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CTRP family in diseases associated with inflammation and
metabolism: molecular mechanisms and clinical implication
Huan Zhang1,2, Zi-yin Zhang-Sun1,2, Cheng-xu Xue1,2, Xi-yang Li1,2, Jun Ren3, Yu-ting Jiang1,2, Tong Liu1,2, Hai-rong Yao1,2,
Juan Zhang1,2, Tian-tian Gou1,2, Ye Tian1,2, Wang-rui Lei1,2 and Yang Yang1,2

C1q/tumor necrosis factor (TNF) related proteins (CTRPs) is a newly discovered adipokine family with conservative structure and
ubiquitous distribution and is secreted by adipose tissues. Recently, CTRPs have attracted increasing attention due to the its wide-
ranging effects upon inflammation and metabolism. To-date, 15 members of CTRPs (CTRP1-15) with the characteristic C1q domain
have been characterized. Earlier in-depth phenotypic analyses of mouse models of CTRPs deficiency have also unveiled ample
function of CTRPs in inflammation and metabolism. This review focuses on the rise of CTRPs, with a special emphasis on the latest
discoveries with regards to the effects of the CTRP family on inflammation and metabolism as well as related diseases. We first
introduced the structure of characteristic domain and polymerization of CTRPs to reveal its pleiotropic biological functions. Next,
intimate association of CTRP family with inflammation and metabolism, as well as the involvement of CTRPs as nodes in complex
molecular networks, were elaborated. With expanding membership of CTRP family, the information presented here provides new
perspectives for therapeutic strategies to improve inflammatory and metabolic abnormalities.
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INTRODUCTION
Inflammation underlies a wide variety of physiological and
pathophysiological processes. Infection and tissue injury, the classic
instigators for inflammation, trigger the recruitment of leukocytes
and plasma proteins to damaged tissue sites, followed by abundant
production of pro-inflammatory cytokines. Complement 1q (C1q)/
tumor necrosis factor (TNF) related proteins (CTRPs), members of
the adipokine superfamily secreted by adipose tissues, have drawn
recent attentions [1, 2]. Adiponectin is the first identified member of
the CTRPs family [3]. In addition to adiponectin, 15 members
(CTRP1–15) were later successively reported. CTRPs share a
characteristic structure, including four distinct domains with one
homologous to adiponectin. Growing evidence has indicated a key
regulatory role for CTRP in inflammation or metabolism-related
pathological processes, such as immunity, insulin resistance, and
fibrosis. The close associations between CTRPs and inflammation or
metabolism suggest that CTRPs plays a pharmacologically targeted
role in inflammation-related diseases such as diabetes [4, 5], obesity
[6, 7], and atherosclerosis [8, 9].
This review summarizes the latest progress with regards to the

role of CTRPs in inflammation and metabolism-related diseases.
We will first introduce the characteristic domains and polymeriza-
tion of CTRPs to reveal its pleiotropic physiological functions.
Then, we will elucidate the close relationship between CTRPs and
inflammation or metabolism before a systematic discussion of
the current literature on CTRPs in diseases associated with

inflammation and metabolism. Given the prominent role of
inflammation as the prime culprit of vast diseases, information
presented here should help the audience to put this into a
broader range of disease disciplines.

BRIEF “CTRPS” STORY
CTRPs and its C-terminal globular domain
Adipose tissues secrete various bioactive molecules, collectively
known as adipokines. In 2004, Wong and coworkers cloned a
protein family named CTRPs based on its sequence homology
with adiponectin [2]. CTRPs (except CTRP4) share four different
domains: a signal peptide at the N terminus, a short variable
region, a collagenous domain with various lengths of Gly–X–Y
repeats, and a globular C-terminal domain homologous to the
complement component 1q (C1q) (Fig. 1) [2]. Notably, CTRP4 is
structurally unique and comprises two C-terminal globular
domains connected by a short linker while lacks a collagenous
domain [10]. The C-terminal globular domain forms trimers are
composed of A, B and C chains [11, 12] and is highly conserved in
a variety of molecules [2]. The complement protein C1q represents
the first subcomponent of C1 complex and serves as a target
recognition protein for classical signaling cascades [13]. C1q binds
with a variety of ligands mainly through its globular C1q domain
while it regulates immune cells through collagenous domain,
thus offering an important role in immunity (such as pathogen
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clearance and apoptosis) [13]. Besides, the C-terminal region of
TNF homology domain (THD) is nearly identical to gC1q domain.
Interestingly, CTRPs is designated to C1q/TNF-related proteins
given that the family members have gC1q domain homologous to
C1q and TNF [14].

Tissue expression
CTRP family is a class of chemical hormones mainly secreted by
adipose tissue. It is also widely expressed in various organs and
tissues and exerts corresponding biological functions [12].
Although from the same family, different members have slightly
different tissue expression. CTRP1 mRNA is expressed in heart,
placenta, liver, muscle, kidney, prostate, and ovary, and adipose
tissue [1, 15, 16]. CTRP2 mRNA is expressed in stromal vascular,
myocardial tissue and adipose tissue [1, 17]. CTRP3 mRNA is
expressed in adipose tissue, cartilage tissue, fibrous tissue,
placenta, osteosarcoma, chondroblastoma, colon, small intestine,
pancreas, brain, kidney, thymus, ovary [1, 18, 19]. CTRP4 mRNA is
expressed lowly in several tissues and cells including hepatoma
cells and colon cancer cells [20]. CTRP5 mRNA is expressed in
stromal vascular, adipose tissue, basement membrane, retinal
pigment epithelium, ciliary epithelium, myocytes, brain [1, 21].
CTRP6 mRNA is expressed in VSMCs, human synoviocytes, adipose
tissue, placent, hepatocellular carcinoma and human submandib-
ular glands (SMGs) [22–24]. CTRP7 mRNA is expressed in stromal
vascular, adipose tissue and lung. CTRP8 mRNA is expressed in
brain, placenta and eye [1]. CTRP9 mRNA is expressed in stromal
vascular cells, cardiac cells and adipose tissue [25, 26]. CTRP10
mRNA is expressed in brain, placenta and eye [1]. CTRP11 mRNA is
expressed in testes, adipose tissue, heart, brain, kidney, lung,
prostate, pancreas and skeletal muscle [27]. CTRP12 mRNA is
expressed in adipose tissue [28, 29]. CTRP13 mRNA is expressed in
rat liver sinusoidal endothelial cells (rLSECs), stromal vascular cells
in adipose tissue [30, 31].

The polymerization
Adiponectin (also known as Acrp30 and AdipoQ) was the first
member of the CTRPs to be identified. It carries both anti-
inflammatory and insulin-sensitizing effects mediated by two
isoforms of adiponectin receptors respectively, adiponectin recep-
tor (AdipoR)1 and AdipoR2 [32]. In serum, different isoforms of
adiponectin exist including: trimeric [low molecular weight (LMW)],
hexameric [middle molecular weight (MMW)], and multimeric [high
molecular weight (HMW)] adiponectin isoforms. The forms of MMW
and HMW induce nuclear factor kappa-B (NF-κB) activation in C2C12
myocytes and myotubes, while the trimer form triggers AMP-
activated protein kinase (AMPK) activation in muscles [32–35]. In
addition to adiponectin, other members of the CTRPs form trimers
as their basic structural units, including homotrimers (CTRP1, CTRP2,
CRPP3, CTRP4, CTRP5, CTRP6, CTRP7, CTRP 8, CTRP9, CTRP10, and
CTRP13) and heterotrimers (adiponectin and CTRP2, adiponectin
and CTRP9, CTRP1 and CTRP6, CTRP2 and CTRP7, and CTRP10 and
CTRP13) [12].
CTRP1 and CTRP6 are produced in stromal vascular cells (SVC),

and usually form oligomers [1, 12]. CTRP2 and CTRP7 mRNAs are
also found in SVC, capable of forming intracellular complexes.
Besides, CTRP2 form heterotrimeric complex with adiponectin [12].
In particular, there are two alternatively spliced CTRP3 isoforms
(CTRP3A and CTRP3B) in humans, with distinct lengths and degrees
of glycosylation [36, 37]. CTRP3B contains an additional 73 amino
acids at the N terminus in comparison with CTRP3A. Thus, CTRP3B is
much longer and less stable, and the two isoforms form hetero-
oligomers in the absence of disulfide bond to protect CTRP3B from
protein solubilization. Indeed, CTRP3A interacts with CTRP3B only
under colocalization in the same cell [36]. In mammalian cell lines,
recombinant CTRP3 forms homotrimers and higher-order oligomers
via disulfide bonding mediated by N-terminal cysteine residues.
CTRP3 forms stable homotrimeric protein structures in the
baculovirus system [1, 12, 37], while acts a HMW form to circulate

