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Abstract
Obesity-associated diseases account for a large portion of public health challenges. Among obesity-related disorders, a direct and independent relationship has been ascertained for colorectal cancer (CRC). The evidence that adipocyte hypertrophy and excessive adipose tissue accumulation (mainly visceral) can promote pathogenic adipocyte and adipose tissue–related diseases, has led to formulate the concept of “adiposopathy”, defined as adipocyte and adipose tissue dysfunction that contributes to metabolic syndrome. Adipose tissue can, indeed, be regarded as an important and highly active player of the innate immune response, in which cytokine/adipokine secretion is responsible for a paracrine loop between adipocytes and macrophages, thus contributing to the systemic chronic low-grade inflammation associated with visceral obesity, which represents a favorable niche for tumor development. The adipocyte itself participates as a central mediator of this inflammatory response in obese individuals by secreting hormones, growth factors and proinflammatory cytokines, which are of particular relevance for the pathogenesis of CRC. Among adipocyte-secreted hormones, the most relevant to colorectal tumorigenesis are adiponectin, leptin, resistin and ghrelin. All these molecules have been involved in cell growth and proliferation, as well as tumor angiogenesis and it has been demonstrated that their expression changes from normal colonic mucosa to adenoma and adenocarcinoma, suggesting their involvement in multistep colorectal carcinogenesis. These findings have led to the hypothesis that an unfavorable adipokine profile, with a reduction of those with an anti-inflammatory and anti-cancerous activity, might serve as a prognostic factor in CRC patients and that adipokines or their analogues/antagonists might become useful agents in the management or chemoprevention of colorectal cancer.
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Core tip: Obesity-associated diseases account for a large portion of public health challenges, and adipose tissue can be regarded as an important and highly active player of the innate immune response, in which cytokine/adipokine secretion is responsible for a paracrine loop between adipocytes and macrophages. This interplay contributes to the systemic chronic low-grade inflammation associated with visceral obesity, which represents a favorable niche for tumor development. Available findings suggest that an unbalanced adipokine profile might serve as a prognostic factor in colorectal cancer patients and that adipokines or their analogues/antagonists might become useful agents in the management or chemoprevention of colon cancer. 
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OBESITY
The incidence of obesity, defined as abnormal fat accumulation in adipose tissue that may impair health (http://www.who.int/mediacentre/factsheets/fs311/en, updated March 2013), is increasing worldwide, and obesity-associated diseases account for a large portion of public health challenges. Among obesity-related disorders, a direct and independent relationship has been ascertained for colorectal cancer (CRC)[1]. 
Previous studies indicated that the carcinogenic effect of excess weight differs among cancer sites and gender[2,3]. Several systematic reviews and meta-analyses summarized the evidence that while the relative risk associated with obesity [defined by a body mass index (BMI) ≥ 30 kg/m2] was higher for colon cancer than for rectum cancer and it was higher in men than in women, abdominal adiposity (as determined by waist circumference or waist-to-hip ratio) had a strong association with colon cancer in both sexes[4-6]. This evidence suggests that, in women, fat localization is a more important risk factor for colon cancer than body weight or BMI. It is worthnoting that when abdominal obesity is measured by waist circumference (WC), which is more closely related to metabolic changes compared to general obesity as determined by BMI, weight change is associated with excess colon cancer risk in people with attained high WC at age 50 years, but not in those having low WC[7]. Conversely, no differences can be observed by attained BMI[7]. Although the association between obesity and colon cancer is strongest, a weak correlation has been observed between waist circumference and fat mass and risk of rectal cancer[8]. However, given all the above, there is one consideration that should be outlined, since it might represent a strong bias in the correct interpretation of the study results, that is the choice of the measurement and, most of all, the use of self-reported measures. Thus, it should be advisable to adjust the data according to morphometric cut offs.
Despite these limitations, several mechanisms linking adiposity to CRC risk have been proposed, among these, obesity-related insulin resistance, hyperinsulinemia, sustained hyperglycemia, oxidative stress[9], adipocytokine production[10] and hyperinsulinemia-related increase of insulin-like growth factor-1 (IGF-1)[11], all responsible for cancer promoting effects, favoring tumor growth, increasing cell migration, and ultimately leading to metastasis (Figure 1). In this respect, it is worth noting that obesity appears to be associated with worse cancer outcomes, both in terms of cancer recurrence and mortality (reviewed in[12]).
In order to relate colorectal cancer to obesity, the biochemical behavior of adipose tissue must be considered. 
BIOLOGY OF ADIPOSE TISSUE 
Adipose tissue, which has long been regarded to have only energy storage, thermal regulation and mechanical protection functions, it is now recognized as an endocrine/metabolic organ[13]. Two different tissues differing in structure, function, and lineage must be distinguished: white adipose tissue (WAT) and brown adipose tissue (BAT). Of the two, WAT is known to produce cytokines and chemokines that induce inflammation[14], while BAT is highly metabolic and produces heat through a specialized metabolic pathway mediated by the expression of the tissue-specific uncoupling protein 1[15]. Contrary to what previously believed, it has been recently demonstrated that functional BAT is prevalent in adult females and that BMI is inversely correlated with the amount of BAT, thus suggesting a possible role of BAT in protecting against obesity[15]. On the other hand, the accumulation of WAT in the abdominal cavity represents the visceral adipose tissue (VAT), which exhibits increased insulin resistance, lipolysis, and inflammatory cytokine expression respect to subcutaneous adipose tissue (SAT).
The evidence that adipocyte hypertrophy and excessive adipose tissue accumulation can promote pathogenic adipocyte and adipose tissue effects, has led to formulate the concept of “adiposopathy”, defined as adipocyte and adipose tissue dysfunction that, together with other factors (any two of raised TG levels, reduced HDL cholesterol, raised blood pressure, or impaired glucose metabolism) contributes to the onset of metabolic syndrome[16]. Adiposopathy is also characterized by recruitment of committed mesothelial stem cell progenitors of preadipocytes[15]. Moreover, the increasing knowledge on the role of WAT in immunological responses, vascular diseases, and appetite regulation has evoked adiposopathy to define the association among obesity, inflammation and metabolic/vascular complications as a formal disease[18,19].

