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C1q/tumor necrosis factor-related protein 9 (CTRP9) is a newly discovered adipokine that is the closest paralog of adiponectin. Proteolytic cleavage of CTRP9 leads to the release of the globular domain (gCTRP9), which serves as the major circulating subtype. After binding with adiponectin receptor 1 (AdipoR1) and N-cadherin, CTRP9 activates various signaling pathways to regulate glucose and lipid metabolism, vasodilation and cell differentiation. Throughout human development and adult life, CTRP9 controls many biological phenomena. simultaneously, abnormal gene or protein expression of CTRP9 is accompanied by a wide range of human pathological phenomena. In this review, we briefly introduce CTRP9 and its associated signaling pathways and physiological functions, which may be helpful in the understanding of the occurrence of diseases. Moreover, we summarize the broader research prospects of CTRP9 and advances in therapeutic intervention. In recent years, CTRP9 has attracted extensive attention due to its role in the pathogenesis of various diseases, providing further avenues for its exploitation as a potential biomarker or therapeutic target.
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INTRODUCTION

Since the discovery of adiponectin in 1995, there has been a fundamental shift in the understanding of adipose tissue (Scherer et al., 1995; Fang and Judd, 2018). Over the past 20 years, many studies have elucidated the physiological functions of adiponectin in obesity, diabetes, inflammation, atherosclerosis and cardiovascular diseases (Wang and Scherer, 2016; Zhao et al., 2021). Adiponectin, which is induced by homologous receptors, inhibits glucose production in the liver, enhances fatty acid oxidation in skeletal muscle, and jointly promotes beneficial metabolism in systemic energy homeostasis (Yanai and Yoshida, 2019). In addition to its role in metabolism, adiponectin also protects cells from apoptosis and reduces inflammation in various cell types through receptor dependent mechanisms (Choi et al., 2020). Adipose tissue is now recognized as an active endocrine organ affecting human health and physiology (Scheja and Heeren, 2019). Wong et al. (2004) discovered the expression of C1q/tumor necrosis factor related proteins (CTRPs) in adipose tissue. To date, 15 CTRPs have been identified (CTRP1-15). They share a common structural domain with adiponectin, which consists of an N-terminal signal peptide, short variable domain, collagen like domain and C-terminal C1q like globular domain (Wong et al., 2004). Both CTRPs and adiponectin belong to the CTRP superfamily. The CTRP superfamily has been shown to have extensive yet opposing effects on lipid metabolism (Seldin et al., 2014), inflammation (Schaffler and Buechler, 2012), apoptosis (Zhang and He, 2019), cardiovascular disease (Shanaki et al., 2020; Si et al., 2020), aging-related disease (Rezabakhsh et al., 2020), and ischemic injury (Yang et al., 2019). In the past decade, CTRP9 has gained increased traction due to its important role in physiological and pathological states (Yang et al., 2016; Figure 1). Here, we present historical views of CTRP9 research over the past decade, discuss the main findings so far, and highlight existing and new issues regarding CTRP9 and its related therapeutic applications.
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FIGURE 1. Diversity of physiological functions of CTRP9. CTRP9 protects against various pathologic process, including inflammation, oxidative stress, and apoptosis, in diverse organs. CTRP9, C1q tumor necrosis factor-related protein 9; PAH, Pulmonary arterial hypertension; WAT, white adipose tissue.




THE BRIEF HISTORY OF C1Q TUMOR NECROSIS FACTOR RELATED PROTEINS

Scherer et al. (1995) first observed the induction of Acrp30/adiponectin (adipocyte complement related protein of 30 kDa) upon adipocyte differentiation, its enhanced secretion by insulin and its structural similarity to the complement factor C1q in 3T3-L1 cells. Maeda et al. (2001) identified a novel mouse cDNA, CORS 26 (collagenous repeat-containing sequence of 26 kDa protein), encoding a secretory protein that later became known as CTRP3 (Wong et al., 2004). Three years later, Wong et al. cloned the adiponectin paralogs from mouse adipose tissue and found that all these proteins contained a C1q-like globular domain, which exhibited striking homology to tumor necrosis factor alpha (TNF-α) based on crystal structure analysis. These proteins were designated as CTRP1-7 (Wong et al., 2004). Peterson et al. (2009) identified CTRP8 and CTRP9 from a human hippocampus cDNAs pool. Evaluation of the exon/intron structure of the CTRP9 gene on the human chromosome 13q12.12 led to the identification of a nearly identical gene located ∼407 kb upstream of the CTRP9 gene. The former was designated as CTRP9A and the latter as CTRP9B (Peterson et al., 2009; Wong et al., 2009). CTRP9A is a secreted protein expressed in mammalian HEK293 cells. In contrast, CTRP9B is expressed intracellularly. When co-expressed with CTRP9A, CTRP9B forms heterotrimers and hetero-oligomeric complexes with CTRP9A, and these complexes are robustly secreted from the cells (Peterson et al., 2009). Subsequently, CTRP10-15 were identified few years later (Bolliger et al., 2011; Wei et al., 2011, 2012, 2013; Seldin et al., 2012).



STRUCTURE CHARACTERISTIC OF CTRP9

As the closet paralog of adiponectin, CTRP9 is highly conserved throughout evolution. It shares the highest degree of amino acid identify (51%) to the globular domain of adiponectin in mammals and lower vertebrates (Figure 2; Wong et al., 2009; Yang et al., 2017, 2018). Mouse CTRP9 and its corresponding human ortholog share 100, 85, and 89% amino acid identity in their short N-terminal variable regions, collagen-like domain, and C-terminal globular domains, respectively (Chen et al., 2016). CTRP9 is a secreted glycoprotein with multiple post-translational modifications in its collagen domain, which includes hydroxylated prolines and hydroxylated and glycosylated lysines. Additionally, CTRP9/adiponectin complex is another example of a heterotrimer composed of collagen domain-containing proteins with unequal numbers of Gly-X-Y repeats (Wong et al., 2009). CTRP9 monomers form the trimeric complexes, which undergo proteolytic cleavage to release their globular domain (gCTRP9) as the major circulatory isoform (Wong et al., 2009). Moreover, compare to full-length CTRP9, gCTRP9 has stronger effects on the activation of adenosine monophosphate-activated protein kinase (AMPK), AKT serine/threonine kinase (Akt) and endothelial nitric oxide synthase (eNOS) (Zhang et al., 2016). Therefore, promoting gCTRP9 production may be an effective approach for enhancing the biological function of CTRP9. While evaluating the exon/intron structure of the human CTRP9 gene, only 7 amino acids were found to be different between CTRP9A and CTRP9B. These amino acid residues Arg-60, Ala-238, Lys-277, Met-281, Gly-290, Val-301, and Pro-333, in CTRP9A were mutated sequentially or in tandem to Cys-60, Val-238, Arg-277, Val-281, Ser-290, Met-301, and Gln-333 in CTRP9B (Peterson et al., 2009).
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FIGURE 2. Schematic of human adiponectin and CTRP9 monomer structure. Human adiponectin and CTRP9 monomers are composed of four regions: a signal peptide, an N-terminal domain, a collagen-like domain with multiple Gly-X-Y repeats, and a C-terminal globular domain homologous to the immune complement C1q. These two adipokines share 54% amino acid identity in their globular domains. CTRP9, C1q tumor necrosis factor-related protein 9.




THE EXPRESSION PATTERN OF CTRP9

CTRP9 is ubiquitously expressed in the human body, highly expressed in fat tissue (relatively higher expressed in stromal vascular fraction), heart, prostate, skin and testis, moderately expressed in the gall bladder, placenta, and urinary ladder, scarcely expressed in the bone marrow, pancreas, and liver (Fagerberg et al., 2014). However, similar to adiponectin, CTRP9 is exclusively expressed in adipose tissue in mice. The expression of CTRP9 varied with age and sex; CTRP9 shows high expression in female mice as well as significant upregulation in young mice (Wong et al., 2009), suggesting a gender and age-biased expression pattern. The expression of CTRP9 was significantly increased in adipose tissue isolated from 8-weeks-old ob/ob mice compared to that isolated from age-matched wild-type mice, which was distinct from the 12-weeks-old mice (Wong et al., 2009), indicating that the elevated levels of CTRP9 in these young mice may represent a compensatory response before the occurrence of metabolic syndrome. Furthermore, human CTRP9A, but not CTRP9B, is expressed in adipose tissue. CTRP9B is generally expressed at very low levels. In the GenBank database, only two expressed sequence tags correspond to human CTRP9B gene; one is derived from the thalamus, while the other is derived from pooled lung and spleen tissue. Of the vertebrate species whose genomes have been sequenced, only humans and primates (chimpanzee and rhesus macaque) carry the CTRP9B gene, it is absent in the syntenic region of the mouse genome (Peterson et al., 2009). However, it is unclear whether the polymorphism of CTRP9 gene will also affect its expression.



ROLE OF CTRP9 IN METABOLIC DISEASES


Obesity

To date, various transgenic mouse models have been developed to explore the function of CTRP9. Overexpression of CTRP9 by adenovirus significantly reduced blood glucose and insulin levels in ob/ob mice compared to those in the control group (Wong et al., 2009). To further explore the function of CTRP9, Peterson et al. established CTRP9-overexpressing transgenic mice carrying a HA label. They found that the serum level of CTRP9 in mice was approximately five times higher than that in littermates. This led to a significant increase in fat oxidation in mouse skeletal muscle mitochondria and a decrease in the food intake, body weight, fasting insulin and glucose levels (Peterson et al., 2013). These studies have confirmed that overexpression of CTRP9 can activate the phosphorylation level of AMPK, Akt and mitogen-activated protein kinase (MAPK) in myotubes to regulate insulin resistance (IR) (Zuo et al., 2020b). In contrast, CTRP9 knockout mice were established to explore the physiological and metabolic functions of CTRP9 (Wei et al., 2014). Compared with transgenic overexpression mice, CTRP9-deficient mice displayed significantly increased body weight, food intake and hypothalamic appetite-stimulating neuropeptide levels. Moreover, CTRP9-deficient mice exhibited decreased skeletal muscle AMPK phosphorylation and mitochondrial content, resulting in hepatic steatosis and impaired IR. This observation indicated that mice lacking CTRP9 showed opposing pathological and physiological characteristics (Wei et al., 2014; Zuo et al., 2020b). Furthermore, thromboxane was elevated in genetic and dietary mice models of obesity and diabetes, while thromboxane depletion enhanced insulin sensitivity, glucose homeostasis, and CTRP9 secretion (Lei et al., 2015; Han et al., 2018). All of these data suggest that CTRP9 play a protective role for adipogenesis and contributes to the maintenance of favorable lipid metabolism.

Results of clinical analyses revealed that serum CTRP9 concentration was positively correlated with a favorable glucose metabolic phenotype and the loss of metabolic syndrome, while it was negatively correlated with age, blood pressure, fasting blood glucose levels, IR homeostasis model evaluation, total cholesterol, triglyceride, and low density lipoprotein cholesterol (LDL-C) (Hwang et al., 2014). In contrast, serum CTRP9 levels were significantly higher in patients with obesity than in the lean group, and was down regulated after weight loss surgery, which was inconsistent with previous studies (Wong et al., 2009; Wei et al., 2014), suggesting that CTRP9 may play a compensatory role in obesity (Wolf et al., 2016). Therefore, compared with that in the control group, the expression of CTRP9 mRNA in visceral adipose tissue of patients with obesity was significantly increased and was positively correlated with the steady-state model evaluation of insulin resistance (HOMA-IR) and waist circumference (Masoodian et al., 2020). Obesity, which presents a low-grade inflammatory environment, leads to preeclampsia and adversely affects maternal endothelial function. Therefore, the level of CTRP9 in the obese preeclampsia group was lower than that in the non-obese preeclampsia group, pregnant women with obesity, and pregnant women with a normal body mass index (BMI) pregnant women (Aksin and Andan, 2020). In hence, obesity leads to a decrease in CTRP9 levels and induces the pathogenesis of preeclampsia, with adverse effects on the secretion of IR and plasma glucose.



