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Excess body weight is associated not only with an increased risk of type 2 diabetes and cardiovascular disease
(CVD) but also with various types of malignancies. Adiponectin, the most abundant protein secreted by adipose
tissue, exhibits insulin-sensitizing, antiinflammatory, antiatherogenic, proapoptotic, and antiproliferative
properties. Circulating adiponectin levels, which are determined predominantly by genetic factors, diet, physical
activity, and abdominal adiposity, are decreased in patients with diabetes, CVD, and several obesity-associated
cancers. Also, adiponectin levels are inversely associated with the risk of developing diabetes, CVD, and several
malignancies later in life. Many cancer cell lines express adiponectin receptors, and adiponectin in vitro limits
cell proliferation and induces apoptosis. Recent in vitro studies demonstrate the antiangiogenic and tumor
growth-limiting properties of adiponectin. Studies in both animals and humans have investigated adiponectin
and adiponectin receptor regulation and expression in several cancers. Current evidence supports a role of
adiponectin as a novel risk factor and potential diagnostic and prognostic biomarker in cancer. In addition,
either adiponectin per se or medications that increase adiponectin levels or up-regulate signaling pathways
downstream of adiponectin may prove to be useful anticancer agents.

This review presents the role of adiponectin in carcinogenesis and cancer progression and examines the patho-
physiological mechanisms that underlie the association between adiponectin and malignancy in the context of
a dysfunctional adipose tissue in obesity. Understanding of these mechanisms may be important for the de-
velopment of preventive and therapeutic strategies against obesity-associated malignancies. (Endocrine

Reviews 33: 547-594, 2012)
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Abbreviations: ACC, Acetyl-coenzyme A carboxylase; Acrp30, adipocyte complement-related
protein of 30 kDa; ADIPOQ, adiponectin; AdipoR1/R2, adiponectin receptor 1/2; ALL, acute
lymphoblastic leukemia; AMPK, AMP-activated protein kinase; AOM, azoxymethane; Apc,
adenomatous polyposis coli; apM1, gene product of the most abundant gene transcript-1; Bax,
Bcl-2-associated X protein; Bcl-2, B-cell ymphoma-2; B-CLL, B-cell CLL; BMI, body mass index;
CC, colorectal cancer; CHC, chronic hepatitis C; Cl, confidence interval; CLL, chronic lympho-
cytic leukemia; CML, chronic myelogenous leukemia; COX-2, cyclooxygenase-2; CRP, C-re-
active protein; CTRP, complement C1g/TNF-related protein; EA, esophageal adenocarcinoma;
EGFR, epidermal growth factor receptor; ER, estrogen receptor; ESCC, esophageal squamous
cell carcinoma; fAd, full-length adiponectin; gAd, globular adiponectin; GBP28, gelatin-bind-
ing protein 28; GSK-3, glycogen synthase kinase-38; HCC, hepatocellular carcinoma; HL,
Hodgkin lymphoma; HMW, high molecular weight; IGFBP, IGF binding protein; IR, insulin
receptor; IRS-1, insulin receptor substrate-1; JAK, Janus kinase; JNK, c-Jun N-terminal kinase;
LDH, lactate dehydrogenase; LKB1, liver kinase B1; LMW, low molecular weight; MDS, my-
elodysplastic syndrome; MGUS, monoclonal gammopathy of undetermined significance;
MLMW, middle and low molecular weight; MM, multiple myeloma; MMP, matrix metallo-
proteinase; MMTV-PyVmT, mouse mammary tumor virus-polyoma middle T antigen; MPD,
myeloproliferative disorders; mTOR, mammalian target of rapamycin; NF-«B, nuclear factor-
«B; NHL, non-Hodgkin lymphoma; NSCLC, non-small-cell lung carcinoma; OR, odds ratio; PaC,
pancreatic cancer; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; PP2A, protein
phosphatase 2A; PPAR-a/-, peroxisome proliferator-activator receptor-a/-vy; PR, progesterone
receptor; PTEN, phosphatase and tensin homolog; ROS, reactive oxygen species; S1P, sphin-
gosine 1 phosphate; SNP, single nucleotide polymorphism; SPPARM, selective PPAR-y agonist;
STATS3, signal transducer and activator of transcription; TSC2, tuberous sclerosis complex 2;
VEGF, vascular endothelial growth factor; WHR, waist-to-hip ratio; Wnt, wingless-type protein.
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I. Introduction

besity and overweight constitute a worldwide prob-

lem reaching epidemic proportions and impacting

on the risk and prognosis of several disease states includ-
ing cardiovascular disease, type 2 diabetes mellitus, and
common forms of cancer (1-5). The prevalence of obesity
has increased substantially over the previous decades not
only in industrialized countries but all over the world;
recent data from several Western countries indicate that
only one third of the population is normal weight, and
approximately one third is obese (4—6). In 2003, it was
estimated that in the United States excess weight was re-
sponsible for 14% of all cancer deaths in men and 20% of
those in women (5, 7, 8). There is also accumulating ev-
idence that excess body weight constitutes an established
risk factor for colon cancer, postmenopausal breast can-
cer, endometrial cancer, renal cell cancer, and esophageal
adenocarcinoma (EA) (6). Moreover, obesity has recently
been implicated in the occurrence of hematological ma-
lignancies such as non-Hodgkin’s lymphoma, leukemia,
and multiple myeloma (MM) (6, 9); thyroid cancer; pan-
creatic cancer (PaC); gallbladder cancer; high-grade pros-
tate cancer; and ovarian cancer (5,7,10,11). For example,
56.8% of endometrial cancer cases in the United States
and 45.2% in Europe may be attributable to obesity,
whereas the respective numbers of esophageal cancer cases
attributable to obesity are 52.4% in the United States and
42.7% in Europe (12). Across all malignancies, obesity
has been responsible for 52 and 88% higher mortality
rates in males and females, respectively (8, 13). It is be-
lieved that the metabolic changes associated with excess
weight, and in particular central obesity, could lead to a
dysfunctional adipose tissue causing insulin resistance,
chronic inflammation, and abnormal secretion of adi-
pocytokines (14-18). The main underlying mechanisms
that link obesity to cancer development and progression
include: 1) abnormalities of insulin resistance and the
IGF-I system; 2) the impact of adiposity on the biosynthe-
sis and bioavailability of endogenous sex hormones; 3)
obesity-induced low-grade chronic systemic inflamma-
tion; and 4) alterations in the levels of adipocyte-derived
factors (13, 14, 18). This review will specifically focus on
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adiponectin, the most abundant adipocyte-derived factor,
which, according to accumulating evidence, lies upstream
of most of the above factors in the etiology of obesity-
associated malignancies.

In addition to its fat-storing capacity, adipose tissue is
the largest endocrine organ regulating energy homeosta-
sis, metabolism, inflammation, immunity, endocrine bal-
ance, and bone remodeling (15-17). Adipose tissue is re-
sponsible for the biosynthesis and secretion of more than
50 hormones and cytokines, known as adipocytokines or
adipokines (19). Adiponectin represents the most abun-
dant adipose-tissue protein with insulin-sensitizing, anti-
inflammatory, and antiatherogenic properties (15, 16).
Hypoadiponectinemia is associated not only with insulin
resistance, type 2 diabetes, atherosclerosis, and coronary
heart disease (20-22), but also with malignancies (17).
Very recently, studies have shown thatadiponectin is a key
mediator in the development and possible progression of
several types of obesity-associated cancers (15,23), yet the
mechanism of association is still poorly understood.

The purpose of this review is to explore the role of
adiponectin in carcinogenesis and cancer progression and
to examine the mechanisms that underlie the association
between adiponectin and malignancy. Understanding of
the mechanisms connecting adiponectin with cancer is ex-
pected to be of importance in the development of preven-
tive and therapeutic strategies against cancer. Significant
advances in research that have been made over the past few
years are reviewed in this article.

Il. Adiponectin Biology

A. Identification and history of discovery

Adiponectin, a 244-amino acid protein secreted pre-
dominantly by white adipose tissue, is also known as
AdipoQ (24), Acrp30 (adipocyte complement-related
protein of 30 kDa) (25), apM1 (gene product of the
adipose most abundant gene transcript-1) (26), and
GBP28 (gelatin-binding protein-28) (27). It was discov-
ered by four different research groups almost simulta-
neously in the mid-1990s. In 1995, Scherer et al. (25) first
isolated adiponectin cDNA from the mouse adipocyte cell
line 3T3-L1 and named it Acrp30 because of its similarity
to the complement protein family. This was soon con-
firmed by Hu et al. (24), who isolated the protein from the
3T3-F442A adipocyte cell lineand named it AdipoQ. Both
Acrp30 and AdipoQ are still in use when referring to adi-
ponectin in mice (28, 29). In parallel, Maeda et al. (26)
identified human adiponectin cDNA, which was the most
abundant transcript found in human adipose tissue, and
called it apM1. Finally, using high-affinity chromatogra-
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phy, adiponectin was purified from plasma by Nakano ez
al. (27) as a gelatin-binding protein of 28 kDa (GBP28). In
1999, Arita et al. (30) decided to name it adiponectin be-
cause the gene product was predicted to be a matrix pro-
tein synthesized by adipose tissue. Nowadays, the most
commonly used name is “adiponectin.” Adiponectin be-
longs to the expanding C1g/TNF family of proteins. Re-
cently, a family of adiponectin paralogs designated as
CTRP (C1g/TNF-related protein) 1-7, sharing a similar
structure to adiponectin, was identified (31, 32). Interest-
ingly, these paralogs are ubiquitously expressed in differ-
ent mouse tissues and present similar biological activity to
adiponectin (mCTRP2), indicating probably supplemen-
tary biological mechanisms for adiponectin (31, 32). In
2003, Yamauchi et al. (33) isolated and described for the
first time mouse and human adiponectin receptors, trans-
forming therefore the knowledge of several properties of
this adipose tissue hormone. Finally, T-cadherin (also
known as CDH13) was identified as a potential third adi-
ponectin receptor (34).

B. Adiponectin gene and expression

The adiponectin gene, coding for a 244-amino acid
polypeptide, is located on chromosome 327, a region
associated with susceptibility for developing metabolic
syndrome and type 2 diabetes in Caucasians (35, 36). In
2000, Takahashi et al. (35) described extensively the struc-
ture of adiponectin’s gene, which consists of three exons
and two introns. Polymorphisms of the adiponectin gene
may be associated with alterations of adiponectin function
and important clinical conditions. As a matter of fact,
several single nucleotide polymorphisms (SNP) in the cod-
ing region and surrounding sequence were identified from
different populations, with varying prevalence, degrees of
association, and strength of effect on insulin resistance,
type 2 diabetes, obesity, dyslipidemia, and cancer (35,
37-40).

Adiponectin is synthesized mainly in white adipose tis-
sue and, at lower concentrations, in brown adipose tissue
(16, 26). Other tissues likely express vastly lower quanti-
ties of adiponectin than adipose tissue. Several studies
have reported expression in skeletal muscle (41), liver
(42), colon (43), cardiac tissue (44), salivary glands (45),
bone marrow (46), fetal tissue (46), placenta (47), cere-
brospinal fluid (48), and breast milk (49). The expression
of adiponectin in various tissues could indicate a possible
paracrine/autocrine complementary role for adiponectin.

C. Adiponectin structure

Adiponectin shares homology with collagen VIII, X,
complement factor Clq, and TNF-«, which presents an
antagonistic action compared with adiponectin (50).
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Structurally, adiponectin (a 244-amino acid protein) con-
tains four distinct domains: an amino-terminal signal peptide,
followed by a species-specific variable domain, a collagen-like
region of 22 Gly-X-Y repeats, and a carboxyl-terminal glob-
ular domain that binds to the adiponectin receptors, and is
similar to the complement factor C1q and resembles the tri-
meric topology of TNF-« (33, 50, 51).

The adiponectin collagen-like region of adiponectin al-
lows oligomerization of the protein via disulfide bonds
and through hydroxylation and glycosylation of four con-
served lysine residues, which are important for the forma-
tion of its high molecular weight (HMW) complex (52,
53). Posttranslational modifications of adiponectin (i.e.,
glycosylation, sialylation, etc.) are critical determinants of
its activity and binding to its receptors (50, 53, 54). For
example, glycosylation and hydroxylation of the four
lysines in the collagenous portion of adiponectin contrib-
ute to enhancing the ability of subphysiological concen-
trations of insulin to inhibit gluconeogenesis in hepato-
cytes (59).

Adiponectin is synthesized as a single subunit that un-
dergoes oligomerization to form trimers, hexamers, and
multimers before secretion. The monomeric form of adi-
ponectin is thought to be present only in the adipocyte
because it has not yet been detected in the circulation (28).
In analogy to other collagen-domain proteins, the basic
form of circulating adiponectin is a trimer (46). Adiponec-
tin trimers are generated when a triple helix is formed by
noncovalent interactions between the collagenous regions
and hydrophobic interactions between the globular head
domains (56). Trimer [low molecular weight (LMW)]
complexes can associate through their collagenous regions
into hexamers (medium molecular weight) and finally,
into multimers of HMW (57).

At least three distinct and stable isoforms of adiponec-
tin were isolated from Escherichia coli or cultured mam-
malian cells in both human (58) and mouse (54) plasma.
Particularly in human plasma, adiponectin exists in its
full-length (fAd) version or as a smaller fragment gener-
ated by proteolytic cleavage of fAd at amino acid 110 (59)
that corresponds to the globular domain of the protein
(gAd) with enhanced potency (60, 61). Although most
active adiponectin appears to exist in the form of full-
length or HMW adiponectin in plasma, LMW and gAd are
also present in low concentrations probably due to their
shorter half-life (58, 62, 63).