Fig. 1 Structure of CTRP family. a Protein structure of CTRP1 with the number of Gly-X-Y repeats. b The protein structure of CTRP3A with the
number of Gly-X-Y repeats. c The protein structure of CTRP9 with the number of Gly-X-Y repeats. d The common structure of CTRPs.
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in the peritoneal fluid around human plasma and visceral adipose
tissues [12]. CTRP5 circulates in the blood and forms homotrimers
and higher-order oligomers through disulfide bond through the
N-terminal cysteine residue [1]. CTRP6 can form homotrimers and
higher-order oligomers, and also forms heteromeric complexes with
CTRP1. In addition to homotrimer formation, CTRP8 also forms
heterogeneous complexes with C1q-related factors (CRF) [12]. Of all
the CTRPs paralogs, CTRP9 exhibits the highest degree of amino
acid identity to adiponectin in its globular C1q domain, so CTRP9
forms trimers predominantly and circulates in serum similar to
adiponectin. When adiponectin and CTRP9 were simultaneously
expressed in 3T3-L1 adipocytes and HEK293T cells, the two proteins
were co-immunoprecipitated in the supernatant [36], which
indicates that adiponectin and CTRP9 are possibly form hetero-
trimers. Human CTRP9 consists of two isoforms, CTRP9A and
CTRP9B. The two isoforms share 98% amino acid identity, although
they are encoded by distinct genes with the latter absent in mouse
genome [38]. CTRP9A is a secreted polyprotein, while CTRP9B
requires physical association with CTRP9A or adiponectin for its
secretion [38]. However, whether adiponectin and CTRP9 hetero-
oligomers induce distinct signaling pathway in cells and tissues
compared to adiponectin or CTRP9 alone remains unknown.
Association between CTRPs is a possible mechanism to generate
an expanded repertoire of functionally distinct ligands with altered
receptor specificity or kinds [38].
In sum, CTRPs form a variety of polymers, and combine within

themselves or other proteins to yield various complexes. Different
polymers possibly bind to different receptors and thus exhibit
different signaling and functional properties. This pleiotropy is one
of the major features for CTRPs, further broadening regulatory
pathways in different physiological and pathological conditions.

THE RELATIONSHIP OF CTRPS WITH INFLAMMATION AND
METABOLISM
Alterations in cellular metabolism impact the cell inflammatory
state. Multiple studies have noted the role of CTRP family as key
nodes in inflammatory and metabolic signaling (REF). Several
common members of CTRPs with a close relevance to inflamma-
tion and metabolism are described in the following sections.

CTRP1
Lipopolysaccharide (LPS), as a pro-inflammatory medium, does
not directly induce CTRP1 in isolated adipocytes, although LPS
upregulates expression of CTRP1 in vivo by inducing inflammatory
cytokines TNF and interleukin-1β (IL-1β) [12]. Clinically, the level of
CTRP1 is higher in patients with obesity, hypertension and
adiponectin deficiency, probably related to higher inflammatory
cytokine level in these patients [39]. Kim and colleagues found
that the level of CTRP1 is highly expressed in adipose tissues of
LPS-challenged rats, similar to CTRP1 levels in obese rats,
suggesting that CTRP1 is closely related to the low-grade chronic
inflammation status of adipose tissues [39]. In addition, insulin
level increases in CTRP1 gene knockout mice in fasting, which
enhances insulin resistance and promotes hepatic glucogenase
expression to decrease glucose conversion [7].

CTRP2
CTRP2 promotes uptake of glucose in muscles and reduces blood
sugar levels [12]. CTRP2 produced by bacteria induces phosphoryla-
tion of AMPK, acetyl-coenzyme A carboxylase (ACC), and p42/44
mitogen-activated protein kinase (MAPK) in C2C12 myotubes, thus
increasing glucose absorption, glycogen accumulation and fatty acid
oxidation, causing oxidative stress and chronic inflammation [2].

CTRP3
CTRP3 is a potential anti-inflammatory mediator, and its level
is inversely correlated with levels of TNF, IL-6, C-reactive protein

(CRP), circulating leptin, and insulin resistance [36, 40]. Meanwhile,
overexpression of CTRP3 alleviates systemic inflammation and
insulin resistance by reducing levels of TNF-α and improving
insulin sensitivity in the CTRP3 transgenic mice with diet‐induced
obesity [41]. Kopp et al. used fusion molecules composed of toll-
like receptor 4 (TLR4) and myeloid differential protein-2 (MD-2),
a receptor for LPS, to probe the specific anti-inflammatory
mechanism of CTRP3. They demonstrated that CTRP3, as an
endogenous LPS antagonist, exerts anti-inflammatory activity by
interacting with LPS to block the binding of LPS to TLR4/MD-2
[42]. In addition, CTRP3 is also closely related to glucose
metabolism via extracellular signal-regulated kinase 1/2 (ERK1/2),
Akt and NF-κB signaling cascade. The ERK1/2 pathway is a key
path to regulate several cellular functions, including proliferation,
differentiation, and transformation. CTRP3 phosphorylates the
ERK1/2 signaling pathway in the mouse liver [36], although the
biological consequence of CTRP3-evoked ERK1/2 activation
remains unclear in the liver. ERK1/2 can regulate transcription
factors including forkhead box protein O1 (FOXO1) [43], a key
transcriptional factor promoting gluconeogenic enzymes, to
enhance glucose production. Thereby CTRP3 potentially links
ERK1/2 pathway either directly or indirectly with the transcrip-
tional suppression of hepatic glucose output [44]. Meanwhile,
CTRP3 significantly lowers blood glucose levels and suppresses
expression of gluconeogenic genes G6Pase and PEPCK through
activation of Akt in the liver. Besides, recombinant CTRP3
attenuates NF-κB p65 function, and reduces glucose output in
cultured rat hepatoma cells [45]. It is noteworthy that the effects
of CTRP3 on blood sugar, such as inhibition of glucose gene
expression and glucose output, are independent of insulin. In the
absence of insulin, CTRP3 still activates Akt [36]. Therefore, CTRP3
is a potential new direction for diabetes research.

CTRP6
CTRP6 regulates local inflammation and glucose metabolism by
targeting macrophages and adipocytes. CTRP6 upregulates the
expression and production of TNF-α. Loss of CTRP6 decreases the
number of macrophages in adipose tissue and the level of
circulating inflammatory cytokines, thereby reducing inflamma-
tory response [46]. However, overexpression CTRP6 attenuates Akt
phosphorylation and glucose uptake evoked by insulin stimulation
in adipocytes, thus annihilating the response of peripheral tissues
to glucose and insulin.

CTRP9
CTRP9 improves multiple organ and tissue injury induced by the
inflammation. Huang and coworkers reported that CTRP9 over-
expression reverses hypoxia/reoxygenation (H/R)-induced upregu-
lation in the expression of TNF-α and IL-6 as well as the H/R-induced
reduction in the levels of the anti-inflammatory cytokine IL-10 by
inhibiting the TLR4/MyD88/NF-κB signaling pathway [47]. In
addition to heart, CTRP9 overexpression activates PI3K/Akt pathway,
in order to improve endothelial cell function and inflammation of
pulmonary artery [48]. Besides, CTRP9 protects againstmonosodium
iodoacetate (MIA)-induced inflammation and knee cartilage
damage by deactivating the MAPK/NF-κB pathway in rats with
osteoarthritis [49]. AMPK and Akt signaling pathways are major
regulators of insulin-mediated glucose uptake. Recombinant CTRP9
activates AMPK and Akt to stimulate glucose uptake in rat
cardiomyocytes [17]. CTRP9 not only enhances the above two
pathways, but also stimulates p42/44 MAPK to reduce blood sugar
in C2C12 myotubes [26]. Additionally, CTRP9 improves cholesterol
efflux through upregulating the expression of proteins associated
with cholesterol efflux in foam cells, such as LXRα, CYP27A1, ABCG1
and ABCA1 [50].
In conclusion, CTRPs family members play a vital role in

linking inflammation, insulin resistance, and metabolic disorders.
As a node of inflammation and metabolism, CTRPs have a strong
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potential for promising therapeutic targets to treat various
inflammation-related diseases.

