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Abstract: With continually improving treatment strategies and patient care, the overall mortality
of cardiovascular disease (CVD) has been significantly reduced. However, this success is a double-
edged sword, as many patients who survive cardiovascular complications will progress towards a
chronic disorder over time. A family of adiponectin paralogs designated as C1q complement/tumor
necrosis factor (TNF)-associated proteins (CTRPs) has been found to play a role in the development
of CVD. CTRPs, which are comprised of 15 members, CTRP1 to CTRP15, are secreted from different
organs/tissues and exhibit diverse functions, have attracted increasing attention because of their roles
in maintaining inner homeostasis by regulating metabolism, inflammation, and immune surveillance.
In particular, studies indicate that CTRPs participate in the progression of CVD, influencing its
prognosis. This review aims to improve understanding of the role of CTRPs in the cardiovascular
system by analyzing current knowledge. In particular, we examine the association of CTRPs with
endothelial cell dysfunction, inflammation, and diabetes, which are the basis for development of CVD.
Additionally, the recently emerged novel coronavirus (COVID-19), officially known as severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2), has been found to trigger severe cardiovascular
injury in some patients, and evidence indicates that the mortality of COVID-19 is much higher in
patients with CVD than without CVD. Understanding the relationship of CTRPs and the SARS-CoV-
2-related damage to the cardiovascular system, as well as the potential mechanisms, will achieve a
profound insight into a therapeutic strategy to effectively control CVD and reduce the mortality rate.

Keywords: CTRPs; cardiovascular disease; COVID-19; obesity

1. Introduction

Cardiovascular disease (CVD) is the leading global cause of death, accounting for 17.3
million deaths per year [1]. With the increase in the number of people with diabetes, the
morbidity and mortality of CVD are excessively accelerated [2,3].

A comprehensive understanding of the relationship between CVD and its risk factors
is of great interest in the research community. Recently, a family of C1q complement/tumor
necrosis factor (TNF)-associated proteins (CTRPs) has received attention due to their
newly discovered role in the cardiovascular system. CTRPs possess broad distribution,
participate in multiple aspects of metabolism, and potentiate regulation of homeostasis, and
hold potential as diagnostic or therapeutic targets of obesity-related metabolic disorders,
including CVD. Unraveling the signaling pathways downstream of CTRP family members
will facilitate new insights into therapeutic strategies for CVD.

CTRPs are also of interest in relation to COVID-19, the global pandemic evolving in
real time. A growing number of clinical reports indicate that obesity/diabetes is a risk
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factor for COVID-19 severity in CVD, [4] and patients with cardiac injury and COVID-19
have adverse prognoses. The relationship between of CTRPs and heart-related symptoms
in COVID-19, including the effects of the disrupted adipokines on inner homeostasis of
cardiovascular system, is of interest.

In this review, we focus on the pathophysiologic roles of CTRPs with cardiovascular
disease and summarize the relationship between cardiovascular disease, COVID-19, and
diabetes.

2. What Are CTRPs and How Are They Related to CVD?

The CTRP superfamily, originally introduced by Harvey Lodish and colleagues, de-
scribes a new family of secreted proteins [5,6]. The CTRP superfamily is a paralog of
adiponectin (APN), composed of CTRP1–CTRP15, which share a common structural
domain with APN [5]. CTRPs are composed of four distinct domains, comprising an N-
terminal signal peptide, a short variable domain, a collagen-like domain, and a C-terminal
C1q-like globular domain. C1q forms trimers composed of A, B, and C chains [7]. (Figure 1)
The globular domain is important for its biological function. The C-terminal region of
the tumor necrosis factor (TNF) homology domain (THD), which is similar to that of the
globular C1q (gC1q) domain, is a typical feature of members of the TNF family. The C1q
and TNF family proteins have similar gene structures: their gC1q or THD domains are
each encoded within one exon, while introns are restricted to respective stalk regions [7,8].
CTRPs are secreted by different viscera and tissues, including the adipose tissue, heart, and
liver [9]. These adipokines play important roles in obesity, diabetes, and cardiovascular
disease. According to current research, CTRP1, CTRP3, CTRP5, CTRP6, CTRP9, CTRP12,
CTRP13, and CTRP15 are related to CVD. These proteins influence the progression of
CVD by regulating inflammatory responses, endothelial function, metabolic dysfunction,
myocardial cell apoptosis, and fibrosis [10,11].
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Figure 1. Structural organization of the C1q complement/tumor necrosis factor (TNF)-associated
proteins (CTRPs). (A): Domain structure of a CTRP monomeric protein. (B): Homotrimeric CTRP
protein structure. CTRP monomeric proteins form homotrimeric protein structures.

3. CTRPs and Vascular Diseases

CTRPs have been reported to play important roles in maintaining homeostasis of
the vascular system against endothelial dysfunction through regulating inflammatory
responses and correcting metabolic imbalance.

3.1. CTRPs and Endothelial Cell Dysfunction

Endothelial dysfunction, the earliest alteration in vascular pathology, plays a critical
role in atherosclerosis development. Several CTRPs are involved in regulating endothelial
pathophysiological progression.
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CTRP3 can efficiently inhibit the inflammatory response and endothelial dysfunc-
tion induced by oxidized low-density lipoproteins (oxLDLs) in mouse aortic endothelial
cells by activating the PI3K/Akt/eNOS pathway [12]. Inflammation plays a key part in
atherosclerosis, so these results suggest that overexpressed CTRP3 may play a role in a
novel approach for preventing inflammation and endothelial dysfunction and inhibiting
atherosclerosis.

CTRP5 promotes early-stage atherosclerosis through two synergistic mechanisms:
facilitating entry of circulating LDLs into the subendothelial space via transcytosis and
inducing oxidation of LDLs by endothelial cells (ECs) [13]. Furthermore, CTRP5 exerts
these effect via upregulating 12/15-lipoxygenase (LOX) expression through STAT6 signal-
ing, thus facilitating transcytosis of low-density lipoproteins (LDLs) across endothelial
monolayers and inducing LDL oxidation [13].

Among CTRPs, CTRP9 exerts by far the highest expression in the heart and can
also be found in serum and adipose tissue [14–16]. CTRP9 is also the closest paralog of
APN and has the highest amino acid sequence similarity (54%) at the globular domain
to APN [17]. CTRP9 attenuates TNFa-induced NF-kB activation in vascular endothelial
cells, thereby downregulating the NF-kB-dependent gene expression of cell adhesion and
inflammatory molecules (e.g., ICAM-1, VCAM-1, MCP-1). The process is mediated by
AMPK activation in endothelial cells [18]. The protective effects of CTRP9 on endothelial
oxidative damage are likely associated with enhanced mitochondrial biogenesis through
the sirtuin-1 (SIRT1)-dependent proliferator-activated receptor-coactivator-1α (PGC-1α)
pathway, which is AdipoR1-dependent [19]. CTRP9 induces endothelial NO production to
elicit vasorelaxation in an AMPK-dependent manner, and AdipoR1 acts as a receptor of
CTRP9 [20]. CTRP9 therefore provides a protective function in endothelial cells (Figure 2).
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Figure 2. The role of CTRPs in endothelial cell dysfunction and involved mechanisms.

For the therapeutic prevention of vascular disease, CTRP3 may be a novel target for
preventing atherosclerosis through anti-inflammation while CTRP5 and CTRP9 may be
more involved in the metabolic process than inflammatory response. However, although
many of the mechanisms of CTRPs have been discovered, the direct receptors of CTRPs
are still unclear. It is a great pursuit to explore the detection of these mediators on the cell
surface, which will contribute to the prospects of clinical therapeutic target development.

3.2. CTRPs and Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the arterial wall and the primary
underlying cause of CVD. The origin of atherosclerosis is related to lipid metabolism alter-
ations, chronic inflammation, and oxidative stress. Many studies have demonstrated that
several CTRPs are involved in regulating the pathophysiological progression of atheroscle-
rosis [21,22]. In particular, current research indicates that various CTRPs are involved in
the development and progression of atherosclerosis by regulating inflammation response,
lipid metabolism, and vascular smooth muscle cell (VSMC) proliferation [23–25].

CTRP1 reduces VSMC growth through the cAMP-dependent pathway to prevent
the development of pathological vascular remodeling [26]. Compared to a control group,
patients with severe coronary artery disease (CAD) had higher levels of CTRP1 in sera, coro-
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nary endarterectomy samples, atherosclerotic plaques, and peripheral blood mononuclear
cells (PBMCs) [27]. CTRP1 increases the expression of adhesion molecules and inflam-
matory cytokine through the p38 MAPK/NF-kB pathway, thereby promoting leucocyte
adhesion to endothelial cells in vitro and in vivo, suggesting that CTRP1 is an adipokine
contributing to atherogenesis [27]. However, which CTRP1-expressing cell type contributes
to promoting atherosclerosis and whether treatments targeting CTRP1 will prevent further
progression of established atherosclerosis and induce plaque regression have not been
confirmed. Further research is required.

In addition to CTRP1, CTRP3, CTRP6, and CTRP12, are involved in the regulation
of metabolism. They balance glucose levels by suppressing hepatic gluconeogenesis and
glucose output [28]. CTRP3 acts as lipopolysaccharide (LPS) antagonist of the adipose
tissue to block the proinflammatory activation of adipocytes and monocytes. It does so by
inhibiting three basic and common proinflammatory pathways: it inhibits the release of
chemokines in monocytes and adipocytes; it inhibits monocyte chemoattractant protein-1
release in adipocytes; it inhibits the binding of LPS to its receptor, TLR4/MD-2 [29]. CTRP6
mediates fatty acid oxidation via the AMPK-ACC pathway [30]. CTRP12, an adipokine
with antidiabetic actions, preferentially acts on adipose tissue and liver to control whole
body glucose metabolism [31]. CTRP12 have been found to be related to several CAD risk
factors, including BMI, inflammatory cytokines, insulin resistance, high-density lipoprotein-
cholesterol, and adiponectin [32]. This result suggests a possible link between CTRP12 and
pathogenic mechanisms of atherosclerosis [32]. Endogenous CTRP12 protects against the
development of pathological vascular remodeling by attenuating macrophage inflammatory
responses and VSMC proliferation through transforming the growth factor-β receptor
II (TGF-βRII)/Smad2-dependent pathway in an established mouse model of vascular
injury [33]. In addition, the TGF-β1/Smad signaling pathway is responsible for vascular
fibrosis during the development of atherosclerosis [34]. Thus, it is necessary to further
investigate whether CTRP12 promotes vascular disease by increasing arterial fibrosis.

