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Abstract

Purpose of Review In recent years, a family of adiponectin paralogs designated as C1q/TNF-related protein (CTRP) has attracted
increasing attention. They are inflammatory adipocytokines mostly secreted from epicardial adipose tissue, which modulate the
development and prognosis of coronary artery disease (CAD). This review summarizes the pathophysiological roles of individual
members of the CTRP superfamily in the development of CAD.

Recent Findings Recent studies have revealed how members of the CTRP family, CTRP1, CTRP3, CTRP5, CTRP9, CTRP12,
and CTRP13, can influence both development and progression of CAD by modulating metabolic pathways, influencing
immuno-inflammatory response, and regulating cardiovascular functions.

Summary Research to date has not been sufficient to answer the specific mechanism of the CTRP family in the occurrence and
development of CAD. This review explores the evidence of CTRP superfamily regulating different pathophysiology stages of
CAD through the immuno-inflammation, glucose and lipid metabolism, and vascular endothelial function.
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Abbreviations BMI Body mass index

CAD Coronary artery disease AMPK  AMP protein kinase

EAT Epicardial adipose tissue ACC Acetyl-CoA carboxylase

TNF Tumor necrosis factor LOX Lipoxygenase

CTRPs  Clq complement/tumor necrosis factor STAT Signal transducer and activator of transcription
(TNF)—associated proteins ABC ATP-binding membrane cassette transporter

TLR Toll-like receptor

NF-kB  Nuclear factor kappa B

Ox-LDL  Oxidized low-density lipoproteins .

IL Interleukin Introduction

MMP Matrix metalloproteinase

TGF Transforming growth factor Endothelial dysfunction, inflammatory response, and meta-

AMP Adenosine monophosphate bolic dysregulation are key factors involved in initiation and

ICAM Intercellular adhesion molecule progression of coronary artery disease (CAD) [1, 2].

VCAM  Vascular cell adhesion molecule Epicardial adipose tissue (EAT) is located inside the pericar-

MCP Monocyte chemoattractant protein dial sac, which is adjacent to the epicardium surrounding the

VSMC  Vascular smooth muscle cells heart. EAT is considered a metabolically active organ with
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endocrine activity. It can secrete a large amount of inflamma-
tory adipocytokines, of which, adiponectin is a well-known
cardiovascular protective factor [3, 4]. The C1q complement/
tumor necrosis factor (TNF)—associated proteins (CTRPs) su-
perfamily is a paralog of adiponectin, composed of CTRP1-
CTRP15, which share a common structural domain with
adiponectin [5]. CTRPs mRNA showed highest expression
in white adipose tissue around the heart, making it the main
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secretory organ, though these proteins are also secreted by
other viscera, such as the heart and liver [6]. Increasingly,
researchers have begun to focus on the pathophysiological
role of the CTRP family in cardiovascular diseases. The main
members of the CTRP family related to the pathophysiologi-
cal mechanisms of CAD were found to be CTRP1, CTRP3,
CTRPS5, CTRP9, CTRP12, and CTRP13. These proteins reg-
ulate endothelial function, inflammatory response, and meta-
bolic dysfunction to influence CAD progression.

Regulation of Immune-Inflammation

CAD is a complex, chronic process that does not simply in-
volve intra-arterial accumulation of cholesterol and calcium.
An inflammatory response driven by both pro-inflammatory
cells and cytokines also plays an important role in driving
development of atherosclerosis and promoting thrombosis,
leading to adverse cardiovascular events [7, 8].

CTRP1 regulates low-grade chronic inflammation in coro-
nary atherosclerosis [9]. The inflammatory response and pro-
inflammatory cytokines induce increased secretion of CTRP1,
which in turn increases expression of adhesion molecules and
chemokines such as TNF-«, interleukin (IL)-6, and IL-1b, by
activating the p38 MAPK/NF-kB pathway [10—12]. These
processes stimulate both in vitro and in vivo adhesion of leu-
kocytes to endothelial cells and further promote formation of
macrophages and macrophage-derived foam cells in athero-
sclerotic plaques, thus exerting a pro-inflammatory, pro-
atherogenic effect and accelerating deterioration of CAD
[10, 13]. Conversely, CTRP1 can also activate the 1P/
cAMP-dependent pathway in cardiomyocytes to reduce apo-
ptosis and inflammatory response, and thus exert a beneficial
effect on the pathophysiology of ischemic heart disease [14].