DOWNSTREAM TARGETS OF CTRPS
Courtesy of their wide distribution and important physiological
roles, CTRPs participate in multiple cardinal intracellular signaling
pathways. As irreplaceable central molecules in the regulatory
network, CTRPs can respond to multiple stimuli or molecules, such
as inflammation, transcription factors. Then, CTRPs mediate
phosphorylation of a variety of substrates, including Akt, AMPK,
MAPK, S1P/cAMP, TGF-β, and ERK1/2 (Table 1). Here we briefly
discuss those molecules with particular importance in the
treatment of inflammation-related diseases.

Akt
Akt, a serine/threonine kinase known as protein kinase B (PKB),
is activated by phosphatidylinositol 3-kinase (PI3K) or
phosphoinositide-dependent kinases (PDK) as well as growth
factors, and DNA damage at Thr308 or Ser473 phosphorylation
[51]. Akt phosphorylates a variety of downstream protein
substrates such as mammalian target of rapamycin (mTOR),
glycogen synthase kinase 3 beta (GSK3β), or Foxo1 to regulate
numerous cellular functions [51]. Multiple members of CTRPs
phosphorylate Akt or its upstream molecule PI3K [51].
Autophagy is regulated by a variety of molecular mechanisms,

such as the Akt/mTOR pathway and ERK pathway [52]. Akt/mTOR
pathway reduces neuronal apoptosis and inflammatory response
by inhibiting calcium-dependent pathways. CTRP1 inhibits autop-
hagy and inflammatory response of microglia by regulating Akt/
mTOR pathway in BV2 microglia [53]. Downregulation of
CTRP1 significantly reduces the phosphorylation levels of Akt
and mTOR in BV2 microglia. In addition, A6730 (Akt inhibitor)
reverses the inhibition of microglia autophagy by recombinant
CTRP1. Knockdown of CTRP1 further enhances autophagy in the
oxygen and glucose deprivation and reperfusion injury (OGD/R)-
stimulated BV2 cells. Therefore, CTRP1 inhibits autophagy by
activating the Akt/mTOR pathway, thereby weakening OGD/R-
induced BV2 cell damage [53].
Through activation of the PI3K/Akt/eNOS signaling, CTRP3

attenuates inflammation and then inhibits endothelial dysfunction
[54, 55]. Overexpression of CTRP3 inhibits inflammation, elevates
cell activity, and decreases lactated hydrogenase release in
endothelial cells, accompanied by a marked reduction in cell
apoptosis induced by oxidative low density lipoprotein (ox-LDL).
Mechanically, phosphorylation levels of PI3K, Akt and eNOS are
upregulated following CTRP3 overexpression, while LY294002
(PI3K inhibitor) lifted the protective effect of CTRP3. Similarly,
CTRP9 overexpression also activates PI3K/Akt signaling, improves
endothelial NOS expression and reduces secretion of endothelin-1
(ET-1) and matrix metalloproteinase-2 (MMP-2). On the contrary,
pretreatment with LY294002 antagonizes these phenomenon [48].
In addition, CTRP6 also activates PI3K/Akt signaling to protect

against oxidative damage induced by H/R in HK-2 cells, thus
reducing renal ischemia-reperfusion (I/R) injury [56]. CTRP15
inhibits TGF-β1-induced Smad3 activation and increases insulin
receptor (IR), insulin receptor substrate-1 (IRS-1) and Akt
phosphorylation, leading to suppressed differentiation in cardiac
fibroblasts (CFs). However, blocking IR/IRS-1/Akt pathway reverses
the inhibitory effect of CTRP15 [57].

AMPK
AMPK is a key controller that regulates biological energy
metabolism to balance nutrient supply and energy demand and
aberrant levels of AMPK are noted in various pathological settings
such as diabetes mellitus (DM), cancer and neurological diseases
[58]. It is activated by abundant stimuli, including metabolic stress,
drugs, xenobiotics, and oxidative stress. These stimuli then catalyze

phosphorylation of Thr-172 on its α-subunit [59]. Once activated,
AMPK promotes ATP production by increasing the activity or
expression of catabolic proteins to modulate energy metabolism
in cells [60].
CTRP1 controls fatty acid metabolism by activating AMPK [61].

Activated AMPK phosphorylates its downstream target ACC at Ser-
79, leading to the inactivation of ACC, the decrease in malonyl-
CoA concentration, and the enhancement of the oxidation of
long-chain fatty acids in skeletal muscle of CTRP1 transgenic mice
[62, 63]. However, no significant changes of metabolic enzyme
genes (such as Acox1, Cpt1, Lcad, and Mcad) and adipokines are
observed in skeletal muscle of CTRP1 transgenic mice, suggesting
that the activation of AMPK/ACC is the main mechanism of CTRP1
to enhance fat oxidation in skeletal muscle and to alleviate fat
accumulation and vasospasm [61, 64]. Therefore, CTRP1 regulates
fatty acid oxidation and promotes systemic energy consumption
via activating AMPK/ACC axis. Remarkably, there was little
hyperphosphorylation of AMPKα and ACC in the liver of CTRP1
transgenic mice, hinting that the activation of AMPK mediated by
CTRP1 is possibly muscle-specific [61]. Park and coworkers found
that the full-length and globule domains of human CTRP5 also
activated AMPK/ACC [65].
Remarkably, CTRP5 has no effect on IRS-1 and Akt that is an

important insulin-induced hypoglycemic pathway in the muscle
cells, so CTRP5 is the agonist of AMPK but independent of the insulin
pathway. Meanwhile, CTRP5 stimulates plasma membrane con-
solidation of glucose transporter 4 (GLUT4) by inducing phosphor-
ylation of AMPK, and increases glucose uptake in muscle cells [65].
CTRP9 also regulates cholesterol metabolism by enhancing

AMPK phosphorylation. Liu and his associates found that CTRP9
promotes AMPK activation in vascular smooth muscle cells
(VSMCs) and upregulates the expression of several downstream
proteins important for cholesterol efflux such as LXR, ABCA1 and
ABCG1 in vivo and in vitro [66]. To the contrary, knockdown of
AMPK α1 abolishes CTRP9-offered protective effect. Furthermore,
CTRP9 has been also shown to retard development of athero-
sclerosis through AMPK-NLRP3 inflammasome pathway [67].

P38 MAPK
Protein 38 MAPK (p38), one branch of MAPKs, can be activated
and phosphorylated under pressure-load stimulation, and partici-
pates in various cardiac hypertrophy [68, 69]. The cAMP response
element-binding protein (CREB) is a downstream signal molecule
of p38 and can regulate multiple cellular responses by interacting
with DNA and regulating gene transcription. Various forms of
pathological cardiac hypertrophy are attenuated by inhibiting the
p38/CREB pathway [70].
CTRP3 protects from pathological heart remodeling and left

ventricular dysfunction induced by pressure overload. On the one
hand, CTRP3 deficiency exaggerates phosphorylation of p38 and
CREB. Reversely, CTRP3 supplementation inhibits p38 and CREB
activation [71]. On the other hand, CTRP3 alleviates ERS induced
by p38 through significantly reducing the expression of the main
markers of ERS (GRP78 and its downstream molecules eIF2α,
CHOP, IRE1, and ATF6) [71].

Extracellular signal-regulated kinase (ERK)
ERK is a subfamily of MAPK, as well as a downstream effector of
AMPK pathway. ERK1/2 (a.k.a., p42/p44) pathway plays a vital role
in CTRP1-mediated physiological response in endochondral
ossification. CTRP1 is predominantly distributed in the reserved
and proliferative chondrocytes of fetal and postnatal growth
plates. CTRP1 promotes proliferation of immature proliferating
N1511 chondrocytes in a dose-dependent manner through
activation of ERK1/2 signaling, whereas CTRP1 inhibits maturation
of N1511 chondrocytes through suppression of ERK1/2 [72].
Recombinant CTRP3 has been shown to trigger phosphorylation

of both Akt and ERK1/2 in mouse livers (without any significant
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effects on AMPK signaling) [36]. Akt activation in liver potently
suppresses hepatic gluconeogenesis by phosphorylating the
transcription factor Foxo1 [73], and ERK1/2 potentially also
phosphorylates Foxo1 [43]. Phosphorylated Foxo1 is thus excluded
from the nucleus, preventing the transcription of gluconeogenic
genes [36, 74]. Conversely, CTRP3 also acts as an effective inhibitor of
LPS through mitigating LPS-induced ERK1/2 phosphorylation,
resulting in suppressed LPS-induced systemic inflammation [75].
Intravenous application of CTRP3 is insufficient to inhibit LPS-
induced cytokine level or mRNA expression, suggesting CTRP3 alone
might not directly evoke ERK1/2 phosphorylation. However,
intraperitoneal administration of CTRP3 significantly reduces LPS-
induced ERK1/2 phosphorylation level in inguinal adipose tissue.
Furthermore, CTRP9 overexpression activates ERK5/GATA4 signaling
to promote hypertrophic remodeling and dysfunction induced by
pressure overload of mice [25]. In conclusion, CTRP3 inhibits or
activates ERK1/2 through different mediators, thereby exerting
discrepant biological effects.