VISCERAL FAT AS AN INFLAMMATORY ORGAN
Existing evidence suggest that VAT is more predictive than SAT of obesity-associated comorbidity and mortality[20]. This has been related to the unique architecture of VAT that is highly cellular, vascular and innervated and contains cells with inflammatory and immunological functions[21]. Moreover, the close proximity of VAT to the portal vein causes drainage of excess free fatty acids and inflammatory mediators directly to the liver, thus affecting metabolism[22] and creating a condition of low-grade chronic inflammation, a favorable niche for tumor development. Epidemiological and clinical evidences, in fact, support the concept that longstanding inflammation represents a risk factor for the development of CRC arising in individuals with colitis-associated colorectal cancer[23].

The possibility of a direct involvement of VAT in inflammatory processes has been suggested by the direct finding that preadipocytes could function as macrophage-like cells[24], that adipocytes exert phagocytosis and microbicidal activities similar to macrophages[25] and that adipose tissue is infiltrated by significant numbers of macrophages[26]. Adipose tissue macrophages that infiltrate into VAT exhibit a phenotypic switch from an antinflammatory and adipostatic (M2) to a proinflammatory and pro-adipogenic (M1) phenotype, thus contributing to obesity-related inflammation and insulin resistance[27]. M1 macrophages express a series of proinflammatory cytokines [e.g., tumor necrosis factor-α (TNF-α), interleukine-1 (IL-1), IL-6, IL-12, and IL-23] and release high levels of superoxide anions, oxygen radicals, and nitrogen radicals[28]. The M1/M2 balance is also actively involved in the microenvironment of tumor growth[28]. Once activated, macrophages are a further source of growth factors and cytokines, which contribute to affect the local microenvironment (Figure 1).
Adipose tissue can thus be regarded as an important and highly active player of the innate immune response, in which cytokine/adipokine secretion is responsible for a paracrine loop between adipocytes and macrophages, thus contributing to the systemic chronic low-grade inflammation associated with visceral obesity[29]. The adipocyte itself participates as a central mediator of this inflammatory response in obese individuals by secreting hormones (e.g., leptin, adiponectin), growth factors [e.g., IGF-1, vascular endothelial growth factor (VEGF)] and proinflammatory cytokines (e.g., TNF-α and IL-6)[14], which are of particular relevance in the pathogenesis of CRC. These altered factors act on a common pathway, through phosphoinositide kinase-3 (PI3K)/serine-threonine-protein kinase (AKT) activation, which, in turn, regulates downstream targets leading to increased cell survival and cell growth[30], ultimately causing hyperplasia, proliferation and carcinogenesis in colonic cells[31].