Diabetes

CTRP9 have been reported to be associated with metabolic diseases such as obesity and type 2 diabetes mellitus (T2DM). For instance, a clinical study by Bai et al. (2017) indicated that serum CTRP9 levels in patients with T2DM were lower; however, this result was not statistically significantly. Besides, serum CTRP9 levels were significantly correlated with systolic pressure and levels of C-reactive protein and leptin. Moreover, leptin was predictive of serum CTRP9 levels (Bai et al., 2017), which was consistent with the results reported by Fujita et al. (2017) and Spurna et al. (2018). Furthermore, circulating CTRP9 levels are positively correlated with markers of obesity and IR, including BMI, fasting blood glucose level, insulin and LDL-C (Jia et al., 2017). Diabetic retinopathy is a common and specific microvascular complication of diabetes mellitus, along with diabetic neuropathy (Lechner et al., 2017). CTRP9 improved cell viability and attenuated oxidative stress and apoptosis by activating AMPK/nuclear factor, erythroid 2 like 2 pathway in high glucose induced ARPE-19 cells (Cheng et al., 2020), suggesting CTRP9 may be a promising functional target for the treatment and prevention of DR. Otherwise, serum CTRP9 levels decreased significantly in T2DM patients with pulmonary infection (Zha et al., 2020). Serum levels of CTRP9 during the first trimester of pregnancy were significantly decreased in patients with gestational diabetes mellitus compared with those in healthy individuals and were negatively correlated with the BMI or oral glucose tolerance test (Na and Ji, 2020), which was corresponded to the research performed by Xia et al. (2020). Moreover, diabetic nephropathy, a leading cause of end-stage renal disease, is characterized by excessive accumulation of extracellular matrix, leading to early thickening of the glomerular and tubular basement membrane (Umanath and Lewis, 2018). Hu et al. (2020) revealed that CTRP9 ameliorated renal dysfunction and injury at the structural and functional levels in diabetic db/db mice by inhibiting glomerular and tubular glycogen accumulation, ameliorating hyperglycemia-mediated oxidative stress and apoptosis. High intensity interval training (HIIT) is an effective training method to improve energy metabolism and insulin sensitivity. The concentration of CTRP9 in the body increases significantly after a single HIIT session, suggesting that a single HIIT session may stimulate the secretion of CTRP9 in healthy men (Kon et al., 2019). In diabetes mellitus, the plasma concentration of CTRP9 is negatively correlated with the extent of platelet aggregation. Increased CTRP9 production or exogenous CTRP9 supplementation protects patients with diabetes from cardiovascular damage by reducing aberrant platelet activity (Wang et al., 2016). Collectively, these observations suggest that CTRP9 acts as a biomarker for diabetes and may have great potential to improve glucose metabolism dysfunction.



Fatty Liver

CTRP9 enhances the phosphorylation of AMPK and mediates the expression of sterol regulatory element binding transcription factor 1 in HpG2 cells. Moreover, CTRP9 exert protective effects on autophagy and endoplasmic reticulum stress (ERS) induced apoptosis to alleviate hepatic steatosis (Jung et al., 2015). However, clinical studies established that there is no significant difference between the serum levels of CTRP9 protein and the development of non-alcoholic fatty liver disease. Furthermore, serum levels of CTRP9 protein are positively correlated with BMI, waist circumference, fasting insulin levels, decreased hemoglobin levels, and HOMA-IR, suggesting that the correlation between CTRP9 and non-alcoholic fatty liver is most likely due to the effect of CTRP9 on obesity (Zhang C. et al., 2018). Thus, promoting CTRP9 production maybe an effective approach for alleviates hepatic steatosis.



Polycystic Ovary Syndrome

Serum CTRP9 levels of patients with polycystic ovary syndrome (PCOS) exhibited a positive correlation with unfavorable levels of lipids, such as LDL-C and total cholesterol were higher in patients with PCOS compared to these healthy subjects. However, whether the participants suffer from PCOS is not clear. Therefore, abnormal blood lipid levels are the major contributor to abnormal CTRP9 expression (Forouhi et al., 2016), further studies are required to investigate the mechanistically action of CTRP9 in PCOS.

Metabolic disorders include metabolic syndrome, IR, T2D and hyperlipidemia, which may be related to a variety of metabolic pathways (Yoon et al., 2021). Although these diseases have their own physiological symptoms, in this review, we summarize the role and function of CTRP9 in these diseases (Tables 1, 2). These characteristics indicate that CTRP9 is a potential target for treatment of obesity, hepatic steatosis and diabetes. However, more evidence is needed to prove the association between CTRP9 and lipid related diseases. There is no doubt that the next step in clarifying the role of CTRP9 in metabolic syndrome is to apply what we have learned from mouse models to human populations. As studies to determine the conditions for the reduction of CTRP9 concentration are ongoing, future clinical studies may focus on identifying the link between CTRP9 concentration or mutation and lipid related diseases and confirming whether the clinical application of therapeutic drugs for CTRP9 has other unsatisfactory side effects. In addition, the discovery of CTRP9 function is helpful to explore it as one of the biomarkers of metabolic disorders, which may greatly improve the diagnostic accuracy of complex phenotypes.


TABLE 1. The clinic studies about the concentration of CTRP9 in patients.
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TABLE 2. The experimental study characteristics of CTRP9 in metabolic disease.
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ROLE OF CTRP9 IN CARDIOVASCULAR DISEASE


Angiogenesis

CTRP9 upregulates the expression of AdipoR1 in a concentration dependent manner, subsequently activates AMPK phosphorylation, and enhances eNOS transcription to accelerate nitric oxide production stimulating vasodilation of the aortic rings (Zheng et al., 2011; Yamaguchi et al., 2020). In addition, CTRP9 inhibits the growth of vascular smooth muscle cells (VSMCs) through a protein kinase A dependent mechanism protecting against injury. This inhibition leads to a reduction in the formation of neointima in the model of steel wire arterial injury (Uemura et al., 2013), suggesting that the therapeutic approaches to enhance CTRP9 production could be valuable for prevention of vascular restenosis.



Myocardial Injury

Adiponectin was shown to improve cardiomyocyte contractile function in db/db diabetic obese mice and high fat diet (HFD)-induced obesity mice, suggesting that adiponectin deficiency might aggravate HFD-induced obesity, metabolic derangement, cardiac hypertrophy, and contractile dysfunction through decreased myocardial autophagy (Dong and Ren, 2009; Guo et al., 2013). CTRP9 is highly similar to adiponectin in terms of structure and function. This section summarizes the physiological effects of CTRP9 on myocardial injury, including myocardial ischemia, myocardial infraction (MI), myocardial fibrosis and hypertrophy. The expression of CTRP9 is decreased in patients with heart failure with reduced ejection fraction. This decrease is correlated with disease severity and increased morbidity and mortality (Gao et al., 2019). Additionally, it was reported that CTRP9 alleviated inflammation, apoptosis by activating AMPK, Nrf2 or protein kinase A-cAMP responsive element binding protein 1 pathway, thereby ameliorating MI or protecting against myocardial ischemia/reperfusion (MI/R) injury in rats (Kambara et al., 2015; Zhao D. et al., 2018; Liu et al., 2020). Therefore, CTRP9 supplementation might be beneficial for the treatment for prevention of various heart diseases including ischemic heart disease.

A series of experimental studies have revealed that CTRP9 plays an important role in the pathogenesis of diabetic heart injury (Tables 1, 3; Kambara et al., 2012; Su et al., 2013; Sun et al., 2013; Yuan et al., 2015; Bai et al., 2016). The incidence of heart failure after MI in patients with T2DM is increasing year by year (Lehrke and Marx, 2017). CTRP9 is highly expressed in myocardium, and its subtype gCTRP9 is formed by post-translational proteolysis modification, which activates AMPK, Akt and eNOS to stimulate a protective mechanism for cardiac survival and reduce diabetic heart injury (Su et al., 2013; Yuan et al., 2015; Bai et al., 2016). In an I/R model of rats fed with HFD, CTRP9 treatment significantly increased the expression of myocardial disulfide bond oxidase-like protein, reduced ERS, and alleviated the diabetes mellitus-induced heart injury (Bai et al., 2016). CTRP9 is also upregulated in adiponectin knockout mice, while it was decreased significantly in db/db mice (Yuan et al., 2015). Consistently, the expression level of CTRP9 was 100-fold higher than that of adiponectin in the heart, while the expression level of CTRP9 was greatly reduced in HFD-induced diabetes mice (Su et al., 2013). Additionally, systemic administration of CTRP9 significantly reduced the infarct size and myocardial apoptosis by activating the AMPK signaling pathway (Kambara et al., 2012), indicating that CTRP9 represents a novel target molecule for manipulation of myocardial ischemic injury.


TABLE 3. The experimental study characteristics of CTRP9 in cardiovascular disease.
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CTRP9 plays a pivotal role in the pathogenesis of atrial fibrillation after MI. It was showed that the systemic administration of CTRP9 attenuated atrial inflammation, fibrosis, and vulnerability to atrial fibrillation in post-MI rats (Liu et al., 2019a). Interestingly, Liu et al. (2019a; 2019b) also performed a similar experiment to demonstrate that administration of CTRP9 improves post-MI early cardiac function by regulating M1/M2 macrophage polarization, in agreement with the previous publication. Overexpression of CTRP9 activated PKA to inhibit cardiomyocyte apoptosis, increased the survival rate of mice, restored cardiac function, and reduced myocardial apoptosis and fibrosis (Sun et al., 2013). In a model of transverse aortic coarctation (TAC), CTRP9 was mainly expressed in the endothelial lining of myocardial capillaries. Overexpression of CTRP9 promoted hypertrophic myocardial remodeling and dysfunction after TAC in response to pressure overload, while TAC was alleviated in CTRP9 knockout mice, suggesting that upregulation of CTRP9 promotes maladjusted cardiac remodeling and left ventricular dysfunction (Appari et al., 2017). In contrast, CTRP9-deficient mice show exaggerated cardiac hypertrophy, fibrosis, ERS-initiated apoptosis and oxidative stress compared with HFD-fed wild-type mice, indicating that CTRP9 neutralizes myocardial lipotoxicity and inhibits cardiac hypertrophy (Zuo et al., 2020b).

Although CTRP9 alone cannot promote the cardiogenic differentiation of adipose tissue derived stem cells (ADSCs), combined use with CTRP9 promotes ADSCs proliferation and migration to antagonize hydrogen peroxide-induced cell death (Yan et al., 2017), indicating that CTRP9 protects against oxidative stress-induced cell death. Recently, miR-34a-5p was reported to target and downregulate CTRP9 in cardiomyocytes. Therefore, inhibition of miR-34a-5p may facilitate the protective function of ADSCs against MI damage by stimulating the expression of CTRP9 (Weng et al., 2019). In addition, miR-214-3p was identified as a novel CTRP9 targeting miRNA. The downregulation of miR-214-3p results in elevation of CTRP9 expression, which in turn alleviates cardiac remodeling, including attenuated interstitial fibrosis, improved cardiac function, and enhanced survival rate in rat with MI chronic intermittent hypoxia, suggesting that CTRP9 may be a novel therapeutic target against pathologic remodeling (Du et al., 2020). Furthermore, CTRP9 affects cell survival by regulating oxidative stress-mediated autophagy, thus providing a potential therapeutic target for cardiac lipid toxicity (Zuo et al., 2020a). Together, these data provide additional clarification regarding the regulation of CTRP9.