In regard to CTRP regulation in inflammatory response, in addition to CTRP1, CTRP5
promotes inflammation, proliferation, and migration in vascular smooth muscle cells
through activation of Notch1, TGF-β, and hedgehog signaling pathways [35]. CTRP6
stimulates expression of IL-10, an anti-inflammatory cytokine, in macrophages through
activating extracellular signal-regulated kinase1/2 (ERK1/2) [36]. In addition, CTRP6
inhibits platelet-derived growth factor-BB (PDGF-BB)-induced VSMC proliferation and
migration, partially, via suppression of the PI3K/Akt/mTOR signaling pathway [37]. The
above results suggest that CTRP5 and CTRP6 may be a potential target for the treatment
of atherosclerosis through regulating inflammatory responses and the proliferation and
migration of VSMC. Additionally, there are reports suggesting that serum CTRP5 levels
were higher in in-stent restenosis (ISR) patients than in non-ISR patients after drug-eluting
stent (DES)-based percutaneous coronary intervention (PCI) [35].

Although CTRP9 has been called cardiokine due to its high levels in the cardiac
system, it alters the components of carotid plaque and decreases inflammatory cytokines
in atherosclerotic plaque both in vivo and in vitro. As a result, CTRP9 may enhance
carotid plaque stability and play an anti-inflammation role against atherosclerosis [38].
CTRP9 reduces the inflammatory response to oxidized low-density lipoprotein in cultured
macrophages via an AMPK-dependent mechanism [39]. CTRP9 prevents VSMC prolifera-
tion and neointimal thickening following mechanical arterial injury [23]. Of importance, the
antiproliferative effects of CTRP9 are attributed to reduced ERK activation that is involved
in the cAMP-PKA regulatory axis [23]. CTRP9 slows the pathological progression of early
atherosclerosis by promoting cholesterol efflux to reduce the formation of foam cells, and
the AMPK/mTOR autophagy signaling pathway is a response to regulate this process [40].
CTRP9 has also shown atheroprotective function via the CTRP9-AMPK-NLR family pyrin
domain containing 3 (NLRP3) inflammasome pathway [41]. These studies indicate CTRP9
may play an antiatherogenic role. CTRP9 possesses vascular protective effects and involves
multiple signaling pathways to modulate the inflammatory response in the cardiovascular
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system. However, it is necessary to use specific endothelial cell transgenic animal models
in future studies the dissecting the role endogenous CTRP9 plays in vascular disease.

The role of CTRP13 in atherosclerosis is different from others. It focuses on the im-
munocytes other than the direct effect on cardiovascular cells. CTRP13 exerts a protective
effect in atherosclerotic plaque development through inhibition of macrophage lipid up-
take and preservation of the migration of macrophages [42,43]. It promotes autophagy
in macrophages and accelerates autophagy-lysosome-dependent degradation of CD36,
thus inhibiting macrophage lipid uptake and foam-cell migration [44]. CTRP13 hydrolyzes
cholesterol droplets stored in macrophages, inhibits intracellular influx of cholesterol, and
promotes cholesterol efflux, thus inhibiting the formation of foam cells and decelerating
progression of atherosclerosis [45,46]. CTRP13 has also showed its metabolic regulatory
function. Although it is an adipokine that promotes glucose uptake in adipocytes, my-
otubes, and hepatocytes via activation of the AMPK signaling pathway, CTRP13 also
ameliorates lipid-induced insulin resistance in hepatocytes by suppressing the SAPK/JNK
stress signaling that impairs the insulin signaling pathway. Further, CTRP13 reduces glu-
cose output in hepatocytes by inhibiting the mRNA expression of gluconeogenic enzymes,
glucose-6-phosphatase, and the cytosolic form of phosphoenolpyruvate carboxykinase [47].
Therefore, CTRP13 may be a novel therapeutic approach for attenuating the progression of
atherosclerosis via immunoregulation combined with body metabolic rebalance (Figure 3).
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Figure 3. The role of CTRPs in atherosclerosis and involved mechanisms.

3.3. CTRPs and Diabetic Vascular Disease

Diabetes is undoubtably a risk factor that accelerates CVD. Among diabetic vascular
complications, diabetic atherosclerosis is a major contributory factor to CVD [44,48]. It
has been increasingly recognized that diabetic and obesity states cause chronic low-grade
inflammation. The resultant deleterious effects of ambient cytokines, as well as high-
glucose levels, further exacerbate the inflammatory response and enhance leukocyte–
endothelial interactions, leading to elementary atherosclerotic processes. In light of CTRPs
role in the regulation of inflammation and metabolism, CTRPs in diabetic vascular disease
cannot be unneglected.

CTRP1 was greatly induced after oxLDL exposure by activating nuclear receptor
(peroxisome proliferator-activated receptor) PPAR-r. This inducing of CTRP1 increased
the secretion of inflammatory cytokines (e.g., MCP-1, TNF-a, IL-1β), thus promoting the
development of atherosclerosis [22]. CTRP9 might be important in the regulation of arterial
stiffness in humans based on findings that serum CTRP9 concentration is significantly
and positively associated with arterial stiffness in T2DM patients [49]. In T2DM and
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CAD patients, CTRP9 is positively correlated with BMI, glucose metabolism parame-
ters, inflammatory markers, and adhesion molecules, and is negatively correlated with
adiponectin. Increased levels of circulating CTRP9 in individuals with T2DM and CAD
suggest a compensatory response to insulin resistance, inflammatory milieu, and endothe-
lial dysfunction [50] (Figure 4). Schmid and colleagues illustrated that CTRP-5 might be an
adipokine, which has a counter-regulatory connection with its family member, CTRP-3 [51].
Moreover, earlier studies have shown that serum CTRP5 levels are significantly higher in
obese/diabetic animals, and the expression and secretion of CTRP5 correlates negatively
with mtDNA content in myocytes [52]. This study also demonstrated that gCTRP5 shows
similar biological activities to adiponectin, such as activating AMPK and increasing glucose
uptake and fatty acid oxidation [52].

Proteomes 2021, 9, x FOR PEER REVIEW  6  of  16 
 

 

secretion of inflammatory cytokines (e.g., MCP‐1, TNF‐a, IL‐1β), thus promoting the de‐

velopment of atherosclerosis [22]. CTRP9 might be important in the regulation of arterial 

stiffness in humans based on findings that serum CTRP9 concentration is significantly and 

positively associated with arterial stiffness in T2DM patients [49]. In T2DM and CAD pa‐

tients, CTRP9 is positively correlated with BMI, glucose metabolism parameters, inflam‐

matory markers, and adhesion molecules, and is negatively correlated with adiponectin. 

Increased levels of circulating CTRP9 in individuals with T2DM and CAD suggest a com‐

pensatory response to insulin resistance, inflammatory milieu, and endothelial dysfunc‐

tion [50] (Figure 4). Schmid and colleagues illustrated that CTRP‐5 might be an adipokine, 

which has a counter‐regulatory connection with its family member, CTRP‐3 [51]. Moreo‐

ver,  earlier  studies  have  shown  that  serum  CTRP5  levels  are  significantly  higher  in 

obese/diabetic animals, and the expression and secretion of CTRP5 correlates negatively 

with mtDNA content in myocytes [52]. This study also demonstrated that gCTRP5 shows 

similar biological activities to adiponectin, such as activating AMPK and increasing glu‐

cose uptake and fatty acid oxidation [52]. 

Although the roles of CTRPs in the modulation of diabetic vascular disease are indi‐

rect, the direct roles in favor of decelerated diabetic vascular disease are still under explo‐

ration until  the publication  in  2020  [21], with  the  aim of demonstrating how globular 

CTRP5 (gCTRP5) directly influences on diabetic vascular disease. gCTRP5 is accumulated 

in diabetic circulatory systems and appears to contribute to diabetic vascular EC dysfunc‐

tion through Nox1‐mediated mitochondrial apoptosis. gCTRP is one of the signaling mol‐

ecules (along with HFD and HGHL) that commonly activates expression of Nox1, which 

is  implicated  in  the  pathogenesis  of  cardiovascular  diseases.  Research  reasoned  that 

gCTRP5 activates the mitochondrial apoptotic signal of EC in diabetes, which is blocked 

by the silencing Nox1 gene [21]. This study’s authors suggest that interventions blocking 

gCTRP5 may protect diabetic EC function, ultimately protecting against diabetic cardio‐

vascular complications [21]. Pharmacological interventions targeting CTRP5 or its related 

signaling may provide promising therapeutic avenues to attenuate the development of 

atherosclerosis or diabetic EC dysfunction and cardiovascular complications. To date, the 

role of CTRP5 in cardiac diseases is still unclear, but the above studies provide evidence 

for its potential direct role in diabetic various cardiac diseases and so on. 

The relationship of CTRPs with diabetes is more complex than expected. According 

to clinical research data, CTRPs are responsible for the majority of the changes that occur 

at the different levels of diabetes, including insulin resistance. Whether CTRPs can serve 

as diagnostic or prognostic markers and a full view of the role of CTRPs in diabetes need 

to be further investigated and discussed. 

 

Figure 4. The role of CTRPs in diabetic vascular disease and involved mechanisms. 

4. CTRPs and Cardiac Diseases 

Growing evidence has confirmed that CTRPs exerts crucial effects on cardioprotec‐

tion aspects through anti‐inflammation, antiapoptosis, antifibrosis, and proangiogenesis. 

4.1. CTRPs and Heart Failure 

Diabetic vascular 
disease

gCTRP5

Nox1
Mitochondria

EC 
apoptosis 

CTRP1 MCP-1
TNF-a
IL-1β

oxLDL

PPARr

CTRP9

BMI
Glucose
Adhesive 
molecules

Insulin resistance

D
ir

ec
tl
y

Indirectly Indirectly

Figure 4. The role of CTRPs in diabetic vascular disease and involved mechanisms.