CTRP3 is a potent anti-inflammatory adipokine that in-
hibits proinflammatory pathways in monocytes and
microcells, exerting anti-inflammatory, anti-apoptotic, and
cardioprotective effect during development of CAD [15, 16].
CTRP3 affects inhibitory toll-like receptors (TLRs) and nu-
clear factor kappa B (NF-kB) signaling pathways to reduce
secretion of inflammatory adipocytokines, thus attenuating
both insulin resistance and obesity-related, chronic, systemic
anti-inflammatory responses [17, 18]. Furthermore, CTRP3
promotes activation of the PI3K/Akt/eNOS pathway, which
inhibits endothelial inflammation induced by oxidized low-
density lipoproteins (ox-LDL) by downregulating expression
of CTRP, TNF-«, and IL-6, delaying atherosclerosis progres-
sion [19ee].

Elevated levels of CTRPS can promote in-stent restenosis
after coronary stent implantation. CTRPS promotes expres-
sion of matrix metalloproteinase-2, cyclin D1, and TNF-«x in
vascular endothelial cells, by activating Notch1, transforming
growth factor (TGF)-f3, and hedgehog pathways, thereby
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promoting the growth, migration, and inflammation of vascu-
lar smooth muscle cells (VSMC) [20¢].

CTRP?9 is the closest paralog of adiponectin, and its anti-
inflammatory and anti-atherosclerosis features allow it to play
a cardioprotective role in the CAD process [21]. CTRP9 stim-
ulates adenosine monophosphate (AMP)-activated protein ki-
nase pathway to inhibit expression of adhesion molecules
such as intercellular adhesion molecule ICAM)-1 and vascu-
lar cell adhesion molecule (VCAM)-1 in endothelial cells,
decreases secretion of proinflammatory cytokines such as
TNF-o and monocyte chemoattractant protein (MCP)-1 with-
in atherosclerotic plaques, reduces proliferation VSMC, pro-
motes vasodilation (further inhibiting inflammatory responses
in macrophages), and thus increases stability of atherosclerotic
plaques [22, 23, 24].

CTRPI12 is associated with inflammatory cytokines and
plays a potential role in atherosclerosis. CTRP12 is known
to reduce the expression of pro-inflammatory cytokines and
decrease macrophage accumulation within adipose tissue in
obese mice, and also was found to inhibit the secretion of
inflammatory cytokines IL-6 and TNF-«« in CAD patients
[25, 26]. Therefore, overexpression of CTRP12 exerts an
anti-inflammatory effect during both development and deteri-
oration of CAD.

CTRP13 inhibits macrophage activation and infiltration
of vessel walls, reduces plaque formation, and thereby
inhibits development of atherosclerosis. Furthermore, it
prevents proliferation and migration of macrophages by
downregulating lipid uptake, delays local and systemic
inflammatory responses during atherosclerosis by promot-
ing autophagy (in macrophages), and accelerates CD36-
dependent degradation of autophagolysosomal pathways,
thus reducing number of macrophages in lesions [27, 28].
A case-control study found that CTRP13 led to decreases
in obesity and inflammation and that it showed negative
correlation with proinflammatory cytokines such as
TNF-« and IL-6, while TNF-« and body mass index
(BMI) were its independent negative predictors [16].

Effects on Glucose and Lipid Metabolism

Glucose and lipid metabolism are the two major processes
involved in increasing the risk and severity of CAD.
Abnormal metabolism affects activity of regulatory pathways,
composition of the final product, degree of inflammation, and
coronary-plaque formation, thus contributing to the develop-
ment of CAD and accelerating occurrence of adverse cardio-
vascular events [29, 30].