Coronary Artery Disease

CTRP9 levels are significantly reduced in female patients with CAD, T2DM and coronary artery disease (CAD) secondary to T2DM compared to healthy subjects. Meanwhile, the expression of CTRP9 was negatively correlated with monocyte chemoattractant protein 1 secretion in patients’ serum (Ahmed et al., 2018). In contrast, levels of circulating CTRP9 were significantly increased patients with T2DM and CAD, suggesting a compensatory response to insulin resistance, inflammatory milieu and endothelial dysfunction (Moradi et al., 2018). These variations may be due to sampling variations and age differences in the cohort in the published reports. Polymorphisms of CTRP9 gene were associated with increased susceptibility and pathogenesis of CAD. Two single nucleotide polymorphisms (SNPs) were successfully genotyped in CAD patients. The frequency of the AA genotype in CAD patients was lower than that in healthy controls, while CC genotype was higher than healthy controls. These results suggests that the frequency of CC genotype of CTRP9 is correlated with an increased risk of CAD; however, the specific mechanism needs to be studied further (Huang et al., 2020). Auto-antibodies against the second extracellular loop of the β1 adrenoceptor suppressed the expression of CTRP9 in the heart and exaggerated ventricular remodeling (Du et al., 2019). Obstructive sleep apnea is closely related to the incidence and progression of CAD, and CTRP9 levels were negatively correlated with apnea levels; however, it was positively correlated with left ventricular ejection fraction in all participants, indicating that CTRP9 may play a role in the pathogenesis of CAD exacerbated by obstructive sleep apnea (Li et al., 2020). Dramatically, elevated levels of CTRP9 may represent a compensatory response to CAD in these patients. Further studies will be needed to confirm this possibility.



Atherosclerosis

Clinical studies have shown that plasma CTRP9 levels are associated with an increased risk of atherosclerosis in diabetic patients without chronic kidney disease, but not with obesity, adiponectin, and traditional cardiovascular risk factors, indicating that CTRP9 may play a role in the progression of atherosclerosis in patients with T2DM (Asada et al., 2016). Wang et al. (2015) also found that circulating or expression levels of CTRP9 in epicardial adipose tissue of patients with coronary heart disease were significantly lower than those of healthy controls, confirming that circulating and coronary CTRP9 levels play an important role in inflammation and coronary atherosclerosis in patients with coronary heart disease. In contrast, arterial stiffness is a vascular parameter that predicts cardiovascular events. For instance, brachial-ankle pulse wave velocity is a unique measurement of systemic arterial stiffness, which is measured by waveform analysis of brachial and tibial arteries (Kim et al., 2019). Serum CTRP9 concentration is positively correlated with brachial-ankle pulse wave velocity in patients with T2DM (Jung et al., 2014). Moreover, cardiovascular disease caused by atherosclerosis are the main cause of death in renal transplant recipients (Zanazzi et al., 2010). Changes in serum CTRP9 levels are negatively correlated with the aortic calcification area index. Meanwhile, colocalization of CTRP9 and AdipoR1 was reported in the luminal side of intra-renal arterial intima, and CTRP9 was found to promote the progression of aortic calcification through AdipoR1 (Miyatake et al., 2020), suggesting that CTRP9 prevent the progression of aortic calcification through AdipoR1.

As a unique and pleiotropic adipokine, CTRP9 protects against the development of atherosclerosis through multiple mechanisms (Figure 3; Yu et al., 2018). Animal experiments demonstrated that overexpression of CTRP9 enhances the stability of plaques by reducing the secretion of proinflammatory cytokines from macrophages and inhibited the formation of atherosclerotic plaques after carotid artery constriction in ApoE knockout mice (Li et al., 2015). In addition, CTRP9 overexpression substantially attenuated atherosclerotic lesion size in ApoE knockout mice fed with HFD and reduced the proportion of macrophages in atherosclerotic regions, indicating that CTRP9 exerts a protective role in early atherosclerotic lesions (Huang et al., 2019). There are series in vitro experiments to reveal the potential molecular mechanisms. First, CTRP9 exhibited athero-protective function to abolish stimulations by oxidized low-density lipoprotein (ox-LDL) in macrophages (Zhang et al., 2019). In detail, Chen et al. (2020a) determined the anti-inflammatory effect of CTRP9 on Raw 264.7 macrophages and demonstrated that CTRP9 induced an increase in iNOS expression in a time- and dose-dependent manner via activation of JAK2/STAT3 signaling. Second, CTRP9 reduced the number of lipid droplets, lowered the levels of cholesteryl ester, promoted cholesterol efflux in ox-LDL-induced THP1 macrophages, suggesting that CTRP9 protects against atherosclerosis by promoting cholesterol efflux to reduce the formation of foam cells (Zhang L. et al., 2018). Third, overexpression of CTRP9 inhibited the production of reactive oxygen species (ROS) and enhanced mitochondrial biogenesis in human aortic vascular endothelial cells (HAECs) (Scheja and Heeren, 2019). Alternatively, HAECs were pretreated with TNF-α to induce inflammation, then treatment with CTRP9 significantly prevented the activation of NFκB and subsequently increased the phosphorylation of AMPK to reduce the inflammation cytokines in vascular endothelial cells (Wong et al., 2004). These findings are highly consistent with the molecular mechanism observed in RAW 264.7 macrophages induced by ox-LDL (Seldin et al., 2014), suggesting that CTRP9 activates AMPK or prevention of NFκB signaling pathway is required for the reduction of atherosclerotic plaque formation. In addition, incubation with CTRP9 inhibited ox-LDL-impaired endothelial dysfunction, including migration, proliferation, ROS production, apoptosis, angiogenesis and the generation of nitric oxide in human umbilical vein endothelial cells (HUVECs) (Schaffler and Buechler, 2012). Pretreatment of HUVECs with CTRP9 inhibited palmitic acid-induced endothelial senescence by increasing the conversion of LC3-I to LC3-II and decreasing p62 levels in a time- and dose-dependent manner through AMPK activation (Lee et al., 2020). In summary, CTRP9 could be valuable approaches to mitigate vascular inflammation and stabilize atherosclerotic plaques. CTRP9 administration may present a potential therapy for the prevention of adverse cardiovascular events.
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FIGURE 3. CTRP9 inhibits atherosclerotic plaque formation. CTRP9 is synthesized by adipose tissue (relatively higher expressed in stromal vascular fraction) and secreted into the plasma. In arterial vessels, CTRP9 inhibits the cholesterol oxidation of low-density lipoproteins by lowering the secretion of inflammatory factors, such as IL-6, MCP-1, and TNF-α. CTRP9 reduces the adhesion and migration of monocytes to endothelial cells and promotes the foaming of macrophages by promoting cholesterol efflux from macrophages. CTRP9, C1q/tumor necrosis factor-related protein 9; IL-6, interleukin-6; TNF-α, tumor necrosis factor alpha; MCP-1, monocyte chemoattractant protein-1.


The conversion of VSMCs to macrophage-like cells after cholesterol loading is a critical step in the pathogenesis of atherosclerosis. CTRP9 significantly reversed the cholesterol induced secretion of pro-inflammatory factors, monocyte adhesion and cholesterol uptake in VSMCs (Liu et al., 2017). Furthermore, in a macrophages and VSMCs co-culture system, CTRP9 promoted the conversion of macrophages toward the M1 phenotype and downregulated the apoptosis and proliferation of VSMCs induced by the activation of JNK signaling pathway (Chen et al., 2020b), suggesting that CTRP9 may play an important role in inhibiting the transformation of VSMCs into foam cells and involved in the formation of polarized macrophages.



Pulmonary Arterial Hypertension

Results of in vitro and in vivo experiments have confirmed that CTRP9 improves pulmonary arterial pressure by reducing inflammation and improving endothelial cells survival and function (Li et al., 2016). Alternatively, CTRP9 strikingly promoted hypoxia-mediated cell apoptosis and prevented cell migration in pulmonary arterial SMCs (Li et al., 2017). To explore the cardio-protective effect on right ventricle hypertrophy and failure, pulmonary artery banding was performed in rats to induce compensatory right ventricle hypertrophy. In agreement with the left ventricle, CTRP9 mediated cardio-protective effects by inhibiting ROS production induced by pro-hypertrophic agents via the AMPK-mediated activation of antioxidant enzymes (Niemann et al., 2020). Moreover, we have previously revealed that CTRP9 mitigates the progression of arteriovenous shunt-induced pulmonary artery hypertension (PAH) in rats, including suppressed inflammation, apoptosis and extracellular matrix injury by increased the phosphorylation of Akt and p38-MAPK in the lung tissues of shunt-operated animals, suggesting that CTRP9 maintains the pulmonary vascular homeostasis during the pathogenesis of PAH (Guan et al., 2021). Collectively, the results of the previous study provide novel insight into the mechanisms underlying arteriovenous shunt-induced PAH.




PATHOLOGIES ASSOCIATED WITH CTRP9 EXPRESSION


Wound Healing

CTRP9 regulates the growth, differentiation and apoptosis of human keratinocytes, enhances the binding activity of the transcription factor activating protein 1 (AP-1) and increases P38 phosphorylation to enhance the expression of transforming growth factor beta 1 in a dose-dependent manner, thus stimulating wound healing of keratinocytes (Jung et al., 2017). Systemic sclerosis (SSc) is a multisystem disease with variable presentations, organ involvement, and rates of progression (Schinke and Riemekasten, 2019). Levels of CTRP9 is elevated in SSc, which is significantly associated with SSc-associated interstitial lung disease (Korman et al., 2018), which indicate that CTRP9 elevated in patients with SSc independent of disease duration and may be part of a protective response in lung injury.



Apoptosis

miR-31 negatively regulates the expression of CTRP9 and the disorder of the ceramide (CER) channel during host-pathogen interactions, which leads to caspase-3 and caspase-8 dependent apoptosis, providing a novel therapeutic perspective of CTRP9 on the CER channel formation (Shao et al., 2017). Targeted therapy of neuronal apoptosis after intracerebral hemorrhage may be an important treatment strategy for patients with intracerebral hemorrhage (Salihu et al., 2016). In an intracerebral hemorrhage model induced by injecting bacterial collagenase into the striatum, Zhao et al. (2019) reveled that CTRP9 inhibitneuronal apoptosis via the AdipoR1/ phosphoinositide-3-Kinase, catalytic, delta polypeptide/Akt signaling pathway, suggesting that administration of CTRP9 may be a promising therapeutic strategy in intracerebral hemorrhage management.



Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) present a promising treatment strategy for ischemic brain injury (Bonsack et al., 2020). However, with age, the therapeutic potentials of MSCs gradually decreases, thus limiting their therapeutic effects on post-stroke brain repair (Bagheri-Mohammadi, 2020). CTRP9 exert a significant anti-senescence effect in aged MSCs by activating peroxisome proliferator activated receptor gamma coactivator 1 alpha/AMPK signaling and decreasing the oxidative response, indicating that the anti-aging potential of CTRP9 can be directed to improve the efficacy of stem cell therapy. Therefore, CTRP9 may play a critical role in preventing cellular senescence by facilitating stem cell rejuvenation (Li et al., 2018).



Inflammation

CTRP9, an anti-inflammatory factor, is negatively correlated with the production of inflammatory factors in various diseases, such as asthma, neuritis, and diabetic retinopathy. For example, CTRP9 alleviated asthma symptoms in asthma model mice by reducing airway remodeling (Qian et al., 2020). In addition, CTRP9 reduces brain edema and improves brain function by activating AdipoR1/AMPK/NFκB signaling pathway (Zhao L.et al., 2018). Furthermore, CTRP9 inhibited inflammation by reducing the production of proinflammatory cytokines and downregulated the expression of tight junction protein, thereby preventing blood-retinal barrier degradation and vascular leakage in diabetic retinopathy mice (Li et al., 2019). In patients with cerebral infarction treated with cerebrovascular stent implantation, serum CTRP9 levels were negatively correlated with TNF-α and interleukin-6 levels (Pan et al., 2020). In contrast, clinical studies have shown that there is no correlation between serum CTRP9 levels and pro-inflammatory mediators in patients with multiple sclerosis (Rasooli Tehrani et al., 2019); however, the molecular mechanism needs to be further explored.