S1P/cAMP
Sphingosine-1-phosphate (S1P), mediated by S1P1–5 receptors and
synthesized from sphingosine phosphorylation, is a lysophospho-
lipid mediator with diverse biological function, such as angiogen-
esis, endothelial protection, myocardial ischemia-reperfusion

injury, inhibition of adhesion molecule expression, and immune
function [76, 77].
CTRP1 attenuates myocardial cell apoptosis and inflammatory

response through S1P/cAMP axis, thus protecting against myocar-
dial ischemic injury [78]. On the one hand, pretreatment of
cardiomyocytes with VPC23019 (an antagonist of S1P1 and S1P3)
significantly reverses CTRP1-induced inhibition of apoptosis. On
the other hand, sphingosine kinase 1 knockout or pretreatment
with VPC23019 both eliminated the inhibitory effect of CTRP1 on
LPS-stimulated pro-inflammatory cytokines such as TNF, IL-6 and
IL-1β in cardiomyocytes [78]. S1P was previously shown to
promote the accumulation of cAMP through S1P receptor [79],
suggesting a role of cAMP in the protective effects of CTRP1.
Treatment with CTRP1 in cardiomyocytes leads to increased cAMP
levels, the effect of which are reversed by VPC23019. The
adenylate cyclase inhibitor SQ22536 inhibits cAMP activation
and simultaneously reverses CTRP1-elicited inhibitory effect on
cardiomyocyte apoptosis. Therefore, through activation of S1P/
cAMP axis, CTRP1 effectively attenuates myocardial cell apoptosis
and inflammatory response.

TGF-β
Transforming growth factor-β (TGF-β) is the prototype of the TGF-β
superfamily of growth and differentiation factors. Hofmann and

Table 1. Overview of downstream targets of CTRPs.

Members
of CTRPs

Effects Downstream targets Mechanisms References

CTRP1 Activation Akt/mTOR signaling
pathway

CTRP1 enhances the phosphorylation of Akt and mTOR in BV2 cells. [53]

CTRP1 Activation AMPK/ACC signaling
pathway

CTRP1 increases the phosphorylation of AMPKα at Thr-172 and ACC at Ser-79. [61]

CTRP1 Activation ERK 1/2 signaling pathway CTRP1 increases ERK1/2 phosphorylation in immature chondrocytes. [72]

CTRP3 Inhibition TGF-β-CTGF-collagen I
signaling pathway

CTRP3 inhibits TGF-β production and the expression of CTGF and collagen I in
primary human CLPFs.

[80]

CTRP3 Activation PI3K/Akt/eNOS signaling
pathway

CTRP3 enhances the expression of p-PI3K, p-Akt, and p-eNOS in mouse aortic
endothelial cells.

[54]

CTRP3 Inhibition p38 MAPK/CREB signaling
pathway

CTRP3 reduces the phosphorylation of p38 MAPK and CREB in TAC mice. [71]

CTRP3 Activation Akt/GSK3-β signaling
pathway

CTRP3 induces the phosphorylation of Akt and GSK3-β in hepatoma cells. [36]

CTRP3 Inhibition TGF-β-Src-Smad3 signaling
pathway

CTRP3 attenuates the enhancement of TGF-β and the activation of Src and Smad3
in mesangial cells.

[81]

CTRP5 Activation AMPK/ACC signaling
pathway

CTRP5 increases the phosphorylation of AMPKα and ACC in rat skeletal myocytes. [65]

CTRP5 Activation STAT6-12/15-LOX-
dependent pathway

CTRP5 increases the phosphorylation of STAT6 and promotes the expression of 12/
15-LOX in endothelial cells.

[8]

CTRP6 Activation PI3K/Akt and AMPK
signaling pathway

CTRP6 increases the expressions of p-PI3K and p-Akt and promotes the
phosphorylation of AMPK in HK-2 cells.

[56]

CTRP9 Activation PI3K/Akt signaling pathway CTRP9 enhances the expression of PI3K and p-Akt in the pulmonary artery
epithelial cells from patients with PH.

[48]

CTRP9 Activation AMPK/mTOR signaling
pathway

CTRP9 increases the AMPK phosphorylation at Thr172, whereas it restrains
phosphorylation of mTOR in human THP-1 monocytes.

[66]

CTRP9 Inhibition TLR4-MyD88-p65 signaling
pathway

CTRP9 decreases the expression of TLR4 and MyD88, and reduces the
phosphorylation of NF-κB p65 in rat peritoneal macrophages.

[115]

CTRP9 Inhibition NF-κB and TGF-β1/Smad2/
3 signaling pathway

CTRP9 suppresses the expression of p-IκBα/IκBα, p-p65/p65, TGF-β1, and p-Smad2/
3 in CVB3-infected H9c2 cells.

[84]

CTRP9 Activation AdipR1/AMPK/NF-kB
signaling pathway

CTRP9 increases the expression of AdipoR1 and p-AMPK, and decreases the
expression of phosphorylated NF-κB in patients with ICH.

[153]

CTRP13 Activation AMPK/Nrf2/ARE signaling
pathway

CTRP13 enhances the expression of p-AMPK and Nrf2, and increases Nrf2
transcriptional activity in H9c2 cells.

[112]

CTRP15 Activation IR/IRS-1/Akt signaling
pathway

CTRP15 increases phosphorylation of IR, IRS-1 and Akt. [57]
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group revealed that CTRP3 inhibits the TGF-β-CTGF-collagen I
pathway and antagonizes LPS to reduce secretion of IL-8, exerting a
powerful anti-inflammatory and anti-fibrotic effects in primary
colonic lamina propria fibroblasts (CLPF) [80]. CTRP3 also slows
down progression of IgA nephropathy by inhibiting TGF-β-Src-
Smad3 signaling to alleviate mesangial cell activation and
inflammatory response [81].
Thrombospondin (THBS) family, such as THBS1, THBS2 and

THBS3, belongs to a class of calcium-related glycoproteins and is
widely involved in biological processes such as angiogenesis, cell
movement and apoptosis, cytoskeletal composition, and ECM
reaction, through interactions with various target proteins [82, 83].
It has been reported that CTRP9 regulates TGF-β1/Smad2/3
pathways by THBS1 to protect H9c2 cells from apoptosis,
inflammation, and fibrosis induced by coxsackievirus B3 (CVB3)
[84]. Mechanically, CTRP9 interacts with THBS1 to decrease THBS1
levels in children with viral myocarditis (VMC) induced by CVB3.
Subsequently, downregulation of THBS1 inhibits CVB3-induced
apoptosis, inflammation, and fibrosis in H9c2 cells. In addition,
adenovirus vectors containing full-length rat CTRP9 suppresses
the expression of TGF-β1 and p-Smad2/3 in CVB3-infected H9c2
cells, while THBS1 annihilates this effect [84].

ROLES OF CTRPS IN DISEASES ASSOCIATED WITH
INFLAMMATION AND METABOLISM
Atherosclerosis
Atherosclerosis is the main pathological basis of cardiovascular
disease and involves vascular endothelial dysfunction [85]. Dysfunc-
tion in vascular endothelial cells serves as the main initiator of and
springboard for atherosclerosis, together with accumulation of
lipids, adhesion of inflammatory cells, and proliferation of VSMCs
[86, 87]. Excessive proliferation and migration of abnormal VSMCs
are the major causes for the development of cardiovascular
diseases, including atherosclerosis [88, 89]. Macrophages adopt
different functional phenotypes according to atherosclerotic
environment [88, 90]. M1 is a pro-inflammatory phenotype that
leads to atherosclerosis, while M2 is an anti-inflammatory pheno-
type that maintains the stability of atherosclerotic lesions. Lipid-
loaded macrophages are involved in almost all stages of plaque
development and progression, which expressing scavenger recep-
tors, taking up high ox-LDL particles and leading to foam cell
formation [91, 92]. CTRPs possess a major influence on a variety of
atherosclerosis-related cells including endothelial cells, macro-
phages, and VSMCs. However, different members have opposite
effects on atherosclerosis.
CTRP1 regulates low-grade chronic inflammation and lipid