The HMW isoform may be the biologically active form
of the hormone (52) and is strongly associated with insulin
resistance, metabolic syndrome, and cardiovascular dis-
ease; however, the additional predictive value, above and
beyond that conveyed by total adiponectin, in humans is
minimal, as shown by our group (64, 65). HMW adi-
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ponectin may be more closely associated with postload
glucose concentrations than total adiponectin (52), and
variations in the ratio of HMW to total adiponectin
correlated with amelioration in insulin sensitivity dur-
ing thiazolidinedione treatment in humans, whereas
variations in total adiponectin did not (66). The glob-
ular part of adiponectin appears to be as efficient as fAd
at decreasing serum glucose and free fatty acid levels, at
least in mice (67).

Recent studies have proposed that the various adi-
ponectin multimers have different target tissues and/or
different biological effects (50, 57). The HMW isoform
may mediate the majority of adiponectin’s effects in the
liver (68), endothelial cells (69), and probably in skeletal
muscle (70), whereas the trimers and full-length mono-
meric forms are responsible for other actions in various
tissues (61). Moreover, the HMW isoform of adiponectin
is considered to be responsible for its proinflammatory
actions, whereas the LMW isoform is responsible for its
antiinflammatory actions (71). Although the above un-
derscore the need to consider adiponectin isoforms when
studying its actions and functions, we have previously
shown that in terms of in vivo whole body insulin sensi-
tivity, total and HMW adiponectin are comparably good
predictors without any major difference in their predictive
value (64). The relative value of measuring HMW vs. total
adiponectin in relation to other physiological functions of
adiponectin remains to be fully elucidated.

The aforementioned also emphasize the need to de-
velop reliable laboratory methods to estimate total adi-
ponectin and its isoforms. This remains an active area of
research.

D. Adiponectin receptors

Adiponectin binds to a number of receptors. So far,
three adiponectin receptors have been identified: two main
receptors—AdipoR1 and AdipoR2; and one receptor sim-
ilar to the cadherin family (40, 46).

The two classical adiponectin receptors are structurally
very related because their protein sequence shares 67%
identity and they are also highly conserved, sharing 95 %
identity between humans and mice (46). The existence of
these distinct adiponectin receptors serves the distinct adi-
ponectin tissue specificities within the organism and the
different affinities to various adiponectin isoforms.

The two different receptor isoforms, AdipoR1 and Adi-
poR2, are seven-transmembrane proteins with internal N-
terminus and external C-terminus regions, contrary to the
topology of G protein-coupled receptor family (33). Adi-
poR1 and AdipoR2 may form both homo- and hetero-
multimers, and it is well recognized that they mediate fatty
acid oxidation and glucose uptake by adiponectin (40,
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71). AdipoR1 presents high affinity for gAd and low af-
finity for fAd, and it is expressed ubiquitously but abun-
dantly in skeletal muscle and endothelial cells. AdipoR2
has intermediate affinity for both forms of adiponectin
and is predominantly expressed in the liver (40). Although
both receptors are detected in almost every tissue, includ-
ing pancreatic 3-cells (72, 73) and cancerous cells, one or
the other receptor usually prevails.

The classical adiponectin receptors affect the down-
stream target AMP-activated protein kinase (AMPK), an
important cellular metabolic rate control point. Expres-
sion of the receptors is correlated with insulin levels and is
reduced in mouse models of diabetes, particularly in skel-
etal muscle and adipose tissue (74). Thus, the expression
of AdipoR1/R2 is inversely correlated with plasma insulin
levels in vivo under physiological (i.e., increase with fast-
ing, decrease with feeding) and pathological conditions
(74). Obesity seems to decrease the expression of Adi-
poR1/R2, thereby diminishing adiponectin sensitivity,
which in turn leads to a vicious cycle of insulin resistance
(75). Physical activity up-regulates adiponectin receptors
(76) in muscle and fat (AdipoR2 mRNA expression) and
increases circulating adiponectin, suggesting that the adi-
ponectin hormonal system may mediate exercise-associ-
ated improvements in insulin resistance (76, 77). We re-
cently reported that aging and prolonged exposure to
high-fat feeding down-regulate adiponectin levels and up-
regulate the expression of adiponectin receptors (78). Ob-
servational findings in mice by our group showed that
diet-induced obesity may be associated with an earlier de-
creased visceral expression of adiponectin, and this could
be the main reason for diminished total adiponectin in
response to high-fat diet and the development of the met-
abolic syndrome, including higher leptin and insulin levels
(78). Increasing adiponectin and adiponectin receptor lev-
els, paralleling the progressive increasing adiposity, may
represent a compensatory mechanism by which mice at-
tempt to prevent the development of insulin resistance in
early stages of exposure to a high-fat diet, indicating an
intermediate step in the biological process of the metabolic
syndrome. Recently, we have also demonstrated an asso-
ciation of both adiponectin receptors with insulin resis-
tance in humans, although only the association with Adi-
poR1 remained significant after multivariable adjustment
(76).

We have also shown that both leptin and melanocortin
agonists alter AdipoR1/R2 expression in mice (79). Re-
duced expression of adiponectin receptors has been re-
ported in skeletal muscle and adipose tissue in leptin-
deficient ob/ob (74) and db/db (80) mice, as well as in fa/fa
Zucker rats, indicating that leptin could regulate adi-
ponectin receptor expression. Moreover, we have shown
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that a medication with leptin-like effects, ciliary neu-
rotrophic factor, results in significantly up-regulated
serum adiponectin and AdipoR1-mRNA expression in
muscle and liver (81). Altered levels of adiponectin and
adiponectin receptors may underlie the effect of ciliary
neurotrophic factor to enhance insulin sensitivity in di-
et-induced obese mice (81). Peroxisome proliferator-
activated receptor-a (PPAR-a) and PPAR-y are able to
regulate adiponectin receptor expression in adipose tis-
sue and cultured adipocytes, but not in cultured myo-
cytes (74, 82, 83).

Finally, recent evidence has suggested that adiponectin
receptors may play a pivotal role in the physiological reg-
ulation of ceramide and the antiapoptotic sphingosine 1
phosphate (S1P) balance, which are key mediators of in-
flammation, cell growth, and survival (84). AdipoR1 and
AdipoR2, which belong to the progesterone and adi-
ponectin Q receptor family, enhance ceramidase activity
(85). Excessive accumulation of ceramide and glucosylce-
ramide has been involved in a plethora of metabolic pro-
cesses including insulin resistance, atherosclerosis, and li-
potoxic heart failure (84). Adiponectin lowers ceramide
levels via its classical receptors. On the contrary, the phos-
phorylated sphingoid base S1P represents a potent inducer
of proliferation and inhibitor of apoptosis (86).

A nonclassical third potential adiponectin receptor is T-
cadherin, which was isolated by Hug et al. (34). T-Cadherin
is a cell-surface receptor in endothelial and smooth muscle
cells playing an important role in cell adhesion and in
calcium-mediated cell to cell interactions and signaling (34).
T-Cadherin is also expressed on tumor-associated endothe-
lial cells (87), indicating that adiponectin could possibly
influence the endothelium directly. HMW and hexameric
adiponectin is a proposed ligand for T-cadherin; however,
the pathophysiological importance in humans is not yet
clearly understood. Hug et al. (34) reported that T-
cadherin was capable of binding adiponectin in C2C12
myoblasts, but not in hepatocytes. Because T-cadherin
lacks an intracellular domain needed for signal transduc-
tion, it is believed that it may act as a coreceptor by com-
peting with AdipoR1 and AdipoR2 receptors for adi-
ponectin binding or interfering with adiponectin signal
transduction (88). The significance of similar interactions
in cancer pathophysiology remains to be fully elucidated.

Several tumor cell lines express adiponectin receptors,
suggesting that adiponectin could possibly exert direct ef-
fects on these cells by signaling through its receptors. Adi-
ponectin receptors are expressed in a plethora of malig-
nant tissues including breast, prostate, hepatocellular,
gastric, and colon carcinoma, pancreatic adenocarci-
noma, and lung cancer (15, 89-95). Although the func-
tional relevance of adiponectin receptors in cancerous cells
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has not yet been clarified, there is evidence that activation
of adiponectin receptors limits the proliferation of cancer
cell lines iz vitro (15, 93, 96).

E. Adiponectin signaling pathways

Adiponectin activates several intracellular signaling
pathways when binding to its receptors, mainly AMPK,
but also mammalian target of rapamycin (mTOR), nu-
clear factor-«kB (NF-«B), c-Jun N-terminal kinase (JNK),
and signal transducer and activator of transcription
(STATS3)(97,98). However, a very recent study has shown
that adiponectin may exert beneficial metabolic effects
through a reduction of cellular ceramide levels mediated
by AdipoR1 and AdipoR2 activation independently from
AMPK, particularly in pancreatic B-cells, hepatocytes,
and cardiomyocytes (84). Ceramide promotes a set of ac-
tions leading to metabolic disease opposite to adiponectin
effects on metabolism (99). Ceramide was recently iden-
tified as an important factor for Toll-like receptor 4-me-
diated antagonism of insulin action (100), and thus it has
been proposed that a therapeutic approach based on a
targeted disruption of ceramide accumulation would im-
prove insulin action and promote pancreatic 3-cell sur-
vival, similar to the actions of adiponectin (101, 102). It
has been recently proposed that adiponectin receptors
may play a critical role in the physiological regulation of
ceramide and S1P balance. Moreover, S1P can activate
AMPK (103), and this AMPK activation observed in a
subset of cell types could be a downstream event rather
than an upstream activator of adiponectin action, medi-
ated by a conversion of ceramides into S1P (84).

APPL-1 is the first identified binding protein that in-
teracts directly with AdipoR1/R2 receptors (104). This
adaptor protein, which includes a phosphotyrosine do-
main, a pleckstrin homology domain, and a leucine zipper
motif, interacts with the N-terminal intracellular region of
adiponectin receptors, thereby mediating adiponectin sig-
naling and its effects on metabolism, antiinflammation,
and cytoprotection (46, 105). APPL-1 also acts in the in-
sulin-signaling pathway, playing a pivotal role in the cross
talk between adiponectin/insulin-signaling pathways
(105). Finally, APPL-1 functions as a mediator of other
signaling pathways through direct interaction with mem-
brane receptors and proteins (to date, 14 proteins are
known to bind APPL-1), affecting cell proliferation and
survival, apoptosis, endosomal trafficking, and chromatin
remodeling (105-108).

Primarily, adiponectin exerts its insulin-sensitizing ef-
fects through an interaction with APPL-1 via the sequen-
tial activation of AMPK, p38 MAPK, PPAR-«, and RAS-
associated protein 5 (46, 105). It was shown that APPL-1
suppression by small interfering RNA abrogates the adi-
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ponectin-mediated stimulation of AMPK and MAPK in
C2C12 myocytes (109). In the same study, it was further
reported that adiponectin activates through interaction
with APPL-1 the RAS-associated protein 5, a guanine
triphosphatase involved in glucose transporter 4 translo-
cation (109). Additionally, in APPL-1-deficient myocytes,
decreases in adiponectin-activated fatty acid oxidation,
glucose uptake, and AMPK, MAPK, and acetyl-coenzyme
A carboxylase (ACC) phosphorylation further support the
involvement of APPL-1 in the adiponectin signaling cas-
cade (109). The binding of adiponectin to its receptors
provokes the activation of AMPK via APPL-1, promoting
glucose utilization that results in increased fatty-acid ox-
idation, increased glucose uptake at the level of skeletal
muscle, and reduced gluconeogenesis in the liver.
AMPK is considered a cellular energy sensor that is
stimulated by an increase in the intracellular AMP/ATP
ratio (110). In addition, adiponectin activates PPAR-a,
thereby enhancing fatty acid combustion and energy
consumption, leading to a tissue decrease content of
triglycerides in the liver and skeletal muscle, and im-
proving insulin sensitivity iz vivo (111). Interestingly,
activation of AMPK is mediated mainly by AdipoR1,
whereas stimulation of PPAR-«a could be attributed to
adiponectin’s binding to AdipoR2 (112).

Which adiponectin isoform triggers primarily the acti-
vation of AMPK remains an active area of research. fAd,
but not gAd, down-regulates genes participating in he-
patic gluconeogenesis via AMPK, lowering serum glucose
through suppression of hepatic glucose production (113).
Interestingly, a very recent study by Miller et al. (114)
revealed that adiponectin could suppress gluconeogenic
gene expression in mouse hepatocytes independently of
liver kinase B1 (LKB1; an upstream regulator of AMPK)-
AMPK signaling. In one study, trimeric adiponectin was
the most potent configuration in terms of suppression of
hepatocyte production reducing serum glucose levels com-
pared with oligomeric isoforms (63). In other studies, it
was reported that both fAd and gAd activate fatty acid
oxidation, lactate production, and glucose uptake
through AMPK in C2C12 myocytes (115). Nevertheless,
further evidence suggests that trimeric and gAd, but not
hexameric and HMW adiponectin, increase AMPK phos-
phorylation in skeletal muscle (53). AMPK activation also
regulates several downstream targets such as enzymes that
are involved in the regulation of protein, fatty acids, and
triglyceride synthesis such as ACC and fatty acid synthase,
transcription factors, and other regulatory proteins (16).
In muscle cells, adiponectin can activate AMPK through
two distinct pathways: a major pathway that involves
APPL-1 and a minor one (the phospholipase C/Ca**/
Ca®" calmodulin-dependent protein kinase kinase-depen-
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dent pathway) that provokes Ca** release from intra-
cellular stores (116). Additionally, AMPK is an up-
stream regulator (inhibitor) of mMTOR through tuberous
sclerosis complex 2 (TSC2), thus counteracting carci-
nogenesis (117). Direct inhibition of this pathway re-
sults in suppression of cell proliferation (118). Further-
more, activated AMPK plays a pivotal role in the
regulation of growth arrest and apoptosis by stimulat-
ing p21 and p53 (119). Finally, a recent study showed
that the cytoprotective and antiinflammatory effects
of adiponectin are mediated, in part, via an APPL-1-
dependent AMPK activation of the phosphatidylinosi-
tol 3-kinase (PI3K)-v-akt murine thymoma viral onco-
gene homolog (Akt) signaling pathway (120).