Although the roles of CTRPs in the modulation of diabetic vascular disease are indirect,
the direct roles in favor of decelerated diabetic vascular disease are still under exploration
until the publication in 2020 [21], with the aim of demonstrating how globular CTRP5 (gC-
TRP5) directly influences on diabetic vascular disease. gCTRP5 is accumulated in diabetic
circulatory systems and appears to contribute to diabetic vascular EC dysfunction through
Nox1-mediated mitochondrial apoptosis. gCTRP is one of the signaling molecules (along
with HFD and HGHL) that commonly activates expression of Nox1, which is implicated
in the pathogenesis of cardiovascular diseases. Research reasoned that gCTRP5 activates
the mitochondrial apoptotic signal of EC in diabetes, which is blocked by the silencing
Nox1 gene [21]. This study’s authors suggest that interventions blocking gCTRP5 may
protect diabetic EC function, ultimately protecting against diabetic cardiovascular compli-
cations [21]. Pharmacological interventions targeting CTRP5 or its related signaling may
provide promising therapeutic avenues to attenuate the development of atherosclerosis
or diabetic EC dysfunction and cardiovascular complications. To date, the role of CTRP5
in cardiac diseases is still unclear, but the above studies provide evidence for its potential
direct role in diabetic various cardiac diseases and so on.

The relationship of CTRPs with diabetes is more complex than expected. According
to clinical research data, CTRPs are responsible for the majority of the changes that occur
at the different levels of diabetes, including insulin resistance. Whether CTRPs can serve as
diagnostic or prognostic markers and a full view of the role of CTRPs in diabetes need to
be further investigated and discussed.

4. CTRPs and Cardiac Diseases

Growing evidence has confirmed that CTRPs exerts crucial effects on cardioprotection
aspects through anti-inflammation, antiapoptosis, antifibrosis, and proangiogenesis.

4.1. CTRPs and Heart Failure

Cardiac hypertrophy is an adaptive response to maintain cardiac function, but it
ultimately becomes mainly maladaptive and leads to heart failure (HF). However, accu-
mulated data provided evidence that CTRPs are highly associated with cardiometabolics,
inflammatory response, and immunoregulatory function [53–55].

CTRP3 expression is upregulated in hypertrophic and failing hearts in murine mod-
els [56]. CTRP3 also promotes pressure overload-induced cardiac hypertrophy via acti-
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vation of the transforming growth factor β-activated kinase 1-c-Jun N-terminal kinase
(TAK1-JNK) axis [56]. CTRP9 is upregulated in hypertrophic heart disease and induces
cardiomyocyte hypertrophy and cardiac dysfunction by activating ERK5 after transverse
aortic constriction (TAC) in mice [57]. Furthermore, this study identified GATA4 as a
downstream target of CTRP9-ERK5 [57]. GATA4 could account for increased hypertrophy
during CTRP9-ERK5 signaling, but likely not for cardiac dysfunction. Thus, additional
downstream targets of the CTRP9-ERK5 probably contribute and will need to be identified.
These observations advance our understanding of relationship between CTRPs and heart
failure (Figure 5).
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4.2. CTRPs and Ischemic Cardiac Disease

The main characteristic of CTRPs are metabolic and inflammatory regulation. Ac-
cumulated data have demonstrated metabolic-related dysfunction was elicited during
ischemic heart disease. Ischemic cardiac disease is a type of disease given to heart problems
caused by narrowed heart arteries that lead to myocardiac ischemia (MI). A variety of
links have been made between CTRPs and ischemic cardiac disease [58]. The involved
mechanisms has been clarified in many aspects.

CTRP1 protects against myocardial ischemic injury by reducing apoptosis and inflam-
matory response through activation of the sphingosine-1-phosphate (S1P)/cAMP signaling
pathways in cardiomyocytes, suggesting that CTRP1 plays a protective role in ischemic
heart disease [59]. Thus, CTRP1 plays an opposite role in vascular diseases and cardiac
diseases, and the underlying mechanism involved needs to be further studied. Meanwhile,
research indicates CTRP3 has a protective effect on the cardiovascular system, involving
multiple signaling pathways. The expression and production of CTRP3 are significantly re-
duced post-MI, [60] and replenishment of CTRP3 attenuates post-MI pathologic remodeling,
including reducing heart size and cardiomyocyte apoptosis, increasing cardiomyocyte sur-
vival/regeneration, attenuating remote area interstitial fibrosis, as well as enhancing infarct
border zone revascularization [60]. Furthermore, by promoting cardiomyocyte–endothelial
cell communication involving Akt-HIF1α-VEGF signaling, CTRP3 exerts an angiogenic
effect [60]. CTRP3 further exerts a cardiac antifibrotic effect post-MI by inhibiting myofibrob-
last differentiation and the subsequent extracellular matrix production. AMPK is required
for the protective effect of CTRP3 against TGF-β1-induced profibrotic response. The effect
of CTRP3 may be achieved by targeting the Smad3 signaling pathway [61] (Figure 3). These
findings provide further understanding of the molecular mechanisms of CTRP3 in cardiac
protection and provide new insights into therapeutic targets for cardiac remodeling. Perhaps
preventing post-MI CTRP3 inhibition or CTRP3 supplementation can act as a promising
therapeutic approach for creating stable and functional vessels post-MI, restoring cardiac
function, and improving the heart failure phenotype.

CTRP6 is a cardioprotective adipokine that ameliorates ventricle remodeling post-MI,
including inhibiting myofibroblast differentiation, extracellular matrix (ECM) produc-
tion, and cardiac fibroblast (CF) migration [62]. AMPK and Akt activation contribute to
the protective effect of CTRP6 against TGF-β1-induced fibrotic response by targeting the
Smad-independent myocardin-related transcription factor-A (RhoA/MRTF-A) signaling
pathway [62]. At present, there are no reports on the effects of CTRP6 on cardiomyocyte
apoptosis and angiogenesis post-MI. Further study is needed on the effects of CTRP6 and its
potential mechanisms. Recently, research has found that CTRP12 also ameliorates patholog-
ical remodeling of myocardium after MI by reducing myocardial inflammatory response
and apoptosis in vivo [63]. Furthermore, CTRP12 reduces inflammatory response and
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apoptosis of cardiomyocytes through the PI3 kinase/Akt signaling pathway [63]. CTRP15,
which is expressed abundantly in skeletal muscle and to a lesser extent in the lung, eye,
smooth muscle, heart, and brain, exerts multiple biological effects, including promoting
lipid metabolism in hepatocytes and adipocytes, suppressing autophagy in the liver, and
modulating erythropoiesis [64–68]. CTRP15 is also known as myonectin [69]. Studies have
found that CTRP15 inhibits the fibrotic response through attenuating myofibroblast differ-
entiation and expression of profibrotic molecules on pressure overload-induced cardiac
remodeling. The beneficial effects of CTRP15 on the TGF-β1-induced fibrotic response is
through the IR/IRS-1/PI3K/Akt pathway. Smad3 also participates in this CTRP5′s role [70].
CTRP15 suppresses cardiomyocyte apoptosis and macrophage inflammatory response
through the S1P-dependent activation of the cAMP/Akt pathway in the heart, thereby
ameliorating acute myocardial ischemic injury [71]. The receptor involved in mediating
these signaling pathways in cardiovascular tissues is not known and needs to be clarified
in future studies (Figure 6).
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Figure 6. The role of CTRPs in ischemic cardiac disease and involved mechanisms.

CTRP9 is the only cardiokine which is widely accepted and recognized in the CTRP
family. CTRP9 is the most abundantly expressed adipokine in the heart, exceeding local
APN expression more than 100-fold, with local cardiac CTRP9 levels exceeding plasma
CTRP9 levels more than 2-fold [14]. It undergoes proteolytic cleavage to generate gCTRP9,
its dominant circulatory and biologically active isoform [16]. Serum CTRP9 is an indepen-
dent protective factor of CAD [72]. Serum CTRP9 decreases significantly, and the protein
and mRNA expressions of CTRP9 in epicardial adipose tissue (EAT) are reduced markedly
in CAD patients compared to non-CAD patients [72]. Although the clinical significance has
been identified, basic studies clarified why CTRP9 has strong effect on the cardiac function
with the following properties. Serum CTRP9 is negatively associated with traditional
risk factors of cardiovascular diseases and some inflammatory factors, but it is positively
associated with serum APN and high-density lipoprotein-cholesterol (HDL-C) [72]. These
associations suggest that circulating and coronary CTRP9 play important roles in the
inflammation that occurs in CAD [57]. CTRP9 treatment significantly decreases matrix
metalloproteinase2/matrix metalloproteinase 9 (MMP2/MMP9) activity and TGF-β1 pro-
duction, the two most significant mechanisms contributing to post-MI fibrosis [73]. CTRP9
treatment also dramatically attenuates apoptotic cell death and significantly suppresses
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interstitial fibrosis [73]. Collectively, CTRP9 prevents left ventricle (LV) remodeling by
reducing apoptosis and fibrosis, and this occurs largely via a PKA-dependent pathway [73].
Studies in chronic intermittent hypoxia (MI+CIH) animals found that CTRP9 attenuates
interstitial fibrosis, improves cardiac function, and enhances survival rate via inhibiting
TGF-β/Smad and Wnt/β-catenin pathways [74]. MI+CIH upregulates the expression
of miR-214-3p, which is the target of CTRP9 gene [74]. Altogether, MI+CIH suppresses
cardiac CTRP9 expression by upregulating miR-214-3p, and exacerbating post-MI remod-
eling [74]. These findings provide evidence that CTRP9 and its related signaling maybe
a novel therapeutic target in improving cardiac function and alleviating the heart failure
(HF) phenotype in MI patients with obstructive sleep apnea (OSA). CTRP9 contributes
to cardiac hypertrophy and failure during pressure overload in part through activating
the ERK5-GATA4 pathway [57]. In the above research regarding the role of CTRP9 on
remodeling post-MI, the CTRP9 was administered before or shortly after ischemia and
alleviated adverse cardiac remodeling. In general, CTRP9 plays an crucial role in atten-
uating atrial inflammation, fibrosis, and atrial fibrillation post-MI in the following ways:
it markedly downregulates inflammatory factors, interleukin-1β and interleukin-6, and
upregulates interleukin-10 in 3 days post-MI to ameliorate macrophage infiltration and
inflammatory responses; it reduces the expressions of collagen types I and III, a-SMA,
and transforming growth factor β1 in 7 days post-MI by depressing the Toll-like receptor
4/nuclear factor-kβ and Smad2/3 signaling pathway, thus playing an antifibrotic role in
the left atrium; CTRP9 ameliorates vulnerability to atrial fibrillation in post-MI rats [75];
it can epigenetically modulate microRNAs to adjust the genes expression. Nevertheless,
it is unclear whether CTRP9 can reverse pathological immunoresponses and remodeling
that have already developed. Clarification of this issue will require screening out a more
delayed interval for CTRP9 administration.