metabolism caused by coronary artery disease (CAD) [55]. PPAR-γ
mediates macrophage differentiation and lipid metabolism. Wang
et al. found that CTRP1 is upregulated in a PPAR-γ-dependent
manner under the condition of ox-LDL following differentiation of
primary human macrophages from peripheral blood mononuclear
cells [82]. Meanwhile, CTRP1 is abundantly induced by inflammatory
cytokines, which itself causes concentration-dependent expression
of adhesion molecules and inflammatory markers in human
endothelial cells, human peripheral blood mononuclear cells, and
THP-1 cells. Additionally, CTRP1 induces p38-dependent monocyte
endothelial adhesion and leukocyte recruitment to C57BL/6 mouse
mesenteric venules in vitro, while CTRP1 knockdown in vivo reduces
vascular adhesion molecule p38 phosphorylation in mouse plaques
as well as macrophages infiltration [93]. Thus, CTRP1 is involved in
lipid metabolism and inflammation of macrophages as a pro-
atherogenic factor [9]. Likewise, CTRP5 promotes progression of
atherosclerosis, especially during early stages. Permeation of LDL is
a key driver in the early development of atherosclerosis. Through
upregulation of 12/15-LOX (a key enzyme that mediates LDL
transportation and oxidation), CTRP5 acts as a pro-atherogenic
cytokine to promote accumulation of oxidized LDL in endothelial

cells [8]. Furthermore, CTRP5 promotes the growth, migration and
inflammation of vascular endothelial cells by activating Notch1,
TGF-β and hedgehog pathway, in order to aggravate in-stent
restenosis under CAD [55, 94]. Moreover, vascular remodeling is
considered to be one of the key factors leading to luminal stenosis
and subsequent atherosclerosis and CTRP12 prevents the develop-
ment of pathological vascular remodeling through attenuating
macrophage inflammatory response and VSMC growth and
proliferation to improve atherosclerosis [95].
CTRP3, CTRP9 and CTRP13 display an inhibiting impact against

atherosclerosis. CTRP3 delays atherosclerosis progression by
promoting PI3K/Akt/eNOS pathway, which inhibits ox-LDL-
induced endothelial inflammation [54]. Clinically, patients with
acute coronary syndrome and stable angina pectoris often exhibit
low CTRP3 levels, which may be used as a predicting biomarker for
assessment of CAD risk [96]. CTRP9 exerts a significant protective
effect against atherosclerosis, involving multiple factors and
pathways. First and the foremost, CTRP9 improves atherosclerotic
plaque stability through AMPK activation. CTRP9 also suppresses
level of adhesion molecules, such as intercellular adhesion
molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1
[55, 97], and secretion of TNF-α and MCP-1 in heat hardening
plaques. The aforementioned processes would retard VSMCs
proliferation, promote vascular dilation, and inhibit inflammatory
response of macrophages [55, 97]. Second, CTRP9 down-regulates
expression and activity of NLRP3 in ox-LDL-activated macrophages
by activating AMPK to protect against progression of athero-
sclerosis [67]. On the one hand, CTRP9 directly inhibits the activity
of NLRP3 inflammasome in the ox-LDL activated macrophages. On
the other hand, CTRP9 activates AMPK [38, 98, 99], which
subsequently inhibits NLRP3 inflammasome [100]. CTRP9
enhances cholesterol efflux of macrophage foam cell through
activation of AMPK/mTOR signaling pathway to induce autophagy
in fatty medium, thus increasing levels of cholesterol transport
receptors [such as ATP binding cassette transporter A1 (ABCA1)
and ABCG1]. Moreover, apoptosis of foam cells leads to instability
of atherosclerotic plaques. CTRP9 enhances cholesterol efflux
through the AdipoR1/AMPK pathway on foam cells to alleviate
apoptosis. These studies strongly suggest that CTRP9 accelerates
cholesterol efflux of foam cells and regulates lipid metabolism,
thus inhibiting progression of early atherosclerosis [55, 97]. On the
other hand, CTRP13 plays a protective role via inhibition
macrophage inflammation and cholesterol metabolism in athero-
sclerosis [101]. Cluster of differentiation 36 (CD36) expression and
foam cell formation are believed to potentially contribute to
atherosclerosis [102]. Specific, CTRP13 reduces CD36 levels, ox-LDL
uptake in primary peritoneal macrophages in vitro, and formation
of foam cells [103]. CTRP13 hydrolyzes cholesterol droplets stored
in macrophages, which attenuates cholesterol influx and pro-
motes outflow of cholesterol, thus inhibiting the formation of
foam cells and progression of atherosclerosis [104, 105].
In addition, atherosclerosis is considered to be the most

common etiology of abdominal aortic aneurysm (AAA). In AAA
patients, the arterial wall is structurally damaged so that it cannot
withstand the pressure of blood flow shocks, resulting in localized
or extensive permanent dilation or bulge. Macrophage-induced
inflammation can promote the formation of AAA [106, 107]. Xu
et al. identified nicotinamide phosphoribosyl transferase 1
(NAMPT1) could be as a novel target of CTRP13, and demon-
strated that CTRP13 reduced aortic macrophage infiltration, levels
of inflammatory factors (e.g., IL-6, TNF-α, MCP-1) and apoptosis of
vascular smooth muscle cells [108]. Targeting CTRP13 will be an
effective treatment strategy for preventing abdominal aortic
aneurysm formation in the future.
Taken together, multiple CTRPs members exert important roles

in atherosclerosis. Of note, several CTRPs, such as CTRP3 and
CTRP9 inhibit the progression of the disease and offer a protective
action. On the other side of the coin, CTRP1 and CTRP5 may
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contribute to the progression of atherosclerosis. The reason will be
discussed later in the discussion.

Heart diseases
Factors such as inflammation or ischemia interfere with myocar-
dial metabolism and trigger myocardial injury. Various members
of CTRPs are involved in variant physiological processes in
cardiomyocytes, such as inflammation, apoptosis, fibrosis and
oxidative stress, and offer a vital impact in several cardiac disease
such as myocarditis and myocardial infarction (MI).
CTRP1, CTRP3, CTRP12, and CTRP13 protect against myocardial

I/R injury although through distinct mechanisms. CTRP1 reduces
cardiomyocyte apoptosis and inflammation to improve ischemic
heart disease through activating SIRT1 signaling and S1P/cAMP
signaling [78, 109]. Besides, CTRP3 knockout mice display cardiac
systolic dysfunction, myocardial cell enlargement and myocardial
fibrosis. To the contrary, recombinant CTRP3 reduces pathological
myocardial remodeling after acute infarction through inhibiting
fibrosis and enhances the survival and regeneration of ischemic
cardiomyocytes via a PI3K/Akt-dependent mechanism [110].
CTRP12 inhibits apoptosis, oxidative stress, and inflammation to
protect against H/R-induced cardiomyocyte injury through
Nrf2 signaling [111]. Furthermore, CTRP13 overexpression
improves viability of H9c2 cells exposed to H/R, and inhibits H/
R-induced oxidative stress by suppressing reactive oxygen species
(ROS) and increasing superoxide dismutase (SOD) and catalase
(CAT) function [112].
MI is common in coronary heart disease, leading to heart failure

and even sudden death. During this period, the immune system
primarily drives the monocyte/macrophage phenotype switch.
Monocytes are recruited to necrotic sites and differentiate into
subpopulations with distinct functions, to participate in the
digestion of infarcted tissue and the clearance of necrotic cell
debris. Excessive pro-inflammatory factors, such as TNF-α, IL-1β,
myeloperoxidase (MPO), and matrix metalloproteinases (MMPs),
released from classical monocyte subsets can hinder intrinsic
immune repair process [113]. Zhu et al. found that CTRP3 is a
“coordinator” of excessive inflammatory response after acute
myocardial infarction (AMI). On the one hand, CTRP3 supplement
induces an intermediate switch of monocyte subsets which
alleviated inflammation. On the other hand, CTRP3 antagonizes
the increased IL-6 expression in monocytes induced by LPS
through inhibiting ERK1/2 and p38 MAPK pathways [114].
Therefore, CTRP3 contributes to cardiac recovery in AMI patients.
Phenotypic transition of M1 to M2 macrophages is important for
improving tissue damage and cardiac function in patients with MI.
Liu and colleagues demonstrated overexpression CTRP9 promotes
the M1 to M2 macrophage transition by inhibiting the TLR4/MD2/
MyD88 and AMPK‐NF‐κB signaling, thus reducing inflammatory
response and improving early cardiac function after myocardial
infarction [115]. In addition to CTRP9, CTRP12 also participates in
the development of myocardial infarction. Epicardial fat thickness
(EFT) echocardiography is an independent measure of visceral fat,
and increased EFT causes inflammation and abnormal lipid
metabolism [116]. CTRP12 is a kind of anti-inflammatory cytokines
and EFT of patients with acute MI was independently and
negatively correlated with CTRP12 levels in clinic [117], hinting
that decreased CTRP12 induced by inflammation and lipoprotein
metabolism alteration may influence the process. Indeed, these
results only reveal the possible direction for further research, and
more precise mechanism studies are needed. In addition to
ischemic heart disease and MI, CTRP9 overexpression attenuates
the apoptosis, inflammation and fibrosis of H9c2 cardiomyocytes
induced by CVB3 to relieve myocarditis [84].
Taken together, multiple members of CTRPs have protective

effects on several heart diseases, especially in MI. Multiple CTRPs
ameliorate inflammation through participating in the phenotypic
switch of monocytes and macrophages. Several clinical studies

have previously evaluated CTRPs as innovative biomarkers for
cardiovascular disease [118], therefore they may have great
potential as therapeutic targets for heart diseases.