The proliferative effects of adiponectin could be ex-
plained by the activation through APPL-1 mediation of the
ERK1/2-MAPK pathway, which is crucial for cell cycle
initiation, cell growth, and survival (121) as well as by
stimulation of ceramidase activity, associated with its two
classical receptors, enhancing ceramide catabolism and
biosynthesis of the antiapoptotic molecule S1P. S1P in-
creases intracellular calcium and activates AMPK. All
these actions promote cell survival, nutrient uptake and
utilization, and mitochondrial proliferation (84). The
JNK and STAT3 signaling pathways are also proposed as
mediators of adiponectin’s effects on the metabolic syn-
drome and cancer (98). Adiponectin suppresses the pro-
inflammatory and antiapoptotic NF-«B pathway through
the suppression of inhibitor of NF-«kB phosphorylation
(75). Suppression of NF-kB by adiponectin could repre-
sent an important molecular mechanism for the inhibition
of monocyte adhesion to endothelial cells, conferring to
this adipocytokine antiinflammatory and antiatheroscle-
rotic properties. A study conducted by Tsao et al. (54)
showed that adiponectin can activate NF-«B in C2C12
myocytes, but further studies are needed to explore the
role of adiponectin and its different isoforms.

Finally, the interaction of adiponectin to T-cadherin,
the third putative adiponectin receptor, seems to restrict
AdipoR1/R2 signaling. A recent study in HEK293 cells
showed that the decrease of T-cadherin mRNA by small
interfering RNA led to a marked increase in adiponectin-
activation of ERK1/2 phosphorylation (88). In Section
V.A.2, we analyze the specific adiponectin signaling path-
ways implicated in cancerogenesis.

lll. Adiponectin Physiology and Pathophysiology

A. Adiponectin physiological functions
Adponectin has pleiotropic effects on a plethora of tis-
sues and organs, with the various isoforms presenting dif-
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ferent biological effects on different target tissues (16).
Adiponectin has insulin-sensitizing, antiinflammatory,
antiatherogenic, cardioprotective effects as well as distinct
effects on lipid metabolism (15-17). Key metabolic ac-
tions include regulation of glucose and lipid metabolism
through stimulation of fatty acid oxidation, suppression
of hepatic glucose output, and increased insulin sensitivity
in liver and skeletal muscle. HMW adiponectin may be the
major mediator in adiponectin’s effects, especially in the
liver (70). Adiponectin can redirect fatty acids to the mus-
cles for their oxidation, decreasing the influx of fatty acids
to the liver and the total triglyceride content and leading
to an improved insulin signal transduction and a higher
insulin sensitivity (29, 111). Interestingly, adiponectin re-
duces triglyceride content in skeletal muscle through
mechanisms that involve increased expression of fatty
acid transport molecules, combustion of fatty acid by
ACC, and energy dissipation by uncoupling protein 2
(61, 111). Furthermore, adiponectin enhances insulin-
induced phosphorylation of the insulin receptor (IR)
and the ability of insulin to activate the phosphorylation
of the adaptor protein insulin receptor substrate 1
(IRS-1) (122, 123). Adiponectin regulates pancreatic
B-cell proliferation in conjunction with leptin, suggest-
ing that adiponectin may present a direct effect on in-
sulin secretion (72). Finally, adiponectin presents po-
tent protective effects against insulin resistance and
chronic inflammation due to its ability to improve sys-
temic carbohydrate and lipid profiles (13, 67).

Adiponectin has been reported to present direct an-
tiatherogenic actions by inhibiting atherosclerosis and
plaque formation. It suppresses neointimal formation
by strongly inhibiting the expressions of adhesion mol-
ecules such as intracellular adhesion molecule-1, vas-
cular cellular adhesion molecule-1, E-selectin, and the
TNF-a-induced NF-kB (46, 75, 124). It also suppresses
the uptake of cholesterol by inhibiting the expression of
scavenger receptors and the foam cell formation (125).
Adiponectin activates endothelial nitric oxide synthase,
enhancing nitric acid production (126), and modulates
vascular remodeling by suppressing smooth cell migration
(127). Collectively, the antiatherogenic actions of adi-
ponectin can be condensed as follows: adiponectin acts in
the injured vascular wall by reducing the ability of mac-
rophages to transform into foamy cells, inhibits subendo-
thelial lipid accumulation, and stimulates vasodilatation
and increased blood flow.

Aside from its peripheral actions, adiponectin may act
centrally to modulate food intake and energy expenditure
(128). A growing body of evidence suggests that adiponec-
tin is an important regulator of reproductive events, with
beneficial actions in ovulation, implantation process, and
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fetal growth and development (47, 129). Adiponectin also
plays an important role in bone homeostasis, although the
precise mechanism of action remains unclear (71). Further
innovative research is needed to identify and clarify the
different and tissue-specific effects of this adipose tissue
hormone.

B. Circulating adiponectin and its determinants

Normal plasma adiponectin levels range from 2 to 30
pug/ml (depending on the assay methodology) (16), thus ac-
counting for 0.01% of total plasma proteins in humans, and
increase slightly with age (15, 29). Adiponectin concentra-
tion values are 1000 times higher than leptin and cortisol
levels (in the order of nanograms per milliliter) and 10° times
greater than other cytokines such as IL-6 and TNF-« (in the
order of picograms per milliliter) (15, 16).

Circulating adiponectin levels are determined by vari-
ous genetic, anthropometric, hormonal, inflammatory, di-
etary, and pharmacological factors. Unlike most of the
other adipose tissue-derived proteins, serum adiponectin
is reduced in obesity and generally correlates negatively
with body mass index (BMI), waist and hip circumference,
waist-to-hip ratio, and visceral (intraabdominal) fat
rather than sc, independently of age and menopausal sta-
tus (15, 16, 115, 130). In addition to overall obesity, our
group showed that central fat distribution is an indepen-
dent negative predictor of circulating adiponectin, sug-
gesting that adiponectin may representa link between cen-
tral obesity and insulin resistance (131). Therefore, a
negative correlation between circulating adiponectin and
obesity, especially central obesity, insulin resistance, and
type 2 diabetes has been well established (28). One pos-
sible explanation of the reduced adiponectin levels in obe-
sity may be due to cytokines increased in obesity that con-
tribute to the decreased adiponectin production such as
TNF-«a (71). Another potential mechanism indicates a
negative feedback of adiponectin on its own production
during the development of obesity. It has also been hy-
pothesized that the diminished expression of sirtuin 1 (a
nicotinamide adenine dinucleotide “-dependent protein
deacetylase involved in adipogenesis) and Forkhead box
O1 in fat tissues of obese mouse models could be impli-
cated in the decreased adiponectin expression associated
with obesity (132). Indeed, adiponectin may control its
own production and probably the expression of its recep-
tors via a regulatory feedback loop (132, 133). Higher
adiponectin is associated with weight loss (28) but predicts
higher weight gain in healthy women, suggesting that el-
evated adiponectin production might be a sign of
“healthy” adipose tissue with further capacity to accumu-
late fat (134). Weiss et al. (135) showed that a 10% or
higher weight loss is associated with a significantly greater
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increase in adiponectin levels. In obese women, bariatric
surgery, which leads to an average weight loss of 15 to
25%, is significantly associated with a higher increase in
circulating adiponectin and a reduction in breast cancer
risk (136, 137). Moderate aerobic exercise in the absence
of fat mass reduction and significant weight loss has little
effect on adiponectin levels (138, 139). Only high-inten-
sity endurance training may improve plasma adiponectin
concentrations (140).

Adiponectin levels in the circulation display a diurnal
variation, reaching nadir at night and peak in the morning
(130, 141), and are higher in women than men, indepen-
dent of fat mass and/or fat distribution (130, 142), most
likely due to differences in circulating estrogens or andro-
gens (16, 143). It was demonstrated that testosterone sup-
presses serum total adiponectin levels in mice and men,
whereas exogenous estrogen treatment or ovariectomy
does not affect adiponectin concentration (144-147). In
women without a history of diabetes, we have shown that
serum adiponectin is also independently and negatively
correlated with estradiol levels, but not free testosterone,
cortisol, and leptin levels (131). Neither short-term fasting
nor leptin administration alters serum adiponectin levels
(131). In the same study, postmenopausal women pre-
sented higher adiponectin levels with lower estradiol levels
compared with premenopausal women (131).

Plasma adiponectin is closely related to hormonal
markers of insulin sensitivity and fasting insulinemia (21,
123,148, 149), and hypoadiponectinemia at baseline pre-
cedes a decrease in insulin sensitivity (123). Regarding
other hormonal factors, adiponectin production may be
down-regulated by prolactin, GH, and glucocorticoids
(150). Nutritional parameters can also modulate plasma
adiponectin concentrations (151). Generally, chronic ca-
loric restriction leading to weight loss increases plasma
adiponectin (15, 22, 152). Beyond any effect of specific
food item, we have shown that adherence to a Mediter-
ranean-style dietary pattern or the Alternate Healthy Eat-
ing Index is positively associated with plasma adiponectin
levels (153, 154). Adiponectin levels are inversely associ-
ated with glycemic load in a dose-response manner (152).
Higher intakes of fiber and magnesium as well as coffee
consumption have been associated with increased plasma
adiponectin (152,155, 156), whereas fruit consumption is
related to HMW adiponectin levels (157). Also, short-
term walnut consumption (4 d) may increase circulating
total adiponectin in obese subjects with the metabolic syn-
drome (158). Circulating adiponectin levels positively cor-
relate with high-density lipoprotein cholesterol and neg-
atively associate with triglyceride and apolipoprotein-B
(159, 160). Hypoadiponectinemia is usually associated
with an atherosclerotic lipid profile (161). Adiponectin
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has also been linked to several inflammatory markers such
as C-reactive protein (CRP) and fibrinogen (15, 159). Sev-
eral lipid-lowering drugs, such as fibrates, hydrophilic st-
atins, and omega-3 fatty acids as well as antihypertensive
drugs including angiotensin-converting enzyme inhibi-
tors, angiotensin II receptor blockers, efc., may increase
circulating adiponectin or improve adiponectin signaling
through its receptors (46, 162-164). In vitro and in vivo
studies in mice and humans have indicated that adiponec-
tin expression and secretion is up-regulated by some an-
tidiabetic drugs such as thiazolidinediones and/or selective
PPAR-y, predominantly the HMW isoform (165-167).
On the contrary, metformin, which significantly improves
insulin sensitivity, is not capable of modulating adiponec-
tin (168).

Finally, genetic factors such as certain polymorphisms
of the ADIPOQ gene have been associated with hypoa-
diponectinemia in diabetic individuals (35, 38, 169, 170)
and posttransplantation diabetes mellitus (ADIPOQ
rs1501299) in male patients receiving kidney transplants
without a history of diabetes (171). In a recent large-scale
meta-analysis of three genome-wide association studies
for circulating adiponectin levels from population-based
cohorts (n = 14,733 participants), it was reported that five
SNP were genome-wide significant, whereas SNP at the
adiponectin-encoding ADIPOQ locus (rs266717) dem-
onstrated the strongest association with adiponectin levels
(172). A novel variant in the ARL-15 (ADP-ribosylation
factor-like 15) gene (rs4311394-G) was associated with
hypoadiponectinemia, cardiovascular disease, and diabe-
tes type 2 (172) supporting a role of this novel protein
ARL-15 in determining adiponectin levels. Whether these
polymorphisms are also associated with risk for malig-
nancies remains to be studied further.

C. Adiponectin levels in relation to disease states
Hypoadiponectinemia caused by genetic or environ-
mental factors such as obesity and diet may play a crucial
causal role in the pathogenesis of insulin resistance (20,
21), metabolic syndrome, type 2 diabetes (21, 22, 65),
gestational diabetes (173), hypertension, cardiovascular
disease (68), and several malignancies (15, 17). Interest-
ingly, hypoadiponectinemia is the common denominator
of the constellation of risk factors that constitute the met-
abolic syndrome such as hypertension, dyslipidemia, obe-
sity, hyperglycemia, and insulin resistance. A recent meta-
analysis of prospective studies including a total of 14,598
subjects and 2,623 cases of type 2 diabetes showed that
higher adiponectin levels were associated with a lower risk
for type 2 diabetes (174). Higher adiponectin levels were
also associated with a moderate decrease in risk for cor-
onary artery disease in diabetic men (175) and with im-
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proved glycemic control and lipid concentrations as well
as reduced inflammation in diabetic women (176). The
association of hypoadiponectinemia and liver disease is
well documented, and a protective effect of adiponectin
against fatty liver disease was proposed. Lower adiponec-
tin levels were observed in patients suffering from chronic
hepatitis with liver steatosis, correlating inversely with the
grade of steatosis (177).

On the contrary, higher serum adiponectin levels were
found in patients with anorexia nervosa (178) and chronic
inflammatory joint diseases such as rheumatoid arthritis,
whereas serum adiponectin correlated with the severity
(179) of joint damage (180). Elevated adiponectin is as-
sociated with more severe proteinuria in chronic kidney
disease patients, possibly underlying a protective response
aimed at countering the high renal and cardiovascular risk
of high proteinuria (181). Further studies are needed to
elucidate the role of adiponectin in other diseases, such as
ischemic cerebrovascular diseases (182, 183), preeclamp-
sia (184, 185), and polycystic ovary syndrome (46),
whereas there is no clear evidence of a relationship with
adiponectin.

