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In modern society, inappropriate diets and other lifestyle habits have made obesity an increasingly prominent health problem. Pancreatic cancer (PC), a kind of highly aggressive malignant tumor, is known as a silent assassin and is the seventh leading cause of cancer death worldwide, pushing modern medicine beyond help. Adipokines are coming into notice because of the role of the intermediate regulatory junctions between obesity and malignancy. This review summarizes the current evidence for the relationship between highly concerning adipokines and the pathogenesis of PC. Not only are classical adipokines such as leptin and adiponectin included, but they also cover the recognized chemerin and osteopontin. Through a summary of the biological functions of these adipokines as well as their receptors, it was discovered that in addition to their basic function of stimulating the biological activity of tumors, more studies confirm that adipokines intervene in the progression of PC from the viewpoint of tumor metabolism, immune escape, and reprogramming of the tumor microenvironment (TME). Besides endocrine function, the impact of white adipose tissue (WAT)-induced chronic inflammation on PC is briefly discussed. Furthermore, the potential implication of the acknowledged endocrine behavior of brown adipose tissue (BAT) in relation to carcinogenesis is also explored. No matter the broad spectrum of obesity and the poor prognosis of PC, supplemental research is needed to unravel the detailed network of adipokines associated with PC. Exploiting profound therapeutic strategies that target adipokines and their receptors may go some way to improving the current worrying prognosis of PC patients.
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Introduction

The poor prognosis among subsistent solid tumors due to their atypical early clinical symptoms, high local aggressiveness, distant metastasis by the time of clinical diagnosis, and the absence of effective treatment has rendered pancreatic cancer (PC), a kind of highly aggressive malignant tumor, known as a silent assassin and the seventh leading cause of cancer death worldwide (1, 2). By 2025, scientific models predicted that PC would surpass breast cancer as the third reason accounting for the mortality of tumors (3). The prevalence of PC keeps increasing, supported by comparative analysis of data from 48 countries, and this gain in prevalence is obvious both in the population aged 50 years or older and in younger age groups (4). While medical advances have led to effective control of the mortality of multiple cancer groups in both sexes, the latest European cancer death rate projections also suggest that the patient population of PC presents the opposite trend where mortality and prognosis are unpromising and PC is the next central public health problem facing Europe and the world (5). A brief conclusion suggesting that suboptimal populations with smoking, physical inactivity, alcohol consumption, and obesity account for a large proportion of the PC population could be summarized from a series of epidemiological studies, and the occurrence of PC reflects, in part, the increasing prevalence of obesity, diabetes, and alcohol consumption (2, 6, 7).

The obese population, building on this foundation, makes up a large part, with obese men accounting for roughly 6% of PC cases and obese women with a proportion of 7% (8). Among the 13 malignancies for which the risk of oncogenesis in humans is causally related to physical obesity is pancreatic cancer (9, 10). Body mass index (BMI), an estimation of the degree of obesity, which increases the risk of PC by 10% for every 5 of a unit increase, appears to indicate a greater vulnerability to PC in later life when an individual has a high BMI in adulthood (8). Obesity is deemed as a considerable causative factor for PC at all time periods in the human body (11, 12). As a global epidemic, obesity is accompanied by susceptibility to various maladies (13). Preventing obesity is as crucial as controlling tobacco intake in controlling the morbidity and mortality of pancreatic cancer and improving the well-being of patients.

The level of body fat in obese groups often reaches dysfunctional levels where it may alter the physiological regulation of adipose tissue (AT), leading to obesity-related disorders that include cancer. It was believed that AT, as an inert organismal storage tissue, was mainly involved in the energy supply of the body and in the regulation of body temperature and other basic physiological activities (14). With a deeper understanding of the excessive fat deposition arising from obesity and the pathological expansion of white adipose tissue (WAT), there exists a consensus that the chronic low inflammatory state caused by AT has a powerful link with the recruitment of immune/inflammatory cells, the induction of neovascularization, the regulation of tumor-associated adipose tissue microenvironment (TAAME), as well as cancer-associated adipocytes (CAAs), and other processes contributing to cancer development (15, 16). AT is no longer simply a receptacle for fat storage, but has emerged as an endocrine organ capable of producing various hormones and factors (17, 18). The concept of the adipokine family has evolved from the earliest known leptin and adiponectin to the recognized omentin and chemerin, which are the main molecular links between AT and the regulation of metabolic syndromes, cardiovascular diseases, and various malignancies, and are integrated with other cytokines to form a sophisticated functional network (19). Relying on novel proteomics techniques or methods, this family is expanding and more novel adipokines are being discovered, leading many scholars to pay more attention to the relationship between adipokines and tumors (20).

Given the unique mediating functions of adipokines in the management of physiological responses in AT, the regulation of their secretion levels or the modulation of their corresponding receptors may be a key element in the progression of PC (Table 1). An in-depth investigation of the mechanisms of adipokines in relation to carcinogenesis may become an invaluable field for the earlier clinical detection of PC and the advancement of the prognosis of PC patients. This review summarizes the latest insights into the dysfunction of the body brought about by the structural and biological properties of AT and the adipokines it produces. It also presents a review of the classical and novel adipokines identified to act in the pathogenesis of PC. Furthermore, this paper explores the subtle interactions between the adipose tissue microenvironment and the tumor microenvironment (TME), thus reflecting on possible orientations for future studies on adipokines in tumor research, which is vital for proposing innovative ideas in clinical treatment.


Table 1 | Effect of Adipokines on PC.





Adipose tissue

AT, perhaps preferably called adipose organs, seems to be a dynamic tissue complex composed of adipocytes and interstitial vascular components, which both form an intangible portion of the human body and comprise the TME. AT is mainly composed of WAT, brown adipose tissue (BAT), and beige adipose tissue (55, 56). Of these, WAT produces cytokines and chemokines that underlie its biological function, while BAT, which is in a hyper-metabolic state and capable of heat production, relies on a specific metabolic pathway that is thought to be associated with the activation of UCP1 (57).


BAT and batokines

The distinction lies within the three categories of AT is the content of cellular mitochondria and the higher the relative quantity of mitochondria AT possesses, the darker color it tends to exhibit (58). BAT, which contains multilocular lipid droplets as well as a substantial portion of mitochondria and expresses mitochondrial UCP1, turns out to be the central heat generating plant of the human body (59). Beige adipose tissue is phenotypically similar to BAT and is transformed from WAT after exposure to cold stimulation or β3-adrenergic agonists (60, 61). The distribution of beige adipose tissue in the body differs according to the stimulation of the location of WAT and is highly heterogeneous (62).

Despite the thermogenic properties of both beige adipose tissue and BAT, which serve an instrumental function in the adjustment of systemic energy homeostasis, beige adipose tissue and BAT, drawing inspiration from the endocrine function of WAT, may also be participating in the management of human ailments through the release of batokines (62). Batokines represent a collection of active peptides generated by BAT under its natural or thermogenic activation state, and it is shown that BAT is engaged in the regulation of systemic metabolism and cardiac, hepatic, and pancreatic function via releasing batokines, such as FGF21, BMP8b, NRG4, IL-6, and IGF-1 (63, 64). FGF21, being the earliest discovered batokine, has acquired attention for the delayed ventricular remodeling effect in hypertensive heart disease (65). Nevertheless, FGF21 is equally protective of the pancreas, as evidenced by its capacity to halt adipose deposition in the pancreas and chronic inflammation of the pancreas, thereby effectively limiting the malignant progression of PC (66). Alongside assisting BAT in thermogenesis, batokines could reduce the local inflammatory response by restraining immune cell activities, building upon the established practice that the thermogenic function of BAT is antagonistic to its pro-inflammatory properties (67). IL-6 is known to stand out as a key contributor to inflammation, oncology, and various metabolic disorders (68, 69). CXCL14 is released by BAT upon its thermogenic activation and ample proof has demonstrated its recruitment to M2 macrophages in diverse types of AT (70). GDF15, another batokine, performs the final loop of anti-inflammatory properties (67, 71). Relying on these above elements, which have been well documented in the association of tumors in previous studies, BAT communicates with the function of the liver, heart, and immune system frequently (63). However, a limited amount of research remains on the linkage between BAT and beige adipose tissue and PC, meaning that further studies are required to explore the underlying mechanisms involved and unravel the myth of metabolic health enhancement capabilities. The three types of AT could be converted into each other, which is referred to as the plasticity of AT (72). Beige adipose tissue is known to be derived from WAT, whereas BAT also transforms into white/beige adipose tissue when faced with elevated ambient temperature, the deficiency of leptin receptor, the impairment of β-adrenergic signaling, and the lack of lipase (73).



White Adipose Tissue


WAT Related Endocrine Function

Regrettably, in spite of the widespread recognition of the participation of obesity and AT in the occurrence and development of PC, the understanding of the mechanistic principles involved remains at a relatively low level. WAT serves as a major agent of metabolism and inflammation, simultaneously modulating metabolism by balancing energy expenditure, adipocyte differentiation, and insulin sensitivity, along with the production of pro-inflammatory and anti-inflammatory molecules and the activation of immune signaling to regulate inflammation (74). In addition to the meta-inflammation attributed to WAT, the production and secretion of adipokines account for the core function of the WAT, and furthermore, the relationship between its endocrine properties and meta-inflammation is well established. The identification of leptin unlocked the floodgates of recognition of adipokines as WAT secretagogues, and adipokines were subsequently proved to be a sequence of heterogeneous polypeptides that participate in the regulation of lipid metabolism, human immunity, insulin resistance, inflammation reaction, angiogenesis, carcinogenesis, and other pathophysiological processes (75–77). And as the fields of metabolomics, proteomics, and genomics are being explored, over 100 members are constantly being added to this family. The network of adipokines relevant to neoplastic progression is being expanded, and the list currently contains 15 adipokines (20). Distinct adipokines bound to their respective receptors are distributed in a wide range of organs and tissues, interfacing and regulating diverse signaling pathways in neoplastic cells (78). Adipokines exhibit context-dependent interactions with diverse cancers, so it is not surprising, for instance, that even though adiponectin is proven to have a guardian angel effect in an otherwise malignant tumor, including breast cancer, the same does not hold true in clinical studies or mechanistic studies concerning PC (79, 80). Alongside with the increasing acceptance of the idea of adipokines as therapeutic targets, more in-depth research is being conducted For instance, immunotherapy may contribute to the increased immune response stimulated by immunotherapy in cancer patients. There are implications of adipokines for reprogramming of TME (78, 81).



WAT in Various Depots

Via distinct signing mechanisms, AT relates to additional systemic components through its secreted substances. The impact of AT at either the systemic or local scale is well explained when considering it as a collection of depots scattered throughout the body, with separate depots comprising the whole being individually focused on various features, even more precipitated diverse gradients of disease risk (82, 83). The subcutaneous adipose tissue (SAT), located underneath the skin, and the visceral adipose tissue (VAT), surrounding the internal organs of the body, together constitute the bulk of WAT. Both deposits have separate metabolic specificity (51). VAT containing substantially more immune cells displays increasingly active metabolic traits, accompanied by elevated insulin resistance and expression of inflammatory mediators or adipokines, which is considered convincing evidence for engaging VAT in obesity-related metabolic disorders or diseases, such as cancer (51, 84). One compelling argument shows that VAT levels inversely correlate with serum adiponectin, of which the anti-inflammatory and anti-cancer functions have garnered enough attention, as shown by the mechanisms described below (85). The direct impact exerted by VAT on the endocrine system could consequently induce metabolic disorders. This, moreover, could partly mirror the assessment of disease prognosis. Not only is VAT measurement an invaluable element in the assessment system for estimating the effectiveness of chemotherapy in PC patients, but it is equally applicable to patients after PC surgery, both signifying alarming prognostic consequences (86, 87).

Given that SAT and VAT, described above, appear to be indirectly and teleologically regulated in the case of PC, scholars are increasingly focusing on intrapancreatic fat within the setting of PC, a pancreas-specific fat storage reservoir (19). Therefore, AT may prefer to interact in a somewhat direct and paracrine mode to promote carcinogenesis. AT-related inflammation and metabolic disorders of paracrine secretion are followed by the over-fat deposit in the pancreas, which exceeds a certain common threshold (88). The pathological accumulation of AT in the pancreas or replacement of pancreatic alveolar cells by adipocytes following unnatural death both facilitate the progression of fatty pancreas (89). Intrapancreatic adipose concentrations have recently been recognized as a risk factor for early PC lesions and could shape the macroscopic or even microscopic environment of PC, with the potential of being a key criterion for early cancer detection (90, 91). Infiltration of adipocytes and an increase in adiposity are detectable in PC tissue, which suggests a poor prognosis (88, 92).

The distinct localization of VAT or intrapancreatic fat might determine how its secreted adipokines act on PC, which may involve an endocrine pattern or a paracrine manner to generate local tissue inflammation or, more likely, a combination of these two heterotypic signaling (89, 93). Adipocytes constitute a central stromal component of the tumor microenvironment with the ability to interact with cancer cells through cellular autonomous signaling together with paracrine messaging by secreting multiple regulatory molecules, notably adipokines (94). Such signaling mechanisms are seen to be involved in KRAS-mediated reprogramming of TME metabolism, which in turn subtly alters the proliferative efficacy of pancreatic cells (95). OSM in TME is mainly secreted by tumor-associated macrophages (TAM) and AT with the capacity to induce VEGF production and angiogenesis, together with being a potent chemotactic agent for neutrophils, which consequently promotes inflammation-associated tumor progression (96). The pro-inflammatory properties of adipokines derived from the AT paracrine routes could contribute bidirectionally to the fibrotic and inflammatory condition of the pancreas and be a prospective contributor to the chemoresistance of PC (15). Another rather intuitive and intricate mechanism involves the secretion of adipokines by distantly located AT away from the tumor, which undergoes turnover in circulation and flow to reach the target organ, like the pancreas, for effect (94). Straightforward proof of this model is that existing sufficient studies to show adipokines such as leptin, resistin, and omentin are increased or even varied in serum of PC patients (21, 32, 52). For example, by interacting with its receptors, leptin acts as an endocrine agent via activating key molecules such as JAK2, STAT3, and PI3K and engaging in a wide range of signaling pathways, including JAK2/STAT3, PI3K/AKT, and Notch (97). The complex side of the endocrine approach, however, resides in the fact that at the macroscopic level of the human body, the over-secreted adipokines by AT carry with them metabolic disturbances, such as insulin resistance or glucose metabolism disturbances, which likewise impinge on PC (98, 99). Certainly, both endocrine and paracrine forms of adipokine action could operate on PC, more likely as a synergistic effect.