CONCLUSION AND PERSPECTIVE

Recent trends in molecular medicine have been focused on dissecting the signaling pathways that control the general functions of different tissues. Understanding these pathways can facilitate the treatment as well as the prevention of multiple pathologies arising due to aberrant molecular mechanisms. CTRP9 has attracted a lot of attention since its discovery in 2009 (Wong et al., 2009). This adipokine is involved in multiple pathophysiological processes associated with various diseases. To summarize, this article reviews recent advances made in demonstrating the link between CTRP9 and a wide set of disorders. The physiological levels of CTRP9 are considerably altered in several diseases (Tables 1–3). Since there is still debate on whether CTRP9 levels should be greater or lower than a specified threshold to effect metabolism, more research is needed to determine whether CTRP9 levels are regulated during the development of obesity and diabetes mellitus. Previous studies reported the key role of CTRP9 in lipid metabolism and cardiovascular disease; however, certain contradictory results need to be discussed and clarified further. First, serum CTRP9 levels are significantly and positively associated with arterial stiffness in patients with T2DM, suggesting that CTRP9 may be a risk factor for angiosclerosis. Second, very little is known about the mechanisms underlying CTRP9 modulation. Identification of key regulators may provide novel insights into the physiological functions of CTRP9 and may facilitate the development of CTRP9-based therapies (Figure 4). Third, CTRP9 expression is correlated with adverse effects. The maximum tolerable dose of exogenous CTRP9 recombinant protein in patients has not yet been thoroughly researched, nor has it been determined whether there are uncontrollable side effects associated with CTRP9 administration. Research on CTRP9, which has considerably enriched our knowledge about the CTRP superfamily, will potentially lead to the development of novel therapeutic strategies. Although more research is needed before CTRP9 can be deemed a viable therapy, our findings should help us get closer to that goal.


[image: image]

FIGURE 4. Signaling pathways regulated by CTRP9. CTRP9 binds and affects four receptors on the cell membrane and activates downstream signaling pathways: (1) LPS binds to membrane receptor CD14 to activate the TLR4 signaling pathway. IκBs bind to NFκB to promote the expression of downstream inflammatory genes, including MCP-1, TNF-α, ICAM-1, and VCAM-1. CTRP9 blocks the activation of TLR4 receptors via LPS. (2) CTRP9 associates with IFNγ to activate the JAK/STAT3 pathway, thus upregulating the gene and protein expression of iNOS. (3) CTRP9 associates with AdipoR1 to upregulate the SIRT1/PGC1α/AMPK pathway, activate ACC and inhibit the expression of nuclear transcription factor NFκB, upregulate LXRα and promote the expression of ABCA1, and upregulate ABCG1 to activate Akt, thereby increasing eNOS expression; (4) CTRP9 associates with N-cadherin to activate ERK1/2 and upregulate MMP-9 and Nrf2. AMPK, AMP-activated protein kinase; CD14, cluster of differentiation 14; eNOS, endothelial nitric oxide synthase; ERK1/2, mitogen-activated protein kinase; ICAM-1, intercellular adhesion molecule 1; IFNγ, interferon gamma; iNOS, nitric oxide synthase 2; IκB, inhibitor of nuclear factor kappa B kinase subunit beta; JAK, Janus kinase 2; LPS, lipopolysaccharide; LXRα, nuclear receptor subfamily 1 group H member 3; MMP-9, matrix metalloproteinase; NFκB, nuclear factor-kB; Nrf2, nuclear factor, erythroid 2 like 2; PGC1α, peroxisome proliferator activated receptor gamma coactivator 1 alpha; SIRT1, sirtuin 1; STAT3, signal transducer and activator of transcription 3; TLR4, toll-like receptor 4; VCAM-1, vascular cell adhesion molecule 1.




AUTHOR CONTRIBUTIONS

HG, JF, and QY conceived this manuscript and summarized the contents of the manuscript. HG, YW, and XL collected and prepared the related references. HG and YW drafted the manuscript. HG, XL, and FG drew the figures. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from National Natural Science Foundation of China (81900399, 81400328, 81770457, 81941001, and 81773795), Innovation Support Plan and Key Research and Development Program of Shaanxi Province of China (2020PT-003), Natural Science Foundation Project of Shaanxi Province (2021JQ-785, 2020JZ-56, 2016JM8122, 2020JM-605, 20JS142) and State Administration of Traditional Chinese Medicine of Shaanxi Province (2019-ZZ-JC034), the Key Research and Development Plan of Shaanxi Province (2018SF-266), and Xi’an Medical University Scientific Research Fund (2016RCYJ01).


ABBREVIATIONS

AdipoR1, adiponectin receptor-1; ADSCs, adipose tissue derived stem cells; Akt, AKT serine/threonine kinase; AMPK, AMP-activated protein kinase; BMI, body mass index; CTRPs, C1q/tumor necrosis factor related proteins; CAD, coronary artery disease; CER, ceramide; ERS, endoplasmic reticulum stress; eNOS, endothelial nitric oxide synthase; HFD, high fat diet; HIIT, high intensity interval training; HOMA-IR, homeostatic model assessment for insulin resistance; HAECs, human aortic vascular endothelial cells; HUVECs, human umbilical vein endothelial cells; IR, insulin resistance; LDL-C, low density lipoprotein cholesterol; MAPK, mitogen-activated protein kinase; MI, myocardial infraction; MI/R, myocardial ischemia/reperfusion; NFκB, nuclear factor-κB; ox-LDL, oxidized low-density lipoprotein; PCOS, polycystic ovary syndrome; ROS, reactive oxygen species; SMCs, smooth muscle cells; SSc, systemic sclerosis; TGF-β1, transforming growth factor beta 1; TAC, transverse aortic coarctation; TNF-α, tumor necrosis factor alpha; VSMCs, vascular smooth muscle cells.


REFERENCES

Ahmed, S. F., Shabayek, M. I., Abdel Ghany, M. E., El-Hefnawy, M. H., and El-Mesallamy, H. O. (2018). Role of CTRP3, CTRP9 and MCP-1 for the evaluation of T2DM associated coronary artery disease in Egyptian postmenopausal females. PLoS One 13:e0208038. doi: 10.1371/journal.pone.0208038

Aksin, S., and Andan, C. (2020). Protein-9 (CTRP9) levels associated with C1q tumor necrosis factor in obese preeclamptic, non-obese preeclamptic, obese and normal pregnant women. J. Matern. Fetal. Neonatal Med. 34, 2540–2547. doi: 10.1080/14767058.2020.1789582

Appari, M., Breitbart, A., Brandes, F., Szaroszyk, M., Froese, N., Korf-Klingebiel, M., et al. (2017). C1q-TNF-related protein-9 promotes cardiac hypertrophy and failure. Circ. Res. 120, 66–77. doi: 10.1161/CIRCRESAHA.116.309398

Asada, M., Morioka, T., Yamazaki, Y., Kakutani, Y., Kawarabayashi, R., Motoyama, K., et al. (2016). Plasma C1q/TNF-related protein-9 levels are associated with atherosclerosis in patients with type 2 diabetes without renal dysfunction. J. Diabetes Res. 2016:8624313. doi: 10.1155/2016/8624313

Bagheri-Mohammadi, S. (2020). Protective effects of mesenchymal stem cells on ischemic brain injury: therapeutic perspectives of regenerative medicine. Cell Tissue Bank. 22, 249–262. doi: 10.1007/s10561-020-09885-6

Bai, B., Ban, B., Liu, Z., Zhang, M. M., Tan, B. K., and Chen, J. (2017). Circulating C1q complement/TNF-related protein (CTRP) 1, CTRP9, CTRP12 and CTRP13 concentrations in Type 2 diabetes mellitus: in vivo regulation by glucose. PLoS One 12:e0172271. doi: 10.1371/journal.pone.0172271

Bai, S., Cheng, L., Yang, Y., Fan, C., Zhao, D., Qin, Z., et al. (2016). C1q/TNF-related protein 9 protects diabetic rat heart against ischemia reperfusion injury: role of endoplasmic reticulum stress. Oxid Med. Cell Longev. 2016:1902025. doi: 10.1155/2016/1902025

Bolliger, M. F., Martinelli, D. C., and Sudhof, T. C. (2011). The cell-adhesion G protein-coupled receptor BAI3 is a high-affinity receptor for C1q-like proteins. Proc. Natl. Acad. Sci. U.S.A. 108, 2534–2539. doi: 10.1073/pnas.1019577108

Bonsack, B., Corey, S., Shear, A., Heyck, M., Cozene, B., Sadanandan, N., et al. (2020). Mesenchymal stem cell therapy alleviates the neuroinflammation associated with acquired brain injury. CNS Neurosci. Therap. 26, 603–615. doi: 10.1111/cns.13378

Chen, J. Y., Lei, S. Y., Li, T. T., Li, J., Zuo, A. J., Xu, D., et al. (2020a). CTRP9 induces iNOS expression through JAK2/STAT3 pathway in Raw 264.7 and peritoneal macrophages. Biochem. Biophys. Res. Commun. 523, 98–104. doi: 10.1016/j.bbrc.2019.12.008

Chen, J. Y., Song, C. X., Lei, S. Y., Li, J., Zuo, A. J., Xu, D., et al. (2020b). CTRP9 induces macrophages polarization into M1 phenotype through activating JNK pathway and enhances VSMCs apoptosis in macrophages and VSMCs co-culture system. Exp. Cell Res. 395:112194. doi: 10.1016/j.yexcr.2020.112194

Chen, L., Wu, F., Yuan, S., and Feng, B. (2016). Identification and characteristic of three members of the C1q/TNF-related proteins (CTRPs) superfamily in Eudontomyzon morii. Fish. Shellfish Immunol. 59, 233–240. doi: 10.1016/j.fsi.2016.10.034

Cheng, Y., Qi, Y., Liu, S., Di, R., Shi, Q., Li, J., et al. (2020). C1q/TNF-related protein 9 inhibits high glucose-induced oxidative stress and apoptosis in retinal pigment epithelial cells through the activation of AMPK/Nrf2 signaling pathway. Cell Transplant. 29:963689720962052. doi: 10.1177/0963689720962052

Choi, H. M., Doss, H. M., and Kim, K. S. (2020). Multifaceted physiological roles of adiponectin in inflammation and diseases. Int. J. Mol. Sci. 21:1219. doi: 10.3390/ijms21041219

Dong, F., and Ren, J. (2009). Adiponectin improves cardiomyocyte contractile function in db/db diabetic obese mice. Obesity 17, 262–268. doi: 10.1038/oby.2008.545

Du, Y., Wang, X., Li, L., Hao, W., Zhang, H., Li, Y., et al. (2020). miRNA-mediated suppression of a cardioprotective cardiokine as a novel mechanism exacerbating Post-MI remodeling by sleep breathing disorders. Circ. Res. 126, 212–228. doi: 10.1161/CIRCRESAHA.119.315067

Du, Y., Zhang, S., Yu, H., Wu, Y., Cao, N., Wang, W., et al. (2019). Autoantibodies against beta1-adrenoceptor exaggerated ventricular remodeling by inhibiting CTRP9 expression. J. Am. Heart Assoc. 8:e010475. doi: 10.1161/JAHA.118.010475