IV. Epidemiological Evidence That Links
Adiponectin to Cancer

Our group and others have recently shown that hypoadi-
ponectinemia iz vivo is inversely linked to the risk of obe-
sity-associated malignancies and insulin resistance (17,
186), that is, endometrial cancer (187, 188), postmeno-
pausal breast cancer (96, 189, 190), colon cancer (191),
renal cancer (192), leukemia (193), and other hematolog-
ical malignancies (194-198). Furthermore, low adiponec-
tin concentrations have been reported in gastric (199) and
prostate cancer (200). Table 1 portrays recent compara-
tive epidemiological studies that depict associations be-
tween serum adiponectin levels and risk of different types
of cancer. Table 2 depicts epidemiological studies showing
association between genetic variation (SNPs) in adiponec-
tin (ADIPOQ) and adiponectin receptors (ADIPOR1/R2)
and risk of different types of cancer.

A. Adiponectin and colorectal cancer

Obesity, hyperinsulinemia, and insulin resistance have
been considered important risk factors for the etiopatho-
genesis of colorectal cancer (CC) and adenoma, the pre-
cursor lesion of CC (201, 202). Similarly to other obesity-
associated cancers, adiponectin has been proposed as a
biological link between obesity and CC (15, 203). In two
meta-analyses addressing the association between circu-
lating adiponectin and the risk of CC and adenoma, pa-
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tients, specifically men, with CC and adenoma demon-
strated markedly lower adiponectin levels than healthy
controls (204, 205). In particular, serum adiponectin lev-
els are decreased in CC patients compared with controls,
and adiponectin receptors, expressed in both adenocarci-
noma and normal colorectal tissue, could mediate its ef-
fects on cellular proliferation and apoptosis (93, 206,
207). We found that expression of the adiponectin recep-
tors is elevated in colorectal carcinoma than in nontumor
tissues and in gastrointestinal stromal tumors, giving sup-
port to the hypothesis that adiponectin may be implicated
in the pathogenesis of CC (208). An up-regulation of adi-
ponectin receptors in CC tissues induced by hypoadi-
ponectinemia may compensate and maintain adiponectin
signaling pathways.

Inalarge, prospective study in the context of the Health
Professionals Study, we have reported that the risk for CC
was associated with lower plasma adiponectin (191). Spe-
cifically, men with the highest adiponectin concentrations
presented a 60% reduced risk for CC, even after adjust-
ment for body size, physical activity, and weight circum-
ference. Several recent retrospective case-control studies
have confirmed that lower adiponectin is associated with
an increased risk for CC (209-217), with the exception of
three studies (two prospective and one retrospective) with-
out adjustment for major confounding factors, showing
null results (218-220). Moreover, Nakajima et al. (219)
found that serum adiponectin may be a promising bio-
marker for colorectal adenomas, considered as precancer-
ous lesions. In this study, an inverse association between
adiponectin levels and colorectal adenomas has been
reported.

Adiponectin levels and tissue expression of adiponectin
receptors seem to be associated not only with CC risk but
also with components of CC clinicopathological charac-
teristics, notably stage and grade. Lower adiponectin lev-
els were correlated with CC stage progression in two stud-
ies (209, 210), but no statistically significant difference of
serum adiponectin between early and metastatic CC stage
was confirmed (221). These discrepancies may be due to
power limitations. A negative association of serum adi-
ponectin with CC grade, a positive association of Adi-
poR2 expression with tumor/nodes/metastasis stage, and
an attenuated AdipoR1 expression amid patients with
lymph node metastasis were noticed in a very recent ret-
rospective case-control study (214). Furthermore, serum
adiponectin could be used as an adjunctive diagnostic tool
for cancer recurrence (212) as well as a predictor for ad-
verse outcome in conjunction with leptin (leptin to adi-
ponectin ratio) (211). All the above findings, along with
the higher expression of adiponectin receptors in cancer-
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TABLE 1. Recent comparative epidemiological studies (2006 to the present) that depict association between serum
adiponectin levels and risk of different types of cancer

First author,
year (Ref.)

Type of study

No. of cases/controls,
population

OR (95% QI) or significance

Additional results, analysis, and comments

Hematological malignancies
MDS
Dalamaga, 2007 (197)

Dalamaga, 2008 (196)

MPD
Avcu, 2006 (302)

Childhood acute myeloblastic
leukemia
Petridou, 2006 (193)

MM
Dalamaga, 2009 (195)

Reseland, 2009 (307)

Fowler, 2011 (309)

B-CLL

Avcu, 2006 (302)

Pamuk, 2006 (306)

Dalamaga, 2010 (198)

Adult NHL
Pamuk, 2006 (306)

Childhood ALL
Petridou, 2006 (193)

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

101/101, Greek

101/101, Greek

30/29, Turkish

22/201, Greek

73/73, Greek

23/23, Norwegian

20 patients with MGUS who
progressed to MM; 20
patients with MGUS; 40
controls; American

19/36, Turkish

23/17, Turkish

95/95, Greek

28/17, Turkish

161 ALL-B and 18 ALL-T/
201; Greek

0.14 (0.06-0.34), highest vs. lowest
quartile of adiponectin, controlling for
age, gender, BMI, and leptin levels

0.35(0.13-0.915), highest vs. lowest
quartile of adiponectin; 0.29 (0.11-
0.78), highest vs. lowest quartile of
HMW adiponectin

P < 0.001

0.56 (0.34-0.94)

0.08 (0.02-0.42), highest vs. lowest
quartile of adiponectin, adjusting for
age, sex, BMI, leptin, and resistin levels

P>0.05 P<0.05

P <0.05

P < 0.001

P> 0.05

0.99 (0.31-3.15), highest vs. lowest tertile
of adiponectin; p trend = 1; 2.21
(0.64-7.61), highest vs. lowest tertile
of HMW adiponectin; p trend = 0.22

P <0.05

0.88 (0.71-1.10) for ALL-B; 1.08 (0.67—
1.72) for ALL-T

Lower serum total adiponectin was independently
associated with MDS risk, controlling for age,
gender, BMI, and leptin. MDS subtypes
showed different adiponectin levels, with
refractive anemia presenting significantly
higher adiponectin levels than more aggressive
subtypes

Lower serum total or HMW adiponectin was
independently associated with MDS risk,
controlling for age, gender, BMI, leptin, IGF-I,
and IGFBP-3. HMW adiponectin did not offer
any additional predictive value over total
adiponectin

Significant lower adiponectin levels in MPD
patients than controls. MPD patients who
received interferon presented significantly
higher levels of adiponectin (P < 0.001)

Adiponectin was inversely associated with acute
myelogenous leukemia risk, adjusting for age,
gender, weight, and height centiles

Lower adiponectin levels were associated with
MM risk. No significantly different adiponectin
levels were found amid different prognostic
stages and paraprotein classes in MM

Similar adiponectin levels in MM cases and
controls but significant lower levels of
adiponectin in male patients than male
controls

Significant percentage decrease from matched
control in serum HMW adiponectin
concentrations in MGUS patients that either
progress or do not progress to myeloma.
Decreased serum adiponectin concentrations
in female MGUS patients were associated with
progression to myeloma

CLL patients presented lower adiponectin levels
than controls. Adiponectin did not correlate
with disease stage and clinical course (P >
0.05) in patients

No significant differences in adiponectin levels
between patients and controls

No significant association between B-CLL and
adiponectin, adjusting for age, gender, family
history of cancer, BMI, and leptin levels.
Adiponectin and HMW adiponectin levels
correlated with LDH, a marker of disease
severity in CLL

Higher adiponectin levels in NHL patients.
Adiponectin correlated positively with IL-10
levels (P = 0.04)

Adiponectin was not significantly associated with
either ALL-B or ALL-T, controlling for age,
gender, weight and height

(Continued)
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TABLE 1. Continued

First author, year (Ref.) Type of study

No. of cases/controls,
population

OR (95% QI) or significance

Additional results, analysis, and comments

Moschovi, 2010 (314) Retrospective case control
and follow-up study

(21 months)

Childhood HL

Petridou, 2010 (308) Retrospective case control

Childhood NHL

Petridou, 2009 (194) Retrospective case control

Solid tumor malignancies
PaC

Chang, 2007 (271) Retrospective case control

Stolzenberg-Solomon,
2008 (273)

Prospective nested case
control

Dalamaga, 2009 (95) Retrospective case control

Pezzilli, 2010 (275) Retrospective case control

Krechler, 2011 (272) Retrospective case control

Grote, 2011 (274) Prospective case control

BC

Chen, 2006 (234) Retrospective case control

Korner, 2007 (96) Retrospective case control

Tworoger , 2007 (148) Prospective case control

Kang, 2007 (239) Retrospective case control

Hou, 2007 (233) Retrospective case control

Tian, 2007 (244) Retrospective case control

9/9, Greek

75/75, Greek

121/121, Greek

72/290 and 39 patients with
chronic pancreatitis;
Taiwanese

311/510, Finnish male
smokers

81/81, Greek

34 with PC, 75 with chronic
pancreatic diseases, 12
with intraductal papillary
mucinous tumors of the

pancreas; Italian
64/64, Czech

452/452, EPIC study;
European

100/100, Taiwanese

74776, Greek

1477/2196,
postmenopausal; 858/
1309, premenopausal;
(316/506) NHS and NHSII

41/43, Korean

80/50, Chinese

244/244; premenopausal,
141 cases;
postmenopausal, 103
cases; Taiwanese

P <0.001, P=0.019

1.25(0.9-1.8); P = 0.09, adjusting for
anthropometric, lifestyle,
sociodemographic variables, and leptin

1.82 (1.30-2.56), adjusting for
anthropometric, lifestyle,
sociodemographic variables, and leptin

P =0.0035

0.65 (0.39-1.07), for highest vs. lowest
quintile adjusting for smoking, blood
pressure, and C-peptide levels

2.81(1.04-7.59), adjusting for age,
gender, BMI, history of diabetes, family
history of cancer, alcohol, smoking
status, and leptin

P> 0.05

P < 0.001

0.44 (0.23-0.82); 1.59 (0.67-3.76)

P =0.003

0.35 (0.14-0.87), adjusting for age, BMI,
and known risk factors for BC; 0.30
(0.11-0.82), adjusting for age, BMI,
and known risk factors for BC

0.89 (0.71-1.11) for all women; 0.73
(0.55-0.98) for postmenopausal; 1.30
(0.80-2.10) for premenopausal

P=0.37

0.805 (0.704-0.921); 0.742
(0.504-0.921)

0.55 (0.23-0.97), adjusting for age at
enrollment, date at enroliment, fasting,
menopausal status, BMI, and waist to
height ratio; 0.53 (0.27-0.98),
adjusting for age at enrollment, date at
enrollment, fasting, menopausal status,
BMI, and WHR

Mean adiponectin levels were lower in cases than
controls. During maintenance period,
adiponectin increased significantly but
remained at lower levels compared to controls.
Adiponectin correlated negatively with
leukemic burden

Elevated serum adiponectin might be a risk factor
for childhood HL

Elevated adiponectin levels were independently
associated with childhood NHL as well as with
poor prognosis (relapse and poor survival)

Median levels of adiponectin were significantly
higher in patients suffering from PaC
compared to those with chronic pancreatitis
and controls. Adiponectin could be used as
tumor-specific marker for PaC

Higher adiponectin concentrations were inversely
associated with PaC risk

Higher adiponectin levels were associated with
higher odds of PaC. Adiponectin did not
correlate with PaC stage

Similar adiponectin levels amid the three groups
of patients

Higher adiponectin/leptin ratio in PaC patients
independently from age, BMI, and waist
circumference

Among never-smokers (in particular women),
higher circulating levels of adiponectin were
associated with a reduction in PaC risk.
Among current smokers, there was no
significant association between adiponectin
and PaC risk

Lower adiponectin levels in premenopausal and
postmenopausal cases. Higher
leptin/adiponectin ratio in cases than controls
(P =0.009)

Lower adiponectin levels were associated with BC
risk. HMW adiponectin did not offer any
predictive value

The first prospective study of adiponectin in BC.
Adiponectin was inversely associated with
postmenopausal BC risk only

No significant difference in adiponectin between
cases and controls. Lower adiponectin levels
were associated with lymph node metastasis
(P=0.017)

Lower adiponectin was associated with BC risk
and lymph node invasion

Adiponectin was inversely associated with
postmenopausal BC risk only. Significant
inverse association of adiponectin with ER-
positive BC, but not ER-negative BC

(Continued)
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TABLE 1. Continued

First author, year (Ref.)