WAT Related Chronic Low-Grade Inflammation

Complicated chronic low-grade inflammation in WAT is triggered and maintained as a result of a dysfunctional secretion of inflammatory factors, cytokines, and chemokines, which is dependent on an immune response with a range of immune cells, and such ongoing inflammatory responses are thought to underlie tumorigenesis or other illnesses (100–102). Despite the recent suggestion that variation in mitochondrial function underpins the inflammatory effects of adipose tissue, one cannot ignore the contribution of immune cells to this pattern of inflammation (103). Macrophages are believed to be the primary regulators of WAT-associated chronic inflammation via playing major roles, including initiating the recruitment of additional immune cells and secreting cytokines to adjust the inflammatory signaling cascade in host organisms (74, 104). Stress-related involvement of NK cells and secreted cytokines engage closely in the inflammatory polarization of macrophages in AT (105). Glycolysis is seen as a major contributor to the pro-inflammatory properties of macrophages in AT, activating the release of adipokines from macrophages (106). CD11c (+) ATM (AT macrophages) in WAT induces the accumulation of macrophages in the liver and the subsequent persistence of inflammation, which is facilitated by the recruitment of CXCL14-expressing neutrophils (107). The translocation of monocytes to AT by monocytes themselves allows the maintenance of obesity-specific chronic inflammation to be possible (108). Neutrophils have also been shown to maintain the inflammatory process by the production of large amounts of IL-1β and induction of macrophage clustering and infiltration (109). An increase in AT T cells was clearly observed after high fat intake, and the increased T cells were characterized by high expression of IFN-γ, highly expressed immune mediators in AT, and IL-17 (74, 110). While the effects of T cells and their diverse isoforms on WAT-related chronic inflammation vary, intriguingly, it has been verified that obese individuals, often accompanied by insulin resistance, have remarkably reduced natural Tregs, which means that Tregs restrict the proinflammatory environment and hence reduce chronic inflammation in adipose tissue (74, 104, 111, 112). CD8(+) T cells are recognized to precede macrophage activation and to provoke alteration in their phenotype in order to launch the inflammatory response inflammation (74, 113). CD8(+) T cells have the capacity to amplify the scope of the inflammation following an inflammatory response. Kiran et al. (113) discovered an increase in the proliferation of activated CD8(+) and CD69(+) T cells following WAT expansion, together with enhanced CXCR3 receptor expression, alongside the observed recruitment and increased numbers of pro-inflammatory M1 macrophages, which maintained a low degree of chronic inflammation. Notably, this process probably also produces adipokines such as osteopontin and resistin, which are in tandem with the endocrine capabilities of WAT itself, as discussed further below (114, 115).

Such chronic low-grade inflammation complicated with WAT has the potential to form a closed loop above the mechanism that leads to an inflammatory cycle, maintaining or amplifying the inflammation of AT. Chronic inflammation with a high level of CRP or TNF-α receptor 2 prove to initiate the original of PC and make progression to the metastasis, pre-diagnostic proficiency of inflammatory biomarkers provably correlates negatively with pancreatic cancer survival (116). This meta-inflammation caused by obesity or WAT has been accepted to be related to the pancreas and its inflammation. Existing experimental testimony shows highly penetrant PC with a mutant KRAS gene, a critical oncogene in the initiation, proliferation and metabolic reprogramming of PDAC, develops fast when faced with food-induced obesity and inflammation (117). Chronic inflammation of the pancreas as a consequence of obesity is consistently regarded as a life-long hazard factor for increasing the morbidity of PC (118). The necessity in transformation of gene and the susceptibility to tumorigenesis of the mutation of KRAS brought with could be enhanced when hit by HFD and WAT-inflammatory, which will make PC more invasive (117). Gupta et al. (119) newly noted Endothelin-1 (ET-1), which is correlated with PC, can be upregulated in pancreatic tissue when come across the activation of KRAS, an oncogene that shows great effect in obesity, no matter chronically or acutely inflamed pancreas.





Adipokines and pancreatic cancer

Previous studies in other cancer contexts, like BC and CRC, placed leptin, resistin, adiponectin, oncostatin, and osteopontin in the spotlight. Despite the acknowledged interactions of these five adipokines with PC, there remains no review to systematically cluster and analyze their contributions to PC. While leptin boosts the progression of PC through diverse signaling pathways, adiponectin could exert a protective effect that is rarely seen in other adipokines. Resistin serves as an essential biomarker in the pathophysiological progression of PC and is highly correlated with diagnosis and prognosis. However, research on oncostatin and osteopontin is more focused on the mechanisms of TME regulatory manipulation.


Leptin

Leptin was initially discovered in 1994 by Zhang et al. (120) using a mouse cloning technique. Subsequently it was discovered that the protein was encoded by the obesity-related gene (OB Gene) and secreted by WAT (Figure 1). Following the advanced research on the mechanism of action of leptin, its functions were no longer constrained to the control of appetite and governance of energy balance by acting as a regulator of fat metabolism in the body, but more often as an adipokine to perform immune regulation, angiogenesis and intervention in the governance of tumor cell growth. Recently, it was shown that the modulation of tumor cell growth by leptin is related to the genesis and development of various tumors, among which PC is a current clinical hotspot given its poor prognosis and difficulty in diagnosis. White et al. (22) observed the relationship between leptin levels and PC growth in mice by controlling their body weight, suggesting that increased body weight significantly accelerated the growth of PC in mice and that the consequent increase in leptin levels was a potential mechanism by which obesity could affect the growth of PC. Stolzenberg-Solomon et al. (21) identified a significantly increased risk of occurrence of PC in patients followed for more than 10 years (OR = 2.55,95% CI = 1.23, 5.27; P = 0.004) by following up 731 cases of pancreatic adenocarcinoma that occurred between 1986 and 2010, which confirmed that leptin increased concentrations correlated with pancreatic carcinogenesis.




Figure 1 | Wide range of adipokines released by white adipose tissue, including leptin, adiponectin, resistin, oncostatin, kisspeptin, omentin, and chemerin, impact on the biological traits of pancreatic cancer.



The mechanism of action of leptin occurs mainly through interaction with its specific receptors. Leptin receptor (LEPR, also known as ObRs), is a single transmembrane glycoprotein encoded by the LEPR gene and consists of six different isoforms of LEPR (a–f), which are widely distributed in the choroid plexus, hypothalamus, cardiovascular, liver, kidney, pancreas, and other organs throughout the body (121). Combination of LEPR with leptin invokes cancer progression by inducing molecular biological behaviors in normal tissue cells through EMT, cell–extracellular matrix interactions and extracellular matrix protein hydrolysis, which interrelate closely with tumor cell genesis, proliferation, distant migration, and apoptosis (122). Fan et al. (123) identified that leptin upregulates MMP-13 by mediating the JAK2/STAT3 signaling pathway, while the MMP family was previously proven to degrade various components of the extracellular matrix (e.g., basement membrane and fibronectin) in mutated cancers (ovarian, breast, etc.) with consequent promotion of tumor metastasis. In addition, it has been shown that MMP-13 positively relates to LEPR expression levels and that increased expression correlates substantially with lymph node metastasis in pancreatic cancer patients (123). Mendonsa et al. (124) identified LEPR short and LEPR long isoforms from PC tissues as well as confirmed that leptin specifically binds LEPR and activates the PI3K/AKT pathway to promote PC cell migration. Furthermore, the application of the AKT signaling pathway inhibitor LY294002 to PC cells significantly counteracted the effect of leptin on the proliferation of tumor cells, while the corresponding application of the AKT pathway activator IGF-1 counteracted the effect of leptin silencing, which similarly supports the notion that leptin can promote the migration and growth of PC by activating the PI3K/AKT signaling pathway (23). Notch receptors, ligands, and Notch-targeting molecules (Notch1-4, DLL4, JAG1, etc.) were highly expressed in PC cells cultured in leptin, while Notch expression levels were significantly reduced after administration of Notch inhibitory factor (DAPT) and leptin signaling inhibitor (IONP-LPrA2), indicating that Notch is required for leptin-induced PC proliferation (24). Also, the antigen expression of PC in the treated group was detected and remarkable expression of PCSC markers CD24/CD44/ESA, ALDH, CD133, and Oct-4 were found, suggesting that the leptin/Notch axis also affects PC stem cell progression (24). Notably, in a follow-up study, Harbuzariu et al. (25) found that leptin attenuated the cytotoxic effects of 5-fluorouracil (5-FU) on PC by increasing the expression of Notch signaling pathway transcription factors and eliciting increased expression of the drug efflux proteins ABCC5 and ABCC11, of which 5-FU retards chemoresistance precisely by decreasing ABCC5 and ABCC11, suggesting that the therapeutic sensitivity of 5-FU in PC patients could be strengthened clinically by targeting the leptin/Notch axis (Table 1).



Adiponectin

Since its identification in 1995, adiponectin has attracted considerable attention due to its unique cancer-suppressive effects on common tumors such as colorectal, ovarian, and cervical cancers (125). Adiponectin is another endogenous bioactive product secreted by WAT and resides in the body chiefly in the form of low molecular trimers (LMW), medium molecular hexamers (MMW), and high molecular multimers (HMW), where the HMW exhibits the most intense activity as the main form of adiponectin activity (126). In the circulating blood, adiponectin exerts its activating effects on insulin sensitization, prevention of cardiovascular disease, diet regulation, and mediation of signal transduction pathways through binding with adiponectin receptors, including AdipoR1 (adiponectin receptor-1), expressed highly in skeletal muscle and liver, AdipoR2 (adiponectin receptor-2), localized to the liver, and T-cadherin, which is abundantly expressed in endothelial cells and smooth muscle cells (127) (Figure 1). Due to the specificity of the distribution of adiponectin receptors, current studies suggest that T-cadherin is participatory in atherogenesis, whereas AdipoR1 and AdipoR2 enriched in the liver, mainly moderating the role of signal transduction, are closely associated with procedures regarding insulin secretion and tumor metabolic reprogramming (128, 129).

Although adiponectin inhibits tumor progression by suppressing cell proliferation or inducing apoptosis in carcinomas of the cervix and breast, there is still much controversy regarding the relevance of adiponectin to PC and the underlying mechanism by which it impacts the PC. According to Dalamaga et al. (26), 81 cases of PC and 81 control healthy patients were included between 2000 and 2007 in the follow-up and it was concluded that high levels of adiponectin in the body were positively associated with the incidence of PC. Similarly, another clinical study, which measured serum adiponectin concentrations in 72 patients with PC, 39 patients with chronic pancreatitis, and 290 control patients, determined that median adiponectin levels were statistically higher in the PC group than in the control group (27). Both the above studies had relatively small sample sizes, yielding discrepancies in results after large sample studies. After 6 years of follow-up of 468 patients with PC and 1,080 healthy patients, Bao et al. (28) found that the median plasma adiponectin level of 6.2 µg/ml was lower in the PC group than in the control group at 6.8 µg/ml, implying a possible negative association between plasma adiponectin and PC risk. Based on the European Prospective Investigation into Cancer and Nutrition (EPIC cohort), Grote et al. (29) conducted a case–control study involving 452 PC patients and 452 healthy cases and confirmed that elevated adiponectin levels in never-smokers were negatively associated with PC risk (Table 1).

According to large-scale clinical studies, low concentrations of plasma adiponectin may be a risk factor for the pathogenesis of PC, which might be related to the activation of caspases by adiponectin to promote apoptosis and the attenuation of the β-catenin signaling pathway to restrain tumor cell proliferation (30, 31). The tendency of cancer cell growth was inhibited by the treatment of Pan02 mouse PC cells with adiponectin, whereas caspase-3 and caspase-7 activities were significantly augmented in the treated group, thus implying that adiponectin can promote apoptosis in cancer cells (Table 1) (30). Transplantation of Pan02 cells into the pancreas of adiponectin knockout mice resulted in a significant increase in the volume of tumors and a decrease in dUTP nick end-labeling (TUNEL) positive cells, indicating that adiponectin represses the proliferation of PC in mice (30). The downregulation of AdipoR expression was identified by Jiang et al. (31) to eliminate the anti-cancer cell proliferative effect of adiponectin and markedly boosted tumor growth in mice, and further demonstrated that adiponectin reduced cyclin D1 expression by interfering with GSK-3β phosphorylation to prevent its inactivation and degraded β-catenin to inhibit β-catenin accumulation in cells, ultimately blocking PC growth in the G0–G1 phase. This process was coupled with reduced expression of the β-catenin-related transcription factor TCF7L2, providing further evidence that adiponectin can weaken β-catenin signaling and play a critical role in the inhibition of PC growth (31).