4.3. CTRPs and Diabetic Cardiomyopathy

Diabetic cardiomyopathy (DC) is a diabetes mellitus (DM)-induced pathophysiological
condition that can result in HF. DC is characterized by myocardial fibrosis, dysfunctional
remodeling, and associated diastolic and systolic dysfunctions, and eventually HF [76]. To
date, there are few studies on the role of CTRPs in DC. CTRP3 in the heart protects against
diabetes-related cardiac dysfunction, oxidative damage, inflammation, and cell death
in vivo. Moreover, the protective effect of CTRP3 is mediated by activation of AMPKα,
and CTRP3 activates AMPKα via the cAMP–EPAC–MEK–LKB1 pathways in vivo [77].
Its downregulation by TNF-α-initiated oxidative PPARγ suppression exacerbates cardiac
injury in diabetic hearts [14]. These limited results may provide some theoretical basis
for the role of CTRPs in DC. In addition to CTRP9, CTRP1, CTRP4, and CTRP7 are also
expressed in the heart at levels significantly greater than APN. However, the impact of
these CTRPs on DC are unclear. Future studies should examine the roles of these CTRPs
and their underlying mechanisms in DC. (Figure 7)
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5. CTRPs and the Role in CVD Patients with COVID-19

The outbreak of SARS-Cov-2 (Coronavirus Disease-2019 (COVID-19)) has been claim
a public health emergency of international concern [78]. Its effects include injury to the
cardiovascular system.

5.1. Role of COVID-19 in Cardiovascular Injury

The genome of CoVs is a single stranded positive-sense RNA, and SARS-CoV-2 contains
four structural proteins (S, E, M, and N) and sixteen nonstructural proteins (nsp1-16) [79–82].
Angiotensin-converting enzyme 2 (ACE2) has been identified as a functional receptor
for SARS-CoV and SARS- CoV-2 [81,83,84]. Thus, the expression of ACE2 is a critical
determinant for the entry of the virus. ACE2 is a membrane-bound aminopeptidase that
exerts a key effect in the cardiovascular and immune systems [83,85,86]. Recently, further
research has identified ACE2 as highly expressed in pericytes of adult human hearts, [87] and
patients with basic heart failure disease exhibited increased expression of ACE2, suggesting
an intrinsic susceptibility of the heart to SARS-CoV-2 infection [87,88]. Clinical direct
evidence was provided in early studies in China, where 7–20% of patients with COVID-19
were observed with damage to the cardiac system [88–92]. In one study, 5 out of 41 COVID-
19 patients showed SARS-COV-2-related myocardial injury, mainly manifested by increased
levels of high-sensitivity cardiac troponin I (hs-cTnI) levels (>28 pg/mL) in Wuhan [88].
Therefore, in addition to causing respiratory damage, COVID-19 disease could also damage
the cardiovascular system [93,94].

In addition, myocardial injury and heart failure accounted for 40% of deaths in one
Wuhan cohort [95]. One study reported a 16.7% incidence of arrhythmia in 138 Chinese
COVID-19 patients [89]. Brain-type natriuretic peptide (BNP) levels were also elevated
in Washington ICU inpatients [96]. Thus, cardiac injury is prevalent in COVID-19 and
apparently impacts prognosis. However, the mechanism of COVID-19 caused cardiac injury
is unknown. Although accumulating data reveal elevated inflammatory cytokines levels
(including IL-2, IL-7, IL-10, granulocyte colony- stimulating factor (G-CSF), IP-10, MCP1,
macrophage inflammatory protein 1α (MIP1α) and TNF) and percentage of CD14+CD16+

inflammatory monocytes in blood plasma of patients with severe COVID-19, [97] evidence
for whether these cause a storm of inflammation in the heart is lacking. The myocardial
injury may involve increased cardiac stress due to respiratory failure and hypoxemia;
indirect injury due to systemic inflammation; direct myocardial infection by SARS-COV-2;
or a combination of all three factors.

5.2. Diabetes in CVD Patients with COVID-19

Other than inflammation, a growing number of clinical reports indicate that obesity is
a risk factor for COVID-19 severity [4,98] and an adverse prognosis [97]. In COVID-19 infec-
tions, one notable feature of this disease is that the high prevalence of obese patients among
the most severe cases. Recent evidence indicates that obese states cause chronic low-grade
inflammation, which contributes to the development of CVD [5,99]. In obese state, the
secretion of proinflammatory adipokines, such as leptin, TNF-α, IL-6, and IL-1β, are upreg-
ulated, but anti-inflammatory adipokines are downregulated, especially adiponectin [5,99].
The chronic low-grade inflammation that contributes to the innate immune system might be
already in a “primed state” that could promote an hyperinflammatory response [100,101].
Thus, the obese state may amplify the proinflammatory response to SARS-CoV-2 infection
and induce more serious cardiovascular damage compared to the nonobese state [100,101].
In addition, two months after discharge from the hospital, 70% of patients with COVID-19
showed cardiac dysfunction and significant cardiac fibrosis. The TGF-β1/Smad3 pathway
may be involved in that process [102]. Varga et al. proved the presence of viral elements and
accumulation of inflammatory cells within endothelial cells of COVID-19 patients, [103]
which suggests that SARS-CoV-2 infection could cause endothelial dysfunction.
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5.3. CTRPs in Patients with COVID-19

Treatment for COVID-19 should give particular attention to cardiovascular protection,
especially in patients who have obesity or diabetes [104]. The mechanism of cardiovascular
injury caused by SARS- CoV-2 infection might be related to ACE2 and inflammatory
cytokine storms [105,106]. Numerous adipokines exert imbalanced expressions in the obese
or diabetes state, which leads to a series of inflammation response and cardiovascular
damage. Many studies have demonstrated that adiponectin plays a crucial role in anti-
inflammatory and cardiovascular protection [107]; however, adiponectin resistance is
present in obesity state and the expression level is downregulated in the diabetes state.
CTRPs share a common structural domain with adiponectin and some (e.g., CTRP3, CTRP9,
CTRP12) also exhibit anti-inflammatory and cardiovascular protective roles. Controlling
the inflammatory response via CTRPs may be a potential target for relieving cardiac injury
during treatment for COVID-19. Although current knowledge on CTRPs with COVID-
19 is largely unknown, in consideration of CTRPs’ roles in modulating cardiovascular
metabolism and preventing inflammatory response, the enhanced understanding and
potential use in clinical treatment of cardiaovascular injury of patients with COVID-19 are
promising.

6. Prospective

Although the discovery of new proteins is driven by cutting-edge techniques including
proteomics, the in-depth exploration of proteomics technology still need to broaden the
new insight/innovation on protein biological functions by improving the performances
of mass spectrometers. The newly discovered CTRP family plays an important role in
CVD not only by regulating immuno-inflammation, glucose and lipid metabolism, and
vascular endothelial function, but also by reducing cardiomyocyte apoptosis and fibrosis
and by ameliorating cardiac function. The CTRP family reveals an exciting avenue for CVD
therapeutics. CTRPs and their related signals hold potential to be used as biomarkers or
therapeutic interventions against cardiovascular disease, including in patients who have
been infected with COVID-19.

Author Contributions: Conceptualization, Y.W., T.C., B.L., and X.M.; Writing—Original Draft Prepa-
ration, Y.X., J.Z., J.W., C.L., and Z.M.; Writing—Review and Editing, Y.W., T.C., B.L., D.L., and X.M.;
Figure editing, J.G., R.G., and Y.X., and Y.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sacks, F.M.; Lichtenstein, A.H.; Wu, J.H.Y.; Appel, L.J.; Creager, M.A.; Kris-Etherton, P.M.; Miller, M.; Rimm, E.B.; Rudel, L.L.;

Robinson, J.G.; et al. Dietary Fats and Cardiovascular Disease: A Presidential Advisory From the American Heart Association.
Circulation 2017, 136, e1–e23. [CrossRef]

2. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera, S.F.;
et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: A systematic
analysis for the Global Burden of Disease Study 2013. Lancet 2014, 384, 766–781. [CrossRef]

3. Koliaki, C.; Liatis, S.; Kokkinos, A. Obesity and cardiovascular disease: Revisiting an old relationship. Metab. Clin. Exp. 2019, 92,
98–107. [CrossRef]

4. Lighter, J.; Phillips, M.; Hochman, S.; Sterling, S.; Johnson, D.; Francois, F.; Stachel, A. Obesity in Patients Younger Than 60 Years
Is a Risk Factor for COVID-19 Hospital Admission. Clin. Infect. Dis. 2020, 71, 896–897. [CrossRef]

5. Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev. Immunol. 2011, 11,
85–97. [CrossRef]

6. Wong, G.W.; Wang, J.; Hug, C.; Tsao, T.S.; Lodish, H.F. A family of Acrp30/adiponectin structural and functional paralogs. Proc.
Natl. Acad. Sci. USA 2004, 101, 10302–10307. [CrossRef] [PubMed]

http://doi.org/10.1161/CIR.0000000000000510
http://doi.org/10.1016/S0140-6736(14)60460-8
http://doi.org/10.1016/j.metabol.2018.10.011
http://doi.org/10.1093/cid/ciaa415
http://doi.org/10.1038/nri2921
http://doi.org/10.1073/pnas.0403760101
http://www.ncbi.nlm.nih.gov/pubmed/15231994


