the WT littermates. While the body weight differences be-
tween KO and WT male mice were very modest in chow-fed mice, the
differences in body weight became much more apparent when mice
were fed an HFD. Male KO mice were leaner and gained significantly
less weight on HFD. Female KO mice also had lower body weight than
WT controls but gained the same amount of weight in the first 9 weeks
on HFD. Thereafter, Ctrp13-KO female mice started to lose weight while
the WT controls continued to gain weight. This resulted in a significant
MOLECULAR METABOLISM 78 (2023) 101824 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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difference in weight gain by week 11 on HFD. Relative to WTmice, HFD-
fed KO mice of either sex had higher physical activity levels across the
circadian cycles. Despite elevated physical activity, we did not observe a
consistent and corresponding increase in energy expenditure. In fact,
energy expenditure was only significantly higher in female, but not
male, KO mice during the light cycle in ad libitum fed mice and during
fasting. Thus, an increased in physical activity levels can, at best,
partially account for the lean phenotype seen in Ctrp13-KO mice. We
could not, however, rule out potential changes in intestinal nutrient
absorption that contribute to the differences in body weight between
genotypes.
Although we do not presently know how CTRP13 modulates physical
activity, we presume that it likely acts in the central nervous system
given its relatively broad expression patterns in the brain, with high
expression seen in the cortex and hindbrain [66,82,83]. It has been
shown that melanocortin-4 receptor (MC4R) signaling in the ventrolat-
eral ventromedial hypothalamic nucleus (VMHvl)dthat projects to the
arousal centers in the hippocampus and hindbraindcontrols physical
activity level [84]. It remains to be determine whether CTRP13 acts on
the VMHvl or other neuronal subtypes to affect locomotor activity.
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Consistent with the lower body weight and adiposity, Ctrp13-KO male
mice on HFD had significantly improved glucose, pyruvate, and insulin
tolerance, indicative of enhanced insulin sensitivity. As with the chow-
fed KO male mice that showed a greater capacity for lipid clearance in
the fat loading tests, HFD-fed female mice also had a higher rate of
triglyceride clearance upon lipid loading and lower VLDL-TG levels. The
sex differences in metabolic phenotypes observed are not uncommon,
as sex is considered an important biological variable affecting pheno-
typic outcomes [85e87]. The inclusion of both sexes in our metabolic
analyses provides a more nuanced appreciation of the sexually
dimorphic requirement for CTRP13 inmaintaining systemic glucose and
lipid metabolism.
Since the metabolic phenotypes of Ctrp13-KO male mice were more
pronounced than the female mice, we focused our transcriptomics
analyses across different tissues in males. The visceral fat depot of
HFD-fed KOmalemice had a transcriptomic profile indicative of reduced
inflammation. Since low-grade chronic inflammation in the adipose
tissue is known to disrupt local and systemic metabolism and insulin
sensitivity [2,88e90], the significantly less inflamed visceral fat depot
likely contributes, in part, to the improvements seen in systemic glucose
metabolism and insulin sensitivity. Reduced weight gain in HFD-fed
male KO mice also resulted in significantly less lipid accumulation in
liver. Our transcriptomic analyses suggest that reduced hepatic stea-
tosis might be the result of reduced lipid synthesis and increased lipid
catabolism. Similar to the visceral fat, male KO liver also showed a
reduced inflammatory profile. Combined, these changes in visceral fat
and liver contribute to a healthier metabolic profile in HFD-fed Ctrp13-
KO male mice.
Although the CTRP13 sequence is highly conserved between mouse
and humans (differing by only one amino acid between the full-length
proteins), whether they have the same function in the context of
metabolism is unclear. To address whether human CTRP13/C1QL3
has any relevant role in metabolism, we integrated the human
orthologs of the differentially expressed genes (DEGs) in visceral fat of
Ctrp13-KO male mice with the data derived from the METSIM cohort
[75]. We employed a form of mediation approach that involved an
adjusted regression analysis. By comparing the p-value of regressions
between a given DEG and trait from both the raw correlations and
those adjusted for the expression of C1QL3/CTRP13, we could show
that the statistical significance of the correlation to metabolic traits is
abolished after adjusting for C1QL3 expression. This analysis suggests
that genetic variation of C1QL3 expression explains a significant pro-
portion of variance seen between adipose DEGs and relevant metabolic
traits, thus highlighting the potential causal role and contribution of
CTRP13 to human metabolic syndrome. Because the METSIM cohort
consisted of only male samples [75], we do not know whether the
same holds true in females.
Consistent with CTRP13 having a potential role in human metabolic
disorders, circulating serum CTRP13 levels were previously shown to
be reduced in obese and diabetic adult humans [56e58], as well as in
obese children [59]. Without knowing the metabolic function of
CTRP13, it can be a challenge to decipher whether altered circulating
CTRP13 levels are causally contributing to dysregulated glucose and
lipid metabolism and insulin sensitivity in humans. Our genetic loss-of-
function studies suggest that CTRP13 is, in fact, a negative regulator of
glucose and lipid metabolism. Based on this, we speculate that
reduced serum CTRP13 levels seen in obese and diabetic humans may
represent a compensatory physiologic response to counteract insulin
resistance and metabolic deterioration in the face of increased
adiposity.
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Several limitations are noted in the present study. First, all our data were
obtained from constitutive KO of CTRP13. We cannot rule out whether
the metabolic phenotypes would be different or more severe if Ctrp13
gene is conditionally disrupted in adult mice. This question can be
addressed in future studies by crossing the Ctrp13 floxed allele to the
tamoxifen-regulated Cre driver line (CMV-CreERT2). Second, the CNS
function for CTRP13 is well documented [65e68]. Although food intake
(largely controlled by the hypothalamus and hindbrain) was not different
between WT and Ctrp13-KO mice, we could not rule out the potential
CNS involvement in mediating some of the metabolic phenotypes we
observed in peripheral tissues of the KO mice. Future studies using
brain-specific KO of Ctrp13 will help resolve this issue. Third, CTRP13/
C1QL3 has been shown to bind to the adhesion GPCR (Bai3/ADGRB3)
and the postsynaptic GluK2 and GluK4 subunits of the kainite-type
glutamate receptors (KARs) [63,67,68,91,92]. Bai3 is a promiscuous
adhesion GPCR that binds to four closely related CTRP family members
(i.e., C1QL1-4) [49,51,52,91,93]. Thus, it remains to be determined
whether Bai3 mediates the biological function of CTRP13 in peripheral
tissues. Because Ctrp13-KO mice had significant metabolic pheno-
types, our data thus suggest that other closely related CTRP family
members are unlikely to compensate for the loss of CTRP13.
In summary, we have provided comprehensive metabolic analyses of
mice lacking CTRP13. Our results suggest that CTRP13 functions as a
negative metabolic regulator and its deficiency improves systemic
metabolic profiles. Using an adjusted regression approach, we further
demonstrate the relevance and potential contribution of CTRP13 to
human metabolic syndrome. Our data thus provide an important
context to help interpret ongoing human studies looking at changes in
circulating CTRP13 levels in different disease states.
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