Resistin

First named for its unique ability to induce mice to generate insulin resistance, resistin is otherwise known as adipocyte-specific secretory factor (ADSF) (130) (Figure 1). Resistin, which is a peptide hormone encoded by the RSTN gene, belongs to the RELM family along with three types of proteins, RELM-α, RELM-β, and RELM-y (131). Thanks to genetic sequencing, differences between mouse and human resistin, has been demonstrated at the genomic and protein levels. Genomically, the RSTN gene is located on human chromosome 19p13 and mouse chromosome 8A1; at the protein level, human and mouse resistin share only 59% homology, where human resistin is a mature 12.5 kDa molecule consisting of 108 amino acids, while mouse resistin is an 11 kDa polypeptide consisting of 94 amino acids (132). It was initially thought that resistin, like leptin and adiponectin, was mainly secreted by WAT, yet subsequently it emerged that only about one-third of resistin is secreted by WAT in the human body but more often by monocytes and macrophages, which in turn spurs the production of inflammatory factors such as TNF-α, thereby linking adipose tissue to the inflammatory response (133). In this regard, it might be possible that resistin functions as an immunomodulatory factor in the immune response of the TME (134).

Resistin couples four different functional receptors, including adenylylcyclase-associated protein 1 (CAP1), toll-like receptor 4 (TLR4), an isoform of decorin (DCN), and receptor tyrosine kinase-like orphan receptor 1 (ROR1), where DCN and ROR1 bound mainly to murine-derived resistin, while TLR4 and CAP1 were of special interest given their involvement in multiple signaling pathways in humans and their close relationship with the immune response in TME (132, 135). Tarkowski et al. (136) first reported the ability of resistin to interact with TLR4 on the surface of monocytes and epithelial cells as well as to promote the generation of inflammatory factors IL-6, IL-1b, IL-8, and TNF-α, which in turn mediated NF-β and MAPK signaling engaged in the inflammatory response. Following the response of TLR4, it exerts its biological effects mainly through the transcription and secretion of pro-inflammatory cytokines via the MyD88 protein-dependent pathway and INF-1 via the TRIF-dependent pathway (136). TLR4 has been demonstrated to interact extensively with growth factors such as VEGF, PDGF, and EGF and chemokines such as CXCR7, fulfilling multiple roles in tumor cell apoptosis, metastasis, and microenvironmental immune escape (137). Binding to CAP1, resistin upregulates cAMP concentration in monocytes, which in turn enhances PKA activity as well as promotes transcription of NF-kB-related inflammatory factors (138). Moreover, CAP1 is far from being the only receptor known to bind directly to human resistin, which relates to the CAP1/CAMP/PKA signaling pathway and regulates monocyte function, leading to chronic inflammation (138). The chronic inflammation inspired by TLR4 and CAP1 is involved in the malignancy process, as is the overexpression of TLR4 and CAP1 in the TME, contributing to the progression of cancer. Yamazaki et al. (139) identified overexpression of CAP1 in PC tissues with reduced motility, invasive ability, and lamellar phospholipid formation in cells following knockdown of CAP1, further analyzing that overexpression of CAP1 enhanced nerve infiltration and lymph node metastasis (Table 1). The study by Yamazaki et al. illustrated the correlation between resistin receptors and PC, and the correlation between resistin itself and PC, as was subsequently demonstrated by Jiang et al. (32) showing that patients with poorly histologically graded PC were often accompanied by resistin(+) with resistin being an independent prognostic factor affecting recurrence-free survival in patients with PDAC.



Oncostatin

A member of the IL-6 cytokine family, Oncostatin M (OSM), was identified as being able to be produced by AT and was engaged in glucose and lipid metabolism (140) (Figure 1). The members of the IL-6 cytokine family all share a common transmembrane subunit, glycoprotein 130 (gp130), in their corresponding receptor complexes, which is why the IL-6 cytokine family is termed the Gp130 cytokine family (141, 142). Oncostatin M, encompassing 252 amino acids and folded into a 4-helix bundle structure, is a special member of the Gp130 family of cytokines in that it features two different receptor complexes compared to others, the gp130/LIFRβ complex and the gp130/OSMRβ complex (141). The gp130/OSMRβ complex represents the main effective receptor of OSM, with the current research in PC focusing on it. In the presence of OSMRβ, OSM could activate specific signaling pathways from STAT5, STAT6, AKT, and PKC-δ, which were unable to be activated by other Gp130 cytokine family members. Upon binding to the gp130/OSMRβ complex, OSM induces transcription of relevant target genes through signaling pathways such as JAK/STAT, MAPK/ERK, and PI3K/AKT with a crucial role in inflammation and hematopoiesis and could act in direct ways as growth inhibitory or growth promoting factors impacting the expansion of tumor cells or indirectly on angiogenesis through the recall of inflammatory cells (141, 143).

As a consequence, different roles are played by OSM in distinct pathological contexts. Comparing the serum expression of 507 cytokines in PC patients and healthy volunteers, five cytokines, including OSM, showed sensitivity ranging from 69 to 77% and specificity of 75% with a highly discriminatory diagnosis of PDAC and exhibited potential as new diagnostic biomarkers of the efficacy of gemcitabine and erlotinib (33). Increased circulating OSM suggests of increased severity of PC and currently understood mechanisms involve the promotion of EMT, regulation of stem cell plasticity, reprogramming of fibroblasts and reinforcement of chemotherapy resistance in PC. Tan et al. (34) were the earliest to report that OSM could induce EMT along with more elongated, fibroblast-like cells, a mechanism that may involve JAK/STAT signaling (Table 1). The phenotype-driven effects of OSM on mesenchymal and cancer stem cells (CSC) were further investigated by Smigiel et al. (35). Upon exposure to OSM, additional PC cells expressed mesenchymal/CSC properties, and increased tumor metastasis, enhanced tumorigenicity, and resistance to gemcitabine were observed (35). This induction of the MSC/CSC cellular state is maintained by a positive feedback effect resulting from activation of the OSMR/JAK/STAT3 pathway induced by OSMR binding and inhibition of OSM function would prevent PC cells from acquiring and maintaining MSC/CSC properties, thereby preventing cancer cells from participating in a favorable escape mechanism (35).

A tumor-inflammatory microenvironment that promotes tumor growth and metastasis could be established by OSM to affect the prognosis of PC patients, which is achieved by reprogramming inflammatory cancer-associated fibroblasts (iCAF) (36). CAF itself has become the mainstay of PC with an abundance of desmoplastic reactions during tumorigenesis. CAFs with high OSMR expression frequently have a release of inflammatory signals such as CXCL1, CCL2, CCL7, and IL6 (36). Additionally, OSMR was found to contribute to the immunosuppressive microenvironment of PC, with classical monocytes in OSM (−) PC showing attenuated differentiation towards TAM with immunosuppressive properties and increased expression of CD40 and CD86, co-stimulatory molecules expressed by antigen-presenting cells (APCs), contributing to effective activation of T cells (36). LLGL1 augments the sensitivity of PC to gemcitabine and this sensitizing effect has been shown to be related to the induction of an anti-apoptotic effect and CSC by LLGL1 through the regulation of the ERK2/Sp1/OSMR axis (37). Intervening in OSM-OSMR signaling to regulate the iCAF reprogramming process and targeting OSMR to enhance the therapeutic effect of gemcitabine would be novel directions for treating PC (Table 1).



Osteopontin

Osteopontin (OPN), a multifunctional adipokine protein, holds the promise of being complementary to CA199 as an early clinical diagnostic marker (38) (Figure 1). This is in part, owing to the specific elevated expression of osteopontin in the serum or tissues of PC patients. Chen et al. (39) showed that osteopontin could uniquely discriminate healthy people from cancer. Adding to this, Poruk et al. (40) noticed that serum osteopontin significantly differed in PC patients compared with normal subjects in which elevated osteopontin was positively associated with patient mortality. What is of interest is that in the study by Collins (41), although osteopontin was also detected to be elevated, it was also noted that osteopontin has a protective effect independent of tumor stage. Also, OPN was elevated in PC tissues compared with healthy subjects and the relationship between PC clinicopathological parameters and osteopontin immunoscore was well explained, whereby its expression was indicative of clinicopathological stage level (144) (Table 1).

Leukocytes and mesenchymal stem cells (MSCs) could be recruited by osteopontin from either peripheral blood or bone marrow (145). Tumor-localized fibroblasts could be reprogrammed by osteopontin to become CAF, as could be M1 anti-tumor macrophages, which are reprogrammed to become TAM (145–147). Osteopontin may also be referred to as secreted phosphoprotein 1 (SPP1) (148). It also belongs to the SIBLING family, which stands for “small integrin binding ligand N-linked glycoproteins” and was initially recognized as being present in bone and dentin, where it fulfills the duties of extracellular matrix (ECM) formation and mineralization (149, 150). Members of this cytokine family enable the regulation of cell signaling by forming a functional complex with multiple integrins and CD44. The binding of integrin receptors during the action of osteopontin depends on the RGD domain (Arg-Gly-Asp) as well as a thrombin-cleaved epitope SVVYGLR (also known as the non-RGD domain), while the cell surface hyaluronan receptor CD44 subtype CD44v (6–15) binds to the calcium binding domain and acts in an RGD-independent manner (151, 152). The OPN–integrin complex activates key downstream molecules such as ERK2, (NF)-κB, IKKβ, and PI3K, while the OPN–CD44 complex is extensively involved in MAPK, FGFR2, PI3K, RAS, Wnt/β-catenin, and Hippo-YAP signaling pathways (151, 153). There may be more potential signaling, transcriptional, and therapeutic sites independent of these signaling pathways in the development process of PC.

Osteopontin promotes metastasis of PC and inhibition or reduction of osteopontin expression effectively inhibits liver metastasis of PC, a function that is exclusive to osteopontin compared to the structurally comparable osteopontins of the same family of SIBLINGs (154–156). The need to effectively halt early metastasis of PC is paramount considering that the high mortality rate of PC is inextricably linked to the early stages of metastasis. Additional causative factors of death from PC that leave clinicians at the end of their wits include the complex hyperplastic connective tissue of PC and, furthermore, increased desmoplasia hyperplasia is a key mechanism by which obesity contributes to the progression of PC, to which pancreatic stellate cells (PSCs) contribute in large part (157). Upon stimulation with TNF-α/β, IL-1/2/10, etc., PSCs can be activated into CAF isoforms like iCAF and myCAF, which participate in the desmoplastic reaction to remodel the mesenchyme of PC (158, 159). Hypoxia in solid malignant tumor cells such as PC is a pivotal ingredient for intensified aggressiveness, metastasis, and angiogenesis. PSCs are capable of being activated at hypoxia with the assistant of ROS and accompany of increased production of osteopontin, which proceeds to bind to integrin avβ3 and activates Akt/Erk signaling and then both regulating EMT processes in PC cells (PCCs) and regulates the expression of CSC-like properties, simultaneously inducing the malignant phenotype in PCCs (42). FOXM1, a proto-oncogene, serves as a downstream effector molecule in the osteopontin regulatory axis (42). In the context of CAF-PCC co-culture, CD44+ cells were significantly increased along with other stemness markers such as ALDH+ and AF+ (43). Moreover, the expression of osteopontin was also increased in the system and a reduction in stemness and tumorsphere formation ability was observed when either osteopontin or CD44 was knocked out, suggesting a role for osteopontin-CD44 in the regulation of stemness (43) (Table 1). H3K4me3, an essential modification of histone during the process of immune checkpoint inhibitor (ICI) immunotherapy, can act as a promoter to increase osteopontin expression and amplify osteopontin/CD44 axis signaling, thus making osteopontin a novel immune checkpoint that could complement classical PD-1 immune escape and weaken the effect of anti-PD-1 immunotherapy (44). The multiple functions of osteopontin are also manifested by the fact that the expression of osteopontin is elevated in the presence of increased glucose and insulin levels, together with an increased proliferation of pancreatic ductal epithelial cells (45).




Potential adipokines and pancreatic cancer

Certainly, additional adipokines involved in the malignant progression of PC will be confirmed in coming years. With their diverse cancer-related profiles, three adipokines, kisspeptin, omentin, and chemerin, stand out from the crowd of adipokines, but research in the PC context remains limited. The specific suppressive role of kispeptin demonstrated in other malignancies against tumor migration is similarly seen in PC. Omentin and adiponectin, the previously mentioned unique protective factor, possess parallels in their secretory patterns, opening up the potential for underexplored protective adipokine features of omentin. Chemerin, being a recent star adipokine, might probably possess the type of relationship with tumor immunity and metabolism proven in PC and in other malignancies. Regardless of kispeptin, omentin, or chemerin, in the future, all could present a direction for further reflection on the mechanics of the adipokine role in the context of PC.


Kisspeptin

As a member of the adipokine family, kisspeptin was originally referred to as metastatic owing to its unique inhibitory ability on tumor migration (Figure 1). KISS-1 is a pre-peptide containing 145 amino acids, which are terminally amidated by the serum proprotein convertase Furin to generate numerous bioactive peptides, namely, kisspeptin, including KP-13, KP-54, KP-14, and KP-10 isoforms, among which KP-54 is currently the most studied. On the one hand, these isoforms (KPs) function as regulators of malignant migration, and on the other hand, they are positive regulators of the mammalian reproductive neuroendocrine axis (160). Located on the long arm of chromosome 1, KISS-1 is regulated by TXNIP, CRSP3, and TCF21 and is mainly expressed in tissues such as the placenta, kidney, pancreas, and hypothalamic arcuate nucleus, where it exerts vital roles in the suppression of native tumor metastasis (161) (Figure 1). Ongoing studies confirm that the KISS-1 expression pattern significantly overlaps matrix metalloproteinases (MMP), a central mechanism by which the MMP family is involved in the metastatic process of malignant tumors, which explains the tumor metastasis inhibitory role of kisspeptin in an array of tumors (162, 163). KISS-1R, the natural receptor for kisspeptin, also called Gpr54, belongs to a family of seven transmembrane G protein-coupled receptors consisting of α, β, and γ subunits of which are highly distributed in the pancreas, placenta, pituitary gland, and spinal cord and similarly closely associated tumor metastasis (164, 165). Of these, the α subunit contains four initiation signals, including GαS, Gαi/Gαo, Gαq/Gα11, and Gα12/Gα13. Both KISS-1R can bind to Gαq/Gα11 and separately activate the small G protein RhoA, thereby linking to downstream tumor-related signaling pathways like EGFR, CXCL12/CXC4, TNFα, NFκB, PI3K, TGFβ, etc. (163).