Type of study

No. of cases/controls,
population

OR (95% QI) or significance

Additional results, analysis, and comments

Shahar, 2010 (235)

Gaudet, 2010 (240)

Dalamaga, 2011 (190)

EC

Soliman, 2006 (253)

Cust, 2007 (256)

Rzepka-Gorska, 2008 (254)

Ashizawa, 2010 (255)

Soliman, 2011 (257)

PC

Baillargeon, 2006 (293)

Michalakis, 2007 (290)

Housa, 2008 (295)

Avrisan, 2009 (291)

Li, 2010 (292)

ccC

Lukanova, 2006 (218)

Ferroni, 2007 (212)

Kumor, 2008 (209)

Stocks, 2008 (220)

Retrospective case control

Prospective case control

Retrospective case control

Retrospective case control

Prospective case control

Retrospective case control

Retrospective case control

Prospective case control

Prospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Prospective case control

Prospective case control

Retrospective case control
and follow-up study
for CC cases for 3 yr

Retrospective case control

Prospective case control

70/138, Malaysian

234/234, postmenopausal;
American

102/102, postmenopausal;
Greek

117/238, American

284/548, EPIC study;
European

105, obese women with EC,

polyps, and normal
epithelium; Polish

146/150, postmenopausal;

Japanese

146/377, NHS; American

125/125, San Antonio

Center for PC Biomarkers

75/150, Greek

43/25 with BPH, Czech

50/50

654/644, Physicians Health
Study; American

381/381, Janus Project;
Norwegian men

60/30, Italian

36/25 and 37 patients with
colorectal adenomas;
Polish

306/595, Northern Sweden
Health and Disease
Cohort; Swedish

P <0.05

P for linear trend = 0.43, adjusting for
BMI, reproductive factors, sex steroid

hormones, and current hormonal use
P=0.04

10.5 (4.49-24.57), for lowest vs. higher
tertile of adiponectin (analysis for
women younger than 65 yr)

0.56 (0.36—0.86) top vs. bottom quartile
of adiponectin

P <0.001, P<0.05

P < 0.0001

0.86 (0.53-1.39) for all women; 0.66
(0.29-1.5) for postmenopausal
women, adjusting for BMI at blood
draw, parity, age at last birth, and
diabetes

0.87 (0.46-1.65), highest vs. lowest tertile
of adiponectin

0.29 (0.10-0.89), highest vs. lowest
quartile of adiponectin

P> 0.05

P <0.05

0.25 (0.07-0.87), highest vs. lowest
quintile; P (trend) = 0.02 for
presenting lethal PC

P> 0.05; 0.8 (0.5-1.4) for lowest vs.
higher quartile of adiponectin, adjusted
for leptin and C-peptide; P (trend) =
0.30

P < 0.001, P=0.037

P <0.05

P> 0.05

Lower adiponectin levels in cases than controls.
Greater reduction of BC risk with increasing
levels of adiponectin in percentiles

Postmenopausal BC risk was not associated with
circulating levels of adiponectin

Lower mean adiponectin levels in cases than
controls

Confirms previous published case-control studies
from Europe that found lower adiponectin
levels in EC cases than controls. The
association is also strong in nonobese women

First prospective study of adiponectin in EC,
whereas the inverse association was
independent of other obesity-related risk
factors

Significant lower adiponectin in patients with EC
than in patients with polyps or normal
epithelium. Adiponectin did not present any
association with cancer stage, but lower
adiponectin levels were observed in patients
with grade Il (P < 0.05)

Significant lower adiponectin levels in cases than
controls. The leptin/adiponectin ratio was
independently associated with
postmenopausal EC risk

Second prospective study, whereas prediagnostic
adiponectin was not predictive of EC risk,
independently from known risk factors

No statistically significant results; the method
used is not the standard one because the
sensitivity of the assay is questioned

Association was independent of age, BMI,
smoking, alcohol, insulin, and testosterone
levels

Serum adiponectin levels did not differ in BC and
BPH but were significantly higher in T3 stage
of PC compared to T2 stage (P = 0.003).
Serum adiponectin might serve as an auxiliary
marker for discriminating PC stages

Significant lower adiponectin levels in patients
suffering from PC

Serum adiponectin was not associated with risk of
overall PC. Men with higher adiponectin
concentrations had lower risk of developing
high-grade or lethal cancer (metastatic or fatal
disease)

Similar adiponectin levels in both cases and
controls. No association between prediagnostic
adiponectin and CC risk

Lower median adiponectin levels in cases than
controls. Median adiponectin concentration
gradually decreased with an increase in tumor
stage. Lower adiponectin was an adjunctive
tool for CC recurrence

Patients with CC presented significantly lower
adiponectin levels than patients with colorectal
adenoma and controls

Adiponectin was not significantly associated with
CCrisk

(Continued)
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TABLE 1. Continued

No. of cases/controls,

First author, year (Ref.) Type of study population OR (95% QI) or significance Additional results, analysis, and comments
Guadagni, 2009 (211) Retrospective case control ~ 90/30, Italian P < 0.0001 Lower adiponectin levels in cases than controls.
and follow-up study The leptin/adiponectin ratio was 8-fold greater
for CC cases for at in patients than in controls and an
least 3 yr independent predictor for adverse outcome
in CC
Erarslan, 2009 (213) Retrospective case control 54 patients with CC and P <0.05 Lower adiponectin levels in cases than controls.
colorectal adenoma, 50 Adiponectin did not correlate with visceral fat
controls; Turkish accumulation in both CC and colorectal
adenoma groups
Gonullu, 2010 (210) Retrospective case control  36/37, Turkish P <0.05 Significant lower adiponectin levels in cases than

Nakajima, 2010 (219)

Kemik, 2010 (215)

Otake, 2010 (216)

Catalan, 2011 (217)

Gialamas, 2011 (214)

Gastric cancer
Nakajima, 2009 (261)

Seker, 2010 (262)

Esophageal cancer (ESCC and

EA)
Yildirim, 2009 (266)

Diao, 2009 (270)

Nakajima, 2010 (269)

Liver cancer
Kotani, 2009 (276)

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control

Prospective nested case
control

115/115 and 72 patients
with colorectal adenoma,
72 controls; cases and
controls were age-, sex-,
and BMI-matched;

Japanese
126/38, Turkish

47 male patients with
adenoma; 34 male
patients with early CC;
17 with advanced CC; 26
male controls

11/18 Spanish

104 patients with CC; 208
age- and gender-
matched controls

156/156, Japanese

40/43, Turkish

62/30, Turkish

43 patients with ESCC; 47
patients with dysplasia;
37 patients with
hyperplasia; 33 controls

117 patients with ESCC;
117 controls; Japanese

59/334, Japanese

0.802 (0.321-2.003) for CC risk; 0.422
(0.189-0.946) for colorectal adenoma
risk

P < 0.001

5.762 (1.683-19.739), 4.495
(1.090-18.528)

P<0.01

0.72 (0.53-0.99) for CC risk; P = 0.05

P =0.0004, P =0.058

P>0.05

P <0.05 P<0.05

P =0.802

P=0.01

0.50 (0.22-1.15), higher tertile of
circulating LMW adiponectin vs.
lowest, adjusting for age, gender, area,
BMI, smoking, alcohol, coffee, diabetes
history, and hepatitis C antibody
positivity (although not statistically
significant at 0.05)

controls. Adiponectin was negatively
correlated with cancer stage

No association between adiponectin and CC risk
as well as between adiponectin and CC stage
(P = 0.94). Adiponectin might be a good
biomarker for colorectal adenomas

Lower serum adiponectin levels in cases than
controls

Lower adiponectin levels were associated with
increased adenoma risk. Lower adiponectin
levels were associated with early CC risk. No
association of lower adiponectin levels with
advanced CC risk

Lower circulating adiponectin levels in cases than
controls

Lower adiponectin levels were associated with CC
risk, controlling for demographic,
anthropometric, lifestyle variables as well as
diabetes mellitus. Adiponectin was negatively
correlated with tumor grade

Adiponectin levels were significantly lower in
patients than controls. Patients with stage |
showed decreased adiponectin than controls

Plasma adiponectin levels were similar in both
cases and controls. No association was
detected between serum adiponectin and
tumor stage, localization, nodal status,
lymphatic and vascular invasion (P > 0.05).
Undifferentiated tumors showed significantly
higher plasma adiponectin levels than well-
differentiated grade tumors

Both patients with ESCC and EA presented lower
adiponectin levels than controls. More
specifically, patients with EA had significantly
lower adiponectin than those with ESCC

Plasma adiponectin levels were similar amid the
different esophageal pathologies

Serum adiponectin levels and BMI were
significantly lower in subjects with ESCC
compared to controls in a multivariate logistic
regression model

Higher percentage of circulating LMW
adiponectin might lead to a reduction of liver
cancer risk

(Continued)
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TABLE 1. Continued

First author, year (Ref.)

Type of study

No. of cases/controls,
population

OR (95% QI) or significance Additional results, analysis, and comments

Arano, 2010 (282)

Sumie, 2011 (284)

Renal cancer
Spyridopoulos, 2007 (192)

Lung cancer
Petridou, 2007 (94)

Karapanagiotou, 2008
(316)

Petridou, 2011 (315)

Retrospective cohort
study

Retrospective case control

Retrospective case control

Retrospective case control

Retrospective case control
and follow-up study
for patients

Retrospective case control

325 with CHC; of these,
122 developed liver
cancer; 70 healthy
controls; Japanese

97 with CHC who
developed liver cancer,
97 controls with CHC;
Japanese

70/280, Greek

85/170, Greek

101 patients with advanced
NSCLC; 51 healthy
controls; Greek

81/162, Greek

Other malignancies
Melanoma
Mantzoros, 2007 (320)

Retrospective case control 55/165, Greek

Thyroid cancer

Mitsiades, 2011 (321) Retrospective case control ~ 175/107, Greek

Pheochromocytoma

Isobe, 2009 (322) Retrospective case control 10/33, Japanese

P < 0.05 (P = 0.008 for males and P =
0.0003 for females); 2.07 (1.06-4.04),
P = 0.031 in females, and 1.82 (1.00—
3.33), P = 0.05in males; 1.96 (1.06—
3.60) for the MLMW adiponectin
isoform

Patients with CHC had significantly higher
adiponectin levels than controls. Patients with
CHC (especially females) and higher serum
adiponectin levels presented a higher risk of
liver cancer development. In the assessment of
adiponectin isoforms, an elevated serum
MLMW adiponectin level was an important risk
factor for liver cancer

No significant differences of serum total
adiponectin between cases and controls. No
significant differences of serum HMW
adiponectin between cases and controls. Low
total and HMW adiponectin levels were
independent risk factors for worse HCC
histological grades

P=0.670, P=0.752

0.76 (0.57-1.00), P = 0.05 Serum adiponectin concentrations were inversely
associated with renal cancer, controlling for

BMI but not central obesity

1.13(0.64-2.02); 0.25 (0.10-0.78) Circulating adiponectin levels were not
significantly different between cases and
controls. Circulating adiponectin levels were
significantly lower amid patients with
advanced disease stage compared to those
with limited one

Serum adiponectin presented no difference
between cases at diagnosis and controls.
Adiponectin did not show any predictive value
for overall survival and disease progression

No significant association between adiponectin
and lung cancer risk, controlling for BMI,
weight change, education, WHR, smoking,
alcohol, coffee consumption, leptin, and
HOMA-IR. Adiponectin was not a major
predictor of lung cancer risk

P> 0.05

2.00 (0.80-4.97); P = 0.14

0.75 (0.52-1.10), adjusting for education, Although there was a lack of statistical
age, gender, WHR, skin type, and eye significance, adiponectin might present a
color protective role in the development of
melanoma (25% reduction of melanoma risk
per 1 sp value of adiponectin)

P < 0.001; 0.29 (0.16-0.55) for any type
of thyroid carcinoma; 0.27 (0.14-0.55)
for papillary thyroid carcinoma

Thyroid cancer patients presented significantly
lower levels of serum adiponectin than
controls. Circulating adiponectin was
independently and inversely associated with
the risk of thyroid cancer

P < 0.001 Serum total and HMW adiponectin were three
times higher in patients with noradrenaline-
type tumors than in controls. Adiponectin

levels normalized after adrenalectomy

BC, Breast cancer; BPH, benign prostatic hyperplasia; EC, endometrial cancer; HOMA-IR, homeostatic model assessment-insulin resistance; PC, prostate cancer.

ous colorectal tissue (208, 222) and the increased immu-
noreactivity with advancing grade and stage (206), point
to the role of adiponectin not only in the genesis of CC
from colorectal adenomas but also in its progression and
prognosis. However, larger prospective studies are war-
ranted to confirm these observations and to explore the
role of adiponectin and its receptors in CC progression
and prognosis.

In summary, measuring serum adiponectin levels
and/or assessing the expression of adiponectin recep-

tors in CC tissue may be useful in predicting the risk of
CC, establishing the prognosis and recurrence of CC.
We also speculate that interventions to augment adi-
ponectin levels could represent a preventive and thera-
peutic option for decreasing the occurrence of CC, im-
proving its prognosis, and protecting against its
recurrence. Candidate strategic interventions incorpo-
rate increased physical activity, weight control, and
pharmacological approaches such as PPAR-y agonists
and others, including adiponectin itself (223).