Proteomes 2021, 9, 12 12 of 16

7. Kishore, U.; Gaboriaud, C.; Waters, P.; Shrive, A.K.; Greenhough, T.J.; Reid, K.B.; Sim, R.B.; Arlaud, G.J. C1q and tumor necrosis
factor superfamily: Modularity and versatility. Trends Immunol. 2004, 25, 551–561. [CrossRef]

8. Ghai, R.; Waters, P.; Roumenina, L.T.; Gadjeva, M.; Kojouharova, M.S.; Reid, K.B.; Sim, R.B.; Kishore, U. C1q and its growing
family. Immunobiology 2007, 212, 253–266. [CrossRef] [PubMed]

9. Schaffler, A.; Buechler, C. CTRP family: Linking immunity to metabolism. Trends Endocrinol. Metab. TEM 2012, 23, 194–204.
[CrossRef] [PubMed]

10. Shanaki, M.; Shabani, P.; Goudarzi, A.; Omidifar, A.; Bashash, D.; Emamgholipour, S. The C1q/TNF-related proteins (CTRPs) in
pathogenesis of obesity-related metabolic disorders: Focus on type 2 diabetes and cardiovascular diseases. Life Sci. 2020, 256,
117913. [CrossRef]

11. Si, Y.; Fan, W.; Sun, L. A Review of the Relationship Between CTRP Family and Coronary Artery Disease. Curr. Atheroscler. Rep.
2020, 22, 22. [CrossRef]

12. Chen, L.; Qin, L.; Liu, X.; Meng, X. CTRP3 Alleviates Ox-LDL-Induced Inflammatory Response and Endothelial Dysfunction in
Mouse Aortic Endothelial Cells by Activating the PI3K/Akt/eNOS Pathway. Inflammation 2019, 42, 1350–1359. [CrossRef]

13. Li, C.; Chen, J.W.; Liu, Z.H.; Shen, Y.; Ding, F.H.; Gu, G.; Liu, J.; Qiu, J.P.; Gao, J.; Zhang, R.Y.; et al. CTRP5 promotes transcytosis
and oxidative modification of low-density lipoprotein and the development of atherosclerosis. Atherosclerosis 2018, 278, 197–209.
[CrossRef]

14. Su, H.; Yuan, Y.; Wang, X.M.; Lau, W.B.; Wang, Y.; Wang, X.; Gao, E.; Koch, W.J.; Ma, X.L. Inhibition of CTRP9, a novel and
cardiac-abundantly expressed cell survival molecule, by TNFalpha-initiated oxidative signaling contributes to exacerbated
cardiac injury in diabetic mice. Basic Res. Cardiol. 2013, 108, 315. [CrossRef] [PubMed]

15. Wong, G.W.; Krawczyk, S.A.; Kitidis-Mitrokostas, C.; Ge, G.; Spooner, E.; Hug, C.; Gimeno, R.; Lodish, H.F. Identification and
characterization of CTRP9, a novel secreted glycoprotein, from adipose tissue that reduces serum glucose in mice and forms
heterotrimers with adiponectin. FASEB J. 2009, 23, 241–258. [CrossRef] [PubMed]

16. Yuan, Y.; Lau, W.B.; Su, H.; Sun, Y.; Yi, W.; Du, Y.; Christopher, T.; Lopez, B.; Wang, Y.; Ma, X.L. C1q-TNF-related protein-9, a
novel cardioprotetcive cardiokine, requires proteolytic cleavage to generate a biologically active globular domain isoform. Am. J.
Physiol. Endocrinol. Metab. 2015, 308, E891–E898. [CrossRef] [PubMed]

17. Seldin, M.M.; Tan, S.Y.; Wong, G.W. Metabolic function of the CTRP family of hormones. Rev. Endocr. Metab. Disorders 2014, 15,
111–123. [CrossRef]

18. Jung, C.H.; Lee, M.J.; Kang, Y.M.; Lee, Y.L.; Seol, S.M.; Yoon, H.K.; Kang, S.W.; Lee, W.J.; Park, J.Y. C1q/TNF-related protein-9
inhibits cytokine-induced vascular inflammation and leukocyte adhesiveness via AMP-activated protein kinase activation in
endothelial cells. Mol. Cell. Endocrinol. 2016, 419, 235–243. [CrossRef]

19. Cheng, L.; Li, B.; Chen, X.; Su, J.; Wang, H.; Yu, S.; Zheng, Q. CTRP9 induces mitochondrial biogenesis and protects high
glucose-induced endothelial oxidative damage via AdipoR1 -SIRT1- PGC-1α activation. Biochem. Biophys. Res. Commun. 2016,
477, 685–691. [CrossRef] [PubMed]

20. Zheng, Q.; Yuan, Y.; Yi, W.; Lau, W.B.; Wang, Y.; Wang, X.; Sun, Y.; Lopez, B.L.; Christopher, T.A.; Peterson, J.M.; et al. C1q/TNF-
related proteins, a family of novel adipokines, induce vascular relaxation through the adiponectin receptor-1/AMPK/eNOS/nitric
oxide signaling pathway. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 2616–2623. [CrossRef]

21. Liu, J.; Meng, Z.; Gan, L.; Guo, R.; Gao, J.; Liu, C.; Zhu, D.; Liu, D.; Zhang, L.; Zhang, Z.; et al. C1q/TNF-related protein 5
contributes to diabetic vascular endothelium dysfunction through promoting Nox-1 signaling. Redox Biol. 2020, 34, 101476.
[CrossRef]

22. Wang, X.Q.; Liu, Z.H.; Xue, L.; Lu, L.; Gao, J.; Shen, Y.; Yang, K.; Chen, Q.J.; Zhang, R.Y.; Shen, W.F. C1q/TNF-related protein 1
links macrophage lipid metabolism to inflammation and atherosclerosis. Atherosclerosis 2016, 250, 38–45. [CrossRef]

23. Uemura, Y.; Shibata, R.; Ohashi, K.; Enomoto, T.; Kambara, T.; Yamamoto, T.; Ogura, Y.; Yuasa, D.; Joki, Y.; Matsuo, K.; et al.
Adipose-derived factor CTRP9 attenuates vascular smooth muscle cell proliferation and neointimal formation. FASEB J. 2013, 27,
25–33. [CrossRef]

24. Majidi, Z.; Emamgholipour, S.; Omidifar, A.; Rahmani Fard, S.; Poustchi, H.; Shanaki, M. The circulating levels of CTRP1 and
CTRP5 are associated with obesity indices and carotid intima-media thickness (cIMT) value in patients with type 2 diabetes: A
preliminary study. Diabetol. Metab. Syndr. 2021, 13, 14. [CrossRef] [PubMed]

25. Moradi, N.; Fadaei, R.; Rashidbeygi, E.; Bagheri Kargasheh, F.; Malek, M.; Shokoohi Nahrkhalaji, A.; Fallah, S. Evaluation of
changing the pattern of CTRP5 and inflammatory markers levels in patients with coronary artery disease and type 2 diabetes
mellitus. Arch. Physiol. Biochem. 2020, 1–6. [CrossRef]

26. Kanemura, N.; Shibata, R.; Ohashi, K.; Ogawa, H.; Hiramatsu-Ito, M.; Enomoto, T.; Yuasa, D.; Ito, M.; Hayakawa, S.; Otaka, N.;
et al. C1q/TNF-related protein 1 prevents neointimal formation after arterial injury. Atherosclerosis 2017, 257, 138–145. [CrossRef]

27. Lu, L.; Zhang, R.Y.; Wang, X.Q.; Liu, Z.H.; Shen, Y.; Ding, F.H.; Meng, H.; Wang, L.J.; Yan, X.X.; Yang, K.; et al. C1q/TNF-related
protein-1: An adipokine marking and promoting atherosclerosis. Eur. Heart J. 2016, 37, 1762–1771. [CrossRef] [PubMed]

28. Peterson, J.M.; Wei, Z.; Wong, G.W. C1q/TNF-related protein-3 (CTRP3), a novel adipokine that regulates hepatic glucose output.
J. Biol. Chem. 2010, 285, 39691–39701. [CrossRef]

29. Kopp, A.; Bala, M.; Buechler, C.; Falk, W.; Gross, P.; Neumeier, M.; Scholmerich, J.; Schaffler, A. C1q/TNF-related protein-3
represents a novel and endogenous lipopolysaccharide antagonist of the adipose tissue. Endocrinology 2010, 151, 5267–5278.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.it.2004.08.006
http://doi.org/10.1016/j.imbio.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17544811
http://doi.org/10.1016/j.tem.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22261190
http://doi.org/10.1016/j.lfs.2020.117913
http://doi.org/10.1007/s11883-020-00840-0
http://doi.org/10.1007/s10753-019-00996-1
http://doi.org/10.1016/j.atherosclerosis.2018.09.037
http://doi.org/10.1007/s00395-012-0315-z
http://www.ncbi.nlm.nih.gov/pubmed/23212557
http://doi.org/10.1096/fj.08-114991
http://www.ncbi.nlm.nih.gov/pubmed/18787108
http://doi.org/10.1152/ajpendo.00450.2014
http://www.ncbi.nlm.nih.gov/pubmed/25783894
http://doi.org/10.1007/s11154-013-9255-7
http://doi.org/10.1016/j.mce.2015.10.023
http://doi.org/10.1016/j.bbrc.2016.06.120
http://www.ncbi.nlm.nih.gov/pubmed/27349872
http://doi.org/10.1161/ATVBAHA.111.231050
http://doi.org/10.1016/j.redox.2020.101476
http://doi.org/10.1016/j.atherosclerosis.2016.04.024
http://doi.org/10.1096/fj.12-213744
http://doi.org/10.1186/s13098-021-00631-w
http://www.ncbi.nlm.nih.gov/pubmed/33499897
http://doi.org/10.1080/13813455.2020.1742164
http://doi.org/10.1016/j.atherosclerosis.2017.01.014
http://doi.org/10.1093/eurheartj/ehv649
http://www.ncbi.nlm.nih.gov/pubmed/26705391
http://doi.org/10.1074/jbc.M110.180695
http://doi.org/10.1210/en.2010-0571
http://www.ncbi.nlm.nih.gov/pubmed/20739398