While kisspeptin was initially shown to suppress metastasis in melanoma, subsequent studies have found that KISS-1/kisspeptin could boost metastasis in malignancies ranging from liver to breast cancer, suggesting a dual identity for kisspeptin in cancer (166). Kisspeptin still remains to play a cancer metastasis inhibitory role in PC. McNally et al. (167) found that mice implanted with S2VP10L-KISS, PC cells overexpressing KISS-1, had fewer liver and lung metastases from pancreas but showed no significant difference in tumor cell proliferation. Similarly, Masui et al. (46) showed that though exogenous kisspeptin did not inhibit the proliferation of PC cells, it did exhibit a significant influence in reducing the migration ability of PC cells in vitro, presumably related to the activation of ERK1 and p38 by kisspeptin (Table 1). Wang et al. (47) observed that PC cells PANC-1 with high KISS-1R expression exhibited similar tumor migration inhibition to BxPC-3 cells with low KISS-1R expression after transfection with KISS-1, implicating that KiSS-1 overexpression-mediated invasion inhibition was not dependent on the receptor expression level. Multiple current studies confirmed that although KISS-1 is less expressed in PC tissues than in normal, PC patients with high KISS-1R expression in their tumors tend to have higher survival rates and better prognosis. Contrary to the diminished expression of kisspeptin in tumor tissue, the current clinical studies revealed a significant increase in serum kisspeptin expression (48). Likewise, Katagiri et al. (49) came to this conclusion and explained that serum kisspeptin may be secreted by normal body tissues as a “self-defense mechanism” against cancer progression. As a result, serum kisspeptin levels can be of translational medical value as a non-invasive prognostic indicator for patients with PC. Additionally, the exploitation of antibiotic agents targeting the KISS-1/Kispeptin/KISS-1R axis may be a viable strategy for adjuvant PC treatment. Examples include alpha-bisabolol, an effective inhibitor of tumor aggressiveness in PC, whose cancer-suppressive effects were previously proved relevant to the activation of KISS-1R, giving rise to new ideas for the clinical treatment of PC (50).



Omentin

Omentin is an accepted hydrophilic adipokine with two highly homologous isoforms (20), omentin-1 and omentin-2, which share 83% amino acid homology (168) (Figure 1). Omentin-1 is the predominant circulating form of omentin, originally identified in small intestinal Paneth cells and endothelial cells as intelectin-1, which is abundant in human plasma and referred to as the galactofuranose binding lectin, intestinal lactoferrin receptor, and endothelial lectin (169). As demonstrated by experimental evidence, omentin-1 preserves body metabolism as well as enhances insulin sensitivity and exerts anti-inflammatory, anti-atherogenic, and tumor growth-regulating effects through AMPK, AKT, NF-κB, MAPK, ERK, JNK, and p38 signaling. Remarkably, the level of omentin-1 in plasma was positively correlated with adiponectin, which has been shown to inhibit the growth of many malignancies as an adipokine with reduced levels in obese people, suggesting that there might be a similar form of regulation between omentin-1 and adiponectin, all of which provide directions for further dissection of the mechanisms underlying the regulation of PC growth by omentin (51). For instance, omentin-1 inhibits the proliferation and promotes the apoptosis of colon CSCs through the PI3K/Akt pathway, which is apparent depending on the duration and concentration of exposure (170). There are no binding receptors for omentin identified, and some scholars speculate that it might be a non-protein component of the cell surface, such as a carbohydrate or glycolipid (168). Contemporary research on omentin and PC has been limited to clinical studies. Karabulut et al. (52) analyzed serum samples from 33 PC patients and found PC patients had significantly higher baseline levels of serum omentin compared to controls (p <0.001) and that an identical result was seen in patients with larger pathological tumor volumes. Kiczmer et al. (53) also detected a significant increase in omentin-1 levels in patients with PDAC. Arjmand et al. (54) stated that omentin levels were markedly associated with the risk of PC and that increased serum levels of omentin-1 may result from the response of body to the tumor, although the exact mechanism by which omentin regulates PC is still unclear (Table 1).



Chemerin

The function of chemerin to activate signaling within tumor cells, enhance natural and acquired immune defense against tumors and promote endothelial angiogenesis has made deciphering the relationship between chemerin and various malignancies a hot topic of research in oncology (171) (Figure 1). Chemerin, also known as tazarotene inducible gene 2 (TIG2) or retinoic acid receptor response protein 2 (RARRES2), is produced by C-terminal processing of pro-chemokines secreted by the liver and WAT (172). To a large extent, human chemerin isoforms include chemerin 156, chemerin 157, and chemerin 158, of which vhemerin 157 represents the most dynamic variant (173).

The dual role of chemerin in cancer development is that high serum chemerin levels may indicate increased survival in patients with tumors such as breast cancer, ovarian cancer, hepatocellular carcinoma (HCC), and adrenocortical carcinoma (ACC), while high chemerin expression suggests poor prognosis in patients with gastric cancer and non-small cell lung cancer (NSCLC) (171). For PC, Kiczmer et al. (53) evaluated serum chemerin levels in 27 patients with PC, 10 patients with CP, and 36 control volunteers and found that chemerin levels were significantly elevated in patients with PC (Table 1). Unfortunately, the current study did not disclose the expression of chemerin in PC tissues and did not further investigate the relationship between chemerin expression and the prognosis of PC patients. The mechanisms by which chemerin exert their cancer suppressing or promotive effects differ, with recruitment of immune cells causing them to inhibit tumor growth, and induction of neovascularization allowing chemerin to facilitate tumor growth (174). There exist three known receptors for chemerin, namely chemokine-like receptor 1 (CMKLR1), G protein-coupled receptor 1 (GPR1), and C-C chemokine receptor-like 2 (CCRL2) (175) (Figure 1). The former two are capable of transmitting signal transduction and have been respectively named Chemerin1 and Chemerin2 (172). Additionally, CMKLR1 has also been referred to in other literature as ChemR23. CCRL2 is thought to be a non-signaling receptor with a high affinity towards chemerin and, while unable to transmit signals via any known signaling pathway, CCRL2 is able to bind and deliver chemerin to establish concentration gradients and thus get involved in various functions (172, 176). Recently, Delbany et al. (177) reported the role of chemerin as a negative regulator of tumorigenesis in a skin cancer model, where the rate of papilloma development was significantly elevated upon loss of CCRL2 and this effect was abolished in the absence of CMKLR1, suggesting that the biological function of CCRL2 is closely dependent on CMKLR1. Also in this study, tumor cells overexpressing CCRL2 were found to aggregate chemotactic proteins, condensing chemerin on the cell surface, thus promoting activation of CMKLR1-expressing cells (177). To further demonstrate that these anti-tumor effects of CCRL2 are mediated by local concentrations of chemerin. In contrast, unlike other tumors, chemerin is able to inhibit the generation of skin cancer vessels, thereby inducing cell death and delayed proliferation (177). Chemerin is involved in the regulation of the TME through recognition of cell surface CMKLR1 displayed by macrophages, NK cells, endothelial cells, myeloid and plasmacytoid dendritic cells, smooth muscle cells, and adipocytes that express CMKLR1, a subpopulation of cells present in the TME (178, 179). Moreover, chemerin has recently been linked to tumor lipid metabolism and ferroptosis. Tan et al. (180) found that deregulation of chemerin expression inhibited tumor growth and significantly reduced intracellular lipid deposition in CcRCC cells. Further analysis revealed that lipid metabolism was reprogrammed in cancer cells after inhibition of chemerin expression and enhanced lipid oxidation resulted in increased susceptibility to ferroptosis in CcRCC cells (180). Concurrently, it was observed that lipid coenzyme Q and mitochondrial complex IV were both reduced following chemerin inhibition, leading to lipid reactive oxygen species production and further promoting ferroptosis (180). Taking these mechanisms together into account could provide a breakthrough idea to explore the rationale for chemerin in PC.




Conclusion

Concurrently, obesity serves as a recognized risk factor for cancer. Despite the increasing knowledge of obesity-related malignancies, the specific mechanisms underlying the interconnections seem to be complex. Deciphering the mechanisms involved and finding the value of translational medicine is an increasingly critical topic in oncology. Adipokines are of increasing interest as key mediators influencing the pathophysiology ascribed to cancer.

Hence, throughout this review, we highlight the important role of AT and adipokines in the pathology of PC (Table 1). As demonstrated in Table 1, with the exception of adiponectin, all the representative adipokines listed in this review at the present time have the ability to promote malignant progression of PC. Although adiponectin has shown divergent results in clinical studies, in vivo or in vitro studies have all confirmed its antagonistic impact on PC. Such a distinct oncogenic effect of adiponectin is interesting, yet this mechanism is currently not well documented in PC. Furthermore, through the review, we found that although all being members of the adipokine family, the various adipokines mentioned above induce different pathophysiological processes in PC through a diverse range of mechanisms, ultimately altering the results of tumor as well as the prognosis of tumor patients. Hence, we pose the question of whether classical adipokines including resistin and adiponectin interfere equally profoundly with the course of PC by regulating TME, tumor metabolic reprogramming, and other pathways, which needs to be further determined by future studies.

We also found that many other adipokines that show regulatory effects in other GI cancers, like visfatin and apelin, have a gap in research in the context of PC and need to be expanded by further studies, both in clinical studies and in an in-depth exploration of the mechanisms involved. As Table 1 collated, several adipokines are mentioned in the review, such as chemerin and omentin. There are still lots of gray areas that exist in the mechanism of their action in PC, and it may be possible to look at the mechanisms listed above, in other malignancies, for ideas as well as directions. This is notable since we conjecture that adipokines act as a bridge between obesity and cancer, while often acting as an endocrine hormone involved in the metabolic regulation of the body. It is likely that multiple distinct adipokines cascade with each other to form a feedback mechanism and thus a web of interactions. Identifying this complex and variable matrix of associations is likely to yield specific endocrine therapeutic avenues that are critical to improving the clinical malignancy treatment landscape.

Furthermore, the translational medical value of adipokines includes being a diagnostic marker of specificity. We have seen this potential in osteopontin, leptin, and others. With further exploration of multiple adipokine combination diagnostic modalities in the future, this role may be maximized. Additionally, such values can be reflected in accurate screening, specifically for early-stage cancers in the obese population, which is likely to significantly improve disease prognosis in them. In addition to the role of diagnostic markers, bringing together multiple adipokines for use as a grading scale and tailoring different treatment protocols for obese patients at different stages may significantly improve their survival rates. Simultaneously, there is mounting support for the idea that the adipocyte-rich microenvironment plays an instrumental role in the development of various tumors. Adipokines can act locally within AT and systemically, equally regulating the TME, which means future exploration of such mechanisms is of equal value. And, we conjecture that, as an endocrine factor, adipokines are most likely also engaged in tumor metabolic reprogramming, as they regulate metabolism systemically, but unfortunately, although we currently see this role in newly identified adipokines, this is currently limited and further in vivo and in vitro experiments are needed to validate this. In summary, adipokines have great potential to become reliable targets for neoadjuvant tumor therapy, and the prospect of such applications is compelling.



Author Contributions

QW prepared the figure and drafted this manuscript. QW, HW, YD, MW, and MX conceived the idea and analyzed the literature. MX edited and revised manuscript. All authors contributed to the article and approved the submitted version. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This study was supported by the National Natural Science Foundation of China (No. 82072754), the Jiangsu Provincial Key Research and Development Program (No. BE2018689), the Natural Science Foundation of Jiangsu Province (No. M2020011), and the Zhenjiang Key Research and Development Program (No. SH2018033).