Fagerberg, L., Hallstrom, B. M., Oksvold, P., Kampf, C., Djureinovic, D., Odeberg, J., et al. (2014). Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and antibody-based proteomics. MCP Mol. Cell. Proteomics 13, 397–406. doi: 10.1074/mcp.M113.035600

Fang, H., and Judd, R. L. (2018). Adiponectin regulation and function. Compr. Physiol. 8, 1031–1063. doi: 10.1002/cphy.c170046

Forouhi, N., Saedisomeolia, A., Djalali, M., Eshraghian, M. R., Morshedzadeh, N., Zabetian-Targhi, F., et al. (2016). Serum C1q and tumor necrosis factor (TNF)-related protein 9 in women with polycystic ovary syndrome. Diabetes Metab. Syndr. 10, S131–S134. doi: 10.1016/j.dsx.2016.03.012

Fujita, T., Watanabe, H., Murata, Y., Hemmi, S., Yabuki, M., Fuke, Y., et al. (2017). Plasma C1q/TNF-related protein 9: a promising biomarker for diabetic renal vascular injury. Minerva Urol. Nefrol. 69, 195–200. doi: 10.23736/S0393-2249.16.02500-5

Gao, C., Zhao, S., Lian, K., Mi, B., Si, R., Tan, Z., et al. (2019). C1q/TNF-related protein 3 (CTRP3) and 9 (CTRP9) concentrations are decreased in patients with heart failure and are associated with increased morbidity and mortality. BMC Cardiovasc. Disord. 19:139. doi: 10.1186/s12872-019-1117-0

Guan, H., Yang, X., Shi, T., Zhang, Y., Xiang, A., and Li, Y. (2021). CTRP9 mitigates the progression of arteriovenous shunt-induced pulmonary artery hypertension in rats. Cardiovasc. Therap. 2021:4971300. doi: 10.1155/2021/4971300

Guo, R., Zhang, Y., Turdi, S., and Ren, J. (2013). Adiponectin knockout accentuates high fat diet-induced obesity and cardiac dysfunction: role of autophagy. Biochim. Biophys. Acta 1832, 1136–1148. doi: 10.1016/j.bbadis.2013.03.013

Han, F., Zhang, Y., Shao, M., Mu, Q., Jiao, X., Hou, N., et al. (2018). C1q/TNF-related protein 9 improves the anti-contractile effects of perivascular adipose tissue via the AMPK-eNOS pathway in diet-induced obese mice. Clin. Exp. Pharmacol. Physiol. 45, 50–57. doi: 10.1111/1440-1681.12851

Hu, H., Li, W., Liu, M., Xiong, J., Li, Y., Wei, Y., et al. (2020). C1q/tumor necrosis factor-related protein-9 attenuates diabetic nephropathy and kidney fibrosis in db/db mice. DNA Cell Biol. 39, 938–948. doi: 10.1089/dna.2019.5302

Huang, C., Zhang, P., Li, T., Li, J., Liu, T., Zuo, A., et al. (2019). Overexpression of CTRP9 attenuates the development of atherosclerosis in apolipoprotein E-deficient mice. Mol. Cell Biochem. 455, 99–108. doi: 10.1007/s11010-018-3473-y

Huang, H., Wang, Y., Wang, X., and Lei, Y. (2020). Association of CYP4F2 and CTRP9 polymorphisms and serum selenium levels with coronary artery disease. Medicine (Baltimore) 99:e20494. doi: 10.1097/MD.0000000000020494

Hwang, Y. C., Woo, Oh S, Park, S. W., and Park, C. Y. (2014). Association of serum C1q/TNF-Related Protein-9 (CTRP9) concentration with visceral adiposity and metabolic syndrome in humans. Int. J. Obes. (Lond) 38, 1207–1212. doi: 10.1038/ijo.2013.242

Jia, Y., Luo, X., Ji, Y., Xie, J., Jiang, H., Fu, M., et al. (2017). Circulating CTRP9 levels are increased in patients with newly diagnosed type 2 diabetes and correlated with insulin resistance. Diabetes Res. Clin. Pract. 131, 116–123. doi: 10.1016/j.diabres.2017.07.003

Jung, C. H., Lee, M. J., Kang, Y. M., Jang, J. E., Leem, J., Lee, Y. L., et al. (2014). Association of serum C1q/TNF-related protein-9 concentration with arterial stiffness in subjects with type 2 diabetes. J. Clin. Endocrinol. Metab. 99, E2477–E2484. doi: 10.1210/jc.2014-2524

Jung, T. W., Hong, H. C., Hwang, H.-J., Yoo, H. J., Baik, S. H., and Choi, K. M. (2015). C1q/TNF-Related Protein 9 (CTRP9) attenuates hepatic steatosis via the autophagy-mediated inhibition of endoplasmic reticulum stress. Mol. Cell. Endocrinol. 417, 131–140. doi: 10.1016/j.mce.2015.09.027

Jung, T. W., Park, H. S., Choi, G. H., Kim, D., and Lee, T. (2017). CTRP9 regulates growth, differentiation, and apoptosis in human keratinocytes through TGFbeta1-p38-dependent pathway. Mol. Cells 40, 906–915. doi: 10.14348/molcells.2017.0097

Kambara, T., Ohashi, K., Shibata, R., Ogura, Y., Maruyama, S., Enomoto, T., et al. (2012). CTRP9 protein protects against myocardial injury following ischemia-reperfusion through AMP-activated protein kinase (AMPK)-dependent mechanism. J. Biol. Chem. 287, 18965–18973. doi: 10.1074/jbc.M112.357939

Kambara, T., Shibata, R., Ohashi, K., Matsuo, K., Hiramatsu-Ito, M., Enomoto, T., et al. (2015). C1q/tumor necrosis factor-related protein 9 protects against acute myocardial injury through an adiponectin receptor I-AMPK-dependent mechanism. Mol. Cell Biol. 35, 2173–2185. doi: 10.1128/MCB.01518-14

Kasher Meron, M., Xu, S., Glesby, M. J., Qi, Q., Hanna, D. B., Anastos, K., et al. (2019). C1q/TNF-related proteins, HIV and HIV-associated factors, and cardiometabolic phenotypes in middle-aged women. AIDS Res. Hum. Retroviruses 35, 1054–1064. doi: 10.1089/AID.2019.0099

Kim, B. K., Acharya, D., Nah, D. Y., Rhee, M. Y., Yoo, S. J., and Lee, K. (2019). Association between brachial-ankle pulse wave velocity and microalbuminuria and to predict the risk for the development of microalbuminuria using brachial-ankle pulse wave velocity measurement in type 2 diabetes mellitus patients. Healthcare Basel 7:111. doi: 10.3390/healthcare7040111

Kon, M., Ebi, Y., and Nakagaki, K. (2019). Effects of a single bout of high-intensity interval exercise on C1q/TNF-related proteins. Appl. Physiol. Nutr. Metab. 44, 47–51. doi: 10.1139/apnm-2018-0355

Korman, B., Alejo, R., Sudhakar, D., Hinchcliff, M., Agrawal, R., Varga, J., et al. (2018). The novel adipokine C1q-TNF related protein 9 (CTRP9) is elevated in systemic sclerosis-associated interstitial lung disease. Clin. Exp. Rheumatol. 36, Suppl 113 184–185.

Lechner, J., O’Leary, O. E., and Stitt, A. W. (2017). The pathology associated with diabetic retinopathy. Vis. Res. 139, 7–14. doi: 10.1016/j.visres.2017.04.003

Lee, J., Yoo, J. H., Kim, H. S., Cho, Y. K., Lee, Y., Lee, W. J., et al. (2020). C1q/TNF-related protein-9 attenuates palmitic acid-induced endothelial cell senescence via increasing autophagy. Mol. Cell Endocrinol. 521:111114. doi: 10.1016/j.mce.2020.111114

Lehrke, M., and Marx, N. (2017). Diabetes mellitus and heart failure. Am. J. Cardiol. 120, S37–S47. doi: 10.1016/j.amjmed.2017.04.010

Lei, X., Li, Q., Rodriguez, S., Tan, S. Y., Seldin, M. M., McLenithan, J. C., et al. (2015). Thromboxane synthase deficiency improves insulin action and attenuates adipose tissue fibrosis. Am. J. Physiol. Endocrinol. Metab. 308, E792–E804. doi: 10.1152/ajpendo.00383.2014

Li, J., Zhang, P., Li, T., Liu, Y., Zhu, Q., Chen, T., et al. (2015). CTRP9 enhances carotid plaque stability by reducing pro-inflammatory cytokines in macrophages. Biochem. Biophys. Res. Commun. 458, 890–895. doi: 10.1016/j.bbrc.2015.02.054

Li, Q., Zhu, Z., Wang, C., Cai, L., Lu, J., Wang, Y., et al. (2018). CTRP9 ameliorates cellular senescence via PGC1alpha/AMPK signaling in mesenchymal stem cells. Int. J. Mol. Med. 42, 1054–1063. doi: 10.3892/ijmm.2018.3666

Li, W., Ma, N., Liu, M. X., Ye, B. J., Li, Y. J., Hu, H. Y., et al. (2019). C1q/TNF-related protein-9 attenuates retinal inflammation and protects blood-retinal barrier in db/db mice. Eur. J. Pharmacol. 853, 289–298. doi: 10.1016/j.ejphar.2019.04.012

Li, Y. X., Run, L., Shi, T., and Zhang, Y. J. (2017). CTRP9 regulates hypoxia-mediated human pulmonary artery smooth muscle cell proliferation, apoptosis and migration via TGF-β1/ERK1/2 signaling pathway. Biochem. Biophys. Res. Commun. 490, 1319–1325. doi: 10.1016/j.bbrc.2017.07.020

Li, Y., Geng, X., Wang, H., Cheng, G., and Xu, S. (2016). CTRP9 ameliorates pulmonary arterial hypertension through attenuating inflammation and improving endothelial cell survival and function. J. Cardiovasc. Pharmacol. 67, 394–401. doi: 10.1097/FJC.0000000000000364

Li, Z., Du, Y., Jia, L., Fan, J., Guo, R., Ma, X., et al. (2020). Association of C1q/TNF-related protein-9 (CTRP9) level with obstructive sleep apnea in patients with coronary artery disease. Mediators Inflamm. 2020:7281391. doi: 10.1155/2020/7281391

Liu, M., Li, W., Wang, H., Yin, L., Ye, B., Tang, Y., et al. (2019a). CTRP9 ameliorates atrial inflammation, fibrosis, and vulnerability to atrial fibrillation in post-myocardial infarction rats. J. Am. Heart Assoc. 8:e013133. doi: 10.1161/JAHA.119.013133

Liu, M., Yin, L., Li, W., Hu, J., Wang, H., Ye, B., et al. (2019b). C1q/TNF-related protein-9 promotes macrophage polarization and improves cardiac dysfunction after myocardial infarction. J. Cell Physiol. 234, 18731–18747. doi: 10.1002/jcp.28513

Liu, Q., Zhang, H., Lin, J., Zhang, R., Chen, S., Liu, W., et al. (2017). C1q/TNF-related protein 9 inhibits the cholesterol-induced Vascular smooth muscle cell phenotype switch and cell dysfunction by activating AMP-dependent kinase. J. Cell Mol. Med. 21, 2823–2836. doi: 10.1111/jcmm.13196

Liu, T., Xu, B., and Liu, Z. (2020). CTRP9 alleviates inflammation to ameliorate myocardial infarction in rats by activating Nrf2. Minerva Endocrinol. 45, 268–270. doi: 10.23736/S0391-1977.19.03081-5

Maeda, T., Abe, M., Kurisu, K., Jikko, A., and Furukawa, S. (2001). Molecular cloning and characterization of a novel gene, CORS26, encoding a putative secretory protein and its possible involvement in skeletal development. J. Biol. Chem. 276, 3628–3634. doi: 10.1074/jbc.M007898200