Proteomes 2021, 9, 12 13 of 16

30. Lee, W.; Kim, M.J.; Park, E.J.; Choi, Y.J.; Park, S.Y. C1qTNF-related protein-6 mediates fatty acid oxidation via the activation of the
AMP-activated protein kinase. FEBS Lett. 2010, 584, 968–972. [CrossRef]

31. Wei, Z.; Peterson, J.M.; Lei, X.; Cebotaru, L.; Wolfgang, M.J.; Baldeviano, G.C.; Wong, G.W. C1q/TNF-related protein-12 (CTRP12),
a novel adipokine that improves insulin sensitivity and glycemic control in mouse models of obesity and diabetes. J. Biol. Chem.
2012, 287, 10301–10315. [CrossRef]

32. Fadaei, R.; Moradi, N.; Kazemi, T.; Chamani, E.; Azdaki, N.; Moezibady, S.A.; Shahmohamadnejad, S.; Fallah, S. Decreased serum
levels of CTRP12/adipolin in patients with coronary artery disease in relation to inflammatory cytokines and insulin resistance.
Cytokine 2019, 113, 326–331. [CrossRef] [PubMed]

33. Ogawa, H.; Ohashi, K.; Ito, M.; Shibata, R.; Kanemura, N.; Yuasa, D.; Kambara, T.; Matsuo, K.; Hayakawa, S.; Hiramatsu-Ito, M.;
et al. Adipolin/CTRP12 protects against pathological vascular remodelling through suppression of smooth muscle cell growth
and macrophage inflammatory response. Cardiovasc. Res. 2020, 116, 237–249. [CrossRef]

34. Lutgens, E.; Gijbels, M.; Smook, M.; Heeringa, P.; Gotwals, P.; Koteliansky, V.E.; Daemen, M.J. Transforming growth factor-beta
mediates balance between inflammation and fibrosis during plaque progression. Arterioscler. Thromb. Vasc. Biol. 2002, 22, 975–982.
[CrossRef] [PubMed]

35. Shen, Y.; Li, C.; Zhang, R.Y.; Zhang, Q.; Shen, W.F.; Ding, F.H.; Lu, L. Association of increased serum CTRP5 levels with in-stent
restenosis after coronary drug-eluting stent implantation: CTRP5 promoting inflammation, migration and proliferation in
vascular smooth muscle cells. Int. J. Cardiol. 2017, 228, 129–136. [CrossRef]

36. Kim, M.J.; Lee, W.; Park, E.J.; Park, S.Y. C1qTNF-related protein-6 increases the expression of interleukin-10 in macrophages. Mol.
Cells 2010, 30, 59–64. [CrossRef]

37. Dong, X.; Hu, H.; Fang, Z.; Cui, J.; Liu, F. CTRP6 inhibits PDGF-BB-induced vascular smooth muscle cell proliferation and
migration. Biomed. Pharmacother. 2018, 103, 844–850. [CrossRef]

38. Li, J.; Zhang, P.; Li, T.; Liu, Y.; Zhu, Q.; Chen, T.; Liu, T.; Huang, C.; Zhang, J.; Zhang, Y.; et al. CTRP9 enhances carotid plaque
stability by reducing pro-inflammatory cytokines in macrophages. Biochem. Biophys. Res. Commun. 2015, 458, 890–895. [CrossRef]

39. Zhang, P.; Huang, C.; Li, J.; Li, T.; Guo, H.; Liu, T.; Li, N.; Zhu, Q.; Guo, Y. Globular CTRP9 inhibits oxLDL-induced inflammatory
response in RAW 264.7 macrophages via AMPK activation. Mol. Cell. Biochem. 2016, 417, 67–74. [CrossRef]

40. Zhang, L.; Liu, Q.; Zhang, H.; Wang, X.D.; Chen, S.Y.; Yang, Y.; Lv, H.; Hou, J.B.; Yu, B. C1q/TNF-Related Protein 9 Inhibits THP-1
Macrophage Foam Cell Formation by Enhancing Autophagy. J. Cardiovasc. Pharmacol. 2018, 72, 167–175. [CrossRef] [PubMed]

41. Zhang, H.; Gong, X.; Ni, S.; Wang, Y.; Zhu, L.; Ji, N. C1q/TNF-related protein-9 attenuates atherosclerosis through AMPK-NLRP3
inflammasome singling pathway. Int. Immunopharmacol. 2019, 77, 105934. [CrossRef] [PubMed]

42. Wang, C.; Xu, W.; Liang, M.; Huang, D.; Huang, K. CTRP13 inhibits atherosclerosis via autophagy-lysosome-dependent
degradation of CD36. FASEB J. Off. Publ. Federation Am. Soc. Exp. Biol. 2019, 33, 2290–2300. [CrossRef]

43. Fadaei, R.; Moradi, N.; Baratchian, M.; Aghajani, H.; Malek, M.; Fazaeli, A.A.; Fallah, S. Association of C1q/TNF-Related
Protein-3 (CTRP3) and CTRP13 Serum Levels with Coronary Artery Disease in Subjects with and without Type 2 Diabetes
Mellitus. PLoS ONE 2016, 11, e0168773. [CrossRef] [PubMed]

44. Giacco, F.; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058–1070. [CrossRef]
45. Moore, K.J.; Sheedy, F.J.; Fisher, E.A. Macrophages in atherosclerosis: A dynamic balance. Nat. Rev. Immunol. 2013, 13, 709–721.

[CrossRef] [PubMed]
46. Ouimet, M.; Franklin, V.; Mak, E.; Liao, X.; Tabas, I.; Marcel, Y.L. Autophagy regulates cholesterol efflux from macrophage foam

cells via lysosomal acid lipase. Cell Metab. 2011, 13, 655–667. [CrossRef]
47. Wei, Z.; Peterson, J.M.; Wong, G.W. Metabolic regulation by C1q/TNF-related protein-13 (CTRP13): Activation OF AMP-activated

protein kinase and suppression of fatty acid-induced JNK signaling. J. Biol. Chem. 2011, 286, 15652–15665. [CrossRef]
48. Paneni, F.; Beckman, J.A.; Creager, M.A.; Cosentino, F. Diabetes and vascular disease: Pathophysiology, clinical consequences,

and medical therapy: Part I. Eur. Heart J. 2013, 34, 2436–2443. [CrossRef] [PubMed]
49. Jung, C.H.; Lee, M.J.; Kang, Y.M.; Jang, J.E.; Leem, J.; Lee, Y.L.; Seol, S.M.; Yoon, H.K.; Lee, W.J.; Park, J.Y. Association of serum

C1q/TNF-related protein-9 concentration with arterial stiffness in subjects with type 2 diabetes. J. Clin. Endocrinol. Metab. 2014,
99, E2477–E2484. [CrossRef]

50. Moradi, N.; Fadaei, R.; Emamgholipour, S.; Kazemian, E.; Panahi, G.; Vahedi, S.; Saed, L.; Fallah, S. Association of circulating
CTRP9 with soluble adhesion molecules and inflammatory markers in patients with type 2 diabetes mellitus and coronary artery
disease. PLoS ONE 2018, 13, e0192159. [CrossRef]

51. Schmid, A.; Kopp, A.; Aslanidis, C.; Wabitsch, M.; Muller, M.; Schaffler, A. Regulation and function of C1Q/TNF-related protein-5
(CTRP-5) in the context of adipocyte biology. Exp. Clin. Endocrinol. Diabetes 2013, 121, 310–317. [CrossRef]

52. Park, S.Y.; Choi, J.H.; Ryu, H.S.; Pak, Y.K.; Park, K.S.; Lee, H.K.; Lee, W. C1q tumor necrosis factor alpha-related protein isoform
5 is increased in mitochondrial DNA-depleted myocytes and activates AMP-activated protein kinase. J. Biol. Chem. 2009, 284,
27780–27789. [CrossRef]

53. Heineke, J.; Molkentin, J.D. Regulation of cardiac hypertrophy by intracellular signalling pathways. Nat. Rev. Mol. Cell Biol. 2006,
7, 589–600. [CrossRef]

54. Tham, Y.K.; Bernardo, B.C.; Ooi, J.Y.; Weeks, K.L.; McMullen, J.R. Pathophysiology of cardiac hypertrophy and heart failure:
Signaling pathways and novel therapeutic targets. Arch. Toxicol. 2015, 89, 1401–1438. [CrossRef]

http://doi.org/10.1016/j.febslet.2010.01.040
http://doi.org/10.1074/jbc.M111.303651
http://doi.org/10.1016/j.cyto.2018.09.019
http://www.ncbi.nlm.nih.gov/pubmed/30337217
http://doi.org/10.1093/cvr/cvz074
http://doi.org/10.1161/01.ATV.0000019729.39500.2F
http://www.ncbi.nlm.nih.gov/pubmed/12067907
http://doi.org/10.1016/j.ijcard.2016.11.034
http://doi.org/10.1007/s10059-010-0088-x
http://doi.org/10.1016/j.biopha.2018.04.112
http://doi.org/10.1016/j.bbrc.2015.02.054
http://doi.org/10.1007/s11010-016-2714-1
http://doi.org/10.1097/FJC.0000000000000612
http://www.ncbi.nlm.nih.gov/pubmed/29979351
http://doi.org/10.1016/j.intimp.2019.105934
http://www.ncbi.nlm.nih.gov/pubmed/31727560
http://doi.org/10.1096/fj.201801267RR
http://doi.org/10.1371/journal.pone.0168773
http://www.ncbi.nlm.nih.gov/pubmed/28033351
http://doi.org/10.1161/CIRCRESAHA.110.223545
http://doi.org/10.1038/nri3520
http://www.ncbi.nlm.nih.gov/pubmed/23995626
http://doi.org/10.1016/j.cmet.2011.03.023
http://doi.org/10.1074/jbc.M110.201087
http://doi.org/10.1093/eurheartj/eht149
http://www.ncbi.nlm.nih.gov/pubmed/23641007
http://doi.org/10.1210/jc.2014-2524
http://doi.org/10.1371/journal.pone.0192159
http://doi.org/10.1055/s-0032-1333299
http://doi.org/10.1074/jbc.M109.005611
http://doi.org/10.1038/nrm1983
http://doi.org/10.1007/s00204-015-1477-x