It is worth mentioning that in the tumor microenvironment, cancer cells interact with normal colonocytes and that in the presence of cancer cells, adipocytes can revert from mature, differentiated adipocytes to pre-adipocytes[32]. Adipocytes, thus represent a major source of energy for the cancer cell. Indeed, among the factors evoked to represent important contributors to tumor progression there are several energy balance-associated factors[33], of which adipokines are directly involved in colon carcinogenesis and tumor development. 

ADIPOKINES IN HEALTH AND PATHOLOGY
Adipokines have a wide variety of functions, acting not only as local paracrine signaling cytokines, but also at distant levels, through secretion in the circulation (Table 1).
As the adipose tissue expands, the vasculature is insufficient to adequately oxygenate the adipocytes, thus, the resulting hypoxia and oxidative stress contribute to the overproduction of cytokines in obesity. Indeed, hypoxia, probably mediated by hypoxia-inducible factor-1 (HIF-1), initiates an inflammatory/angiogenic response similar to that operating in tumor growth[34]. In addition, adipocyte hypertrophy generates cellular metabolic and structural changes leading to endoplasmic reticular (ER) stress that, through activation of nuclear factor κB (NF-κB), stimulates the production of adipokines[35,36]. Finally, IR and impaired glucose metabolism in obesity may result in oxidative stress further amplyfing this pathogenetic loop[37]. Whatever the mechanism involved, adipokines may exert direct pro-tumorigenic properties in the gastrointestinal tract, although it is not yet known whether they act directly on gastrointestinal mucosal cells in an endocrine manner and/or in a paracrine manner through induction of local tissue inflammation[38]. Among adipocyte-secreted hormones, the most relevant to colorectal tumorigenesis are adiponectin, leptin, resistin and ghrelin (Figure 2).

Adiponectin 
Adiponectin is a 30-kDa insulin-sensitizing protein hormone with a collagen-like motif, sharing homologies with complement factors and TNF-α[39-42]. It is an adipose tissue-derived protein, exclusively secreted from adipocites[28], capable of stimulating insulin secretion, as well as increasing fatty acid combustion and energy consumption[41]. Evidence exists that adiponectin levels inversely correlate with IR and visceral obesity[42-43] and it has been suggested that low levels of adiponectin may provide a link between obesity, IR, and the risk of CRC[44-45]. In this regard, a protective role of adiponectin for several malignancies, including CRC has been proposed. Since colon epithelium expresses both isoforms of the adiponectin receptor, AdipoR1 and AdipoR2[46], such a protective role might be exerted either directly on cancer cells by affecting signal pathways involved in cell growth and proliferation[47] or indirectly by altering hormone and cytokine levels thus regulating whole-body insulin sensitivity[48].
Leptin 
Leptin, a 167-amino acid peptide in humans, is a product of the Ob gene produced primarily by fat cells, it is involved in the control of food intake and energy expenditure[49,50], and it has proven to be able to regulate cell proliferation in various normal and neoplastic cell types. Indeed, in CRC leptin acts as a potent mitogen[51-53] and antiapoptotic cytokine (Figure 2)[54-57] and promotes the invasiveness of familial adenomatous colonic cells[58]. Accordingly, leptin expression has been reported to be elevated as tumorigenesis progresses[59]. Indeed, it has been shown that leptin expression dramatically increases from normal colonic mucosa to adenoma and adenocarcinoma, suggesting its involvement in multistep colorectal carcinogenesis[60].