2z0z ¥snbny 0z uo 3senb Aq 91875€2/L7S/F/EE/0101HE/AIPS/WOod dNO-dlWapEdE//:SARY WO PapEOjUMO]



Endocrine Reviews, August 2012, 33(4):547-594

edrv.endojournals.org

561

TABLE 2. Recent epidemiological studies (2005 to present) that depict association between genetic variation (SNP
gene polymorphisms) in adiponectin (ADIPOQ) and adiponectin receptors (ADIPOR1/R2) and risk of different
types of cancer

First author, year

No. of cases/controls,

(Ref.) Type of study population OR (95% QI) or significance Additional results, analysis, and comments
BC
Kaklamani, 2008 Retrospective case 733/839, American 0.61(0.46-0.80) for rs2241766; 1.80 (1.14-2.85) for Two ADIPOQ SNP (rs2241766*TG and rs1501299*GG)
(39) control rs1501299, adjusting for age, race, and SNP from related to circulating levels of adiponectin were
the same genes; 0.51 (0.28-0.92), adjusting for associated with BC risk. One ADIPOR1 SNP
age, race, and SNP from the same genes (rs7539542) that modulates expression of AdipoR1
mMRNA was associated with decreased BC risk
Teras, 2009 Prospective case 648/659, postmenopausal, P > 0.05; OR ranged from 0.93 to 1.06, adjusting for No significant associations between postmenopausal BC
(249) control American Cancer Society age, sex, and date of blood draw risk and any of ADIPOQ, ADIPOR1, and ADIPOR2

Nyante, 2011
(250)

EC
Chen, 2011
(258)

cc
Kaklamani, 2008
(224)

Pechlivanis, 2009
(225)

Carvajal-
Carmona,
2009 (226)

Partida-Perez,
2010 (227)

He, 2011 (229)

Gornick, 2011
(228)

Liu, 2011 (230)

PC
Beebe-Dimmer,
2010 (298)

Kaklamani, 2011
(296)

Population-based
case control

Retrospective case
control

Retrospective case
control (two
studies)

Retrospective case
control

Case control

Retrospective case
control

Retrospective case
control

Retrospective
population-
based case
control

Retrospective case
control

Retrospective case
control

Retrospective case
control

Prevention Study II,
American

1972/1776, Carolina Breast
Cancer Study, American
Whites and African-
American

1028/1932, Chinese

Study 1: 441/658, Ashkenazi
Jewish from New York;
study 2: 199/199,
American

702/752, Czech

Study 1: 931/929, White,
British; study 2: 1216/
1436, White, British

68/102, Mexican

420/555, Chinese

1062/1062, Israeli
(Ashkenazi Jewish and
other ethnic groups in
Israel)

470/458, Chinese

131/344, Flint Men’s Health
Study, African- American

465/441, American

P> 0.05

0.68 (0.48-0.97) for women homozygous for the
minor allele for rs3774262

Study 1: 0.72 (0.55-0.95) for rs266729, 0.37 (0.14—
1.00) for rs822396, adjusting for age, race, and SNP
from the same genes; 1.76 (1.09-2.84) for
rs822395, 1.79 (1.18-2.72) for rs1342387, 0.52
(0.34-0.78) for rs266729, adjusting for age, race,
and SNP from the same genes; 0.73 (0.53-0.99) for
15266729

1.11 (0.94-1.13) for rs266729, adjusting for age; OR
ranging from 0.16 to 0.98 adjusting for age; OR
ranging from 0.12 to 1.06, adjusting for age,
diabetes and educational level

P> 0.05

P> 0.05

0.53(0.35-0.81) for rs12733285C/T; 0.59 (0.45-0.78)
for rs1342387A/G; 0.59 (0.39-0.89) for rs1342387
A/A; 0.59 (0.46-0.77) for rs1342387A/G; 1.50
(1.05-2.14) and 1.45 (1.03-2.05) for rs266729G/A
and G allele of ADIPOQ, respectively

1.04 (0.88-1.23) for ADIPOQ SNP rs266729, adjusting
for age, gender, and ethnicity (Jewish or not Jewish)

1.94 (1.48-2.54) for ADIPOQ rs1063538

P> 0.05; 2.29 (1.12-4.72); P = 0.03

P <0.05

SNP. In particular, ADIPORT SNP (rs7539542) from

the previous study was not associated with BC risk
No significant associations between BC risk (basal-like

and luminal BC subtypes) and any ADIPOQ SNP

Three of the 10 SNP evaluated in the ADIPOQ gene
were significantly associated with diminished
endometrial cancer risk. No other SNP in the
ADIPOR1/R2 genes were associated with cancer risk

Three ADIPOQ and one ADIPOR1T SNP were associated
with CC risk. ADIPOQ SNP (rs266729, rs822396)
were associated with decreased CC risk. SNP
(rs822395 and rs1342387) were associated with
increased CC risk. ADIPOQ SNP (rs266729) was
associated with a decreased CC risk. Combined
analysis from the two studies showed an association
of rs266729 with decreased CC risk

No significant association between ADIPOQ SNP
(rs266729) and CC risk. Combinations of the insulin
INS SNP rs3842754 and the ADIPOQ SNP rs266729
(C-11374G) genotypes were associated with
decreased CC risk. However, after further
adjustment, no significant associations emerged

No significant association between 82 ADIPOQ SNP and
CC risk

No significant association between CC risk and ADIPOQ
SNP

Four ADIPORT SNP were associated with decreased CC
risk. ADIPOQ SNP were associated with increased risk
for colon cancer but not rectal cancer

No evidence was found for an association between
ADIPOQ and risk for CC (in particular rs266729).

ADIPOQ SNP rs1063538 was associated with increased
CC risk, presenting significant interactions with
smoking status, family history of cancer, and alcohol
consumption

No association between ADIPOQ and ADIPOR1 SNP and
prostate cancer risk. ADIPOQ SNP (rs1501299) was
associated with obesity

SNP of the ADIPOQ and ADIPORT (rs12733285,
rs7539452, rs266729, rs822395, rs822396, and
rs1501299) were significantly associated with PC risk

(Continued)
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TABLE 2. Continued

No. of cases/controls,
population

First author, year
(Ref.) Type of study

OR (95% QI) or significance

Additional results, analysis, and comments

Dhillon, 2011 Prospective case 1286/1267, Physicians’

(297) control Health Study, American
Lung cancer
Cui, 2011 (317) Retrospective case ~ 344/264, Chinese
control age, sex, BMI, and smoking status
NHL
Willett, 2005 Retrospective 699/914, English
(301) population-

based case
control

P <0.05 P>0.05

P < 0.05 for ADIPOQ SNP 152241766, adjusting for

P> 0.05

SNP of the ADIPOQ (rs266729, rs182052, rs822391,
and rs2082940) were significantly associated with
overall PC risk. None of the 16 variants in ADIPOR1/
R2 were related to PC risk

TT genotype of SNP rs2241766 of the ADIPOQ gene
was significantly associated with susceptibility to
NSCLC

No differences in genotype distributions between cases
and controls for the apM1 276G>T SNP

BC, Breast cancer; EC, endometrial cancer; PC, prostate cancer.

In regard to polymorphisms of the genes encoding for
adiponectin and its receptors, seven retrospective case-
control studies have examined the association of ADIPOQ
and/or ADIPOR1 SNP frequencies with CC risk (224-
230) in different populations (Ashkenazi Jewish, Jewish,
American, Chinese, Mexican, Czech, British) with con-
tradictory results. Kaklamani et al. (224), He et al. (229),
and Liu et al. (230) found associations between ADIPOQ
and ADIPOR1 SNP with CC risk. In particular, Kakla-
mani et al. (224) found that, after combination of the two
study populations (Ashkenazi Jewish from New York and
American), ADIPOQ SNP (rs266729) was related to a
decreased risk for CC; however, this SNP was not linked
to CCrisk in Ashkenazi Jews and other ethnic groups from
Israel in a very recent study by Gornick et al. (228). The
discrepancies of the results observed in the previous stud-
ies may be due to different ethnic groups in the studied
populations, different sample sizes, SNP panels, and/or
differential environmental effects. Larger studies are
needed to determine the association of ADIPOQ and/or
ADIPOR1/R2 SNP with CC risk.

B. Adiponectin and breast cancer

Adult weight gain and excess adiposity are positi-
vely associated with breast cancer in postmenopausal
women and inversely associated in premenopausal
women (5, 231).

Case-control studies conducted by our group linked
lower total or HMW adiponectin levels to an increased
risk for postmenopausal breast cancer independently of
classical risk factors including leptin and the IGF-I system
(96, 189, 190). A larger, prospective study in the context
of the Nurses’ Health Study (NHS) later confirmed these
observations (148), which were independently confirmed
by Miyoshi et al. (232) in both premenopausal and post-
menopausal women. Other studies conducted in Chinese,
Taiwanese, and Malaysian women found significantly
low serum adiponectin levels in breast cancer patients

compared with their matched controls (233-235), espe-
cially in postmenopausal women (190, 233). Moreover, a
very recent study by Macis et al. (236) in premenopausal
women identified lower plasma circulating adiponectin
levels as a risk biomarker for progression from intraepi-
thelial neoplasia to invasive cancer independently of age,
BMI, and treatment group (236, 237). Because adipose
tissue cells represent the predominant breast stromal ele-
ment, adiponectin exerts a major paracrine influence in
mammary epithelium. Adiponectin may play a role in
breast cancer etiopathogenesis, particularly in the low-
estrogen environment observed in postmenopausal
women. In a study by our group, we have also shown that
AdipoR1/R2 were expressed in breast cancer cell lines and
tissue samples and that adiponectin may act not only via
altering the hormonal milieu but directly through inhibi-
tion of breast cancer cell proliferation i vitro (96). Jeong
et al. (238) found also that high adiponectin and AdipoR
expression may be associated with breast cancer invasive-
ness. Nevertheless, one retrospective and one very recent
prospective study failed to detect lower circulating adi-
ponectin levels in breast cancer patients compared with
their controls (239, 240). Specifically, a case-control study
by Kang et al. (239) evaluated 41 newly diagnosed breast
cancer female patients compared with 43 age- and BMI-
matched controls and found no significant difference in
adiponectin in either the pre- or postmenopausal group.
The limitations of this study included its small sample size
and the fact that risk factors for breast cancer were not
controlled for. In a nested case-control study of 234 post-
menopausal women and 234 controls within a cohort of
U.S. women with prospectively collected serum samples,
breast cancer risk was not associated with circulating adi-
ponectin levels independently from other known risk fac-
tors (240). According to this study, the lack of association
may be attributed to measurement errors of the laboratory
assays. Karaduman ef al. (241) measured adiponectin lev-
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els specifically in breast tissue samples of 27 breast cancer
patients, which presented significantly increased adi-
ponectin levels, compared with tissues of 33 controls with
fibroadenoma. However, this group’s findings of high adi-
ponectin levels as a risk factor for breast cancer are in
contrast with most other studies reported to date and
could be due to measuring adiponectin levels in a very
small group of tissue samples instead of serum and to not
controlling for known confounding factors. Interestingly,
a very recent study by the same group reported that serum
adiponectin levels in 53 patients with breast cancer were
significantly inversely correlated with tumor tissue adi-
ponectin (242), pointing out that when tumor tissue adi-
ponectin was increased, serum adiponectin levels were de-
creased. These data need to be replicated, and their
implications remain to be elucidated.

Additionally, some but not all studies have suggested
that breast tumors arising in women with hypoadi-
ponectinemia may present a more aggressive phenotype
[large size of tumor, higher histological grade, and estro-
gen receptor (ER) negativity] (189,232,234). It is unclear
why hypoadiponectinemia is observed predominantly in
ER/progesterone receptor (PR)-negative cancer. Proba-
bly, the effects of hypoadiponectinemia could be the de-
regulation of circulating sex steroids. Only five studies to
date have addressed this issue. Two investigations found
a significant association with receptor-negative breast
cancer (232, 243), another with receptor-positive breast
cancer (244), whereas two studies found no significant
associations in regard to hormonal receptor status (148,
245). The interrelationship of estrogen and progesterone
signaling pathway with insulin and adipose tissue hor-
mones could be responsible for adiponectin secretion and
action that in turn affects sex steroid levels and action in
a true endocrine loop manner (246, 247).

Low adiponectin concentrations are associated with
lymph node metastases (233, 239) and increased breast
cancer mortality in breast cancer survivors after adjust-
ment for covariates (248). In a very recent study by Oh ez
al. (243), serum adiponectin levels in ER/PR-negative
breast cancer presented an inverse association with the
risk of recurrence regardless of other factors, including
obesity and insulin resistance.

Finally, in a large retrospective case-control study fo-
cusing on adiponectin genetic variants (ADIPOQ) and
adiponectin receptor genes (ADIPOR1) and breast cancer
risk, our group found that two ADIPOQ SNP, 2241766
and rs1501299, related with circulating levels of adi-
ponectin, and one ADIPOR1 SNP (rs7539542) was also
associated with breast cancer risk (39). Based on the
known function ofrs2241766 and rs1501299, individuals
with intermediate and low adiponectin signaling pre-
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sented a greater breast cancer risk than high adiponectin
signalers (39). However, two other American studies (one
prospective study in postmenopausal women and one
population-based case-control study among Whites and
African-American women) showed no association be-
tween polymorphisms in ADIPOQ, ADIPORT1 (includ-
ing rs7539542), and ADIPOR2 SNP and breast cancer
risk (249, 250). The discrepancy of results may be attrib-
uted to the different panels of SNP, the different meno-
pausal status and race of women, and the different path-
ological subtypes of breast cancer examined in these
studies.

C. Adiponectin and endometrial cancer

Excess BMI and adiposity are associated with an in-
creased risk of developing endometrial cancer (5), espe-
cially in premenopausal women (251), contrary to that of
breast cancer risk. Our group has shown that lower adi-
ponectin levels were associated with a higher risk of en-
dometrial cancer, particularly in women younger than 65
yr, independently from BMI, leptin, the IGF system, and
other known risk factors (187). This is in accordance with
an in vitro study by our group reporting that adiponectin
suppressed endometrial cancer cell proliferation acting
through AdipoR increasing the adaptor molecule LKB1,
responsible for the adiponectin-mediated activation of
AMPK/S6 axis (252). It is worth noting that adiponectin
receptors R1 and R2 are highly expressed in the endome-
trium during the midluteal period of the menstrual cycle
(92). We have also found that AdipoR1 is higher than
AdipoR2 in human endometrial cancer tissue, but the ex-
pression of AdipoR is similar to that from nonneoplastic
tissues (252). Additionally, a combination of obesity and
lower adiponectin constitutes a greater risk for endome-
trial cancer occurrence (187, 188, 232). Very recent ret-
rospective case-control studies have confirmed the above
findings (253-255) in both pre- and postmenopausal
women. These findings were later confirmed by a larger,
prospective, nested case-control study within the Euro-
pean Prospective Investigation into Cancer and Nutrition
(EPIC) study showing that lower prediagnostic plasma
adiponectin levels predispose to an elevated risk of endo-
metrial cancer regardless of BMI status, measures of cen-
tral obesity, and other obesity-related biological risk fac-
tors such as circulating levels of C-peptide (a marker of
pancreatic insulin production), endogenous sex steroid
hormones, and IGF binding protein 1 (IGFBP-1) and
IGFBP-2, particularly among obese and peri-/postmeno-
pausal women (256). However, a second prospective
study from the NHS showed that prediagnostic adiponec-
tin was not predictive of endometrial cancer risk, control-
ling for endometrial cancer risk factors such as BMI, par-
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ity, age at last birth, and diabetes (257). This discrepancy
of results, especially between the two large prospective
studies, might be attributed to the different interval of time
from blood draw to endometrial cancer diagnosis [shorter
in the study by Cust et al. (256)], to a higher proportion of
premenopausal women in the study by Soliman et al.
(257), and to the smaller sample size of cases in the NHS
(146 cases and 377 controls) compared with the EPIC
study (284 cases and 548 controls). Further studies are
needed to define the association between adiponectin and
endometrial cancer and to determine the duration of in-
sulin resistance that must be present to increase the risk of
endometrial cancer among women.