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

3. Ferlay, J, Partensky, C, and Bray, F. More Deaths From Pancreatic Cancer Than Breast Cancer in the EU by 2017. Acta Oncol (2016) 55(9-10):1158–60. doi: 10.1080/0284186X.2016.1197419

4. Huang, J, Lok, V, Ngai, CH, Zhang, L, Yuan, J, Lao, XQ, et al. Worldwide Burden of, Risk Factors for, and Trends in Pancreatic Cancer. Gastroenterology (2021) 160(3):744–54. doi: 10.1053/j.gastro.2020.10.007

5. Carioli, G, Malvezzi, M, Bertuccio, P, Boffetta, P, Levi, F, La Vecchia, C, et al. European Cancer Mortality Predictions for the Year 2021 With Focus on Pancreatic and Female Lung Cancer. Ann Oncol (2021) 32(4):478–87. doi: 10.1016/j.annonc.2021.01.006

6. Arnold, M, Abnet, CC, Neale, RE, Vignat, J, Giovannucci, EL, McGlynn, KA, et al. Global Burden of 5 Major Types of Gastrointestinal Cancer. Gastroenterology (2020) 159(1):335–49.e15. doi: 10.1053/j.gastro.2020.02.068

7. Lu, L, Mullins, CS, Schafmayer, C, Zeißig, S, and Linnebacher, M. A Global Assessment of Recent Trends in Gastrointestinal Cancer and Lifestyle-Associated Risk Factors. Cancer Commun (Lond) (2021) 41(11):1137–51. doi: 10.1002/cac2.12220

8. Sung, H, Siegel, RL, Torre, LA, Pearson-Stuttard, J, Islami, F, Fedewa, SA, et al. Global Patterns in Excess Body Weight and the Associated Cancer Burden. CA Cancer J Clin (2019) 69(2):88–112. doi: 10.3322/caac.21499

9. Lauby-Secretan, B, Scoccianti, C, Loomis, D, Grosse, Y, Bianchini, F, and Straif, K. Body Fatness and Cancer–Viewpoint of the IARC Working Group. N Engl J Med (2016) 375(8):794–8. doi: 10.1056/NEJMsr1606602

10. Yang, L, Drake, BF, and Colditz, GA. Obesity and Other Cancers. J Clin Oncol (2016) 34(35):4231–7. doi: 10.1200/JCO.2016.68.4837

11. Zohar, L, Rottenberg, Y, Twig, G, Katz, L, Leiba, A, Derazne, E, et al. Adolescent Overweight and Obesity and the Risk for Pancreatic Cancer Among Men and Women: A Nationwide Study of 1.79 Million Israeli Adolescents. Cancer (2019) 125(1):118–26. doi: 10.1002/cncr.31764

12. Hu, JX, Zhao, CF, Chen, WB, Liu, QC, Li, QW, Lin, YY, et al. Pancreatic Cancer: A Review of Epidemiology, Trend, and Risk Factors. World J Gastroenterol (2021) 27(27):4298–321. doi: 10.3748/wjg.v27.i27.4298

13. Rathmell, JC. Obesity, Immunity, and Cancer. N Engl J Med (2021) 384(12):1160–2. doi: 10.1056/NEJMcibr2035081

14. Skouge, JW. The Biochemistry and Development of Adipose Tissue and the Pathophysiology of Obesity as It Relates to Liposuction Surgery. Dermatol Clin (1990) 8(3):385–93. doi: 10.1016/S0733-8635(18)30469-8

15. Brocco, D, Florio, R, De Lellis, L, Veschi, S, Grassadonia, A, Tinari, N, et al. The Role of Dysfunctional Adipose Tissue in Pancreatic Cancer: A Molecular Perspective. Cancers (Basel) (2020) 12(7):1849. doi: 10.3390/cancers12071849

16. Liu, R, and Nikolajczyk, BS. Tissue Immune Cells Fuel Obesity-Associated Inflammation in Adipose Tissue and Beyond. Front Immunol (2019) 10:1587. doi: 10.3389/fimmu.2019.01587

17. Tumminia, A, Vinciguerra, F, Parisi, M, Graziano, M, Sciacca, L, Baratta, R, et al. Adipose Tissue, Obesity and Adiponectin: Role in Endocrine Cancer Risk. Int J Mol Sci (2019) 20(12):2863. doi: 10.3390/ijms20122863

18. Lengyel, E, Makowski, L, DiGiovanni, J, and Kolonin, MG. Cancer as a Matter of Fat: The Crosstalk Between Adipose Tissue and Tumors. Trends Cancer (2018) 4(5):374–84. doi: 10.1016/j.trecan.2018.03.004

19. Eibl, G, and Rozengurt, E. Obesity and Pancreatic Cancer: Insight Into Mechanisms. Cancers (Basel) (2021) 13(20):5067. doi: 10.3390/cancers13205067

20. Spyrou, N, Avgerinos, KI, Mantzoros, CS, and Dalamaga, M. Classic and Novel Adipocytokines at the Intersection of Obesity and Cancer: Diagnostic and Therapeutic Strategies. Curr Obes Rep (2018) 7(4):260–75. doi: 10.1007/s13679-018-0318-7

21. Stolzenberg-Solomon, RZ, Newton, CC, Silverman, DT, Pollak, M, Nogueira, LM, Weinstein, SJ, et al. Circulating Leptin and Risk of Pancreatic Cancer: A Pooled Analysis From 3 Cohorts. Am J Epidemiol (2015) 182(3):187–97. doi: 10.1093/aje/kwv041

22. White, PB, True, EM, Ziegler, KM, Wang, SS, Swartz-Basile, DA, Pitt, HA, et al. Insulin, Leptin, and Tumoral Adipocytes Promote Murine Pancreatic Cancer Growth. J Gastrointest Surg (2010) 14(12):1888–93; discussion 93-4. doi: 10.1007/s11605-010-1349-x

23. Xu, Y, Tan, M, Tian, X, Zhang, J, Zhang, J, Chen, J, et al. Leptin Receptor Mediates the Proliferation and Glucose Metabolism of Pancreatic Cancer Cells via AKT Pathway Activation. Mol Med Rep (2020) 21(2):945–52. doi: 10.3892/mmr.2019.10855

24. Harbuzariu, A, Rampoldi, A, Daley-Brown, DS, Candelaria, P, Harmon, TL, Lipsey, CC, et al. Leptin-Notch Signaling Axis Is Involved in Pancreatic Cancer Progression. Oncotarget (2017) 8(5):7740–52. doi: 10.18632/oncotarget.13946

25. Harbuzariu, A, and Gonzalez-Perez, RR. Leptin-Notch Axis Impairs 5-Fluorouracil Effects on Pancreatic Cancer. Oncotarget (2018) 9(26):18239–53. doi: 10.18632/oncotarget.24435

26. Dalamaga, M, Migdalis, I, Fargnoli, JL, Papadavid, E, Bloom, E, Mitsiades, N, et al. Pancreatic Cancer Expresses Adiponectin Receptors and is Associated With Hypoleptinemia and Hyperadiponectinemia: A Case-Control Study. Cancer Causes Control (2009) 20(5):625–33. doi: 10.1007/s10552-008-9273-z

27. Chang, MC, Chang, YT, Su, TC, Yang, WS, Chen, CL, Tien, YW, et al. Adiponectin as a Potential Differential Marker to Distinguish Pancreatic Cancer and Chronic Pancreatitis. Pancreas (2007) 35(1):16–21. doi: 10.1097/MPA.0b013e3180547709

28. Bao, Y, Giovannucci, EL, Kraft, P, Stampfer, MJ, Ogino, S, Ma, J, et al. A Prospective Study of Plasma Adiponectin and Pancreatic Cancer Risk in Five US Cohorts. J Natl Cancer Inst (2013) 105(2):95–103. doi: 10.1093/jnci/djs474

29. Grote, VA, Rohrmann, S, Dossus, L, Nieters, A, Halkjaer, J, Tjønneland, A, et al. The Association of Circulating Adiponectin Levels With Pancreatic Cancer Risk: A Study Within the Prospective EPIC Cohort. Int J Cancer (2012) 130(10):2428–37. doi: 10.1002/ijc.26244

30. Kato, M, Watabe, K, Tsujii, M, Funahashi, T, Shimomura, I, and Takehara, T. Adiponectin Inhibits Murine Pancreatic Cancer Growth. Dig Dis Sci (2014) 59(6):1192–6. doi: 10.1007/s10620-014-3175-6

31. Jiang, J, Fan, Y, Zhang, W, Shen, Y, Liu, T, Yao, M, et al. Adiponectin Suppresses Human Pancreatic Cancer Growth Through Attenuating the β-Catenin Signaling Pathway. Int J Biol Sci (2019) 15(2):253–64. doi: 10.7150/ijbs.27420

32. Jiang, CY, Wang, W, Yin, YL, Yuan, ZR, and Wang, LB. Expression of the Adipocytokine Resistin and Its Association With the Clinicopathological Features and Prognosis of Pancreatic Ductal Adenocarcinoma. Oncol Lett (2012) 4(5):960–4. doi: 10.3892/ol.2012.865

33. Torres, C, Perales, S, Alejandre, MJ, Iglesias, J, Palomino, RJ, Martin, M, et al. Serum Cytokine Profile in Patients With Pancreatic Cancer. Pancreas (2014) 43(7):1042–9. doi: 10.1097/MPA.0000000000000155

34. Argast, GM, Mercado, P, Mulford, IJ, O'Connor, M, Keane, DM, Shaaban, S, et al. Cooperative Signaling Between Oncostatin M, Hepatocyte Growth Factor and Transforming Growth Factor-β Enhances Epithelial to Mesenchymal Transition in Lung and Pancreatic Tumor Models. Cells Tissues Organs (2011) 193(1-2):114–32. doi: 10.1159/000320179

35. Smigiel, JM, Parameswaran, N, and Jackson, MW. Potent EMT and CSC Phenotypes Are Induced By Oncostatin-M in Pancreatic Cancer. Mol Cancer Res (2017) 15(4):478–88. doi: 10.1158/1541-7786.MCR-16-0337

36. Lee, BY, Hogg, EKJ, Below, CR, Kononov, A, Blanco-Gomez, A, Heider, F, et al. Heterocellular OSM-OSMR Signalling Reprograms Fibroblasts to Promote Pancreatic Cancer Growth and Metastasis. Nat Commun (2021) 12(1):7336. doi: 10.1038/s41467-021-27607-8

37. Zhu, YX, Li, CH, Li, G, Feng, H, Xia, T, Wong, CH, et al. LLGL1 Regulates Gemcitabine Resistance by Modulating the ERK-SP1-OSMR Pathway in Pancreatic Ductal Adenocarcinoma. Cell Mol Gastroenterol Hepatol (2020) 10(4):811–28. doi: 10.1016/j.jcmgh.2020.06.009

38. Song, J, Sokoll, LJ, Pasay, JJ, Rubin, AL, Li, H, Bach, DM, et al. Identification of Serum Biomarker Panels for the Early Detection of Pancreatic Cancer. Cancer Epidemiol Biomarkers Prev (2019) 28(1):174–82. doi: 10.1158/1055-9965.EPI-18-0483

39. Chen, R, Crispin, DA, Pan, S, Hawley, S, McIntosh, MW, May, D, et al. Pilot Study of Blood Biomarker Candidates for Detection of Pancreatic Cancer. Pancreas (2010) 39(7):981–8. doi: 10.1097/MPA.0b013e3181dac920

40. Poruk, KE, Firpo, MA, Scaife, CL, Adler, DG, Emerson, LL, Boucher, KM, et al. Serum Osteopontin and Tissue Inhibitor of Metalloproteinase 1 as Diagnostic and Prognostic Biomarkers for Pancreatic Adenocarcinoma. Pancreas (2013) 42(2):193–7. doi: 10.1097/MPA.0b013e31825e354d

41. Collins, AL, Rock, J, Malhotra, L, Frankel, WL, and Bloomston, M. Osteopontin Expression is Associated With Improved Survival in Patients With Pancreatic Adenocarcinoma. Ann Surg Oncol (2012) 19(8):2673–8. doi: 10.1245/s10434-012-2337-z

42. Cao, J, Li, J, Sun, L, Qin, T, Xiao, Y, Chen, K, et al. Hypoxia-Driven Paracrine Osteopontin/Integrin αvβ3 Signaling Promotes Pancreatic Cancer Cell Epithelial-Mesenchymal Transition and Cancer Stem Cell-Like Properties by Modulating Forkhead Box Protein M1. Mol Oncol (2019) 13(2):228–45. doi: 10.1002/1878-0261.12399

43. Nallasamy, P, Nimmakayala, RK, Karmakar, S, Leon, F, Seshacharyulu, P, Lakshmanan, I, et al. Pancreatic Tumor Microenvironment Factor Promotes Cancer Stemness via SPP1-CD44 Axis. Gastroenterology (2021) 161(6):1998–2013.e7. doi: 10.1053/j.gastro.2021.08.023

44. Lu, C, Liu, Z, Klement, JD, Yang, D, Merting, AD, Poschel, D, et al. WDR5-H3K4me3 Epigenetic Axis Regulates OPN Expression to Compensate PD-L1 Function to Promote Pancreatic Cancer Immune Escape. J Immunother Cancer (2021) 9(7):e002624. doi: 10.1136/jitc-2021-002624

45. Ito, M, Makino, N, Matsuda, A, Ikeda, Y, Kakizaki, Y, Saito, Y, et al. High Glucose Accelerates Cell Proliferation and Increases the Secretion and mRNA Expression of Osteopontin in Human Pancreatic Duct Epithelial Cells. Int J Mol Sci (2017) 18(4):807. doi: 10.3390/ijms18040807

46. Masui, T, Doi, R, Mori, T, Toyoda, E, Koizumi, M, Kami, K, et al. Metastin and its Variant Forms Suppress Migration of Pancreatic Cancer Cells. Biochem Biophys Res Commun (2004) 315(1):85–92. doi: 10.1016/j.bbrc.2004.01.021

47. Wang, CH, Qiao, C, Wang, RC, and Zhou, WP. KiSS−1−Mediated Suppression of the Invasive Ability of Human Pancreatic Carcinoma Cells Is Not Dependent on the Level of KiSS−1 Receptor GPR54. Mol Med Rep (2016) 13(1):123–9. doi: 10.3892/mmr.2015.4535

48. Loosen, SH, Luedde, M, Lurje, G, Spehlmann, M, Paffenholz, P, Ulmer, TF, et al. Serum Levels of Kisspeptin Are Elevated in Patients With Pancreatic Cancer. Dis Markers (2019) 2019:5603474. doi: 10.1155/2019/5603474

49. Katagiri, F, Nagai, K, Kida, A, Tomita, K, Oishi, S, Takeyama, M, et al. Clinical Significance of Plasma Metastin Level in Pancreatic Cancer Patients. Oncol Rep (2009) 21(3):815–9. doi: 10.3892/or_00000289

50. Uno, M, Kokuryo, T, Yokoyama, Y, Senga, T, and Nagino, M. α-Bisabolol Inhibits Invasiveness and Motility in Pancreatic Cancer Through KISS1R Activation. Anticancer Res (2016) 36(2):583–9.