Proteomes 2021, 9, 12 14 of 16

55. Kasher Meron, M.; Xu, S.; Glesby, M.J.; Qi, Q.; Hanna, D.B.; Anastos, K.; Kaplan, R.C.; Kizer, J.R. C1q/TNF-Related Proteins, HIV
and HIV-Associated Factors, and Cardiometabolic Phenotypes in Middle-Aged Women. AIDS Res. Hum. Retroviruses 2019, 35,
1054–1064. [CrossRef]

56. Ma, Z.G.; Yuan, Y.P.; Zhang, X.; Xu, S.C.; Kong, C.Y.; Song, P.; Li, N.; Tang, Q.Z. C1q-tumour necrosis factor-related protein-3
exacerbates cardiac hypertrophy in mice. Cardiovasc. Res. 2019, 115, 1067–1077. [CrossRef]

57. Appari, M.; Breitbart, A.; Brandes, F.; Szaroszyk, M.; Froese, N.; Korf-Klingebiel, M.; Mohammadi, M.M.; Grund, A.; Scharf, G.M.;
Wang, H.; et al. C1q-TNF-Related Protein-9 Promotes Cardiac Hypertrophy and Failure. Circ. Res. 2017, 120, 66–77. [CrossRef]

58. Zhang, Y.; Liu, C.; Liu, J.; Guo, R.; Yan, Z.; Liu, W.; Lau, W.B.; Jiao, X.; Cao, J.; Xu, K.; et al. Implications of C1q/TNF-related
protein superfamily in patients with coronary artery disease. Sci. Rep. 2020, 10, 878. [CrossRef]

59. Yuasa, D.; Ohashi, K.; Shibata, R.; Mizutani, N.; Kataoka, Y.; Kambara, T.; Uemura, Y.; Matsuo, K.; Kanemura, N.; Hayakawa, S.;
et al. C1q/TNF-related protein-1 functions to protect against acute ischemic injury in the heart. FASEB J. 2016, 30, 1065–1075.
[CrossRef] [PubMed]

60. Yi, W.; Sun, Y.; Yuan, Y.; Lau, W.B.; Zheng, Q.; Wang, X.; Wang, Y.; Shang, X.; Gao, E.; Koch, W.J.; et al. C1q/tumor necrosis
factor-related protein-3, a newly identified adipokine, is a novel antiapoptotic, proangiogenic, and cardioprotective molecule in
the ischemic mouse heart. Circulation 2012, 125, 3159–3169. [CrossRef]

61. Wu, D.; Lei, H.; Wang, J.Y.; Zhang, C.L.; Feng, H.; Fu, F.Y.; Li, L.; Wu, L.L. CTRP3 attenuates post-infarct cardiac fibrosis by
targeting Smad3 activation and inhibiting myofibroblast differentiation. J. Mol. Med. 2015, 93, 1311–1325. [CrossRef] [PubMed]

62. Lei, H.; Wu, D.; Wang, J.Y.; Li, L.; Zhang, C.L.; Feng, H.; Fu, F.Y.; Wu, L.L. C1q/tumor necrosis factor-related protein-6 attenuates
post-infarct cardiac fibrosis by targeting RhoA/MRTF-A pathway and inhibiting myofibroblast differentiation. Basic Res. Cardiol.
2015, 110, 35. [CrossRef]

63. Takikawa, T.; Ohashi, K.; Ogawa, H.; Otaka, N.; Kawanishi, H.; Fang, L.; Ozaki, Y.; Eguchi, S.; Tatsumi, M.; Takefuji, M.; et al.
Adipolin/C1q/Tnf-related protein 12 prevents adverse cardiac remodeling after myocardial infarction. PLoS ONE 2020, 15,
e0243483. [CrossRef] [PubMed]

64. Seldin, M.M.; Peterson, J.M.; Byerly, M.S.; Wei, Z.; Wong, G.W. Myonectin (CTRP15), a novel myokine that links skeletal muscle
to systemic lipid homeostasis. J. Biol. Chem. 2012, 287, 11968–11980. [CrossRef] [PubMed]

65. Seldin, M.M.; Lei, X.; Tan, S.Y.; Stanson, K.P.; Wei, Z.; Wong, G.W. Skeletal muscle-derived myonectin activates the mammalian
target of rapamycin (mTOR) pathway to suppress autophagy in liver. J. Biol. Chem. 2013, 288, 36073–36082. [CrossRef]

66. Kautz, L.; Jung, G.; Valore, E.V.; Rivella, S.; Nemeth, E.; Ganz, T. Identification of erythroferrone as an erythroid regulator of iron
metabolism. Nat. Genet. 2014, 46, 678–684. [CrossRef]

67. Jiang, X.; Gao, M.; Chen, Y.; Liu, J.; Qi, S.; Ma, J.; Zhang, Z.; Xu, Y. EPO-dependent induction of erythroferrone drives hepcidin
suppression and systematic iron absorption under phenylhydrazine-induced hemolytic anemia. Blood Cells Mol. Dis. 2016, 58,
45–51. [CrossRef]

68. Latour, C.; Wlodarczyk, M.F.; Jung, G.; Gineste, A.; Blanchard, N.; Ganz, T.; Roth, M.P.; Coppin, H.; Kautz, L. Erythroferrone
contributes to hepcidin repression in a mouse model of malarial anemia. Haematologica 2017, 102, 60–68. [CrossRef]

69. Ouchi, N.; Walsh, K. Cardiovascular and metabolic regulation by the adiponectin/C1q/tumor necrosis factor-related protein
family of proteins. Circulation 2012, 125, 3066–3068. [CrossRef]

70. Zhao, Q.; Zhang, C.L.; Xiang, R.L.; Wu, L.L.; Li, L. CTRP15 derived from cardiac myocytes attenuates TGFβ1-induced fibrotic
response in cardiac fibroblasts. Cardiovasc. Drugs Ther. 2020, 34, 591–604. [CrossRef]

71. Otaka, N.; Shibata, R.; Ohashi, K.; Uemura, Y.; Kambara, T.; Enomoto, T.; Ogawa, H.; Ito, M.; Kawanishi, H.; Maruyama, S.;
et al. Myonectin Is an Exercise-Induced Myokine That Protects the Heart From Ischemia-Reperfusion Injury. Circ. Res. 2018, 123,
1326–1338. [CrossRef]

72. Wang, J.; Hang, T.; Cheng, X.M.; Li, D.M.; Zhang, Q.G.; Wang, L.J.; Peng, Y.P.; Gong, J.B. Associations of C1q/TNF-Related
Protein-9 Levels in Serum and Epicardial Adipose Tissue with Coronary Atherosclerosis in Humans. BioMed. Res. Int. 2015, 2015,
971683. [CrossRef]

73. Sun, Y.; Yi, W.; Yuan, Y.; Lau, W.B.; Yi, D.; Wang, X.; Wang, Y.; Su, H.; Wang, X.; Gao, E.; et al. C1q/tumor necrosis factor-related
protein-9, a novel adipocyte-derived cytokine, attenuates adverse remodeling in the ischemic mouse heart via protein kinase A
activation. Circulation 2013, 128, S113–S120. [CrossRef]

74. Du, Y.; Wang, X.; Li, L.; Hao, W.; Zhang, H.; Li, Y.; Qin, Y.; Nie, S.; Christopher, T.A.; Lopez, B.L.; et al. miRNA-Mediated
Suppression of a Cardioprotective Cardiokine as a Novel Mechanism Exacerbating Post-MI Remodeling by Sleep Breathing
Disorders. Circ. Res. 2020, 126, 212–228. [CrossRef]

75. Liu, M.; Li, W.; Wang, H.; Yin, L.; Ye, B.; Tang, Y.; Huang, C. CTRP9 Ameliorates Atrial Inflammation, Fibrosis, and Vulnerability
to Atrial Fibrillation in Post-Myocardial Infarction Rats. J. Am. Heart Assoc. 2019, 8, e013133. [CrossRef]

76. Jia, G.; Hill, M.A.; Sowers, J.R. Diabetic Cardiomyopathy: An Update of Mechanisms Contributing to This Clinical Entity. Circ.
Res. 2018, 122, 624–638. [CrossRef]

77. Ma, Z.G.; Yuan, Y.P.; Xu, S.C.; Wei, W.Y.; Xu, C.R.; Zhang, X.; Wu, Q.Q.; Liao, H.H.; Ni, J.; Tang, Q.Z. CTRP3 attenuates cardiac
dysfunction, inflammation, oxidative stress and cell death in diabetic cardiomyopathy in rats. Diabetologia 2017, 60, 1126–1137.
[CrossRef]

78. Sun, P.; Lu, X.; Xu, C.; Sun, W.; Pan, B. Understanding of COVID-19 based on current evidence. J. Med. Virol. 2020, 92, 548–551.
[CrossRef]

http://doi.org/10.1089/aid.2019.0099
http://doi.org/10.1093/cvr/cvy279
http://doi.org/10.1161/CIRCRESAHA.116.309398
http://doi.org/10.1038/s41598-020-57877-z
http://doi.org/10.1096/fj.15-279885
http://www.ncbi.nlm.nih.gov/pubmed/26578687
http://doi.org/10.1161/CIRCULATIONAHA.112.099937
http://doi.org/10.1007/s00109-015-1309-8
http://www.ncbi.nlm.nih.gov/pubmed/26138247
http://doi.org/10.1007/s00395-015-0492-7
http://doi.org/10.1371/journal.pone.0243483
http://www.ncbi.nlm.nih.gov/pubmed/33275602
http://doi.org/10.1074/jbc.M111.336834
http://www.ncbi.nlm.nih.gov/pubmed/22351773
http://doi.org/10.1074/jbc.M113.500736
http://doi.org/10.1038/ng.2996
http://doi.org/10.1016/j.bcmd.2016.02.005
http://doi.org/10.3324/haematol.2016.150227
http://doi.org/10.1161/CIRCULATIONAHA.112.114181
http://doi.org/10.1007/s10557-020-06970-6
http://doi.org/10.1161/CIRCRESAHA.118.313777
http://doi.org/10.1155/2015/971683
http://doi.org/10.1161/CIRCULATIONAHA.112.000010
http://doi.org/10.1161/CIRCRESAHA.119.315067
http://doi.org/10.1161/JAHA.119.013133
http://doi.org/10.1161/CIRCRESAHA.117.311586
http://doi.org/10.1007/s00125-017-4232-4
http://doi.org/10.1002/jmv.25722


Proteomes 2021, 9, 12 15 of 16

79. Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and
epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [CrossRef]

80. Li, F. Structure, Function, and Evolution of Coronavirus Spike Proteins. Ann. Rev. Virol. 2016, 3, 237–261. [CrossRef]
81. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2

Spike Glycoprotein. Cell 2020, 181, 281–292.e286. [CrossRef]
82. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of

the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [CrossRef]
83. Turner, A.J.; Hiscox, J.A.; Hooper, N.M. ACE2: From vasopeptidase to SARS virus receptor. Trends Pharmacol. Sci. 2004, 25,

291–294. [CrossRef]
84. Chen, Y.; Guo, Y.; Pan, Y.; Zhao, Z.J. Structure analysis of the receptor binding of 2019-nCoV. Biochem. Biophys. Res. Commun. 2020.