Finally, in a large Chinese retrospective case-control
study focusing on adiponectin genetic variants
(ADIPOQ) and adiponectin receptor genes and endo-
metrial cancer risk, Chen et al. (258) found that three
ADIPOQ SNP were associated with reduced endome-
trial cancer risk.

D. Adiponectin and gastric cancer

Lower plasma adiponectin levels have also been found
in patients with gastric cancer, especially in upper gastric
cancer, compared with healthy control subjects, and were
inversely correlated with tumor size, depth of invasion,
and tumor/nodes/metastasis stage, underscoring a poten-
tial role for adiponectin in gastric cancer progression
(199). These results are consistent with the findings that
adiponectin induced apoptosis and inhibited the prolifer-
ation of AZ521 and HCG27 gastric cancer cell lines
through both adiponectin receptors and also suppressed
the development of peritoneal metastasis of AZ521 when
inoculated sc in nude mice (259). Moreover, adiponectin
was involved in gastric cancer cell growth suppression via
AdipoR1, whereas AdipoR1 expression was associated
with good prognosis (260). A recent Japanese retrospec-
tive study confirmed that lower adiponectin levels were
found in gastric cancer patients, particularly in stage I,
compared with controls (261), whereas another small
case-control study found similar adiponectin levels be-
tween cases and controls and no association of serum adi-
ponectin with tumor stage, invasion (262), as well as tu-
mor tissue adiponectin (263).

E. Adiponectin and esophageal cancer

Obesity, in particular visceral obesity, represents an
important risk factor for both Barrett’s esophagus and EA
(264, 265). In a case-control study, Yildirim et al. (266)
investigated the relationship between serum adiponectin
and EA as well as esophageal squamous cell carcinoma
(ESCC) in comparison to healthy controls. They found
that hypoadiponectinemia characterized the two esopha-
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geal cancer types. More specifically, adiponectin levels
were lower in patients with EA than in patients with ESCC
and dropped as tumor stage progressed. These results are
in line with a previous study showing that adiponectin
caused a significant increase in apoptosis accompanied by
augmented B-cell lymphoma-2 (Bcl-2) associated X pro-
tein (Bax) and decreased Bcl-2 expression in Barrett’s ad-
enocarcinoma cell line OE-19 and that the neoplastic tis-
sue presented decreased expression of the adiponectin
receptors (267). Ina very recent study, Howard et al. (268)
showed that up-regulated AdipoR2 expression was asso-
ciated with obesity and tumor stage in EA, suggesting that
pathways involving adiponectin could affect tumor biol-
ogy. In agreement with the previous epidemiological study
by Yildirim et al. (266), Nakajima et al. (269) found lower
levels of adiponectin in Japanese patients with ESCC in
comparison to their age- and sex-matched controls. On
the contrary, Diao et al. (270) showed similar plasma adi-
ponectin levels in patients belonging to different esopha-
geal pathologies related to the multistage development of
esophageal cancer. In this previous small study without
adjustment for important covariates, controls with nor-
mal esophageal squamous epithelium cells (n = 33) pre-
sented similar adiponectin concentrations with patients
suffering from basal cell hyperplasia (n = 37), esophageal
squamous cell dysplasia (n = 47), and ESSC (n = 43). In
retrospective studies for esophageal cancer, itis worth not-
ing that one could expect higher adiponectin levels in pa-
tients than in controls due to the inflammation and weight
loss observed in cachexia, which often accompanies the
diagnosis of esophageal cancer. Further prospective and
longitudinal studies are needed to elucidate the associa-
tion of adiponectin with esophageal carcinoma.

F. Adiponectin and pancreatic cancer

Obesity, diabetes mellitus type 2, and insulin resistance,
particularly in men, are associated with an increased risk
for PaC (7). Evidence for the association between PaC and
adiponectin levels is conflicting and depends mainly on the
study design (i.e., prospective vs. retrospective). Serum
adiponectin in PaC patients has been reported to be ele-
vated in retrospective studies (95,271, 272), decreased in
a prospective study on male Finnish smokers (273) and in
the EPIC prospective study among never smokers (274),
and unchanged in the EPIC prospective study among cur-
rent smokers (274) and in a study examining adiponectin
amid patients suffering from different pancreatic pathol-
ogies (275). Specifically, our group investigated Greek
subjects with PaC and hospital controls and found that
hyperadiponectinemia was associated with PaC risk ad-
justing for age, gender, BMI, smoking status, alcohol con-
sumption, history of diabetes, family history of gastroin-
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testinal cancer or PaC, and leptin concentrations. In our
data, further stratification by smoking status revealed that
among never-smokers, the strength of the association be-
tween hyperadiponectinemia and PaC was more pro-
nounced than among smokers [for never-smokers, odds
ratio (OR), 1.154; 95% confidence interval (CI), 1.016 -
1.31; P = 0.027; and for current smokers, OR, 1.077;
95% ClI, 1.002-1.158; P = 0.045).
Hyperadiponectinemia observed in case-control stud-
ies could be compensating for insulin resistance and/or
inflammation and weight loss due to cancer-associated
cachexia, a complex metabolic state characterized by loss
of adipose and muscle tissue (95) that develops after can-
cer develops. Indeed, higher levels of adiponectin are seen
in cases of anorexia nervosa and prolonged voluntary
weight loss (15). An alternative, probably less likely ex-
planation for the association between elevated adi-
ponectin levels and PaC could be adiponectin resistance
produced by a down-regulation of adiponectin recep-
tors or signaling pathways downstream of the receptors
leading to subsequent counter-regulatory increased adi-
ponectin secretion. However, we have reported that
adiponectin receptors were present in PaC and that both
adiponectin receptors were strongly expressed in the
vast majority of studied subjects (95). In disagreement
with the previous study, a Finnish prospective nested
case-control study by Stolzenberg-Solomon et al. (273)
examining the association of prediagnostic adiponectin
concentration and risk for PaC found that higher adi-
ponectin levels were inversely related to PaC risk specifi-
cally in male smokers. Despite the prospective design and
the large number of incident PaC cases, this study popu-
lation represents a homogenous group of male smokers
and cannot be generalized to nonsmokers and females.
Finally, in a study by Changetal. (271), serum adiponectin
was able to differentiate between states of chronic pan-
creatitis and PaC, suggesting that this hormone may be
used as a more specific tumor marker for PaC compared
with the usual serum tumor marker CA 19-9. Further pro-
spective studies are needed to clarify the role of adiponec-
tin in PaC development, specifically taking into account
the smoking status, insulin resistance, and the time of adi-
ponectin measurement in relation to diagnosis. It is pos-
sible that lower adiponectin levels predispose to PaC, but
itis also possible that adiponectin levels increase when the
disease becomes overt in a compensatory manner.

G. Adiponectin and liver cancer

Evidence suggests an association between adiponectin
and liver tumorigenesis (276). To date, very few studies
have explored the link between serum adiponectin and
hepatocellular carcinoma (HCC) risk. In a Japanese pro-
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spective nested case-control study, individuals with a
higher percentage of circulating LMW adiponectin mul-
timers tended to have a reduced liver cancer risk after
controlling for age, gender, area, BMI, smoking, alcohol,
coffee consumption, diabetes history, and hepatitis C
virus-antibody positivity (276). This is in line with the
finding that adiponectin has an antioncogenic potential in
HCC cell lines HepG2 and Huh7, especially by inhibiting
the oncogenic actions of leptin (277).

Obesity and metabolic syndrome are recognized risk
factors for hepatic steatosis (278), severe fibrosis (279),
and HCC in patients with chronic hepatitis C (CHC) (280,
281). In a large-scale retrospective cohort study, Arano et
al. (282) investigated the association of serum adiponectin
levels and the risk of HCC in patients with CHC and found
that higher adiponectin levels were an independent risk
factor for HCC, particularly in female subjects, suggesting
that adiponectin may possess oncogenic functions after
accumulation in the fibrotic liver. Another possible expla-
nation is the adiponectin resistance phenomenon caused
by down-regulation of adiponectin receptors; however,
further studies are needed to elucidate this mechanism.
Moreover, in the aforementioned study, the middle and
low molecular weight (MLMW) adiponectin isoform was
an independent risk factor for HCC. In contrast to these
results, Nkontchou et al. (283) reported that serum adi-
ponectin was not associated with HCC occurrence in a
cohort study of 248 Japanese patients with compensated
hepatitis C cirrhosis. Sumie et al. (284) reported similar
serum total and HMW adiponectin between 97 Japanese
patients with CHC who developed HCC and 97 controls
with only CHC. These discrepancies may be attributed to
the different liver pathologies (liver cirrhosis vs. CHC)
examined in relation to HCC occurrence in the previous
studies. In the study by Sumie ez al. (284), serum total and
HMW adiponectin were predictors of liver fibrosis, and
low total and HMW adiponectin levels were independent
risk factors for worse HCC histological grades (284).
Moreover, microarray analysis of tissue adiponectin ex-
pression levels in HCC patients revealed that adiponectin
expression was inversely correlated with tumor size, sup-
porting the hypothesis that adiponectin may inhibit pro-
liferation and dedifferentiation (285). Finally, fasting hy-
perinsulinemia but not serum adiponectin was associated
with a poorer prognosis of early stage HCC in a cohort of
140 Japanese patients with incident HCC (286).

H. Adiponectin and renal cancer

Our group showed that lower levels of adiponectin
were positively associated with renal cell carcinoma risk
controlling for BMI; however, after adjustment for central
obesity [waist-to-hip ratio (WHR)], the association be-
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came not statistically significant. This finding suggests
that altered concentrations of adiponectin may mediate
the effect of visceral obesity (192, 287). Furthermore,
lower plasma adiponectin levels were associated with
larger tumor size and metastasis in clear-cell renal carci-
noma (288). Both total and HMW adiponectin were de-
creased in patients with metastatic renal cancer compared
with those with localized disease (289), suggesting that
adiponectin may be a possible biomarker of renal cancer
progression. Nonetheless, the authors speculated that an-
tihypertensive and/or antilipidemic medications taken by
the study group may be a confounding factor for these
results. Both adiponectin receptors, particularly AdipoR1,
are expressed in normal renal tissue as well as in renal
cancer cells, whereas adiponectin receptors (especially
AdipoR2 in metastatic tumors) may be down-regulated,
reducing the potential protective effect of adiponectin on
tumor cells (23, 288).

I. Adiponectin and prostate cancer

Although the association between prostate cancer and
adiponectin concentrations has not been consistently
shown, there is accumulating evidence that lower adi-
ponectin levels are linked not only to prostate cancer risk
(200, 290, 291) but also to the histological grade and
disease stage (200,290,292).In a large retrospective study
conducted by our group, we found almost a 70% reduced
risk for prostate cancer in men with the highest adiponec-
tin levels, independent of age, BMI, and other classic fac-
tors (290). Moreover, in this study, malignant prostate
tissue samples presented weaker expression of adiponec-
tin receptors compared with benign prostate tissue, sup-
porting a role of adiponectin in the prostate cancer patho-
genesis. However, two prospective studies failed to detect
significant associations between adiponectin levels and
prostate cancer risk (293), but the more recent study found
that men with higher adiponectin concentrations pre-
sented lower risk for developing high-grade or metastatic
cancer (292). Furthermore, in a prospective study, Sher ez
al. (294) found that, although no association existed be-
tween biopsy Gleason Score and adiponectin, in patients
who had undergone radical prostatectomy, lower serum
adiponectin was independently associated with high-
grade prostate cancer. However, in a very small study,
Housa et al. (295) reported that serum adiponectin levels
were significantly higher in patients with T3 stage of pros-
tate cancer compared with patients who had T2 stage,
suggesting that cachexia at advanced stages of disease may
be responsible for these findings.

Finally, three investigations have looked at ADIPOQ
and ADIPOR1 SNP and prostate cancer risk and yielded
different results. In a large clinic-based case-control study
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with 465 cases and 441 controls, Kaklamani et al. (296)
found that several haplotype tagging SNP of ADIPOQ
and ADIPORI1, previously related to diabetes, insulin re-
sistance, coronary artery disease, and other cancers, were
significantly associated to prostate cancer risk. In a large
prospective study within the Physician’s Health Study,
Dhillon et al. (297) reported that four SNP of the
ADIPOQ but not ADIPOR1/R2 genes were significantly
associated with prostate cancer risk. Conversely, Beebe-
Dimmer et al. (298) did not find any association between
their studied SNP and prostate cancer risk in 131 African-
American patients and 344 controls. The potential expla-
nations for these differences include the different popula-
tion (Caucasians vs. African-American men), the different
panels of SNP used, as well as the smaller sample size in the
study by Beebe-Dimmer ez al. (298).