51. Cabia, B, Andrade, S, Carreira, MC, Casanueva, FF, and Crujeiras, AB. A Role for Novel Adipose Tissue-Secreted Factors in Obesity-Related Carcinogenesis. Obes Rev (2016) 17(4):361–76. doi: 10.1111/obr.12377

52. Karabulut, S, Afsar, CU, Karabulut, M, Alis, H, Bozkurt, MA, Aydogan, F, et al. Clinical Significance of Serum Omentin-1 Levels in Patients With Pancreatic Adenocarcinoma. BBA Clin (2016) 6:138–42. doi: 10.1016/j.bbacli.2016.10.002

53. Kiczmer, P, Szydło, B, Seńkowska, AP, Jopek, J, Wiewióra, M, Piecuch, J, et al. Serum Omentin-1 and Chemerin Concentrations in Pancreatic Cancer and Chronic Pancreatitis. Folia Med Cracov (2018) 58(2):77–87. doi: 10.24425/fmc.2018.124660

54. Arjmand, MH, Moradi, A, Akbari, A, and Mehrad-Majd, H. Clinical Significance of Circulating Omentin Levels in Various Malignant Tumors: Evidence From a Systematic Review and Meta-Analysis. Cytokine (2020) 125:154869. doi: 10.1016/j.cyto.2019.154869

55. Zwick, RK, Guerrero-Juarez, CF, Horsley, V, and Plikus, MV. Anatomical, Physiological, and Functional Diversity of Adipose Tissue. Cell Metab (2018) 27(1):68–83. doi: 10.1016/j.cmet.2017.12.002

56. Kothari, C, Diorio, C, and Durocher, F. The Importance of Breast Adipose Tissue in Breast Cancer. Int J Mol Sci (2020) 21(16):5760. doi: 10.3390/ijms21165760

57. Fontana, L, Eagon, JC, Trujillo, ME, Scherer, PE, and Klein, S. Visceral Fat Adipokine Secretion Is Associated With Systemic Inflammation in Obese Humans. Diabetes (2007) 56(4):1010–3. doi: 10.2337/db06-1656

58. Cozzo, AJ, Fuller, AM, and Makowski, L. Contribution of Adipose Tissue to Development of Cancer. Compr Physiol (2017) 8(1):237–82. doi: 10.1002/cphy.c170008

59. Jung, SM, Sanchez-Gurmaches, J, and Guertin, DA. Brown Adipose Tissue Development and Metabolism. Handb Exp Pharmacol (2019) 251:3–36. doi: 10.1007/164_2018_168

60. Lasar, D, Julius, A, Fromme, T, and Klingenspor, M. Browning Attenuates Murine White Adipose Tissue Expansion During Postnatal Development. Biochim Biophys Acta (2013) 1831(5):960–8. doi: 10.1016/j.bbalip.2013.01.016

61. Wu, J, Boström, P, Sparks, LM, Ye, L, Choi, JH, Giang, AH, et al. Beige Adipocytes Are a Distinct Type of Thermogenic Fat Cell in Mouse and Human. Cell (2012) 150(2):366–76. doi: 10.1016/j.cell.2012.05.016

62. Kajimura, S, Spiegelman, BM, and Seale, P. Brown and Beige Fat: Physiological Roles Beyond Heat Generation. Cell Metab (2015) 22(4):546–59. doi: 10.1016/j.cmet.2015.09.007

63. Yang, FT, and Stanford, KI. Batokines: Mediators of Inter-Tissue Communication (a Mini-Review). Curr Obes Rep (2022) 11(1):1–9. doi: 10.1007/s13679-021-00465-7

64. Villarroya, F, Cereijo, R, Villarroya, J, and Giralt, M. Brown Adipose Tissue as a Secretory Organ. Nat Rev Endocrinol (2017) 13(1):26–35. doi: 10.1038/nrendo.2016.136

65. Ahmad, B, Vohra, MS, Saleemi, MA, Serpell, CJ, Fong, IL, and Wong, EH. Brown/Beige Adipose Tissues and the Emerging Role of Their Secretory Factors in Improving Metabolic Health: The Batokines. Biochimie (2021) 184:26–39. doi: 10.1016/j.biochi.2021.01.015

66. Lu, W, Li, X, and Luo, Y. FGF21 in Obesity and Cancer: New Insights. Cancer Lett (2021) 499:5–13. doi: 10.1016/j.canlet.2020.11.026

67. Villarroya, J, Cereijo, R, Gavaldà-Navarro, A, Peyrou, M, Giralt, M, and Villarroya, F. New Insights Into the Secretory Functions of Brown Adipose Tissue. J Endocrinol (2019) 243(2):R19–r27. doi: 10.1530/JOE-19-0295

68. Choy, EH, De Benedetti, F, Takeuchi, T, Hashizume, M, John, MR, and Kishimoto, T. Translating IL-6 Biology Into Effective Treatments. Nat Rev Rheumatol (2020) 16(6):335–45. doi: 10.1038/s41584-020-0419-z

69. Hirano, T. IL-6 in Inflammation, Autoimmunity and Cancer. Int Immunol (2021) 33(3):127–48. doi: 10.1093/intimm/dxaa078

70. Cereijo, R, Gavaldà-Navarro, A, Cairó, M, Quesada-López, T, Villarroya, J, Morón-Ros, S, et al. CXCL14, a Brown Adipokine That Mediates Brown-Fat-To-Macrophage Communication in Thermogenic Adaptation. Cell Metab (2018) 28(5):750–63.e6. doi: 10.1016/j.cmet.2018.07.015

71. Campderrós, L, Moure, R, Cairó, M, Gavaldà-Navarro, A, Quesada-López, T, Cereijo, R, et al. Brown Adipocytes Secrete GDF15 in Response to Thermogenic Activation. Obes (Silver Spring) (2019) 27(10):1606–16. doi: 10.1002/oby.22584

72. Sakers, A, De Siqueira, MK, Seale, P, and Villanueva, CJ. Adipose-Tissue Plasticity in Health and Disease. Cell (2022) 185(3):419–46. doi: 10.1016/j.cell.2021.12.016

73. Kotzbeck, P, Giordano, A, Mondini, E, Murano, I, Severi, I, Venema, W, et al. Brown Adipose Tissue Whitening Leads to Brown Adipocyte Death and Adipose Tissue Inflammation. J Lipid Res (2018) 59(5):784–94. doi: 10.1194/jlr.M079665

74. Kawai, T, Autieri, MV, and Scalia, R. Adipose Tissue Inflammation and Metabolic Dysfunction in Obesity. Am J Physiol Cell Physiol (2021) 320(3):C375–c91. doi: 10.1152/ajpcell.00379.2020

75. Li, J, and Han, X. Adipocytokines and Breast Cancer. Curr Probl Cancer (2018) 42(2):208–14. doi: 10.1016/j.currproblcancer.2018.01.004

76. Frühbeck, G, Méndez-Giménez, L, Fernández-Formoso, JA, Fernández, S, and Rodríguez, A. Regulation of Adipocyte Lipolysis. Nutr Res Rev (2014) 27(1):63–93. doi: 10.1017/S095442241400002X

77. Huang, CC, Law, YY, Liu, SC, Hu, SL, Lin, JA, Chen, CJ, et al. Adiponectin Promotes VEGF Expression in Rheumatoid Arthritis Synovial Fibroblasts and Induces Endothelial Progenitor Cell Angiogenesis by Inhibiting miR-106a-5p. Cells (2021) 10(10):2627. doi: 10.3390/cells10102627

78. Li, Y, Yu, C, and Deng, W. Roles and Mechanisms of Adipokines in Drug Resistance of Tumor Cells. Eur J Pharmacol (2021) 899:174019. doi: 10.1016/j.ejphar.2021.174019

79. Pu, X, and Chen, D. Targeting Adipokines in Obesity-Related Tumors. Front Oncol (2021) 11:685923. doi: 10.3389/fonc.2021.685923

80. Liu, J, Lam, JB, Chow, KH, Xu, A, Lam, KS, Moon, RT, et al. Adiponectin Stimulates Wnt Inhibitory Factor-1 Expression Through Epigenetic Regulations Involving the Transcription Factor Specificity Protein 1. Carcinogenesis (2008) 29(11):2195–202. doi: 10.1093/carcin/bgn194

81. Pham, DV, and Park, PH. Tumor Metabolic Reprogramming by Adipokines as a Critical Driver of Obesity-Associated Cancer Progression. Int J Mol Sci (2021) 22(3):1444. doi: 10.3390/ijms22031444

82. Funcke, JB, and Scherer, PE. Beyond Adiponectin and Leptin: Adipose Tissue-Derived Mediators of Inter-Organ Communication. J Lipid Res (2019) 60(10):1648–84. doi: 10.1194/jlr.R094060

83. Riondino, S, Roselli, M, Palmirotta, R, Della-Morte, D, Ferroni, P, and Guadagni, F. Obesity and Colorectal Cancer: Role of Adipokines in Tumor Initiation and Progression. World J Gastroenterol (2014) 20(18):5177–90. doi: 10.3748/wjg.v20.i18.5177

84. Pérez-Pérez, R, Ortega-Delgado, FJ, García-Santos, E, López, JA, Camafeita, E, Ricart, W, et al. Differential Proteomics of Omental and Subcutaneous Adipose Tissue Reflects Their Unalike Biochemical and Metabolic Properties. J Proteome Res (2009) 8(4):1682–93. doi: 10.1021/pr800942k

85. Sirbu, AE, Buburuzan, L, Kevorkian, S, Martin, S, Barbu, C, Copaescu, C, et al. Adiponectin Expression in Visceral Adiposity Is an Important Determinant of Insulin Resistance in Morbid Obesity. Endokrynol Pol (2018) 69(3):252–8. doi: 10.5603/EP.a2018.0026

86. Okumura, S, Kaido, T, Hamaguchi, Y, Kobayashi, A, Shirai, H, Yao, S, et al. Visceral Adiposity and Sarcopenic Visceral Obesity Are Associated With Poor Prognosis After Resection of Pancreatic Cancer. Ann Surg Oncol (2017) 24(12):3732–40. doi: 10.1245/s10434-017-6077-y

87. Balentine, CJ, Enriquez, J, Fisher, W, Hodges, S, Bansal, V, Sansgiry, S, et al. Intra-Abdominal Fat Predicts Survival in Pancreatic Cancer. J Gastrointest Surg (2010) 14(11):1832–7. doi: 10.1007/s11605-010-1297-5

88. Hori, M, Takahashi, M, Hiraoka, N, Yamaji, T, Mutoh, M, Ishigamori, R, et al. Association of Pancreatic Fatty Infiltration With Pancreatic Ductal Adenocarcinoma. Clin Transl Gastroenterol (2014) 5(3):e53. doi: 10.1038/ctg.2014.5

89. Chang, ML. Fatty Pancreas-Centered Metabolic Basis of Pancreatic Adenocarcinoma: From Obesity, Diabetes and Pancreatitis to Oncogenesis. Biomedicines (2022) 10(3):692. doi: 10.3390/biomedicines10030692

90. Rebours, V, Gaujoux, S, d'Assignies, G, Sauvanet, A, Ruszniewski, P, Lévy, P, et al. Obesity and Fatty Pancreatic Infiltration Are Risk Factors for Pancreatic Precancerous Lesions (PanIN). Clin Cancer Res (2015) 21(15):3522–8. doi: 10.1158/1078-0432.CCR-14-2385

91. Petrov, MS. Post-Pancreatitis Diabetes Mellitus and Excess Intra-Pancreatic Fat Deposition as Harbingers of Pancreatic Cancer. World J Gastroenterol (2021) 27(17):1936–42. doi: 10.3748/wjg.v27.i17.1936

92. Mathur, A, Zyromski, NJ, Pitt, HA, Al-Azzawi, H, Walker, JJ, Saxena, R, et al. Pancreatic Steatosis Promotes Dissemination and Lethality of Pancreatic Cancer. J Am Coll Surg (2009) 208(5):989–94; discussion 94-6. doi: 10.1016/j.jamcollsurg.2008.12.026

93. Hanahan, D, and Weinberg, RA. The Hallmarks of Cancer. Cell (2000) 100(1):57–70. doi: 10.1016/S0092-8674(00)81683-9

94. Park, J, Euhus, DM, and Scherer, PE. Paracrine and Endocrine Effects of Adipose Tissue on Cancer Development and Progression. Endocr Rev (2011) 32(4):550–70. doi: 10.1210/er.2010-0030

95. Dey, P, Li, J, Zhang, J, Chaurasiya, S, Strom, A, Wang, H, et al. Oncogenic KRAS-Driven Metabolic Reprogramming in Pancreatic Cancer Cells Utilizes Cytokines From the Tumor Microenvironment. Cancer Discov (2020) 10(4):608–25. doi: 10.1158/2159-8290.CD-19-0297

96. Benson, DD, Meng, X, Fullerton, DA, Moore, EE, Lee, JH, Ao, L, et al. Activation State of Stromal Inflammatory Cells in Murine Metastatic Pancreatic Adenocarcinoma. Am J Physiol Regul Integr Comp Physiol (2012) 302(9):R1067–75. doi: 10.1152/ajpregu.00320.2011

97. Pereira, S, Cline, DL, Glavas, MM, Covey, SD, and Kieffer, TJ. Tissue-Specific Effects of Leptin on Glucose and Lipid Metabolism. Endocr Rev (2021) 42(1):1–28. doi: 10.1210/endrev/bnaa027

98. Brownlee, M. Biochemistry and Molecular Cell Biology of Diabetic Complications. Nature (2001) 414(6865):813–20. doi: 10.1038/414813a

99. Avgerinos, KI, Spyrou, N, Mantzoros, CS, and Dalamaga, M. Obesity and Cancer Risk: Emerging Biological Mechanisms and Perspectives. Metabolism (2019) 92:121–35. doi: 10.1016/j.metabol.2018.11.001