Similarly to what reported for other adipokines, leptin is capable of stimulating an angiogenic response in vitro, in a manner that resembles that observed with fibroblast growth factor 2 (FGF-2)[61], thus playing a critical role in the maintenance and regulation of vascular permeability in the adipose tissue[62]. The possible effects of leptin on tumor angiogenesis have not been fully elucidated. Among the raised hypothesis, a paracrine stimulation of leptin-related local new blood vessel formation by leptin receptor-expressing endothelial cells[62-63] and an effect similar to that of IGF-1 gained the highest consents[64]. 
Resistin 
Resistin is a 12.5-kDa protein of the “resistin-like molecules” (RELMs) family[65], produced by the stromovascular fraction of adipose tissue and peripheral blood monocytes. It has been postulated that a transient upregulation of resistin expression is important for accumulation of intracellular lipid content[66], which has been recently described as a potential factor in obesity-mediated IR, type 2 diabetes and inflammation[67]. Indeed, the involvement of monocytes in resistin production supports the evidence of a role exerted by adipose tissue in the generalized inflammatory process of which monocyte activation is part (Figure 2). Such activity led to suggest that high resistin levels are related to cancer-associated chronic inflammation. To date, it is widely accepted that resistin plays a pivotal role in several inflammatory conditions and in malignancies, such as breast cancer[68] and non-small cell lung cancer[69], however, its role in colorectal carcinogenesis is still not fully elucidated[70]. 
Ghrelin 
Ghrelin is a novel orexigenic peptide and represents an endogenous ligand for growth hormone secretagogue receptor type 1a (GHS-R1a)[71]. Ghrelin has a strong stimulatory effect on growth hormone (GH) release, modulates the secretion of other pituitary hormones, participate to glucose homeostasis, stimulates adipogenesis and changes the growth processes of neoplastic tissues[72,73]. Ghrelin exists in the circulation in two molecular forms: acylated (G) and unacylated (UAG). The latter form predominates in circulation and it is active in ghrelin-regulated processes, such as adipogenesis[74] and neoplastic growth influencing proliferation and apoptosis[75,76]. Interestingly, it has been demonstrated that ghrelin may act as either antiapoptotic or pro-apoptotic factor in different cancer cells. Moreover, some cancers possess ghrelin binding sites other than GHS-R1a[75,77]. An alternative hypothesis explaining the role of ghrelin in the development of several neoplasms, including colon cancer, derives by the evidence that ghrelin is a potent regulator of the GH/IGF-I axis, whose inappropriate regulation is known to be positively involved in colon cancer carcinogenesis (Figure 2)[78].
EVIDENCES FROM IN VITRO STUDIES
In vitro studies have demonstrated that adiponectin suppresses colon cancer tumor growth and that it negatively correlates with obesity, insulin resistance, immune responses, angiogenesis regulation and intracellular signaling pathways. Adiponectin directly controls cell proliferation, adhesion, invasion and colony formation and regulates metabolic [AMP-activated protein kinase (AMPK)/S6], inflammatory [signal transducer and activator of transcription 3 (STAT3)/VEGF] and cell cycle (p21/p27/p53/cyclins) signaling pathways in both mouse MCA38 and human HT29, HCT116 and LoVo colon cancer cell lines in a LKB1 (a tumor suppressor gene)-dependent way[79]. Moreover, recent experimental evidence suggests that full-length adiponectin is a direct angiogenesis inhibitor that preferentially induces apoptosis in activated endothelial cells in pathological neovascularization[80], whereas globular adiponectin appears to exert opposite effects[81]. Among other cytokines influenced by adiponectin, the reduced TNF-α production in macrophages and its action on endothelial cells, suggests that low levels of this adipokine could potentially lead to carcinogenesis by changing the influence of TNF-α on tumor cell proliferation[47]. Studies have advanced the hypothesis that adiponectin might suppress colon cancer cells through its receptor mediated AMPK activity[82].
In vitro evidences in support of a role for leptin have been also reported. In particular, leptin has been shown to participate in the malignant behavior of cells stimulating the invasive capacity of early neoplastic cells by enhancing cell motility through increased formation of lamellipodial structures[83]. Furthermore, it has been demonstrated that leptin stimulates two oncogenic pathways in colonic adenocarcinoma cell lines, Mitogen-Activated Protein Kinase (MAPK) and NF-κB, with resulting mitosis[64]. Indeed, in the CRC cell line HT-29, leptin (1nM) treatment increased cell proliferation and p42/44 MAPK phosphorylation, the number of HT-29 cells in S and G2/M phase, cyclin D1 expression in G0/G1 and prevented apoptosis of HT-29 cells, via downstream NF-κB and extracellular signal-related kinase (ERK)1/2 signaling pathways[55]. More recently, by analyzing the association between the regulatory effect of leptin (100 ng/ml) on colon cancer and phosphoinositide kinase-3 (PI3K)/protein kinase B/mammalian target of rapamycin (mTOR) signal transduction, it has been demonstrated that leptin could regulate proliferation and apoptosis of CRC through this signaling pathway[84]. In a human colorectal adenoma-carcinoma sequence it has been observed a role for signal transducer and activator of transcription 3 (STAT3)-mediated leptin signaling through the activation of the long form leptin receptor (ObRL) in colorectal carcinogenesis (Figure 3)[85]. 