Masoodian, S. M., Toolabi, K., Omidifar, A., Zabihi, H., Rahimipour, A., and Shanaki, M. (2020). Increased mRNA expression of CTRP3 and CTRP9 in adipose tissue from obese women: is it linked to obesity-related parameters and mRNA expression of inflammatory cytokines? Rep. Biochem. Mol. Biol. 9, 71–81. doi: 10.29252/rbmb.9.1.71

Miyatake, N., Adachi, H., Nomura-Nakayama, K., Okada, K., Okino, K., Hayashi, N., et al. (2020). Circulating CTRP9 correlates with the prevention of aortic calcification in renal allograft recipients. PLoS One 15:e0226526. doi: 10.1371/journal.pone.0226526

Moradi, N., Fadaei, R., Emamgholipour, S., Kazemian, E., Panahi, G., Vahedi, S., et al. (2018). Association of circulating CTRP9 with soluble adhesion molecules and inflammatory markers in patients with type 2 diabetes mellitus and coronary artery disease. PLoS One 13:e0192159. doi: 10.1371/journal.pone.0192159

Na, N., and Ji, M. (2020). Role of first-trimester serum C1q/TNF-related protein 9 in gestational diabetes mellitus. Clin. Lab. 66. doi: 10.7754/Clin.Lab.2020.200434

Niemann, B., Li, L., Siegler, D., Siegler, B. H., Knapp, F., Hanna, J., et al. (2020). CTRP9 mediates protective effects in cardiomyocytes via AMPK- and adiponectin receptor-mediated induction of anti-oxidant response. Cells 9:1229. doi: 10.3390/cells9051229

Pan, J., Cui, X., Wang, G., Xue, K., Hu, J., and Zhou, L. (2020). Predictive value of serum CTRP9 and STIM1 for restenosis after cerebrovascular stent implantation and its relationship with vasoactive substances and inflammatory cytokines. Exp. Ther. Med. 20, 2617–2622. doi: 10.3892/etm.2020.9104

Peterson, J. M., Wei, Z., and Wong, G. W. (2009). CTRP8 and CTRP9B are novel proteins that hetero-oligomerize with C1q/TNF family members. Biochem. Biophys. Res. Commun. 388, 360–365. doi: 10.1016/j.bbrc.2009.08.014

Peterson, J. M., Wei, Z., Seldin, M. M., Byerly, M. S., Aja, S., and Wong, G. W. (2013). CTRP9 transgenic mice are protected from diet-induced obesity and metabolic dysfunction. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, R522–R533. doi: 10.1152/ajpregu.00110.2013

Qian, M., Yang, Q., Li, J., Zhao, B., Zhang, Y., and Zhao, Y. (2020). C1q/TNF-related protein-9 alleviates airway inflammation in asthma. Int. Immunopharmacol. 81:106238. doi: 10.1016/j.intimp.2020.106238

Rasooli Tehrani, A., Gholipour, S., Sharifi, R., Yadegari, S., Abbasi-Kolli, M., and Masoudian, N. (2019). Plasma levels of CTRP-3, CTRP-9 and apelin in women with multiple sclerosis. J. Neuroimmunol. 333:576968. doi: 10.1016/j.jneuroim.2019.576968

Rezabakhsh, A., Sadeghpour, Y., Ghaderi, S., Rahbarghazi, R., and Geranmayeh, M. H. (2020). CTRP9: an emerging potential anti-aging molecule in brain. Cell Signal. 73:109694. doi: 10.1016/j.cellsig.2020.109694

Salihu, A. T., Muthuraju, S., Idris, Z., Ghani, A. R. I., and Abdullah, J. M. (2016). Functional outcome after intracerebral haemorrhage - a review of the potential role of antiapoptotic agents. Rev. Neurosci. 27, 317–327. doi: 10.1515/revneuro-2015-0046

Schaffler, A., and Buechler, C. (2012). CTRP family: linking immunity to metabolism. Trends Endocrinol. Metab. 23, 194–204. doi: 10.1016/j.tem.2011.12.003

Scheja, L., and Heeren, J. (2019). The endocrine function of adipose tissues in health and cardiometabolic disease. Nat. Rev. Endocrinol. 15, 507–524. doi: 10.1038/s41574-019-0230-6

Scherer, P. E., Williams, S., Fogliano, M., Baldini, G., and Lodish, H. F. (1995). A novel serum-protein similar to C1q, produced exclusively in adipocytes. J. Biol. Chem. 270, 26746–26749. doi: 10.1074/jbc.270.45.26746

Schinke, S., and Riemekasten, G. (2019). Systemic sclerosis. Internist 60, 1251–1267. doi: 10.1007/s00108-019-00699-7

Seldin, M. M., Peterson, J. M., Byerly, M. S., Wei, Z. K., and Wong, G. W. (2012). Myonectin (CTRP15), a novel myokine that links skeletal muscle to systemic lipid homeostasis. J. Biol. Chem. 287, 11968–11980. doi: 10.1074/jbc.M111.336834

Seldin, M. M., Tan, S. Y., and Wong, G. W. (2014). Metabolic function of the CTRP family of hormones. Rev. Endocr. Metab. Dis. 15, 111–123. doi: 10.1007/s11154-013-9255-7

Shanaki, M., Shabani, P., Goudarzi, A., Omidifar, A., Bashash, D., and Emamgholipour, S. (2020). The C1q/TNF-related proteins (CTRPs) in pathogenesis of obesity-related metabolic disorders: focus on type 2 diabetes and cardiovascular diseases. Life Sci. 256:117913. doi: 10.1016/j.lfs.2020.117913

Shao, Y., Li, C., Xu, W., Zhang, P., Zhang, W., and Zhao, X. (2017). miR-31 links lipid metabolism and cell apoptosis in bacteria-challenged Apostichopus japonicus via Targeting CTRP9. Front. Immunol. 8:263. doi: 10.3389/fimmu.2017.00263

Si, Y., Fan, W., and Sun, L. (2020). A review of the relationship between CTRP family and coronary artery disease. Curr. Atheroscler. Rep. 22:22. doi: 10.1007/s11883-020-00840-0

Spurna, J., Karasek, D., Kubickova, V., Goldmannova, D., Krystynik, O., Schovanek, J., et al. (2018). Relationship of selected adipokines with markers of vascular damage in patients with type 2 diabetes. Metab. Syndr. Relat. Disord. 16, 246–253. doi: 10.1089/met.2017.0179

Su, H., Yuan, Y., Wang, X. M., Lau, W. B., Wang, Y., Wang, X., et al. (2013). 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. 108:315. doi: 10.1007/s00395-012-0315-z

Sun, Y., Yi, W., Yuan, Y., Lau, W. B., Yi, D., Wang, X., et al. (2013). 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 128(11 Suppl. 1) S113–S120. doi: 10.1161/CIRCULATIONAHA.112.000010

Uemura, Y., Shibata, R., Ohashi, K., Enomoto, T., Kambara, T., Yamamoto, T., et al. (2013). Adipose-derived factor CTRP9 attenuates vascular smooth muscle cell proliferation and neointimal formation. FASEB J. 27, 25–33. doi: 10.1096/fj.12-213744

Umanath, K., and Lewis, J. B. (2018). Update on diabetic nephropathy: core curriculum 2018. Am. J. Kidney Dis. 71, 884–895. doi: 10.1053/j.ajkd.2017.10.026

Wang, J., Hang, T., Cheng, X. M., Li, D. M., Zhang, Q. G., Wang, L. J., et al. (2015). Associations of C1q/TNF-related protein-9 levels in serum and epicardial adipose tissue with coronary atherosclerosis in humans. Biomed. Res. Int. 2015:971683. doi: 10.1155/2015/971683

Wang, W., Lau, W. B., Wang, Y., Ma, X., and Li, R. (2016). Reduction of CTRP9, a novel anti-platelet adipokine, contributes to abnormal platelet activity in diabetic animals. Cardiovasc. Diabetol. 15:6. doi: 10.1186/s12933-015-0321-1

Wang, Z. V., and Scherer, P. E. (2016). Adiponectin, the past two decades. J. Mol. Cell Biol. 8, 93–100. doi: 10.1093/jmcb/mjw011

Wei, Z. K., Peterson, J. M., and Wong, G. W. (2011). 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. 286, 15652–15665. doi: 10.1074/jbc.M110.201087

Wei, Z. K., Peterson, J. M., Lei, X., Cebotaru, L., Wolfgang, M. J., Baldeviano, G. C., et al. (2012). 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. 287, 10301–10315. doi: 10.1074/jbc.M111.303651

Wei, Z. K., Seldin, M. M., Natarajan, N., Djemal, D. C., Peterson, J. M., and Wong, G. W. (2013). C1q/tumor necrosis factor-related protein 11 (CTRP11), a novel adipose stroma-derived regulator of adipogenesis. J. Biol. Chem. 288, 10214–10229. doi: 10.1074/jbc.M113.458711

Wei, Z., Lei, X., Petersen, P. S., Aja, S., and Wong, G. W. (2014). Targeted deletion of C1q/TNF-related protein 9 increases food intake, decreases insulin sensitivity, and promotes hepatic steatosis in mice. Am. J. Physiol. Endocrinol. Metab. 306, E779–E790. doi: 10.1152/ajpendo.00593.2013

Weng, C. F., Wu, C. F., Kao, S. H., Chen, J. C., and Lin, H. H. (2019). Down-regulation of miR-34a-5p potentiates protective effect of adipose-derived mesenchymal stem cells against ischemic myocardial infarction by stimulating the expression of C1q/tumor necrosis factor-related protein-9. Front. Physiol. 10:1445. doi: 10.3389/fphys.2019.01445

Wolf, R. M., Steele, K. E., Peterson, L. A., Zeng, X., Jaffe, A. E., Schweitzer, M. A., et al. (2016). C1q/TNF-related protein-9 (CTRP9) levels are associated with obesity and decrease following weight loss surgery. J. Clin. Endocrinol. Metab. 101, 2211–2217. doi: 10.1210/jc.2016-1027

Wong, G. W., Krawczyk, S. A., Kitidis-Mitrokostas, C., Ge, G., Spooner, E., Hug, C., et al. (2009). 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. 23, 241–258. doi: 10.1096/fj.08-114991

Wong, G. W., Wang, J., Hug, C., Tsao, T. S., and Lodish, H. F. (2004). A family of Acrp30/adiponectin structural and functional paralogs. Proc. Natl. Acad. Sci. U.S.A. 101, 10302–10307. doi: 10.1073/pnas.0403760101

Xia, L., Zhang, H., Shi, Q., Zhang, X., Wang, C., and Lin, G. (2020). Protective role of CTRP3 and CTRP9 in the development of gestational diabetes mellitus. Clin. Lab. 66. doi: 10.7754/Clin.Lab.2020.200247

Yamaguchi, S., Shibata, R., Ohashi, K., Enomoto, T., Ogawa, H., Otaka, N., et al. (2020). C1q/TNF-related protein 9 promotes revascularization in response to ischemia via an eNOS-dependent manner. Front. Pharmacol. 11:1313. doi: 10.3389/fphar.2020.01313

Yan, W., Guo, Y., Tao, L., Lau, W. B., Gan, L., Yan, Z., et al. (2017). C1q/tumor necrosis factor-related protein-9 regulates the fate of implanted mesenchymal stem cells and mobilizes their protective effects against ischemic heart injury via multiple novel signaling pathways. Circulation 136, 2162–2177. doi: 10.1161/CIRCULATIONAHA.117.029557

Yanai, H., and Yoshida, H. (2019). Beneficial effects of adiponectin on glucose and lipid metabolism and atherosclerotic progression: mechanisms and perspectives. Int. J. Mol. Sci. 20:1190. doi: 10.3390/ijms20051190