100. Zeyda, M, Farmer, D, Todoric, J, Aszmann, O, Speiser, M, Györi, G, et al. Human Adipose Tissue Macrophages Are of an Anti-Inflammatory Phenotype But Capable of Excessive Pro-Inflammatory Mediator Production. Int J Obes (Lond) (2007) 31(9):1420–8. doi: 10.1038/sj.ijo.0803632

101. Lee, YS, and Olefsky, J. Chronic Tissue Inflammation and Metabolic Disease. Genes Dev (2021) 35(5-6):307–28. doi: 10.1101/gad.346312.120

102. Zahid, H, Simpson, ER, and Brown, KA. Inflammation, Dysregulated Metabolism and Aromatase in Obesity and Breast Cancer. Curr Opin Pharmacol (2016) 31:90–6. doi: 10.1016/j.coph.2016.11.003

103. Woo, CY, Jang, JE, Lee, SE, Koh, EH, and Lee, KU. Mitochondrial Dysfunction in Adipocytes as a Primary Cause of Adipose Tissue Inflammation. Diabetes Metab J (2019) 43(3):247–56. doi: 10.4093/dmj.2018.0221

104. Cox, AR, Chernis, N, Masschelin, PM, and Hartig, SM. Immune Cells Gate White Adipose Tissue Expansion. Endocrinology (2019) 160(7):1645–58. doi: 10.1210/en.2019-00266

105. Fernø, J, Strand, K, Mellgren, G, Stiglund, N, and Björkström, NK. Natural Killer Cells as Sensors of Adipose Tissue Stress. Trends Endocrinol Metab (2020) 31(1):3–12. doi: 10.1016/j.tem.2019.08.011

106. Boutens, L, Hooiveld, GJ, Dhingra, S, Cramer, RA, Netea, MG, and Stienstra, R. Unique Metabolic Activation of Adipose Tissue Macrophages in Obesity Promotes Inflammatory Responses. Diabetologia (2018) 61(4):942–53. doi: 10.1007/s00125-017-4526-6

107. Bijnen, M, Josefs, T, Cuijpers, I, Maalsen, CJ, van de Gaar, J, Vroomen, M, et al. Adipose Tissue Macrophages Induce Hepatic Neutrophil Recruitment and Macrophage Accumulation in Mice. Gut (2018) 67(7):1317–27. doi: 10.1136/gutjnl-2016-313654

108. Spite, M, Hellmann, J, Tang, Y, Mathis, SP, Kosuri, M, Bhatnagar, A, et al. Deficiency of the Leukotriene B4 Receptor, BLT-1, Protects Against Systemic Insulin Resistance in Diet-Induced Obesity. J Immunol (2011) 187(4):1942–9. doi: 10.4049/jimmunol.1100196

109. Watanabe, Y, Nagai, Y, Honda, H, Okamoto, N, Yanagibashi, T, Ogasawara, M, et al. Bidirectional Crosstalk Between Neutrophils and Adipocytes Promotes Adipose Tissue Inflammation. FASEB J (2019) 33(11):11821–35. doi: 10.1096/fj.201900477RR

110. Surendar, J, Frohberger, SJ, Karunakaran, I, Schmitt, V, Stamminger, W, Neumann, AL, et al. Adiponectin Limits IFN-γ and IL-17 Producing CD4 T Cells in Obesity by Restraining Cell Intrinsic Glycolysis. Front Immunol (2019) 10:2555. doi: 10.3389/fimmu.2019.02555

111. Eller, K, Kirsch, A, Wolf, AM, Sopper, S, Tagwerker, A, Stanzl, U, et al. Potential Role of Regulatory T Cells in Reversing Obesity-Linked Insulin Resistance and Diabetic Nephropathy. Diabetes (2011) 60(11):2954–62. doi: 10.2337/db11-0358

112. Yuan, N, Zhang, HF, Wei, Q, Wang, P, and Guo, WY. Expression of CD4+CD25+Foxp3+ Regulatory T Cells, Interleukin 10 and Transforming Growth Factor β in Newly Diagnosed Type 2 Diabetic Patients. Exp Clin Endocrinol Diabetes (2018) 126(2):96–101. doi: 10.1055/s-0043-113454

113. Kiran, S, Kumar, V, Murphy, EA, Enos, RT, and Singh, UP. High Fat Diet-Induced CD8(+) T Cells in Adipose Tissue Mediate Macrophages to Sustain Low-Grade Chronic Inflammation. Front Immunol (2021) 12:680944. doi: 10.3389/fimmu.2021.680944

114. Tardelli, M, Zeyda, K, Moreno-Viedma, V, Wanko, B, Grün, NG, Staffler, G, et al. Osteopontin Is a Key Player for Local Adipose Tissue Macrophage Proliferation in Obesity. Mol Metab (2016) 5(11):1131–7. doi: 10.1016/j.molmet.2016.09.003

115. Wagner, M, Samdal Steinskog, ES, and Wiig, H. Adipose Tissue Macrophages: The Inflammatory Link Between Obesity and Cancer? Expert Opin Ther Targets (2015) 19(4):527–38. doi: 10.1517/14728222.2014.991311

116. Yuan, C, Morales-Oyarvide, V, Khalaf, N, Perez, K, Tabung, FK, Ho, GYF, et al. Prediagnostic Inflammation and Pancreatic Cancer Survival. J Natl Cancer Inst (2021) 113(9):1186–93. doi: 10.1093/jnci/djab040

117. Luo, Y, Li, X, Ma, J, Abbruzzese, JL, and Lu, W. Pancreatic Tumorigenesis: Oncogenic KRAS and the Vulnerability of the Pancreas to Obesity. Cancers (Basel) (2021) 13(4):778. doi: 10.3390/cancers13040778

118. Kandikattu, HK, Venkateshaiah, SU, and Mishra, A. Chronic Pancreatitis and the Development of Pancreatic Cancer. Endocr Metab Immune Disord Drug Targets (2020) 20(8):1182–210. doi: 10.2174/1871530320666200423095700

119. Gupta, S, Prajapati, A, Gulati, M, Gautam, SK, Kumar, S, Dalal, V, et al. Irreversible and Sustained Upregulation of Endothelin Axis During Oncogene-Associated Pancreatic Inflammation and Cancer. Neoplasia (2020) 22(2):98–110. doi: 10.1016/j.neo.2019.11.001

120. Zhang, Y, Proenca, R, Maffei, M, Barone, M, Leopold, L, and Friedman, JM. Positional Cloning of the Mouse Obese Gene and its Human Homologue. Nature (1994) 372(6505):425–32. doi: 10.1038/372425a0

121. Tartaglia, LA, Dembski, M, Weng, X, Deng, N, Culpepper, J, Devos, R, et al. Identification and Expression Cloning of a Leptin Receptor, OB-R. Cell (1995) 83(7):1263–71. doi: 10.1016/0092-8674(95)90151-5

122. Ghasemi, A, Saeidi, J, Azimi-Nejad, M, and Hashemy, SI. Leptin-Induced Signaling Pathways in Cancer Cell Migration and Invasion. Cell Oncol (Dordr) (2019) 42(3):243–60. doi: 10.1007/s13402-019-00428-0

123. Fan, Y, Gan, Y, Shen, Y, Cai, X, Song, Y, Zhao, F, et al. Leptin Signaling Enhances Cell Invasion and Promotes the Metastasis of Human Pancreatic Cancer via Increasing MMP-13 Production. Oncotarget (2015) 6(18):16120–34. doi: 10.18632/oncotarget.3878

124. Mendonsa, AM, Chalfant, MC, Gorden, LD, and VanSaun, MN. Modulation of the Leptin Receptor Mediates Tumor Growth and Migration of Pancreatic Cancer Cells. PloS One (2015) 10(4):e0126686. doi: 10.1371/journal.pone.0126686

125. Scherer, PE, Williams, S, Fogliano, M, Baldini, G, and Lodish, HF. A Novel Serum Protein Similar to C1q, Produced Exclusively in Adipocytes. J Biol Chem (1995) 270(45):26746–9. doi: 10.1074/jbc.270.45.26746

126. Khoramipour, K, Chamari, K, Hekmatikar, AA, Ziyaiyan, A, Taherkhani, S, Elguindy, NM, et al. Adiponectin: Structure, Physiological Functions, Role in Diseases, and Effects of Nutrition. Nutrients (2021) 13(4):1180. doi: 10.3390/nu13041180

127. Wang, ZV, and Scherer, PE. Adiponectin, the Past Two Decades. J Mol Cell Biol (2016) 8(2):93–100. doi: 10.1093/jmcb/mjw011

128. Tanabe, H, Fujii, Y, Okada-Iwabu, M, Iwabu, M, Kano, K, Kawana, H, et al. Human Adiponectin Receptor AdipoR1 Assumes Closed and Open Structures. Commun Biol (2020) 3(1):446. doi: 10.1038/s42003-020-01160-4

129. Parida, S, Siddharth, S, and Sharma, D. Adiponectin, Obesity, and Cancer: Clash of the Bigwigs in Health and Disease. Int J Mol Sci (2019) 20(10):2519. doi: 10.3390/ijms20102519

130. Kim, KH, Zhao, L, Moon, Y, Kang, C, and Sul, HS. Dominant Inhibitory Adipocyte-Specific Secretory Factor (ADSF)/resistin Enhances Adipogenesis and Improves Insulin Sensitivity. Proc Natl Acad Sci U S A (2004) 101(17):6780–5. doi: 10.1073/pnas.0305905101

131. Pine, GM, Batugedara, HM, and Nair, MG. Here, There and Everywhere: Resistin-Like Molecules in Infection, Inflammation, and Metabolic Disorders. Cytokine (2018) 110:442–51. doi: 10.1016/j.cyto.2018.05.014

132. Sudan, SK, Deshmukh, SK, Poosarla, T, Holliday, NP, Dyess, DL, Singh, AP, et al. Resistin: An Inflammatory Cytokine With Multi-Faceted Roles in Cancer. Biochim Biophys Acta Rev Cancer (2020) 1874(2):188419. doi: 10.1016/j.bbcan.2020.188419

133. Li, Y, Yang, Q, Cai, D, Guo, H, Fang, J, Cui, H, et al. Resistin, a Novel Host Defense Peptide of Innate Immunity. Front Immunol (2021) 12:699807. doi: 10.3389/fimmu.2021.699807

134. Shu, Y, and Cheng, P. Targeting Tumor-Associated Macrophages for Cancer Immunotherapy. Biochim Biophys Acta Rev Cancer (2020) 1874(2):188434. doi: 10.1016/j.bbcan.2020.188434

135. Hsieh, YY, Shen, CH, Huang, WS, Chin, CC, Kuo, YH, Hsieh, MC, et al. Resistin-Induced Stromal Cell-Derived Factor-1 Expression Through Toll-Like Receptor 4 and Activation of P38 MAPK/ Nfκb Signaling Pathway in Gastric Cancer Cells. J BioMed Sci (2014) 21(1):59. doi: 10.1186/1423-0127-21-59

136. Tarkowski, A, Bjersing, J, Shestakov, A, and Bokarewa, MI. Resistin Competes With Lipopolysaccharide for Binding to Toll-Like Receptor 4. J Cell Mol Med (2010) 14(6b):1419–31. doi: 10.1111/j.1582-4934.2009.00899.x

137. Kashani, B, Zandi, Z, Pourbagheri-Sigaroodi, A, Bashash, D, and Ghaffari, SH. The Role of Toll-Like Receptor 4 (TLR4) in Cancer Progression: A Possible Therapeutic Target? J Cell Physiol (2021) 236(6):4121–37. doi: 10.1002/jcp.30166

138. Lee, S, Lee, HC, Kwon, YW, Lee, SE, Cho, Y, Kim, J, et al. Adenylyl Cyclase-Associated Protein 1 Is a Receptor for Human Resistin and Mediates Inflammatory Actions of Human Monocytes. Cell Metab (2014) 19(3):484–97. doi: 10.1016/j.cmet.2014.01.013

139. Yamazaki, K, Takamura, M, Masugi, Y, Mori, T, Du, W, Hibi, T, et al. Adenylate Cyclase-Associated Protein 1 Overexpressed in Pancreatic Cancers Is Involved in Cancer Cell Motility. Lab Invest (2009) 89(4):425–32. doi: 10.1038/labinvest.2009.5

140. Elks, CM, and Stephens, JM. Oncostatin M Modulation of Lipid Storage. Biol (Basel) (2015) 4(1):151–60. doi: 10.3390/biology4010151

141. Stephens, JM, and Elks, CM. Oncostatin M: Potential Implications for Malignancy and Metabolism. Curr Pharm Des (2017) 23(25):3645–57. doi: 10.2174/1381612823666170704122559

142. Gearing, DP, Comeau, MR, Friend, DJ, Gimpel, SD, Thut, CJ, McGourty, J, et al. The IL-6 Signal Transducer, Gp130: An Oncostatin M Receptor and Affinity Converter for the LIF Receptor. Science (1992) 255(5050):1434–7. doi: 10.1126/science.1542794

143. Caffarel, MM, and Coleman, N. Oncostatin M Receptor is a Novel Therapeutic Target in Cervical Squamous Cell Carcinoma. J Pathol (2014) 232(4):386–90. doi: 10.1002/path.4305

144. Tsai, WC, Lin, CK, Yang, YS, Chan, DC, Gao, HW, Chang, FN, et al. The Correlations of LMX1A and Osteopontin Expression to the Clinicopathologic Stages in Pancreatic Adenocarcinoma. Appl Immunohistochem Mol Morphol (2013) 21(5):395–400. doi: 10.1097/PAI.0b013e318277d9de