Metabolic diseases
Metabolism consists of a series of reactions that occur within cells
to sustain life and metabolic perturbations underlying many
human diseases [119]. The utilization of glucose or fatty acids
occurs within the cytosol and mitochondria to provide the
majority of cellular energy in animals [119]. Here we will discuss
the roles of CTRP family members in metabolic processes, such as
insulin resistance [120], glucose metabolism [17], lipid metabolism
[61], aldosterone synthesis [121] and bone metabolism [122], and
the diseases related to metabolic disorders, including diabetes
[123] and obesity [124].
DM is one of the most common metabolic diseases and

is mainly attributed to decreased insulin sensitivity. Several
members of CTRPs directly improve insulin sensitivity. In type 2
diabetes, CTRP1 and CTRP3 improves insulin sensitivity of
adipocytes by improving insulin signal transduction and inhibiting
inflammation [61, 125]. CTRP3 also inhibits TLR and NF-κB
signaling to reduce secretion of inflammatory cytokines, thereby
dampening chronic systemic anti-inflammatory responses asso-
ciated with insulin resistance and obesity [41, 75]. Peterson et al.
reported that recombinant CTRP3 suppressed gluconeogenic
gene expression through Akt/PKB signaling, leading to improved
insulin sensitivity [36]. Moreover, CTRP12 inhibits glucose genera-
tion by activating PI3K/Akt signaling and improving insulin
sensitivity [126]. Therefore, CTRP1, CTRP3, CTRP12 are negative
regulators of DM, but not CTRP6. Recombinant CTRP6 in
adipocytes impaired the response of peripheral tissues to glucose
and insulin by reducing phosphorylation and glucose uptake of
insulin-stimulated Akt activation. Besides, downregulation of
CTRP6 alleviates HG-induced oxidative stress, inflammation and
mesangial extracellular matrix accumulation by inhibiting Akt/NF-
κB pathway, thus inhibiting the progression of DM [127]. Hence,
future therapeutic strategies to antagonize CTRP6 may confer
beneficial clinical outcomes in the context of DM [46].
Notably, diabetes causes several complications includingdiabetic

nephropathy (DN) and diabetic retinopathy (DR), in which CTRP3
and CTRP9 play therapeutic roles [120, 128–130]. DN is a major
complication of diabetes that progresses to end‐stage renal
disease. Hu and colleagues found that CTRP3 overexpression
inhibits MCs proliferation, ROS level, and ECM production in HG‐
stimulated MCs through inhibition of JAK2/STAT3 [128]. DR is one
of the most common diabetic complications. CTRP3 overexpres-
sion suppressed the HG-induced oxidative stress and apoptosis via
Nrf2/HO-1 pathway [130]. Besides, CTRP3 inhibits high glucose
high lipid (HGHL)-induced VCAM-1 expression in an AMPK-
dependent manner in human retinal microvascular endothelial
cells (HRMECs), suggesting CTRP3 may play a role in the
inflammatory processes of DR [129]. CTRP9 inhibits inflammation
and protects the blood-retina barrier in the retina of db/db mice.
In terms of mechanism, on the one hand, CTRP9 inhibits the
expression of IL-1β, TNF-α, MCP-1, and adhesion molecules and
balances the levels of pigment epithelial-derived factor and
vascular endothelial growth factor. On the other hand, CTRP9
prevents the decomposition of the retinal blood-retinal barrier
and the downregulation of tight junction protein, thus relieving
the retinal vascular leakage in the early stage of diabetes [131].
Obesity is evoked by a variety of metabolic abnormalities, such

as abnormal glucose metabolism and lipid metabolism, and
endoplasmic reticulum (ER) stress [132]. Multiple CTRP members
participate in these pathophysiological processes mentioned
above. CTRP1 increases glucose utilization through stimulating
glycolysis and GLUT4 translocation toward the plasma membrane,
leading to enhanced glucose uptake in C2C12 myotubes [133].
In addition, CTRP3 regulates hepatic glucose output through
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activating Akt and ERK1/2 pathways in the liver, thereby inhibiting
the expression of gluconeogenic enzymes G6Pase and PEPCK [36].
Some members also play an important role in lipid metabolism.
ACC is known as the rate limiting enzyme of fatty acid synthesis
and inactivated by p-AMPK. CTRP1 activates p-AMPK and inhibits
ACC to increase fatty acid utilization rather than synthesis,
together with the stimulation of fatty acid oxidation in C2C12
myotubes [7, 133]. CTRP3 deficiency reduces the size of lipid
droplets and triglyceride (TG) in adipocytes, indicating that CTRP3
affects adipocytes adipogenesis and differentiation [42]. CTRP6
acts a bridge between obesity and energy expenditure via
targeting adipocytes and macrophages, and then promotes the
progress of obesity. Lei et al. reported that CTRP6 expression
was markedly upregulated in adipose tissues from obese and
diabetic humans and rodent models [46]. Further study found that
loss of CTRP6 enhances insulin-stimulated Akt activation, meta-
bolic rate, and energy expenditure in adipocytes [46]. CTRP9 is a
key component of the metabolic network. First, CTRP9 promotes
AMPK activation, skeletal muscle fat oxidation and mitochondrial
biogenesis, indicating that CTRP9 enhances energy expenditure
in vivo. Second, CTRP9 decreases hepatic lipid accumulation and
prevents HFD-induced insulin resistance [99]. And third, CTRP9
relieves ER stress via the AMPK-mediated induction of autophagy
to alleviate hepatic steatosis, thus mitigating obesity by reversing
ER stress-suppressed energy expenditure [98]. Additionally, CTRP1,
CTRP5, and CTRP13 have been found to function as lipid opsonins
to bind lipids in synthetic liposomes, LDL, biological cell
membranes, and plasma, low-density lipoprotein, cell membranes,
and plasma, likely promoting unwanted lipids clearance [134].
Bone metabolism is also an important part of metabolic

activities. CTRP1, CTRP3, and CTRP4 derived from adipocytes are
important circulating regulators of bone metabolism. CTRP1
regulates chondrocyte proliferation and maturation via activating
ERK1/2 signaling pathway [72]. Likewise, CTRP3 contributes to
promotion of osteosarcoma cell proliferation via the same way as
CTRP1 [135]. CTRP4 is also involved in bone metabolism. CTRP4
interference significantly inhibits the expression of osteogenic
marker (Alp and Bglap), indicating CTRP4 promotes osteoblast
differentiation [122]. At present, there are very few studies on
CTRPs members and bone metabolic diseases.