Evidence that leptin stimulates proliferation of colon cells dependent on Apc genotype to induce auto/paracrine signaling cascades of inflammatory mediators and growth factors also arises from experimental models using normal colon epithelial cells, young adult mouse colon cells; Apc+/+ (YAMC), isolated from an immortalized murine cell line model mimicking a genetic mutation in cells linked to stages of carcinogenesis, and Immorto-min colonic epithelium cells; ApcMin/+ (IMCE), harboring a mutation in Apc, a ”gatekeeper“ gene linked to human colon cancer. In such a model, the response to leptin at concentrations varying from 0.01 to 50 ng/ml, i.e. a range similar to that detected in mouse serum[86], caused a reduced proliferation and apoptosis in YAMC, and an increased proliferation and inhibition of apoptosis in IMCE[87]. Moreover, beside IMCE proliferation, leptin induced chemokine production, macrophage activation and chemotaxis[88]. These data further highligth leptin-induced cross-talk between preneoplastic epithelial cells and immune cells in the promotional phase of carcinogenesis[88].
If the role of the two former adipokines in colorectal carcinogenesis has been extensively investigated in vitro, only scattered information is available regarding the biochemical mechanisms linking resistin and ghrelin to CRC. As regards the family of tissue-specific resistin-like molecules, RELMβ has been found to be over-expressed in a human colon cancer cell line, LS174T and in the colonic epithelium of most human colon cancer tissues analyzed[89]. In a recent study[90] the direct inhibitory effects of both forms of ghrelin (G and UAG) and the ghrelin receptor type 1a antagonist (D-Lys-GHRP-6; GHS-RA), applied alone or jointly, were analyzed on the growth of colon and prostate cancer cell lines (murine colon cancer MC38 and human prostate cancer DU145), demonstrating an involvement of the ghrelin axis in the growth regulation of colon and prostate cancers. Indeed, the different members of the ghrelin axis, and the ghrelin receptor type 1a antagonist, affected the growth of MC38 colon cancer and DU145 PCa cell lines with diverse potencies, depending on the type of the cancer cell line, the applied substance and the concentration used[90]. More recent evidences indicated that ghrelin (1 μmol/L) induced apoptosis in human colorectal carcinoma cells (HCT116 cells) by inhibiting the ubiquitin-proteasome system and by activating autophagy, two proteolytic pathways strictly related to cell cycle regulation and cell death[91]. 
EVIDENCE FROM ANIMAL MODELS 
Diet-induced obesity mouse models have been employed to verify the epidemiological data linking obesity to colon cancer development. Recent studies aimed at determining whether wild-type diet-induced obese (DIO) mice were at greater risk of colon cancer than their lean male littermates, indicated that DIO mice showed significantly more aberrant crypts and aberrant crypt foci as well as increased proliferation of colonocytes per mouse compared to wild-type control mice, when injected with the procarcinogen azoxymethane[92]. In a similar setting, mice with disruptions in APN developed more intestinal tumors, compared with wild-type mice[93].
At the same time, other studies have used different animal models to gain evidence on the association between adiposopathy and CRC. In this context, it has been demonstrated that exogenous administration of adiponectin in a ApcMin/+ mouse model of intestinal carcinogenesis is capable of reducing the growth of intestinal polyps[94] and that adiponectin knockout mice are more prone to chronic inflammation-induced colon cancer compared to wild type mice[95,96].
The idea that adiponectin deficiency contributes to inflammation-induced colon cancer, was further supported by the finding that, when inflammation and colon cancer were induced in both adiponectin knockout and C57BL/6 wild type mice, adiponectin proved to play an important role in colorectal cancer prevention by modulating genes involved in chronic inflammation and tumorigenesis[95]. Finally, in adiponectin-deficient mice or wild type mice, fed with either a high-fat (HF) or a low-fat (LF) diet, adiponectin administration suppressed the increase in epithelial cell proliferation[97] and the implanted tumor growth, causing larger central necrotic areas[79]. Moreover, adiponectin treatment suppressed expression of angiogenic factors (CD31, VEGFb and VEGFd) in tumors obtained from all HF mice and from adiponectin-deficient mice either on HF or on LF diet, decreased serum insulin levels in HF mice and increased serum IL-12 levels in all adiponectin-deficient mice[79].
In analogy to what has been shown for adiponectin, the role exerted by leptin in the increased risk of colon cancer associated with obesity has been highlighted by demonstrating that obese C57BL/6J-Lepob male mice, deficient in leptin, did not show signs of increased tumorigenesis, as compared to their lean littermates, suggesting that leptin might serve as a key hormone mediating the increased risk of colonic tumorigenesis associated with obesity[98]. These data further support previous findings that in C57BL/KsJ-db/db obese and diabetic mice with hyperleptinemia and hyperinsulinemia due to disruption of the leptin receptor, a significant increase in the multiplicity of premalignant lesions was found, as compared to their lean littermates[99]. Of interest, in another animal model of syngeneic mice, leptin was also shown to enhance the expression of VEGF and VEGF-R2, via PI3K, Janus kinases 2 (JAK2)/STAT3, and ERK1/2 signaling pathways, thus suggesting its possible role in stimulating tumor neoangiogenesis[63]. Finally, in experimental studies on leptin-deficient and leptin receptor (ObR)-deficient models of obesity, a significant decrease of tumor cell proliferation was observed in leptin-deficient tumors, concomitantly with a higher ObR expression levels in the colon tumors as compared to normal epithelium (Figure 3)[100]. In the colorectal adenoma (CRA) tissues, a significant increase in the phosphorylation level of the JAK/STAT signaling pathway molecules, and transcriptional regulation of STAT3-downstream target molecules were observed, and in colon tumors the proliferative and survival effects of leptin were found to be mediated by ObRL/STAT3 signaling[100]. Accordingly, tumor growth was dramatically inhibited in leptin-deficient and leptin-receptor-deficient mice despite their severe obesity[100]. Interestingly, it seems that leptin stimulates the proliferation of tumor cells in which Wnt signaling pathway is activated (Figure 3)[100].