145. Castello, LM, Raineri, D, Salmi, L, Clemente, N, Vaschetto, R, Quaglia, M, et al. Osteopontin at the Crossroads of Inflammation and Tumor Progression. Mediators Inflamm (2017) 2017:4049098. doi: 10.1155/2017/4049098

146. Klemm, F, Maas, RR, Bowman, RL, Kornete, M, Soukup, K, Nassiri, S, et al. Interrogation of the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations of Immune Cells. Cell (2020) 181(7):1643–60.e17. doi: 10.1016/j.cell.2020.05.007

147. Güç, E, and Pollard, JW. Redefining Macrophage and Neutrophil Biology in the Metastatic Cascade. Immunity (2021) 54(5):885–902. doi: 10.1016/j.immuni.2021.03.022

148. Senger, DR, Wirth, DF, and Hynes, RO. Transformed Mammalian Cells Secrete Specific Proteins and Phosphoproteins. Cell (1979) 16(4):885–93. doi: 10.1016/0092-8674(79)90103-X

149. Sun, Y, Gandhi, V, Prasad, M, Yu, W, Wang, X, Zhu, Q, et al. Distribution of Small Integrin-Binding Ligand, N-Linked Glycoproteins (SIBLING) in the Condylar Cartilage of Rat Mandible. Int J Oral Maxillofac Surg (2010) 39(3):272–81. doi: 10.1016/j.ijom.2009.12.017

150. Staines, KA, MacRae, VE, and Farquharson, C. The Importance of the SIBLING Family of Proteins on Skeletal Mineralisation and Bone Remodelling. J Endocrinol (2012) 214(3):241–55. doi: 10.1530/JOE-12-0143

151. Wei, R, Wong, JPC, and Kwok, HF. Osteopontin – A Promising Biomarker for Cancer Therapy. J Cancer (2017) 8(12):2173–83. doi: 10.7150/jca.20480

152. Pang, X, Gong, K, Zhang, X, Wu, S, Cui, Y, and Qian, BZ. Osteopontin as a Multifaceted Driver of Bone Metastasis and Drug Resistance. Pharmacol Res (2019) 144:235–44. doi: 10.1016/j.phrs.2019.04.030

153. Hassn Mesrati, M, Syafruddin, SE, Mohtar, MA, and Syahir, A. CD44: A Multifunctional Mediator of Cancer Progression. Biomolecules (2021) 11(12):1850. doi: 10.3390/biom11121850

154. Kolb, A, Kleeff, J, Guweidhi, A, Esposito, I, Giese, NA, Adwan, H, et al. Osteopontin Influences the Invasiveness of Pancreatic Cancer Cells and Is Increased in Neoplastic and Inflammatory Conditions. Cancer Biol Ther (2005) 4(7):740–6. doi: 10.4161/cbt.4.7.1821

155. Ohno, K, Nishimori, H, Yasoshima, T, Kamiguchi, K, Hata, F, Fukui, R, et al. Inhibition of Osteopontin Reduces Liver Metastasis of Human Pancreatic Cancer Xenografts Injected Into the Spleen in a Mouse Model. Surg Today (2010) 40(4):347–56. doi: 10.1007/s00595-009-4082-x

156. Zhivkova-Galunska, M, Adwan, H, Eyol, E, Kleeff, J, Kolb, A, Bergmann, F, et al. Osteopontin But Not Osteonectin Favors the Metastatic Growth of Pancreatic Cancer Cell Lines. Cancer Biol Ther (2010) 10(1):54–64. doi: 10.4161/cbt.10.1.12161

157. Incio, J, Liu, H, Suboj, P, Chin, SM, Chen, IX, Pinter, M, et al. Obesity-Induced Inflammation and Desmoplasia Promote Pancreatic Cancer Progression and Resistance to Chemotherapy. Cancer Discov (2016) 6(8):852–69. doi: 10.1158/2159-8290.CD-15-1177

158. Zhao, X, Li, Z, and Gu, Z. A New Era: Tumor Microenvironment in Chemoresistance of Pancreatic Cancer. J Cancer Sci Clin Ther (2022) 6(1):61–86. doi: 10.26502/jcsct.5079146

159. Haqq, J, Howells, LM, Garcea, G, Metcalfe, MS, Steward, WP, and Dennison, AR. Pancreatic Stellate Cells and Pancreas Cancer: Current Perspectives and Future Strategies. Eur J Cancer (2014) 50(15):2570–82. doi: 10.1016/j.ejca.2014.06.021

160. Stathaki, M, Stamatiou, ME, Magioris, G, Simantiris, S, Syrigos, N, Dourakis, S, et al. The Role of Kisspeptin System in Cancer Biology. Crit Rev Oncol Hematol (2019) 142:130–40. doi: 10.1016/j.critrevonc.2019.07.015

161. Zhu, N, Zhao, M, Song, Y, Ding, L, and Ni, Y. The KiSS-1/GPR54 System: Essential Roles in Physiological Homeostasis and Cancer Biology. Genes Dis (2022) 9(1):28–40. doi: 10.1016/j.gendis.2020.07.008

162. Takino, T, Koshikawa, N, Miyamori, H, Tanaka, M, Sasaki, T, Okada, Y, et al. Cleavage of Metastasis Suppressor Gene Product KiSS-1 Protein/Metastin by Matrix Metalloproteinases. Oncogene (2003) 22(30):4617–26. doi: 10.1038/sj.onc.1206542

163. Ly, T, Harihar, S, and Welch, DR. KISS1 in Metastatic Cancer Research and Treatment: Potential and Paradoxes. Cancer Metastasis Rev (2020) 39(3):739–54. doi: 10.1007/s10555-020-09868-9

164. Muir, AI, Chamberlain, L, Elshourbagy, NA, Michalovich, D, Moore, DJ, Calamari, A, et al. AXOR12, a Novel Human G Protein-Coupled Receptor, Activated by the Peptide KiSS-1. J Biol Chem (2001) 276(31):28969–75. doi: 10.1074/jbc.M102743200

165. Cho, SG, Li, D, Tan, K, Siwko, SK, and Liu, M. KiSS1 and its G-Protein-Coupled Receptor GPR54 in Cancer Development and Metastasis. Cancer Metastasis Rev (2012) 31(3-4):585–91. doi: 10.1007/s10555-012-9367-7

166. Guzman, S, Brackstone, M, Radovick, S, Babwah, AV, and Bhattacharya, MM. KISS1/KISS1R in Cancer: Friend or Foe? Front Endocrinol (Lausanne) (2018) 9:437. doi: 10.3389/fendo.2018.00437

167. McNally, LR, Welch, DR, Beck, BH, Stafford, LJ, Long, JW, Sellers, JC, et al. KISS1 Over-Expression Suppresses Metastasis of Pancreatic Adenocarcinoma in a Xenograft Mouse Model. Clin Exp Metastasis (2010) 27(8):591–600. doi: 10.1007/s10585-010-9349-5

168. Watanabe, T, Watanabe-Kominato, K, Takahashi, Y, Kojima, M, and Watanabe, R. Adipose Tissue-Derived Omentin-1 Function and Regulation. Compr Physiol (2017) 7(3):765–81. doi: 10.1002/cphy.c160043

169. Zhou, Y, Zhang, B, Hao, C, Huang, X, Li, X, Huang, Y, et al. Omentin-A Novel Adipokine in Respiratory Diseases. Int J Mol Sci (2017) 19(1):73. doi: 10.3390/ijms19010073

170. Ji, H, Wan, L, Zhang, Q, Chen, M, and Zhao, X. The Effect of Omentin-1 on the Proliferation and Apoptosis of Colon Cancer Stem Cells and the Potential Mechanism. J buon (2019) 24(1):91–8.

171. Treeck, O, and Buechler, C. Chemerin Signaling in Cancer. Cancers (Basel) (2020) 12(11):3085. doi: 10.3390/cancers12113085

172. Kennedy, AJ, and Davenport, AP. International Union of Basic and Clinical Pharmacology CIII: Chemerin Receptors CMKLR1 (Chemerin(1)) and GPR1 (Chemerin(2)) Nomenclature, Pharmacology, and Function. Pharmacol Rev (2018) 70(1):174–96. doi: 10.1124/pr.116.013177

173. Zhao, L, Yamaguchi, Y, Sharif, S, Du, XY, Song, JJ, Lee, DM, et al. Chemerin158K Protein Is the Dominant Chemerin Isoform in Synovial and Cerebrospinal Fluids But Not in Plasma. J Biol Chem (2011) 286(45):39520–7. doi: 10.1074/jbc.M111.258954

174. Goralski, KB, Jackson, AE, McKeown, BT, and Sinal, CJ. More Than an Adipokine: The Complex Roles of Chemerin Signaling in Cancer. Int J Mol Sci (2019) 20(19):4778. doi: 10.3390/ijms20194778

175. Bondue, B, Wittamer, V, and Parmentier, M. Chemerin and its Receptors in Leukocyte Trafficking, Inflammation and Metabolism. Cytokine Growth Factor Rev (2011) 22(5-6):331–8. doi: 10.1016/j.cytogfr.2011.11.004

176. Monnier, J, Lewén, S, O'Hara, E, Huang, K, Tu, H, Butcher, EC, et al. Expression, Regulation, and Function of Atypical Chemerin Receptor CCRL2 on Endothelial Cells. J Immunol (2012) 189(2):956–67. doi: 10.4049/jimmunol.1102871

177. Al Delbany, D, Robert, V, Dubois-Vedrenne, I, Del Prete, A, Vernimmen, M, Radi, A, et al. Expression of CCRL2 Inhibits Tumor Growth by Concentrating Chemerin and Inhibiting Neoangiogenesis. Cancers (Basel) (2021) 13(19):5000. doi: 10.3390/cancers13195000

178. Shin, WJ, Zabel, BA, and Pachynski, RK. Mechanisms and Functions of Chemerin in Cancer: Potential Roles in Therapeutic Intervention. Front Immunol (2018) 9:2772. doi: 10.3389/fimmu.2018.02772

179. Del Prete, A, Sozio, F, Schioppa, T, Ponzetta, A, Vermi, W, Calza, S, et al. The Atypical Receptor CCRL2 Is Essential for Lung Cancer Immune Surveillance. Cancer Immunol Res (2019) 7(11):1775–88. doi: 10.1158/2326-6066.CIR-19-0168

180. Tan, SK, Mahmud, I, Fontanesi, F, Puchowicz, M, Neumann, CKA, Griswold, AJ, et al. Obesity-Dependent Adipokine Chemerin Suppresses Fatty Acid Oxidation to Confer Ferroptosis Resistance. Cancer Discovery (2021) 11(8):2072–93. doi: 10.1158/2159-8290.CD-20-1453




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 Wang, Wang, Ding, Wan and Xu. 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.


OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-926230-g001.jpg
—— A

D e L,

\ \ <D
| \ |
\ : j

Chemerin 1

A S

(Gpr54)

Chemerin 2
L2

\. \\ Caspase ERK2/Sp1 \
JAK2/STAT3

B-Catenin JAK/STAT3 Akt/Erk ERK1/p38
PI3K/AKT FOXM1/H3K4me3 o  _--

_—-—————______-
—
—
-

-~
~

~ < _Notch o

Durg resistance

Migration

TME reprograme

Invasion





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Role of Adipokines in Pancreatic Cancer

      

        		

          Introduction

        



        		

          Adipose tissue

        

          		

            BAT and batokines

          



          		

            White Adipose Tissue

          

            		

              WAT Related Endocrine Function

            



            		

              WAT in Various Depots

            



            		

              WAT Related Chronic Low-Grade Inflammation

            



          



          



        



        



        		

          Adipokines and pancreatic cancer

        

          		

            Leptin

          



          		

            Adiponectin

          



          		

            Resistin

          



          		

            Oncostatin

          



          		

            Osteopontin

          



        



        



        		

          Potential adipokines and pancreatic cancer

        

          		

            Kisspeptin

          



          		

            Omentin

          



          		

            Chemerin

          



        



        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2022.926230_cover.jpg
’frontiers | Frontiers in Oncology






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Adipokines

Leptin LEPR

Adiponectin AdipoR1 AdipoR2

Resistin TLR4
CAP1

Oncostatin gp130/LIFRB
gp130/OSMRB

Osteopontin OPN-

integrin- CD44

Kisspeptin KISS-1R (Gpr54)

Omentin Unknown

Chemerin Chemerin 1 Chemerin 2 CCRL2

Expression

1

1 (large-scale)
1 (small-scale)

1 (Tissue)
1 (Serum)

1

1

Link

1

1

Effect

Proliferation (+)
Migration (+)
Invasion (+)

Durg resistance (+)
Proliferation (-)
Migration (-)
Invasion (-)
Pro-apoptotic (+)
Proliferation (+)
Migration (+)
Invasion (+)

Durg resistance (+)
Pro-inflammatory (+)
Proliferation (+)
Migration (+)
Invasion (+)

Durg resistance (+)
Pro-inflammatory (+)
TME reprogramming (+)
Proliferation (+)
Migration (+)
Invasion (+)

TME reprogramming (+)immune escape (+)

Proliferation (-)
Migration (+)
Invasion (+)
Unknown

Unknown

Signaling
JAK2/STATS, PIBK/AKT
Notch

Caspase
B-Catenin

STAT3

JAK/STAT3
ERK2/Sp1

AKVErk
FOXM1/
H3K4me3

ERK1/p38

Unknown

Unknown

References

(21,22
(23-25)

(26-31)

(32)

(33-37)

(38-41)
(42-45)

(46-50)

(51,52)
(63, 54)
(53)

ANNOTATION : 1 mean promote, | mean suppress; The link column refers to the impact on PC development; (+) mean exist (), mean absent; The Effect column refers to the specific

outcome of adipokines to PC.