Sepsis
Sepsis, a life-threatening organ dysfunction, is caused by a
dysregulated host response to infection. Sepsis induces excessive
inflammation at the early stage, then enter the stage of immune
suppression, and eventually develop into multiple organ failure. A
series redundant factors are involved in sepsis, such as inflamma-
tion, oxidative stress [136], and metabolic disturbance [137].
Recently, researchers found that some of CTRPs participated in the
different progression of sepsis.
Biomarkers have been evaluated for several applications in

patients with sepsis including diagnosis of infection, prognostica-
tion, and therapeutic guidance. Procalcitonin (PCT), CRP and IL-6
are the most widely used sepsis biomarkers [138]. CTRPs also have
potential as biomarkers for sepsis. Yagmur and colleagues
observed that CTRP1 in critical patients is significantly increased,
and the level of circulating CTRP1 is correlated with IL-6, PCT and
CRP [5]. Besides, low CTRP3 levels are correlated with overall
mortality of critically ill patients. If CTRP3 level is lower than
620.6 ng/mL, the risk of death in ICU patients is significantly
increased [139].
Host response to infection is involved in various cell types,

especially immune cells and endothelial cells [140]. Pattern
recognition receptors (PRRs) activates the innate immunity. The
most studied PRRs are the TLRs, particularly TLR4. TLRs are
expressed on antigen-presenting cells, especially on macrophages
[141]. Cao and associates showed that macrophages expressing
CTRP4 represent the essential cell types in inhibiting LPS-induced

septic shock. Mechanically, CTRP4-deficient macrophages pro-
mote fatal and prolonged pro-inflammatory cytokine storms to
amplify the lethal effect of septic shock. However, treatment of
macrophages with exogenous CTRP4 inhibits TLR4-MyD88 path-
way, eliminating the generation of pro-inflammatory cytokine
storms [142]. Therefore, CTRP4 may be an effective strategy
targeting macrophages for the treatment of septic shock in the
future. Endothelium is responsible for interfacing between
circulating blood and the parenchymal cells, functioning as a
vascular barrier, vascular regulator, transcellular signaling trans-
mitter, and hemostasis component [140]. Chen et al. demon-
strated CTRP3 remarkably downregulates inflammatory cytokines
levels and reduces cell apoptosis, efficiently inhibiting the
inflammatory response and endothelial dysfunction [54]. CTPR9
was found to significantly reduce ROS production and increase the
activities of endogenous antioxidant enzymes to protect
against endothelial oxidative damage [143]. Oppositely, CTRP1
and CTRP5 aggravate endothelial injury. CTRP1 increases endothe-
lial permeability to promote endothelial barrier dysfunction under
disturbed flow. CTRP5 activates the mitochondrial apoptotic signal
of endothelial cells mediated by Nox1 [144].
Targeting pathogens to retard the process of invading host

immune cells is also the focus of research in critical infectious
diseases such as sepsis. CTRP3 is a potent antagonist of
proinflammatory nucleotide-binding oligomerization domain-
containing protein 1 (NOD1) activation in adipocytes and
monocyte-like cells [145]. NOD1 recognizes bacterial peptidogly-
can fragments and promotes the production of pro-inflammatory
cytokines. It also stimulates the production of chemokines and
antimicrobial molecules and the recruitment of neutrophils to
enhance immune defense. Schmid and colleagues found that,
CTRP3 not only directly inhibited LPS-induced NOD1 expression in
adipose tissue to suppress inflammation but also inhibited
peptidoglycan-induced NOD1-dependent inflammation in adi-
pose tissue [145]. These results suggest the ability of CTRP3 as a
good potential and candidate for the treatment of acute
inflammatory diseases caused by bacteria, especially Gram-
negative bacteria. Furthermore, cathelicidin antimicrobial peptide,
CAMP has been confirmed by ample researches in sepsis
treatment. It is a class of endogenous substances that are crucial
in mammalian innate immunity and has a defensive effect on
microbial infections recognized by a variety of TLRs (such as TLR1/
2 and TLR2/6-recognized gram-positive bacteria, TLR4-recognized
gram-negative and TLR3-recognized virus) [146–148]. Thomas
et al. found that CTRP3 could inhibit the TLR-mediated mechanism
of pro-inflammatory activation of CAMP genes in adipocytes [149].
CTRP6 binds to a variety of microbial and endogenous ligands and
plays an “adapter” molecule in the innate immune system to
mediate complement activation [150]. CTRP6 interacts with
collectin-11 (CL-11) and recruits it to acetylated BSA (AcBSA),
which mediates downstream activation of the complement
cascade. L-fucose, enteroaggregative Escherichia coli (EAEC) and
Pseudomonas aeruginos are also ligands for CTRP6 [150]. The
above results demonstrate the importance of CTRP6 in comple-
ment recognition and innate immunity, together with provide
potential directions for the treatment of critical infectious diseases
such as sepsis.
Notably, heart is one of the organs which are most vulnerable to

sepsis. Jiang et al. first reported that CTRP1 effectively prevents
sepsis-induced myocardial inflammation and oxidative damage via
Sirt1-dependent pathways [109]. Additionally, overexpression of
CTRP3 and CTRP12 remarkably attenuated inflammation, alleviated
myocardial dysfunction and suppressed cardiac apoptosis, in order
to protect against sepsis-induced cardiac injury [151, 152].

Neuroinflammation
Intracerebral hemorrhage (ICH) is a common hemorrhagic stroke
with high mortality. In adult male CD1 mice with ICH, recombinant
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CTRP9 reduces neuroinflammatory response after cerebral hemor-
rhage through AdipoR1/AMPK/NF-κB signaling [153]. Thus, CTRP9
may provide a potential therapeutic strategy for alleviating
neuroinflammation after ICH.
Experimental autoimmune encephalomyelitis (EAE) is a T-helper

(Th) cell-mediated autoimmune disease characterized by T-cell
and monocyte infiltration in the central nervous system (CNS)
associated with local inflammation [154]. AdipoR2 is expressed in
Th17 cells (a highly pro-inflammatory subtype of Th cells) and
mainly mediates PPARα signaling pathway [155]. Transcription
factor RORγt is a master regulator of Th17 cells, and is induced by
STAT3 activation [156]. Masanori et al. showed that CTRP3/
AdipoR2/PPARα axis suppresses Th17 cell differentiation through
inhibition of the STAT3/RORγt cascade [157]. Hence, as an
endogenous regulator of Th17 differentiation, the CTRP3-
AdipoR2 axis hopefully becomes the target for the treatment of
Th17 cell-mediated diseases such as experimental autoimmune
encephalomyelitis (EAE).

Other diseases
Several CTRPs also play the critical roles in other organ injury-
related diseases, such as liver disease, kidney disease, arthritis,
respiratory diseases, and tendinopathy.
Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disease

with a high incidence and is closely associated with metabolic
diseases such as diabetes, obesity and cardiovascular disease [158].
Notably, CTRP1 reduces blood glucose and improves insulin
sensitivity, as well as stimulating glycolysis and fatty acid oxidation

in NAFLD [133, 158]. Besides, CTRP3 suppresses oxidative stress and
inflammation, together with lipid metabolism, thus reducing liver
injury in particular fatty liver disease [159, 160]. These findings
indicate the promises of CTRP1 and CTRP3 as a pharmacologic
target in liver diseases.
CTRP3, CTRP6 and CTRP9 have potential therapeutic effects in

arthritis. CTRP3 deficiency significantly exacerbated inflamma-
tion in a mouse with rheumatoid arthritis [41]. Furthermore,
recombinant human CTRP6 (rhCTRP6) into intraarticular space
was found to treat arthritic mice [23]. Masanori and coworkers
performed daily injections of rhCTRP6 into the articular cavity of
the knee joints of rheumatoid arthritis (RA) mice. They found
that rhCTRP6, with the assistance of C3, decreases mRNA
expression of Il1b, Tnf-α and F4/80, to improve RA [23].
Recombinant CTRP9 also alleviates osteoarthritis induced by
monosodium iodoacetate (MIA) [49]. Notably, studies have
shown that inappropriate mechanical stress is a possible cause
of inflammatory arthritis, and tendinopathy is the most common
musculoskeletal disease caused by overuse of mechanical stress
[161]. It is characterized by progressive disorganization and
alteration of the tendon matrix, culminating in tendon tearing
and rupture, and its healing process is accompanied by
inflammation and extracellular matrix (ECM) remodeling [161].
A recent study showed that CTRP3 is a booster for tendinopathy
which exacerbates its progression [162]. On the one hand, it
activates cartilage gene program in tendons, enhances tendon
stem/progenitor cell differentiation, and alters EMC. On the
other hand, CTRP3 overexpression promotes tendinopathy

Fig. 2 A summary of CTRPs’ actions on various organs and tissues. Herein, we described the positive or negative roles of CTRPs in the
multiple organs and tissues by regulating inflammation, autophagy, apoptosis, fibrosis, oxidation, cholesterol metabolism, lipid metabolism,
and endoplasmic reticulum stress (ERS).
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progression through accumulating cartilage proteoglycans and
degenerating collagen fibers in mouse tendons [162].
Chronic obstructive pulmonary disease (COPD) and asthma are

both respiratory diseases. The former is often along with local and
systemic inflammation, while the latter is accompanied by airway
inflammation. CTRP9 significantly inhibits the expression of pro-
inflammatory factors TNF-α, IL-1β and IL-6 in peripheral blood
mononuclear cells (PBMCs) and sputum cells of asthma patients
in vitro, and reduces airway inflammation in asthma reshape [163].
Tendinopathy is a chronic tendon disease characterized by

progressive disturbance and alteration of the tendon matrix. The
healing process is accompanied by inflammation and extracellular
matrix (ECM) remodeling [164]. CTRP3 aggravates tendinopathy,
possibly contributing to the activaion of cartilage gene program in
tendons, the enhancement of tendon stem/progenitor cell
differentiation, as well as the accumulatation of cartilaginous
proteoglycans and degenerates collagenous fibers [162].