Yang, C., Fan, F., Sawmiller, D., Tan, J., Wang, Q. S., and Xiang, Y. (2019). C1q/TNF-related protein 9: a novel therapeutic target in ischemic stroke? J Neurosci. Res. 97, 128–136. doi: 10.1002/jnr.24353

Yang, G., Qin, C., Wang, B., Jia, J., Yuan, X., Sun, C., et al. (2017). Molecular identification and functional analysis of Ctrp9 in Epinephelus coioides. J. Mol. Endocrinol. 58, 179–191. doi: 10.1530/JME-16-0171

Yang, G., Song, Q., Sun, C., Qin, J., Jia, J., Yuan, X., et al. (2018). Ctrp9 and adiponectin receptors in Nile tilapia (Oreochromis niloticus): molecular cloning, tissue distribution and effects on reproductive genes. Gen. Comp. Endocrinol. 265, 160–173. doi: 10.1016/j.ygcen.2018.05.033

Yang, Y., Li, Y., Ma, Z., Jiang, S., Fan, C., Hu, W., et al. (2016). A brief glimpse at CTRP3 and CTRP9 in lipid metabolism and cardiovascular protection. Prog. Lipid Res. 64, 170–177. doi: 10.1016/j.plipres.2016.10.001

Yoon, H., Shaw, J. L., Haigis, M. C., and Greka, A. (2021). Lipid metabolism in sickness and in health: emerging regulators of lipotoxicity. Mol. Cell 81, 3708–3730. doi: 10.1016/j.molcel.2021.08.027

Yu, X. H., Zhang, D. W., Zheng, X. L., and Tang, C. K. (2018). C1q tumor necrosis factor-related protein 9 in atherosclerosis: mechanistic insights and therapeutic potential. Atherosclerosis 276, 109–116. doi: 10.1016/j.atherosclerosis.2018.07.022

Yuan, Y., Lau, W. B., Su, H., Sun, Y., Yi, W., Du, Y., et al. (2015). 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. 308, E891–E898. doi: 10.1152/ajpendo.00450.2014

Zanazzi, M., Cesari, F., Rosso, G., Farsetti, S., Caroti, L., Gori, A. M., et al. (2010). Reticulated platelets and platelet reactivity in renal transplant recipients receiving antiplatelet therapy. Transplant. Proc. 42, 1156–1157. doi: 10.1016/j.transproceed.2010.03.042

Zha, M., Ren, X.-B., Chen, J., Fang, Y., Yu, P., Liu, Y.-Y., et al. (2020). Adipocytokine expression, platelet-to-lymphocyte ratio and TGF-β1/Smad signaling activity in diabetic patients complicated with pulmonary infection. J. Int. Med. Res. 48:300060520926006. doi: 10.1177/0300060520926006

Zhang, C., Zhou, N., Qiu, P., Fu, Y., Liu, Z., Li, H., et al. (2018). Serum C1q/TNF-related protein 9 is not related to nonalcoholic fatty liver disease. Cytokine 110, 52–57. doi: 10.1016/j.cyto.2018.04.019

Zhang, H., Gong, X., Ni, S., Wang, Y., Zhu, L., and Ji, N. (2019). C1q/TNF-related protein-9 attenuates atherosclerosis through AMPK-NLRP3 inflammasome singling pathway. Int. Immunopharmacol. 77:105934. doi: 10.1016/j.intimp.2019.105934

Zhang, J., and He, J. (2019). CTRP3 inhibits high glucose-induced oxidative stress and apoptosis in retinal pigment epithelial cells. Artif Cell Nanomed. B 47, 3758–3764. doi: 10.1080/21691401.2019.1666864

Zhang, L., Liu, Q., Zhang, H., Wang, X. D., Chen, S. Y., Yang, Y., et al. (2018). C1q/TNF-related protein 9 inhibits THP-1 macrophage foam cell formation by enhancing autophagy. J. Cardiovasc. Pharmacol. 72, 167–175. doi: 10.1097/FJC.0000000000000612

Zhang, P., Huang, C., Li, J., Li, T., Guo, H., Liu, T., et al. (2016). Globular CTRP9 inhibits oxLDL-induced inflammatory response in RAW 264.7 macrophages via AMPK activation. Mol. Cell Biochem. 417, 67–74. doi: 10.1007/s11010-016-2714-1

Zhao, D., Feng, P., Sun, Y., Qin, Z., Zhang, Z., Tan, Y., et al. (2018). Cardiac-derived CTRP9 protects against myocardial ischemia/reperfusion injury via calreticulin-dependent inhibition of apoptosis. Cell Death Dis. 9:723. doi: 10.1038/s41419-018-0726-3

Zhao, L., Chen, S., Sherchan, P., Ding, Y., Zhao, W., Guo, Z., et al. (2018). Recombinant CTRP9 administration attenuates neuroinflammation via activating adiponectin receptor 1 after intracerebral hemorrhage in mice. J. Neuroinflamm. 15:215. doi: 10.1186/s12974-018-1256-8

Zhao, L., Zhang, J. H., Sherchan, P., Krafft, P. R., Zhao, W., Wang, S., et al. (2019). Administration of rCTRP9 attenuates neuronal apoptosis through AdipoR1/ PI3K/Akt signaling pathway after ICH in mice. Cell Transplant. 28, 756–766. doi: 10.1177/0963689718822809

Zhao, S., Kusminski, C. M., and Scherer, P. E. (2021). Adiponectin, leptin and cardiovascular disorders. Circ. Res. 128, 136–149. doi: 10.1161/CIRCRESAHA.120.314458

Zheng, Q., Yuan, Y., Yi, W., Lau, W. B., Wang, Y., Wang, X., et al. (2011). C1q/TNF-related proteins (CTRPs), a family of novel adipokines, induce vascular relaxation through the adiponectin receptor-1/AMPK/eNOS/Nitric oxide signaling pathway. Arterioscler. Thromb. Vasc. Biol. 31, 2616–2623. doi: 10.1161/ATVBAHA.111.231050

Zuo, A., Zhao, X., Li, T., Li, J., Lei, S., Chen, J., et al. (2020b). CTRP9 knockout exaggerates lipotoxicity in cardiac myocytes and high-fat diet-induced cardiac hypertrophy through inhibiting the LKB1/AMPK pathway. J. Cell Mol. Med. 24, 2635–2647. doi: 10.1111/jcmm.14982

Zuo, A., Li, J., Zhao, X., Li, T., Lei, S., Chen, J., et al. (2020a). Globular CTRP9 protects cardiomyocytes from palmitic acid-induced oxidative stress by enhancing autophagic flux. Chem. Biol. Interact. 329:109094. doi: 10.1016/j.cbi.2020.109094


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Guan, Wang, Li, Xiang, Guo, Fan and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		C1q/Tumor Necrosis Factor-Related Protein 9: Basics and Therapeutic Potentials



		INTRODUCTION



		THE BRIEF HISTORY OF C1Q TUMOR NECROSIS FACTOR RELATED PROTEINS



		STRUCTURE CHARACTERISTIC OF CTRP9



		THE EXPRESSION PATTERN OF CTRP9



		ROLE OF CTRP9 IN METABOLIC DISEASES



		Obesity



		Diabetes



		Fatty Liver



		Polycystic Ovary Syndrome







		ROLE OF CTRP9 IN CARDIOVASCULAR DISEASE



		Angiogenesis



		Myocardial Injury



		Coronary Artery Disease



		Atherosclerosis



		Pulmonary Arterial Hypertension







		PATHOLOGIES ASSOCIATED WITH CTRP9 EXPRESSION



		Wound Healing



		Apoptosis



		Mesenchymal Stem Cells



		Inflammation







		CONCLUSION AND PERSPECTIVE



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Physiology

C1g/Tumor Necrosis
Factor-Related Protein 9: Basics
and Therapeutic Potentials









OPS/images/fphys-13-816218-g004.jpg
®
®@®
/ CTRPY %’

N-cadherin

iNOS mRNA *
ﬁvﬂ'\c\ eNOS
Destabilization

W DTSIS55S TS 515 5 5 5 TS S S SRR
A

Nucleus





OPS/images/fphys-13-816218-g002.jpg
Human adiponectin monomer

1 18 19 40 41 105 106 244
I | | | | | | I
Gly-X C1q -
N-terminal C-terminal

54% amino acid identity in their globular domains

y

Human CTRP9 monomer

1 19 20 28 29 196 197 333
I [ N || I
§ — Gly XY — O -
N-terminal C-terminal

Q: Signal peptide Q: N-terminal domain c Collagen-like domain O: Globular domain





OPS/images/fphys-13-816218-g003.jpg
it
T ’””"

A,

Obs e _-—

- trgction o

o~ IOod FIOA’teI'iaI
Thrombus w

Free
Fatty Acid

== Plagus
Arterial Fornation
Blood

5t SIS

v Jliejration
= dJ e
z 1

Intima,

D, s «
| A MacTophages
-~ r
Nitric Qs
Frodustion





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-13-816218-g001.jpg
Inflammation |
Apoptosis |
Oxidative stress |

Atherosclerosis |
Angiogenesis |

e ~N
.~ Monomer Trimer Globular .

— e e e e e e e

Post stroke brain repair { Inflammation |

Glucose |
Insulin resistance |
Obesity |

PAH |
Apoptosis |

Fibrosis |
Inflammation |

— e — o — — — —
— e e e e e - -
— — — — — — — — -

Fatty liver |





OPS/images/fphys-13-816218-t001.jpg
Type of disease

Aortic calcification
in renal allograft
recipients
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CAD in Egyptian

postmenopausal
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CAD with OSA
Cerebrovascular
stent

HEPEF

HIV

MS

NAFLD

Obese and
preeclamptic

Obese

PCOS
SSc

T2DM and CAD

T2DM with CKD

Concentration of CTRP9

2008: 2.05 [2.00-2.13] ng/mL (1 = 50); 2016: 2.31 [2.14-2.60] ng/mL (1 = 50);

Non-CAD: 96.14 + 33.13 pg/mL (1 = 121); CAD: 83.89 + 36.18 pg/mL (n = 241);

Control: 304.46 + 9.60 ng/mL (1 = 13); CAD: 194.90 + 3.34 ng/mL (n = 29); T2DM:
126.76 + 2.95 ng/mL (n = 29); CAD+T2DM: 101.40 + 5.7 ng/mL (n = 15)

moderate/severe OSA group: 4.7 [4.1-5.2] ng/mL (n = 89); no/mild OSA group: 4.9
4.4-6.0] ng/mL (n = 65)

With restenosis: 159.64 + 32.55 ng/mL (n = 66); Without restenosis:

184.53 £ 34.53 ng/mL (n = 62)

Healthy subjects; 180.70 & 51.05 ng/mL (n = 176); Heart failure patients:
124.60 + 37.58 ng/mL (n = 168)

HIV negative: 0.20 [0.13-2.25] (n = 92); HIV positive: 0.17 [0.13-1.87] ng/mL (1 = 209)

Healthy individuals: 0.77 [0.64-1] ng/mL (n = 24); MS patients: 0.81 [0.64-0.95] ng/mL
(n=26)
Controls: 1.39 &+ 0.76 (n = 79); NAFLD: 1.79 + 1.06 (n = 82)

Normal BMI pregnant: 110 + 45 ng/mL (n = 40); obese pregnant women:

77 £ 24 ng/mL (n = 40); non-obese preeclampsia: 107 + 38 ng/mL (n = 40); obese
preeclampsia: 42 + 8 ng/mL (n = 40)

Lean group: 76.5 [22.4-120.5] (n = 62); Obese group: 115.3 [60.9-254.5] (n = 59)