CTRP1 is involved in regulation of obesity-related, meta-
bolic, and cardiovascular diseases, and affects cardiac metab-
olism by primarily regulating blood glucose and lipid metab-
olism [31]. Increased expression of CTRP1 could improve
insulin sensitivity and glucose tolerance, which in turn may



Page30of7 22

Curr Atheroscler Rep (2020) 22: 22

‘avo
JO SLI paseaour
UE (JIM PIJBIOOSSE

Xnpgo
Jox235910Yd sajowroxd

PUE [019)SI[OYD
JO xagut oy Jiqiyut

uoneuoj anberd pue
S[[99 WBOJ JO UOHBULIOJ

Kemyyed
SSans JN(/oseuny

Kjoanesou (SISOUZ00U0ON[S O JIQIYUI SUOTJBATIOR pUB urjoid ‘Kemyped
e pue sjuoned 9)kooredoy uonengur ofeydordewr SIJAY ‘sAemyyed
AV Ul pasea1odp 20NPaI ‘90UB)SISAI NQIYUI $SAUD0}KD Juopuadop-TewososA| Kaupry (¢) Areuoiod (1) avo
[Lg]  orom sjoad] ¢1dALD a unsur oAoiduuy Axoyewtue[yur 1qryuy oSeydomny ‘ure1q ‘onssy osodipy ANV €1QULO ANV €1dYLD €1ULD
'SI1010B) S AVD
[BIDAS pUR (VD
M PJRIOOSSE UONJBULIO}
juopuadopur onberd pue uonemnumooe
st syuoned sIsouaoouoon|3 oFeydoroewr sonpar
AV Ul pasea1ddp nqIyuI ‘AIADISUIS saun|o1ko A1ojewuure[jur snioin ‘uadyds () Areuo1od (1) avo
[sT]  orom spAdl T1dALD B urpnsur dAoxdwy JO uonaas oy qryuy Kemped py-3cld  “Koupry ‘onssn osodipy ANV TIULD ANV TIJULD TIALD
‘avo S[[99 wreog
Jo 10)08] 2A109)01d Xn[}o [013)so[oyd  dFeydoroew Jo uoneuLIo} Kemyyed A3eydone
yuopuaddapur ue pue s103dooar A1) 20NPaI SAUD0ILO MOLW/SIdINY
st pue syuoned Qv eiserdiodAy yodsuer [019)S9[0Yd Krojewwequr-oxd ‘Kemuyped SIIVIN
Ul PISBAIP A1oM [ewnuIodu pue Ay Jo uorssardxa ayy JO uona103s oy py/zhd pue JJNY
[1¥ uorssardxo YNYW  uonerdjrjoid [[90 oposnuu QOURYUD (A)AT)ISUOS pue SO[NOJ[OUW UOISAYPE PV ‘Kemyped oseuny S[[00 Je[nAseA () ATeuoiod (€) avd
‘vz-12] Pue S[oA9] 61D  IOOWS Ie[noseA JIqIyuf urnsur 2aoxdwy  Jo uorssardxa oy Jquyuy ujoid pajeAnoe-JINY  [ewons anssn osodipy NV 6d¥LD ANV 6ddLD  6d4YLD
SISOIO[OSOIAB Kemyyed
"S[OSSOA PASBISIP oFeys-Ajrea gjoword juopuadop-oseu