PROSPECTS AND DISCUSSION
In addition to adiponectin, there are currently 15 family members
(CTRP1–15) with homologous and highly conserved structures.
Hence, CTRPs are likely derived from proliferation and differentiation
of a common ancient precursor. CTRPs are also widely expressed in
humans and mice, and are closely related to physiological and
pathophysiological processes, such as inflammation, metabolism,
and immunity (Fig. 2). Furthermore, recent new studies uncovered
that several aspects of the emerging biology of CTRPs make CTPs
attractive therapeutic targets (Table 2).
As discussed above, CTRP1 is not only a pro-inflammatory

mediator, but also an anti-inflammatory molecule. Meanwhile,
CTRP1 not only promotes atherosclerosis and disrupt endothelial
function, but also prevents neointima formation by inhibiting
VSMCs growth after arterial injury. This apparent contradiction
may be due to a number of facts as follows. First, biological effects
of a specific molecule may strictly depend on the genetic
background, inflammatory background, disease setting or gender.
For instance, all CTRPs are released as glycoproteins, while female
mice of different genetic backgrounds have significantly different
levels of circulating CTRPs [1, 165]. And also, male and female mice
have comparable levels of CTRP5 transcripts, but female mice
have significantly higher circulating serum levels of CTRP5 than
male mice [1]. Second, post-transcriptional regulation, such as
alternative splicing variants of pre-mRNA, also has a significant
impact on the biological function of CTRPs proteins. As mentioned
above, different mice express comparable levels of CTRP5
transcripts, but exhibit different CTRP5 circulating serum levels,
suggesting a potential posttranscriptional regulation of CTRP5
mRNA [1]. Third, recombinant proteins produced in mammalian
cells are likely to possess native posttranslational modifications
and higher-order structures to confer its different biological
activities. For example, GXKG (E/D) motifs are present in the
collagen domain of all CTRPs except CTRP4, CTRP12, and CTRP15
[2]. Therefore, potential influence of posttranslational modifica-
tions on assembly of higher-order CTRP structures underscores the
importance of functional studies using recombinant CTRPs
produced in mammalian expression systems [165]. Fourth, CTRPs
may bind with each other to form a variety of homoplasmons or
heterplasmons and different molecular weight forms. The
existence of different molecular weights and heterogeneous
binding between proteins may cause differences in effects or
biological activities. Finally, the cloned expression of CTRPs may
make it more diverse to some extent, such as multiple isoforms
production.
Targeting therapy is currently developing rapidly and is widely

used in various diseases. Once entering the host, the drug
recognizes a target (usually a membrane-specific receptor protein
on abnormal cells). After the binding of receptor and ligand, itTa
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directly acts on the target organ, tissue or cell, resulting in the
specific death of abnormal cells without affecting the surrounding
normal tissue cells. Recently, several studies on CTRP family have
also focused on receptor-ligand binding. For example, Li and
coworkers used ligand-receptor glycocapture technology with
TriCEPS™-based ligand-receptor capture to identify putative
receptors for CTRP3 in the H4IIE rat hepatoma cell line. They
successfully identified lysosomal associated membrane protein 1
(LAMP-1) and lysosomal membrane protein 2 (LIMP II) as putative
ligands of CTRP3 [166]. However, further investigations are needed
to identify the results. Fortunately, specific ligands for CTRP1 and
CTRP8 have been identified. CTRP1 is a novel ligand of receptor for
advanced glycation end products (RAGE). By combining with each
other, the two up-regulate arginase-1 and compete to catalyze L-
arginine, resulting in the reduction of physiological NO synthesis
and ultimately endothelial cell-dependent relaxation dysfunction
[167]. Additionally, the GPCR relaxin/insulin-like family peptide
receptor 1 (RXFP1 receptor) acts as a novel active receptor in
human glioblastoma (GB). CTRP8 enhances the motility and matrix
invasion of glioblastoma [168]. Physically, Glogowska et al.
delineated that the N-terminal region of the globular C1q region
of CTRP8 and the leucine-rich repeat units 7 and 8 of RXFP1
mediate this new ligand-receptor interaction [169]. Currently, the
identified ligands are scarce, and more in-depth research on the
receptor-ligand of this family is needed, which will help advance
the development of highly effective targeting therapy.

Ample clinical and experimental findings have implicated a
gender difference in CTRP family-associated biological responses
in various organ and disease settings. Loss of CTRP4 has been
shown to impair glucose tolerance in male but not female mice
fed LFD. However, in female mice fed an obesogenic HFD, CTRP4
deficiency reduced body weight and adiposity [170]. Sex
difference in diseases susceptibility and outcomes is often noted,
and it may be due to the reasons that 1) sex hormones affect
metabolic physiology by different effects on metabolic tissues; 2)
sex may lead to specific differences in sympathetic activation of
adipose tissue lipolysis [171]; 3) differences in plasma adipokine
levels (e.g., leptin and adiponectin) between sexes may be another
factor. Hence, gender differences in plasma adipokines levels may
affect individual performance. In view of this, it is intriguing to
discern whether other CTRPs member also have sex differences in
regulation of the diseases.
Lipids have irreplaceable functions such as energy storage,

energy supply, important components of biological membranes,
information transmission, and conversion to generate important
organic compounds (cholesterol, steroid hormones, and vitamin
D3). Lipid metabolism disorder is the main cause of death from a
large number of cardiovascular diseases. A recent study suggested
adiponectin and CTRPs may function not only as hormones, but also
as lipid opsonins. Ye and her coworkers observed that adiponectin
selectively binds with several anionic phospholipids and sphingo-
lipids through the C1q domain in an oligomerization-dependent

Fig. 3 Schematic diagram of several CTRP family members in inflammatory and metabolic signaling networks. CTRP1-mediated pathways:
CTRP1 increases ERK1/2 phosphorylation, thus contributing to the proliferation of immature chondrocytes; CTRP1 promotes the binding of
S1P to its receptor, thereby accelerating the accumulation of cAMP in cardiac fibroblasts; CTRP1 phosphorylates AMPK at Thr-17 and activated
AMPK phosphorylates ACC at Ser-79, then AMPK/ACC signaling pathway decreases the concentration of malonyl-CoA, thus enhancing the
oxidation of long-chain fatty acids in skeletal muscle. CTRP3-mediated pathways: CTRP3 inhibits phosphorylation of p38 and CREB, and
reduces the downstream molecules to attenuate p38-induced ER stress in the heart; CTRP3 exerts anti-inflammatory and anti-fibrotic effects
by inhibiting TGF-β production and the expression of CTGF and collagen I in primary human CLPFs; CTRP3 reduces TGF-β and inactivates Src
and Smad3, alleviating fibrosis and inflammatory response in mesangial cells. CTRP6-mediated pathways: CTRP6 activates PI3K/Akt signaling
to mitigate the increased production of ROS and MDA in HK-2 cells, thus reducing renal I/R injury. CTRP9-mediated pathways: CTRP9 activates
the PI3K/Akt pathway and increases eNOS expression, thus attenuating inflammation and improving endothelial cell survival and function;
CTRP9 enhances AMPK phosphorylation and upregulates the expression of LXR, ABCA1 and ABCG1 in VSMCs, thus regulating cholesterol
metabolism.
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fashion, including phosphatidylserine, ceramide-1-phosphate, glu-
cosylceramide, and sulfatide. Otherwise, CTRP1, CTRP5, CTRP13 also
bind with similar lipids and function as lipid opsonins in liposomes,
low-density lipoproteins, cell membranes, and plasma [134]. In a
word, CTRPs not only induce lipid clearance through this physical
binding, but also act as hormones to chemically regulate lipid
metabolism, such as fatty acid β-oxidation and cholesterol efflux
[50]. This novel discovery denotes that adiponectin and CTRPs
promote lipid clearance and limit complement-mediated inflam-
mation. Therefore, continuing work in this area will be instrumental
in building a clearer understanding of extracellular lipid handling
and its role in inflammation-related and lipid metabolism diseases.
Taken together, an increasing number of studies on CTRPs in

multiple inflammation-related diseases have been surfaced over
the last years. CTRPs can directly or indirectly regulate insulin
signal transduction, energy metabolism and inflammation, thus
reflecting profound biological potency in multiple cell and tissue
types (Fig. 3). However, few CTRPs members have been
examined clinically to-date. More large-scale clinical studies are
needed to evaluate the translational values of CTRPs in the
diagnosis and treatment of human diseases.
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