Control: 5.0 + 7.6 ng/mL (n = 27); PCOS: 8.8 £ 19.9 ng/mL (n = 29)
Control: 19.1 £ 31.0 ng/mL (n = 29); SSc: 213.8 £ 685.9 ng/mL (n = 126)

Healthy control: 198.6 [43.2-1781.2] (1 = 21); T2DM: 41.2 [40.4-297.1] (0 = 56)

NGT: 69.39 + 30.56 (0 = 108); IGT: 94.37 + 45.21 (1 = 92); nT2DM: 138.35 + 52.63
(n=108)
T2DM: 12.2 [9.0-136.1] pg/dL (n = 28)

Control: 135.4 [111.4-154.0] (1 = 139); T2DM: 149.0 [108.2-194.0] (n = 124); OGTT
for 0 h: 149.0 [108.2-194.0] (1 = 124); OGTT for 2 h: 150.5 [64.9-235.5] (1 = 124)

Normal glucose tolerance: 415.0 + 122.8 ng mL (n = 120); Prediabetes or T2DM:
276.3 £ 1270.2 ng/mL (n = 101)

Control: 148.7 &+ 4.0 ng/mL (n = 80); CAD:202.0 &+ 4.9 ng/mL (n = 157);
T2DM:191.4 £ 10.1 ng/mL (n = 37); CAD+T2DM:211.2 £ 6.8 ng/mL (n = 63)

Non-CKD: 13.9 [8.2-22.6] wg/mL (n = 29); CKD: 22.5 [14.9-37.5] pg/mL (0 = 29)

P-value

P 0.08

P<0.05

P« 0.05

P« 0.05

P < 0.001

P < 0.001

N.S

N.S

N.S

P < 0.001

P < 0.001

N.S
P < 0.001

N.S

P« 0.05

N.S

N.S

P < 0.01

P < 0.01

P < 0.001

Function

CTRP9 is a vascular protective factor in renal allograft recipients.

CTRP9 is an independent protective factor of CAD.

CTRP9 showed decreased serum levels in females suffering from
CAD, T2D, and CAD secondary to T2D.

Plasma CTRP9 levels were independently related to the prevalence
of moderate/severe OSA in patients with CAD.

CTRP9 low expression after cerebrovascular stent implantation may
increase the risk of in-stent restenosis.
CTRP9 are decreased in patients with HFrEF.

CTRP9 was not associated with the HIV.

CTRP9 may not be associated with the pathogenesis of MS.

CTRP9 was not the biomarker associated with the pathogenesis of
NAFLD.
Obesity causes a decrease in CTRP9 levels and contributes to the
pathogenesis of preeclampsia with adverse effects on the vascular
and placental system.

CTRP9 levels are elevated in obesity and significantly decrease
following weight loss surgery.

Similar serum CTRP9 were found in PCOS subjects and controls.
Elevated CTRP9 was associated with SSc and radiologic evidence
of lung fibrosis.

An elevated CTRP9 level in obesity is a compensatory response
due to CTRP9 effect (glucose lowering and insulin sensitizing).
Circulating CTRP9 levels are increased in patients with newly
diagnosed type 2 diabetes and correlated with insulin resistance.
CTRP9 may reflect diabetic renal vascular risk in association with
atherosclerosis and abnormal glucose metabolism besides of
impaired vaso-relaxation in patients with T2DM.

Leptin was predictive of serum CTRP9. CTRP9 was not regulated
by plasma glucose.

Serum CTRP9 concentrations were positively associated with
favorable glucose or metabolic phenotypes.

CTRP9 was a compensatory response to insulin resistance,
inflammatory milieu and endothelial dysfunction

CTRP9 is associated with atherosclerosis in diabetic patients
without CKD.
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CAD, coronary heart disease; CKD, chronic kidney disease; HFrEF, heart failure with reduced ejection fraction; HIV, human immunodeficiency virus; MS, multiple sclerosis; NAFLD, nonalcoholic fatty liver disease; OSA,
obstructive sleep apnea; PCOS, polycystic ovary syndrome; SSc, Systemic sclerosis; T2DM, type Il diabetes mellitus; N.S, non-significant.
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(3) Animal
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Diabetes (1) Cell lin
(2) Animal

/ Cell line

Fatty liver (1) Animal

/ Cell line

Materials

(1) CTRP9 transgenic mice; Ob/ob mice;
C2C12 cells; 3T3-L1 cells

(2) CTRP9 transgenic mice; WT mice; Rat H4IIE
hepatocytes and rat L6 myocytes

(8) CTRP9 KO mice; WT mice

(4) Male WT mice, ob/ob mice, and Tbxas KO
mice
(5) WT mice feed a high fat diet

(1) ARPE-19 cells
(2) Db/db mice

(1) WT mice feed a high fat diet; HepG2 cells

Function and molecular mechanism

(1) Activate AMPK, AKT and p44/42 MAPK signaling pathway in cultured
myotube; overexpression CTRP9 lower serum glucose levels.

(2) Protects from diet-induced obesity and metabolic dysfunction, enhanced fat
oxidation in L6 myotubes via AMPK activation and reduced lipid accumulation
in H4IIE hepatocytes.

(3) Control energy balance via central and peripheral mechanism, including
reduced skeletal muscle AMPK activation and mitochondrial content.

(4) Lose of Tbxas was correlated with the up-regulation of CTRP9.

(5) Improves the anti-contractile effects of perivascular adipose tissue via the
AMPK-eNOS pathway in diet-induced obese mice

(1) Attenuates HG-induced oxidative damage and apoptosis in ARPE-19 cells.
(2) Ameliorated renal dysfunction and injury at the structural and functional level
in diabetic db/db mice

(1) Alleviates hepatic steatosis through relief of ER stress via the
AMPK-mediated induction of autophagy.
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AKT, AKT Serine/Threonine Kinase; AMPK, AMP-activated protein kinase; eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum; HG, high glucose; KO, knock out; MAPK, mitogen-Activated Protein

Kinase; WT, wild type.
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(2) Cell line

(3) Cell line
(4) Cell line

(5) Cell line

(6) Cell co-culture system

(1) Animal; Cell line
(2) Animal; Cell line

(3) Animal/ Primary cells

(4) Animal

Materials

(1) Aortic rings isolated from WT
C57BL/6 mice

(2) WT mice, CTRP9 KO mice, and
eNOS-KO mice

(3) Left femoral arteries of WT mice
were injured by a steel wire.

(1) WT, CTRP9 KO mice

(2) WT, CTRP9 KO mice

(8) WT rats

(4) High-fat diet induced type 2
diabetes model mice; H9c2 cardiac
muscle cell line

(5) C57BL/6J mice feed a high fat
diet; 3T3-L1 cell line

(6) Mouse model; Primary cardiac
myocytes; 3T3-L1 cells

(7) H9c2 cells; Rats feed a high fat
diet

(8) Rats with myocardial infarction

(9) Myocardial infraction rat model;
Rat peritoneal macrophages

(10) CTRP KO mice; Adult
ventricular cardiomyocytes

(11) CTRP9 KO mice; Neonatal rat
cardiac myocytes

(12) Mice with myocardial infraction;
ADSCs

(1) ApoE KO mice; RAW 264.7 cell
(2) RAW 264.7 cell

(3) ThP-1 cell
(4) Endothelial cell

(6) Human aortic VSMCs

(6) ThP-1 cell; VSMCs

(1) Human primary pulmonary
artery epithelial cells; Rats

(2) HPSMCs; Rats

(3) Rats; Adult Cardiomyocytes,
Endothelial Cells and Fibroblasts

(4) Rats

Function and molecular mechanism

(1) Exerts vasculoprotective effects via the AdipoR1/AMPK/eNOS
dependent/NO mediated signaling pathway.

(2) Promotes endothelial cell function and ischemia-induced revascularization
through the eNOS-dependent mechanism.

() Attenuates neointimal formation following vascular injury through inhibit
VSMC growth via cAMP-dependent mechanism.

(1) Protects against acute cardiac damage by suppressing inflammatory
reactions through AdipoR1/AMPK signaling.

(2) Protects against MI/R injury via activation of the PKA-CREB pathway and
inhibiting cardiomyocyte apoptosis.

(8) Alleviates inflammation to ameliorate myocardial infarction in rats by
activating Nrf2.

(4) Downregulation of CTRP9 induces TNF-a-initiated oxidative PPARy
suppression contributes to exacerbated diabetic cardiac injury.

(5) Enhancing cardiac CTRP9 production attenuates diabetic cardiac injury.

(6) Protects against acute cardiac injury following ischemia- reperfusion via an
AMPK-dependent mechanism.

(7) Exerts cardioprotection by reducing ERS in diabetic heart through increasing
disulfide-bond A oxidoreductase-like protein

(8) Attenuates atrial inflammation and fibrosis via inhibitory effects on the
TLR4/NFkB and Smad?2/3 signaling pathway.

(9) Modulating M1/M2 macrophage polarization via the TLR/MD2/ MyD88 and
AMPK-NFkB pathway.

(10) Promotes hypertrophic cardiac remodeling and dysfunction after TAC in
mice and induced hypertrophy in isolated adult cardiomyocytes.

(11) Anti-myocardial lipotoxicity properties and inhibited cardiac hypertrophy
through the LKB1/AMPK signalling pathway.

(12) Maintaining a healthy microenvironment facilitating stem cell engraftment in
infarcted myocardial tissue.

(1) Attenuates the development of atherosclerosis and enhances the plaque
stability in ApoE KO mice.

(2) Showed atheroprotective function via CTRP9-AMPK- NLRP3 inflammasome
pathway.

(3) Inhibits THP-1 macrophage foam cell formation by entophagy.

(4) Attenuates palmitic acid-induced endothelial cell senescence via increasing
autophagy

(5) Inhibits the cholesterol-induced VSMCs phenotypes switch and cell
dysfunction by activating AMP-dependent kinase.

(6) Induces macrophages polarization into M1 phenotype through activating
JINK pathway and enhances VSMCs apoptosis in macrophages and VSMCs
co-culture system.

(1) Ameliorates PAH through attenuating inflammation and improving endothelial
cell survival and function.

(2) Regulates hypoxia-mediated human pulmonary artery smooth muscle cell
proliferation, apoptosis and migration via TGF-p1/ERK1/2 signaling pathway.
(3) Mediates cardioprotective effects through inhibition of ROS production
induced by pro-hypertrophic agents via AMPK-mediated activation of
anti-oxidant enzymes.

(4) Mitigate the progression of arteriovenous shunt-induced pulmonary artery
hypertension in rats.
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AdipR1, adiponectin receptor 1; ADSCs, human adipose derived mesenchymal stem cells; AMPK, AMP-activated protein kinase; CREB, cAMP responsive element binding protein; DsbA-L, disulfide-bond A
oxidoreductase-like protein; eNOS, endothelial nitric oxide synthase; ERK1/2, mitogen-activated protein kinase; ERS, endoplasmic reticulum stress; HPSMCs, human pulmonary smooth muscle cells; JNK, c-Jun
N-terminal kinase; KO, knock out; LKB1, Serine/Threonine Kinase 11; MD2, Lymphocyte Antigen 96; MI/R, myocardial ischemia/reperfusion; MYD88, MYD88 innate immune signal transduction adaptor; NF«kB, nuclear
factor-«B; NO, nitric oxide; NLRP3, NLR family pyrin domain containing 3; Nrf2, NFE2 like BZIP transcription factor 2; PAH, pulmonary artery hypertension; PKA, protein kinase cAMP-activated catalytic subunit alpha;
PPARy, peroxisome proliferator activated receptor gamma; ROS, reactive oxygen species; TAC, transverse aortic coarctation; TGF-B1, transforming growth factor beta 1; TLR4, toll-like receptor 4; TNF-a, tumor necrosis
factor alpha; VSMCs, vascular smooth muscle cells; WT, wild type.