As regards resistin, it has been demonstrated that in primary preadipocytes derived from Zucker obese rats, adipokine expression differed significantly in visceral adipose tissue as compared to lean animals[101]. Indeed, while resistin showed a characteristic expression profile during differentiation and maturation of 3T3-L1 cells and primary preadipocytes, its expression was lower in the visceral adipose tissue of Zucker obese rats[101] suggesting that this adipokine strongly influences adipogenesis of 3T3-L1 cells in the early maturation period[66].
EVIDENCES FROM TRANSLATIONAL STUDIES
Several clinical and epidemiological studies have demonstrated that altered circulating levels of adipokines are inversely correlated with the risk of CRC[99-117]. Results from meta-analyses suggest that changes in the levels of adipocytokines may indicate the initiation and progression of colorectal cancer and adenoma but conflicting results have been reported in other studies[107-109]. Decreased concentrations of plasma adiponectin have been associated with the development of colon adenomas in Japanese patients[118], the association being particularly significant with the number/size of tumors and histological progression from tubular to tubulovillous/villous adenomas[118]. A large prospective study demonstrated that men with low plasma adiponectin levels had a higher risk of colorectal cancer than men with higher levels, the association being independent of BMI, waist circumference, WHR and physical activity[102]. Furthermore, several case-control studies[104-106] have confirmed the occurrence of lower adiponectin levels in patients with CRC than in healthy controls and it has been recently suggested that adiponectin might represent a prognostic parameter in risk prediction for CRC recurrence[104,119]. In support of the hypothesis that adiponectin can inhibit the growth of CRC, immunostaining studies demonstrated an inverse correlation between the T stage of CRC and the grade of adiponectin receptors, AdipoR1 and AdipoR2, expression[120]. Indeed, abundant expression of adiponectin receptors in CRC tissue may facilitate the anticarcinogenic effect of adiponectin; conversely, low expression levels of AdipoRs may promote progression of CRC by counteracting the protective effects of adiponectin (Figure 3) [120].