[CrossRef]
85. Tikellis, C.; Thomas, M.C. Angiotensin-Converting Enzyme 2 (ACE2) Is a Key Modulator of the Renin Angiotensin System in

Health and Disease. Int. J. Pept. 2012, 2012, 256294. [CrossRef]
86. Zhang, H.; Penninger, J.M.; Li, Y.; Zhong, N.; Slutsky, A.S. Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor:

Molecular mechanisms and potential therapeutic target. Intensive Care Med. 2020, 46, 586–590. [CrossRef]
87. Chen, L.; Li, X.; Chen, M.; Feng, Y.; Xiong, C. The ACE2 expression in human heart indicates new potential mechanism of heart

injury among patients infected with SARS-CoV-2. Cardiovasc. Res. 2020, 116, 1097–1100. [CrossRef]
88. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected

with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
89. Wang, D.; Hu, B.; Hu, C.; Zhu, F.; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics

of 138 Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia in Wuhan, China. JAMA 2020, 323, 1061–1069.
[CrossRef]

90. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062.
[CrossRef]

91. Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Ou, C.Q.; He, J.X.; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al. Clinical Characteristics
of Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720. [CrossRef]

92. Wu, Z.; McGoogan, J.M. Characteristics of and Important Lessons From the Coronavirus Disease 2019 (COVID-19) Outbreak
in China: Summary of a Report of 72314 Cases From the Chinese Center for Disease Control and Prevention. JAMA 2020, 323,
1239–1242. [CrossRef]

93. Bansal, M. Cardiovascular disease and COVID-19. Diabetes Metab. Syndrome 2020, 14, 247–250. [CrossRef]
94. Kochi, A.N.; Tagliari, A.P.; Forleo, G.B.; Fassini, G.M.; Tondo, C. Cardiac and arrhythmic complications in patients with COVID-19.

J. Cardiovasc. Electrophysiol. 2020, 31, 1003–1008. [CrossRef]
95. Ruan, Q.; Yang, K. Correction to: Clinical predictors of mortality due to COVID-19 based on an analysis of data of 150 patients

from Wuhan, China. Intensive Care Med. 2020, 46, 1294–1297. [CrossRef]
96. Arentz, M.; Yim, E.; Klaff, L.; Lokhandwala, S.; Riedo, F.X.; Chong, M.; Lee, M. Characteristics and Outcomes of 21 Critically Ill

Patients With COVID-19 in Washington State. JAMA 2020, 323, 1612–1614. [CrossRef]
97. Tay, M.Z.; Poh, C.M.; Renia, L.; MacAry, P.A.; Ng, L.F.P. The trinity of COVID-19: Immunity, inflammation and intervention. Nat.

Rev. Immunol. 2020, 20, 363–374. [CrossRef] [PubMed]
98. Biesalski, H.K. Obesity, vitamin D deficiency and old age a serious combination with respect to coronavirus disease-2019 severity

and outcome. Curr. Opin. Clin. Nutr. Metab. Care 2021, 24, 18–24. [CrossRef]
99. Moore, K.J.; Tabas, I. Macrophages in the pathogenesis of atherosclerosis. Cell 2011, 145, 341–355. [CrossRef] [PubMed]
100. Christ, A.; Günther, P.; Lauterbach, M.A.R.; Duewell, P.; Biswas, D.; Pelka, K.; Scholz, C.J.; Oosting, M.; Haendler, K.; Baßler,

K.; et al. Western Diet Triggers NLRP3-Dependent Innate Immune Reprogramming. Cell 2018, 172, 162–175.e114. [CrossRef]
[PubMed]

101. Bekkering, S.; Saner, C.; Riksen, N.P.; Netea, M.G.; Sabin, M.A.; Saffery, R.; Stienstra, R.; Burgner, D.P. Trained Immunity: Linking
Obesity and Cardiovascular Disease across the Life-Course? Trends Endocrinol. Metab. TEM 2020, 31, 378–389. [CrossRef]
[PubMed]

102. Carlson, F.R., Jr.; Bosukonda, D.; Keck, P.C.; Carlson, W.D. Multiorgan Damage in Patients With COVID-19: Is the TGF-beta/BMP
Pathway the Missing Link? JACC. Basic Transl. sci. 2020, 5, 1145–1148. [CrossRef]

103. Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka,
F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [CrossRef]

104. Lombardi, C.M.; Carubelli, V.; Iorio, A.; Inciardi, R.M.; Bellasi, A.; Canale, C.; Camporotondo, R.; Catagnano, F.; Dalla Vecchia,
L.A.; Giovinazzo, S.; et al. Association of Troponin Levels With Mortality in Italian Patients Hospitalized With Coronavirus
Disease 2019: Results of a Multicenter Study. JAMA Cardiol. 2020, 5, 1274–1280. [CrossRef]

105. Sakamoto, A.; Kawakami, R.; Kawai, K.; Gianatti, A.; Pellegrini, D.; Kutys, R.; Guo, L.; Mori, M.; Cornelissen, A.; Sato, Y.; et al.
ACE2 (Angiotensin-Converting Enzyme 2) and TMPRSS2 (Transmembrane Serine Protease 2) Expression and Localization of
SARS-CoV-2 Infection in the Human Heart. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 542–544. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(20)30251-8
http://doi.org/10.1146/annurev-virology-110615-042301
http://doi.org/10.1016/j.cell.2020.02.058
http://doi.org/10.1126/science.abb2507
http://doi.org/10.1016/j.tips.2004.04.001
http://doi.org/10.1016/j.bbrc.2020.02.071
http://doi.org/10.1155/2012/256294
http://doi.org/10.1007/s00134-020-05985-9
http://doi.org/10.1093/cvr/cvaa078
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1001/jama.2020.1585
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1056/NEJMoa2002032
http://doi.org/10.1001/jama.2020.2648
http://doi.org/10.1016/j.dsx.2020.03.013
http://doi.org/10.1111/jce.14479
http://doi.org/10.1007/s00134-020-06028-z
http://doi.org/10.1001/jama.2020.4326
http://doi.org/10.1038/s41577-020-0311-8
http://www.ncbi.nlm.nih.gov/pubmed/32346093
http://doi.org/10.1097/MCO.0000000000000700
http://doi.org/10.1016/j.cell.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21529710
http://doi.org/10.1016/j.cell.2017.12.013
http://www.ncbi.nlm.nih.gov/pubmed/29328911
http://doi.org/10.1016/j.tem.2020.01.008
http://www.ncbi.nlm.nih.gov/pubmed/32305098
http://doi.org/10.1016/j.jacbts.2020.09.003
http://doi.org/10.1016/S0140-6736(20)30937-5
http://doi.org/10.1001/jamacardio.2020.3538
http://doi.org/10.1161/ATVBAHA.120.315229
http://www.ncbi.nlm.nih.gov/pubmed/33086866


Proteomes 2021, 9, 12 16 of 16

106. Tomasoni, D.; Inciardi, R.M.; Lombardi, C.M.; Tedino, C.; Agostoni, P.; Ameri, P.; Barbieri, L.; Bellasi, A.; Camporotondo, R.;
Canale, C.; et al. Impact of heart failure on the clinical course and outcomes of patients hospitalized for COVID-19. Results of the
Cardio-COVID-Italy multicentre study. Eur. J. Heart Fail 2020, 22, 2238–2247. [CrossRef] [PubMed]

107. Messina, G.; Polito, R.; Monda, V.; Cipolloni, L.; Di Nunno, N.; Di Mizio, G.; Murabito, P.; Carotenuto, M.; Messina, A.; Pisanelli,
D.; et al. Functional Role of Dietary Intervention to Improve the Outcome of COVID-19: A Hypothesis of Work. Int. J. Mol. Sci.
2020, 21, 3104. [CrossRef]

http://doi.org/10.1002/ejhf.2052
http://www.ncbi.nlm.nih.gov/pubmed/33179839
http://doi.org/10.3390/ijms21093104

	C1q complement/tumor necrosis factor-associated proteins in cardiovascular disease and covid-19
	Let us know how access to this document benefits you
	Recommended Citation
	Authors

	Introduction 
	What Are CTRPs and How Are They Related to CVD? 
	CTRPs and Vascular Diseases 
	CTRPs and Endothelial Cell Dysfunction 
	CTRPs and Atherosclerosis 
	CTRPs and Diabetic Vascular Disease 

	CTRPs and Cardiac Diseases 
	CTRPs and Heart Failure 
	CTRPs and Ischemic Cardiac Disease 
	CTRPs and Diabetic Cardiomyopathy 

	CTRPs and the Role in CVD Patients with COVID-19 
	Role of COVID-19 in Cardiovascular Injury 
	Diabetes in CVD Patients with COVID-19 
	CTRPs in Patients with COVID-19 

	Prospective 
	References