JO Joquunu dy) yim pue [erjdyIopudsuRy -08Ax0d1-G [/Z1-91V.LS
Ppayejor1oo Apanisod urojoxdodry ‘Kemyped
pue syuoned S[[99 2[osnuI yoows AK)ISuap-moj Jo S[[99 S[osnux Surreudis 91VIS *0)0 ‘QueIqUIoW
AVD Ul pasearour IB[NOSBA JO UONBISIWI  UOIEIIPOUL JATBPIXO [JOOWS IB[NOSEA JO ssKemyyed Soyedpoy JUSWIASEq ‘S)AO0A (1) Areuo1od (1) avo
[L€ +07] Q1M S[OAJ] YLD PUE (IM0IT A1) AJOWOLJ U SISOIKOSULN) PIONPU]  UOHEIIUE[JUL Sy} AOWOI] pue ¢-4DL TN ‘ureiq ‘onssn asodipy ANV Sd¥LD ANV SIYLD  SI¥LD
$9JA00AWOIpIEY
QIAYDSI JO
‘avo UONeIOUITAI /[BAIAINS
JO Y[su1 pasearoul Q) 9dUBYUD (SISOIqY
UB )M PJe[oLI0d [erpresoAw Jqryur sIsouagoouoon|3 sosuodsar *0)0 ‘searoued
KjoAne3au ‘sisoua3oi3ue pue qAdoedoy  Arojeurwegul [RI[QYIOPUD ‘eyuaoeld ‘sisejqoiquy
pue syuoned $10)08] SIsouagordue donpar ‘oyeydn nquyur ‘saunjojkoodipe u0]09 ‘saykoouour
[29 ‘o¢ V) Ul pasearoop 1190 [eI[oyIopus  9s0on[3 pue ANANISUSS Aojeruuejur skemyped g3-IN ‘urelq ‘Areao (1) A1eU0IOD (€) avd
“ee6T 91] SIoM S[OAS] €Y LD JO UONRIdAS 3y} Sj0wWold urnsut oAoiduy Jo uonerooes oy uqrqu :Kemuyed SONS/PIV/EID ‘Koupry ‘onssn osodIpy ANV €dLD ANV €d¥LD  €ddLO
‘avojo amypuadxo
A)JLIOADS UT OSBAIOUT A310u0 pue S[[90 Weo} Kemyyed
M POseaIdur uonepIxo proe Ajjej  oSeydoioew Jo uoneULIO] Juapuadap-JIN VO 010
[8S ‘9¢ pue syuoned QoURYUD ‘20UBIOI0} A dj0woId {SU{OWAYD ‘Kemped  “‘Areao ‘ojeysoxd ‘oosnux
‘€E Pl AV Ul pasearout onIA ur sisouddoiSue  9s0on[3 pue AIARISUSS pue SO[NOJ[OU UOISAYPE SIJAY Aemyyed ‘Koupry ‘T0A1] ‘Byucoe[d  (8]) ATeu0IOd (9) avDd
‘z1-o1l 1oM S[OAJ] TJYLD PUe YImoI3 DINSA 1qryu] urasur da0xdwr] - jo uotssaidxo ay owolg DANSIVIA 8ed ‘weay ‘onssn osodipy ANV [dALD ANV [d¥LO  1d¥LD
avo
pue 1D usamdq sIoquinu pue
QOURIRJNY digsuone[oy uonounj Anfur ferpoyiopuyg uonounj OI[0qelRA  uonduny AlojeuIuue[juy Kemyjed Sureudis  uvonnquysiq  oseryd yoreag
av) uo wsiueyodw [enusjod 1oy} pue Y1 Jo Arewwung | djqe]