Recent studies exploring high-molecular weight (HMW) adiponectin, which is involved in insulin sensitivity regulation and non-HMW adiponectin fractions in relation to CRC risk, showed that, when stratified by cancer site, non-HMW adiponectin was inversely associated with both colon and rectal cancer, suggesting an important role of the relative proportion of non-HMW adiponectin in CRC pathogenesis[121]. Meanwhile, evidence from a large prospective study evaluating the association of plasma adiponectin and soluble leptin receptor (sObR) with colorectal cancer risk demonstrated that plasma adiponectin was significantly associated with reduced risk of colorectal cancer among men, but not among women and that sObR was significantly associated with increased risk of rectal cancer but not colon cancer[122]. Recently, the hypothesis that an unfavorable adipokine profile [as indicated by a high leptin/adiponectin (L/A) ratio] might serve as a prognostic factor in CRC patients has been proposed[109,119]. In particular, the evidence that a high L/A ratio had a negative prognostic value with respect to both disease-free and overall survival in CRC patients suggested that combined measurement of both adipokines may represent an adjunctive tool in risk prediction for CRC recurrence[119]. Of interest, the negative prognostic value of L/A ratio was independent of gender (Figure 4)[119], contrarily to what previously demonstrated for adiponectin alone[122].
Leptin is also directly correlated with the risk of CRC[112,113] and a more aggressive tumor phenotype, as demonstrated by the association with stage[114,114,119], microvascular invasion[115] or decreased relapse free survival[119], although low or undetectable leptin concentrations were observed in other studies[116,117,123]. It appears that leptin is not involved in the early-stage colorectal cancer carcinogenesis but, rather, only after the tumor initiation stage[100]. As regards the sex-specific differences observed in relating leptin to colorectal cancer risk, there is no agreement, since some Authors reported an association in men but not in women[111,112], while others found an association also in women[113].
Resistin is another adipokine that has been recently proposed as an independent predictor of CRC[106,112,124], independently of different anthropometric measures of adiposity, such as WC[124-127]. Indeed, as no association between resistin and IR has been detected, the hypothesis that resistin may play a role in colorectal cancer independently of obesity, but due to its close association with the chronic inflammation that leads to cancer pathogenesis has been advanced[106]. In this regard, although resistin levels positively correlated with inflammatory markers, association with tumor stage is debated. In fact, while some studies reported no differences between early and late stages CRC[125], Nakajima et al[126] showed that resistin levels gradually increased with progression in tumor stage. Similarly, no study, so far, has reported any association between resistin and age, sex, BMI or lifestyle parameters, rather than C-reactive protein levels[127]. Notably, enhanced expression of tissue-specific resistin-like molecules RELMβ has been positively correlated with the differentiation degree of colon adenocarcinoma and mucinous carcinoma, while loss of expression was observed in undifferentiated carcinoma[89]. Based on these findings, it has also been suggested that, independently from BMI, resistin may be a good biomarker of CRC, while adiponectin may be superior in CRA[126].
As regards the role of ghrelin axis in CRC development, studies on colorectal cancer progression showed that malignant intestinal epithelial cells differentially overexpress ghrelin receptors and produce more ghrelin as compared to normal human colonocytes, thus causing their enhanced proliferative and invasive behavior[128]. Contrasting results were obtained when comparing locally produced autocrine ghrelin with its sistemically available form. In support of the role of ghrelin in promoting malignancy in CRC patients, it has been demonstrated that while locally produced autocrine ghrelin correlated with CRC in a stage-dependent manner, systemically available endocrine ghrelin levels did not exhibit significant correlation with any tumor stage or grade[128]. These data were in contrast with an earlier study in which ghrelin serum levels showed a decreasing pattern from early to advanced stage of disease in CRC patients[129,130].
CONCLUSION
Many attempts at developing prediction models to identify those patients at higher risk to develop colon cancer (reviewed in[131]), in order to provide clear indication for prevention, diagnosis and treatment have been performed. The vast majority of the epidemiological evidence clearly indicates mutual factors linking obesity and colon cancer[132]. Among the proposed risk factors, increased consumption of high-energy diets and reduced consumption of fruit, vegetables and fibre, a sedentary lifestyle and increased age, have proven to influence adipose tissue functionality and to provide a common soil for a strong link between obesity-driven chronic inflammation and CRC[133]. Reversing obesity-associated inflammation and adiposopathy by lifestyle interventions, including weight loss, physical activity and dietary modifications, might have a clinically relevant role in reducing CRC risk or progression[134-136] and survival outcomes of patients with recurrent colon cancer[137]. The mechanistic and pathophysiology studies on adipokines highlight the important role of these adipocyte-secreted hormones in colon cancer. Literature data agree in indicating that adiponectin or analogues might become useful agents in the management or chemoprevention of CRC[79]. In conclusion, dissecting the mechanisms underlying adipokine involvement in obesity-driven CRC will be of utmost importance in risk reduction and design of tailored therapies to prevent chemoresistance and recurrence.
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Figure 1 Mechanisms linking adiposity to colorectal cancer carcinogenesis. Among these, obesity-related insulin resistance, inflammation and adipocytokine production. Adipose tissue macrophages infiltrating visceral adipose tissue exhibit a phenotypic switch from an antinflammatory and adipostatic to a proinflammatory and pro-adipogenic phenotype, thus contributing to obesity-related inflammation and insulin resistance. IL-6: Interleukine-6; IGF-1: Insulin-like growth factor-1; IGFBPs: Insuline-like growth factor binding protein; TNF-α: Tumor necrosis factor-α; VEGF: Vascular endothelial growth factor; PPAR-γ: Peroxisome proliferator-activated receptor-γ. 