pringer

Qs



22 Page4of 7

Curr Atheroscler Rep (2020) 22: 22

¥ [ adhesion

molecules

Vascular remodel

vascular smooth muscle cells

endothelial cell

angiogenesis factor
Fig. 1 Macrophages derive from monocytes, which form foam cells
following phagocytosis of lipids. The accumulation of macrophages
and foam cells promotes the formation of atherosclerotic plaques.
Vascular injury promotes secretion of inflammatory cytokines, adhesion
molecules, and chemokines, which aggravates the inflammatory response

increase glucose metabolism and reduce adiposity in an
overnutritional state [32]. CTRP1 increases fatty acid oxida-
tion and energy expenditure. It inhibits acetyl-CoA carboxyl-
ase (ACC) via the AMP protein kinase (AMPK) pathway to
attenuate obesity [33].

CTRP3 is a cardioprotective, anti-inflammatory cytokine.
It improves insulin sensitivity, enhances insulin-mediated glu-
cose uptake, and reduces hepatocyte gluconeogenesis (and
subsequent glucose output), thereby slowing down develop-
ment of CAD [34, 35]. A cross-sectional study found low
levels of CTRP3 in association with CAD, though its levels
in correlation to obesity and diabetes showed sex-specific dif-
ferences [36].

CTRPS5 upregulates 12/-15-lipoxygenase (LOX) expres-
sion via the signal transducer and activator of transcription
(STAT)-6 signaling pathway. Inhibition of the STAT6-12/15-
lipoxygenase-dependent pathway attenuates CTRPS5-induced
transcytosis and oxidative modification of the LDL
transendothelial monolayers, thereby retarding development
and progression of early-stage atherosclerosis [37].

CTRPY regulates lipid metabolism and enhances the
AMPK/mTOR autophagy signaling pathway to enhance
acid-lipid-mediated cholesterol efflux, increases the level of
expression of the cholesterol-transporting receptors like ATP-
binding membrane cassette transporter (ABC) Al, and G1
(ABCG1), which accelerates cholesterol efflux from foam
cells, thereby preventing THP-1 macrophages from forming
foam cells and slowing progression of early atherosclerosis
[24, 38]. An in vivo study of mice showed that overexpression
of CTRP9 reduced fasting insulin levels and fasting blood
glucose, increasing insulin sensitivity [39, 40]. CTRP9 corre-
lated positively with parameters of glucose metabolism by
activating Akt, AMPK, and p42/44 MAPK pathways, and
further increasing glucose uptake [41].

@ Springer

of the vascular endothelium and promotes plaque formation. Endothelial
cell angiogenic factors promote endothelial cell proliferation and enhance
the survival and regeneration of ischemic cardiomyocytes. Vascular
remodeling due to long-term chronic inflammation stimulation
manifests as the thickened blood vessel wall and the narrowed lumen

CTRPI12 inhibits gluconeogenesis and increases glucose
uptake in hepatocytes and adipocytes by activating the
PI3K-Akt signaling pathway and improving insulin sensitivity
[42]. CTRP12 exerts a beneficial effect on glucose and insulin
metabolism and plays a potential detrimental role in athero-
sclerosis via its association with insulin resistance, decreased
high-density lipoprotein cholesterol, and increased BMI [43,
44].

CTRP13 exerts a beneficial effect during insulin-mediated
glucose uptake, which can reduce glucose output in hepato-
cytes by inhibiting the expression of gluconeogenic enzymes.
CTRP13 reduces phosphorylation of AMPK in adipocytes,
muscle cells, and hepatocytes; promotes AMPK signaling
pathway activation to increase glucose uptake in adipocytes;
and inhibits stress-activated protein kinase/JNK stress signal-
ing, to decrease lipid-induced, insulin resistance in hepato-
cytes, thereby reducing hepatocytic gluconeogenesis and de-
creasing insulin resistance [34]. In addition, CTRP13 hydro-
lyzes cholesterol droplets stored in macrophages, inhibits in-
tracellular influx of cholesterol, and promotes cholesterol ef-
flux, thus inhibiting the formation of foam cells and deceler-
ating progression of atherosclerosis [45, 46].

Mechanisms of Vascular and Myocardial Injury

Coronary artery endothelial injury is an early event in the
pathological process of atherosclerosis, mediated via im-
mune-inflammation, oxidative stress, and biochemicals [47,
48]. Endothelial cells are constantly exposed to these stimu-
lating factors and strive to maintain antithrombotic, anti-in-
flammatory, and anti-proliferative homeostasis through com-
pensatory responses [49]. This normal homeostasis, when im-
paired, can aggravate subsequently the inflammatory
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response, leading to vasomotor dysfunction and ventricular
remodeling, as seen after myocardial infarction [50, 51].