Figure 2 Systemic release of adipokines by visceral abdominal fat and paracrine, adipokine-mediated crosstalk between adipose tissue and different cellular activation through their downstream signalling pathways. ADIPOR: Adiponectin receptor; AMPK: Adenosine monophosphate-activated protein kinase; GH: Growth hormone; IGF-1: Insulin-like growth factor-1; STAT: Signal transducers and activators of transcription.

Figure 3 Scheme depicting the stages of normal epithelium-to-carcinoma sequence and the potential factors that relate obesity and colorectal cancer progression. ADIPORs: Adiponectin receptors; AKT: Serine/threonine-protein kinase; AMPK: Adenosine monophosphate-activated protein kinase; APC: Adenomatous polyposis coli; COX2: Cyclooxygenase-2; DCC: DCC deleted in colorectal carcinoma; HMG-CoA R: 3-hydroxy-3-methylglutaryl-CoA reductase; JAK: Janus kinase; ObR: Leptin receptor; STAT: Signal transducers and activators of transcription.

Figure 4 Kaplan-Meier analysis of relapse-free (Panel A) and overall (Panel B) survival of colorectal cancer patients stratified according to gender and leptin/adiponectin ratios. Analysis is based on data from a previously published study, to which the reader is referred for greater details[118]. L/A: Leptin/adiponectin.

Table 1 Role of adipokines in colorectal cancer at the various levels of evidence
	Adipokine
	In vitro evidence
	In vivo animal studies
	Translational studies
	Proposed mechanism(s)

	Adiponectin
	
	
	
	

	Inverse association
	Suppression of colon cancer cells by its receptor-mediated AMPK activity[82]
	Exogenous adiponectin in ApcMin/+ mice is capable of reducing the growth of intestinal polyps[93]
Adiponectin knockout mice are more prone to chronic inflammation-induced colon cancer compared to C57BL/6 wild type mice[94,95]
	Inhibition of cell proliferation, adhesion, invasion and colony formation
	Reduction of TNF-α levels; regulation of metabolic (AMPK/S6), inflammatory (STAT3/ VEGF) and cell cycle (p21/p27/p53/cyclins) signaling pathways[79]



	Leptin
	
	
	
	

	Direct association
	Stimulation of the invasive capacity of early neoplastic cells by enhancing cell motility through increased formation of lamellipodial structures[83]
	Obese C57BL/6J-Lepob male mice do not display increased tumorigenesis as compared to their lean littermates[97]
C57BL/KsJ-db/db obese and diabetic mice have a significant increase in the multiplicity of premalignant lesions[98]
	Involvement in CRC carcinogenesis only after the tumor initiation stage[99] 
Direct correlation with cancer progression[111,112]
	Regulation of proliferation and apoptosis through PI3K/AKT/ mTOR signaling pathway
Enhanced expression of VEGF and VEGF-R2, via PI3K, JAK2/STAT3, and ERK1/2 signaling pathways[63]



	Resistin
	
	
	
	

	Direct association
	Overexpression in a human colon cancer cell line, LS174T and in the colonic epithelium of many human colon cancer tissues[88]

	None reported
	Association with the chronic inflammation that leads to cancer pathogenesis[105] 
Gradual increase with progression in tumor stage[125]
	Interference with adipogenesis

	Ghrelin
	
	
	
	

	Conflicting
	Induction of apoptosis in human CRC cells[89] Overexpression and enhanced production in malignant intestinal epithelial cells[127]
	None reported
	Stage-dependent correlation of locally produced autocrine tissue ghrelin with colorectal cancer[127] 
Gradual decrease with progression in tumor stage[128,129]
	Inhibition of the ubiquitin-proteasome system and autophagy activation[90]



AMPK: AMP-activated protein kinase; IL-6: Interleukine-6; IGF-1: Insulin-like growth factor-1; IGFBPs: Insuline-like growth factor binding protein; TNF-α: Tumor necrosis factor-α; VEGF: Vascular endothelial growth factor; STAT3: Signal transducer and activator of transcription 3; PI3K: phosphoinositide kinase-3; AKT: Serine-threonine-protein kinase; mTOR: Mammalian target of rapamycin; ERK: Extracellular-signal-regulated kinase; CRC: Colorectal cancer.