CTRP1 may serve as a vasculoprotective adipokine,
with similar effects on vascular injury as seen with
adiponectin. Increased expression of CTRP1 reduces neo-
intimal hyperplasia and cell proliferation in damaged ar-
teries after vascular injury, through inhibition of VSMC
growth via cAMP-dependent pathways. In addition, it at-
tenuates accumulation of macrophages in damaged blood
vessels, while leaving the degree of both apoptosis and
reendothelialization unaffected [52, 53]. CTRP1 prevents
pathological vascular remodeling, inhibits formation of
collateral circulation by inhibiting in vitro angiogenesis
of endothelial progenitor cells, and prevents vascular ste-
nosis after injury [54]. CTRP1 is an acute phase reactant
of inflammation and is positively associated with fibrino-
gen, which can cause cross-linking and aggregation of
platelets, leading to thrombosis, thereby indicating an as-
sociation with adverse cardiovascular events [55].

CTRP3 reduces myocardial damage after ischemia and
plays a cardioprotective role. CTRP3 attenuates pathological
myocardial remodeling after an acute infarction through inhi-
bition of myocardial fibrosis and enhances the survival and
regeneration of ischemic cardiomyocytes [56, 57]. In addition,
CTRP3 can possibly increase Akt phosphorylation and induce
expression of hypoxia-inducible factor 1-«, vascular endothe-
lial growth factor, and promote secretion of angiogenic factors
from endothelial cells, which can contribute to angiogenesis
[56].

CTRP9 has a higher vasoactive potency than adiponectin
and plays an important role in the regulation of vascular stiff-
ness [58]. It can promote vasodilation, inhibit both neointimal
hyperplasia and endothelium-dependent VSMC proliferation,
attenuate atherosclerosis, and exert a protective effect on car-
diac remodeling after acute myocardial infarction [59-61].
Overexpression of CTRPY in circulation and in EAT was
found to significantly attenuate VSMC proliferation and neo-
intimal formation [62].

Conclusion

The CTRP family plays an important role in all stages of CAD
by regulating immuno-inflammation, glucose and lipid metab-
olism, and vascular endothelial function. (Table 1) CTRP1
represents as pro-inflammatory and pro-atherosclerotic
markers by contributing toward the secretion of inflammatory
cytokines and adhesion molecules and promoting the forma-
tion of foam cells from macrophages. CTRPS promotes
VSMC growth, migration, and inflammation. In contrast,
CTRP3, CTRP9, CTRP12, and CTRP13 activate anti-
inflammatory and anti-atherosclerotic mechanisms of CAD,
by inhibiting endothelial inflammation and reducing plaque

formation (mediated via inhibition of both inflammatory cy-
tokine secretion and expression of adhesion molecules). Also,
these four family members reduce macrophage accumulation
and foam-cell formation. CTRP family members regulate vas-
cular endothelial inflammation and plaque formation by reg-
ulating glucose and lipid metabolism. This protein superfam-
ily could improve insulin sensitivity, decrease insulin resis-
tance, increase glucose tolerance, enhance glucose uptake,
and reduce gluconeogenesis. Furthermore, they also enhance
expression of cholesterol transport receptors, promote choles-
terol efflux, and increase fatty acid oxidation. CTRPI1,
CTRP3, and CTRP9 increase expression of HIF1« and vas-
cular endothelial growth factor, promote secretion of endothe-
lial cell angiogenic factors, inhibit neointimal hyperplasia and
VSMC proliferation, and inhibit myocardial fibrosis, thus
supporting the survival and regeneration of ischemic
cardiomyocytes (Fig. 1).

CTRP1 and CTRPS, as possible risk factors for CAD, ele-
vate in patients with CAD and associate with the severity of
coronary stenosis. On the contrary, CTRP3, CTRP9,
CTRP12, and CTRP13, as protective factors for CAD, de-
crease in patients with CAD. Thereby, this review on CTRP
superfamily may take unique insight into the development and
progression of CAD. Positive results from such research and
further understanding of their molecular mechanisms will pro-
mote adding these biomarkers to CAD diagnostic guidelines.
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