J. Adiponectin and hematological malignancies

Several epidemiological studies have underscored the sig-
nificantly increased risk for hematological malignancies, i.e.,
leukemia, lymphoma, and myeloma, in individuals with a
high BMI (9,299-301). Adiponectin has been linked mainly
to the risk of hematological malignancies of the “myeloid”
cell line such as childhood acute myeloblastic leukemia
(193), myelodysplastic syndromes (MDS) (196, 197), and
myeloproliferative disorders including chronic myelogenous
leukemia (CML) (302). These findings are in accordance
with a previous hypothesis stating that adiponectin induces
apoptosis and inhibits predominantly the proliferation of
myeloid cell lineage (303). Furthermore, AdipoR1 expres-
sion level was higher in two CML cell lines (K562 and Meg-
02) as well as in CML patients, whereas AdipoR2 expression
level was unchanged in the previous cell lines and decreased
in CML patients, suggesting different functions of adiponec-
tin receptors in CML pathogenesis (304).

With regard to hematological malignancies of myeloid
origin, we have shown that low serum adiponectin levels
were associated with MDS, a preleukemic condition char-
acterized by trilineage defects in hematopoiesis leading to
fatal cytopenias and to a variable risk of progression to-
ward acute myeloid leukemia (197). MDS subtypes ex-
hibited different adiponectin levels, with refractive anemia
presenting higher adiponectin levels compared with more
aggressive subtypes (197). In an another retrospective
case-control study from the same study population, our
group found that higher adiponectin levels were associ-
ated with a lower risk of MDS, independently from the
IGF-I system, serum leptin, resistin, age, gender, and BMI
(196). Both total and HMW adiponectin may have a pro-
tective role in MDS. Significantly lower adiponectin levels
have also been reported in a small study by Avcu et al.
(302) in patients with myeloproliferative disorders (MPD)
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including CML, compared with controls. MPD patients
who received interferon had higher adiponectin con-
centrations than untreated patients (302). It seems that
interferon treatment has a positive influence in adi-
ponectin secretion by inhibiting other inflammatory cy-
tokines. Also, imatinib-treated CML patients presented
a 3-fold increase of plasma adiponectin levels in the
form of HMW and LMW complexes compared with
pretreatment adiponectin levels, with a parallel increase
of the intramedullary and peripheral adiposity after 6
months of imatinib (305). Elevated adiponectin in these
patients may provide a potential mechanism for im-
proved glucose and lipid metabolism as reported for
some imatinib-treated patients (305).

Controversial data exist in the literature regarding se-
rum adiponectin as a predictive marker of hematological
malignancies from “lymphoid” origin. A decrease (1935,
302),n0 change (193,198,306,307),and even anincrease
in adiponectin levels have been reported (194, 306, 308).
Moreover, no prospective epidemiological studies have
been conducted due to the rarity of these malignancies in
the general population.

With respect to serum adiponectin and MM risk, our
group found that decreased levels of adiponectin were
linked to a higher risk for MM, controlling for age, gender,
BMI, serum leptin, and resistin (195) in accordance with
a very recent study by Fowler et al. (309), which found a
significant percentage decrease in serum HMW adiponec-
tin concentrations in patients with monoclonal gammopa-
thy of undetermined significance (MGUS) that either
progress or do not progress to myeloma in comparison to
age-, gender-, and BMI-matched controls. A recent study
using human and murine systems identified a novel mech-
anism whereby reduced or absent adiponectin promotes
myeloma progression, providing strong evidence for a tu-
mor-suppressive role for adiponectin in MM etiopatho-
genesis (309). Adiponectin can directly induce apoptosis
of myeloma cells through an activation of AMPK. My-
eloma cell apoptosis is reduced in myeloma-bearing, adi-
ponectin-
deficient mice, and increasing adiponectin via L-4 F (an
apolipoprotein peptide mimetic) increased apoptosis of
myeloma cells in vivo and prevented myeloma bone dis-
ease (309). Reduced adiponectin levels observed in MM
could be responsible in part for IL-6 (the key cytokine in
MM pathogenesis) and TNF-a overproduction in the
bone marrow milieu (310, 311). Additionally, we did not
find either a significant association between serum adi-
ponectin levels and MM prognostic stages and parapro-
tein classes or a significant relation between adiponectin
and prognostic biological parameters of MM such as CRP,
lactate dehydrogenase (LDH), and B-2 microglobulin
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(195). In contrast to the above findings, Reseland et al.
(307) reported similar adiponectin levels in MM cases and
controls but significant lower levels of adiponectin in male
patients than male controls in a small study.

Regarding chronic lymphocytic leukemia (CLL), Avcu
etal. (302) reported an association between lower levels of
serum adiponectin in patients compared with controls in
a small study with 19 patients and 36 controls. On the
contrary, a very recent study by our group showed that
there was no significant difference in serum total and
HMW adiponectin levels between 95 cases with B-cell
CLL (B-CLL) and 95 controls, controlling for age, gender,
BMI, family history of hematological malignancies, and
serum leptin (198). Similar to the study by Avcu et al.
(302), no significant association was observed between
both total and HMW adiponectin and B-CLL stage. Only
asignificant positive correlation was noted between LDH,
a marker of disease severity, and adiponectin (198). How-
ever, in a cohort of 69 B-CLL patients with Binet stage A,
Molica et al. (312, 313) were able to demonstrate that
serum adiponectin was inversely correlated with CD38-
positive CLL cells, absolute peripheral blood lymphocyte
count, and the presence of {-chain-associated protein ki-
nase 70, all markers of disease severity (312), and posi-
tively correlated with vascular endothelial growth factor
(VEGF) (313). In the previous study, both AdipoR1/R2
receptors were highly expressed by CLL cells, but adi-
ponectin gene expression was invariably low, suggesting a
limited role of leukemic cells in the production of circu-
lating adiponectin levels (312).

In both childhood B-acute lymphoblastic leukemia (B-
ALL)and T-ALL, serum adiponectin was not significantly
associated with disease risk (193). In contrast to the pre-
vious study, it has been reported in a very small study (nine
patients) that lower adiponectin levels were present in
childhood ALL cases at diagnosis compared with controls
(314). Moreover, during the maintenance period, adi-
ponectin increased gradually in cases but remained lower
compared with controls. Adiponectin was also negatively
correlated with leukemic burden (314).

Significantly higher adiponectin levels were found in
patients with adult non-Hodgkin lymphoma (NHL),
childhood NHL, and Hodgkin lymphoma (HL) compared
with controls (194, 306, 308). In adult NHL, adiponectin
correlated with IL-10 reflecting poor prognosis, and in
childhood NHL, adiponectin was associated with poor
prognosis (194). Adiponectin may act on NHL cells either
directly or indirectly. It has been reported that both Adi-
poR1and AdipoR2 were expressed in adult and childhood
NHL tissue samples (194). Adiponectin receptors may be
capable of direct downstream tumor-promoting signaling in
NHL pathogenesis (194). The association of adiponectin
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with NHL risk may also mirror indirect effects of adiponec-
tinvia altered secretion of other cytokines, i.e., IL-10, TNF-c,
etc., that play a pivotal role in NHL. Regarding adiponectin
polymorphisms and NHL risk, a population-based case-
control study found no differences in genotype distributions
for the ADIPOQ 276G>T SNP between controls and cases
suffering particularly from diffuse large B-cell and follicular
lymphoma (301).

K. Adiponectin and lung cancer

Previous studies have evaluated the association be-
tween adiponectin and obesity-associated cancers, and lit-
tle or no focus has been given to non-obesity-associated
cancers, such as lung cancer. A case-control study by our
group (94) found that serum adiponectin was not signif-
icantly different in patients with lung cancer compared
with controls, but it was significantly lower in patients
with advanced disease stage, suggesting that adiponectin
could be a potential marker for lung cancer progression.
When examining archival lung specimens, we found that
both adiponectin receptors were expressed only in can-
cerous lung tissue, whereas AdipoR2 was mainly ex-
pressed in the non-small-cell lung carcinoma (NSCLC)
tissues and in the advanced disease stage tissues (94). In a
subsequent study, Petridou et al. (315) found that serum
adiponectin was not a major predictor of lung cancer risk,
with insulin resistance representing a meaningful risk fac-
tor for lung cancer taking into account anthropometric
and lifestyle variables as well as metabolic parameters.
Another study has reported that serum adiponectin pre-
sented no significant differences in 101 advanced NSCLC
patients compared with 51 healthy controls and could not
be used as a predictive parameter for overall survival
(316). Finally, in a Chinese retrospective case-control study
focusing on adiponectin genetic variants (ADIPOQ) and
NSCLC risk, Cui et al. (317) found that an ADIPOQ SNP
(rs2241766) was associated with susceptibility to NSCLC,
adjusting for age, gender, BMI, and smoking status.

L. Adiponectin and other malignancies

New evidence associates obesity and insulin resistance
with melanoma risk (318, 319). In a case-control study,
our group (320) found that there was a sizeable inverse
relationship between serum adiponectin levels and mela-
noma risk, although the results were not statistically
significant.

A very recent case-control study conducted by our group
found that circulating adiponectin was inversely associated
with thyroid cancer risk, independently from other potential
confounders attributed mainly as explained below to the
metabolic effects of adiponectin (321). Human thyroid car-
cinomas and cell lines expressed both adiponectin receptors;
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however, recombinant adiponectin failed to manifest a clin-
ically significant direct effect on cell cycle, proliferation, and
apoptosis in thyroid cancer cell lines in vitro (321), indicating
that adiponectin may primarily be acting through changing
insulin resistance and/or inflammation at the whole body
level.

With regard to endocrine tumors, Isobe et al. (322)
reported that serum total and HMW adiponectin were
three times higher in cases with pheochromocytoma than
in controls and normalized after adrenalectomy. More-
over, ADIPO R1 gene expression was significantly asso-
ciated with adrenaline content in the tumor tissue as well
as with adrenaline levels secreted by the tumor, suggesting
that adrenaline may induce adiponectin production and
signaling (322).

Finally, it is worth noting that lower plasma adiponec-
tin levels and insulin resistance increase malignancy risk,
especially renal, thyroid, and gastric cancer incidence, in
nondiabetic continuous ambulatory peritoneal dialysis
patients (323).

To summarize, several epidemiological studies con-
ducted to date (Table 1) link adiponectin to the risk of
obesity-associated cancers, including but not limited to
breast, endometrial, prostate, colon, gastric, pancreatic,
and hematological malignancies. Additionally, many
studies have reported adiponectin receptors and their ex-
pression in specific tumor tissues, and a few epidemiolog-
ical studies have associated specific gene polymorphisms
of adiponectin and adiponectin receptors with cancer risk
(Table 2) with variable associations. Although adiponec-
tin levels are highly heritable (37,324, 325), the variability
of associations between polymorphisms in the ADIPOQ,
ADIPO R1/R2 genes and cancer risk in well-designed ep-
idemiological studies may be due to small sample sizes,
different panels of SNP, ethnicities, and clinical outcomes
as well as differential environmental effects. Also, in the
majority of these studies, serum adiponectin levels were
not examined to elucidate associations between adi-
ponectinemia and polymorphisms in the ADIPOQ,
ADIPO R1/R2 genes, and cancer risk.

Hence, adiponectin may not only constitute a bio-
marker for cancer development in obesity, but may also
act as a molecular mediator linking adipose tissue to car-
cinogenesis. The mechanisms underlying the actions of
adiponectin as well as its potential diagnostic, prognostic,
and/or therapeutic utility require further investigation.

V. Adiponectin and Carcinogenesis Mechanisms

Accumulating evidence suggests that adiponectin exerts
antineoplastic effects via two mechanisms. First, it can act
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directly on cancer cells by stimulating receptor-mediated
signaling pathways. Secondly, it may act indirectly by
modulating insulin sensitivity at the target tissue site, reg-
ulating inflammatory responses and influencing tumor
angiogenesis.

A. Direct mechanisms of action

1. In vitro studies

Expression of adiponectin’s two main receptors, Adi-
poR1 and AdipoR2, has been reported in numerous can-
cer cell types in vitro and in vivo, as mentioned in Section
IV. Thus, adiponectin can exert direct receptor-mediated
action on cancer cells and tissues.

Adiponectin negatively influences growth of most obe-
sity-related cancer types, although conflicting results have
been published for some. Treatment of CC cell lines with
adiponectin generally led to growth inhibition (93, 206,
207, 326) or had no effect on proliferation (208). An ex-
ception was noted in one study, wherein adiponectin pro-
moted growth of colonic HT-29 cells and stimulated se-
cretion of various proinflammatory cytokines (327).
Interestingly, glucose availability was recently suggested
to play an important role in the response of colon cancer
cells to adiponectin. Under glucose deprivation, adiponec-
tin positively influenced HT-29 and DLD-1 colorectal cell
survival through enhancement of autophagic response in
colon cancer cells, whereas it inhibited growth in glucose-
containing medium (328). In the case of liver (285) and
gastric carcinoma (259), EA (267), and endometrial (329)
and prostate carcinoma (326, 330, 331), adiponectin ex-
hibited clear anticarcinogenic effects, whereas it had no
influence on melanoma cell proliferation (332). For clear-
cell renal carcinoma, only indirect evidence, indicative of
a negative effect of adiponectin on carcinogenesis, has
been published so far (333). Studies on breast cancer have
been conflicting and point toward cell line-dependent ef-
fects. A complete overview of the effect of adiponectin on
breast cancer has recently been reviewed elsewhere (334).
In general, adiponectin has been shown to inhibit with a
varying degree of efficiency the growth of normal MCF-
10A (335) human mammary epithelial cells as well as can-
cerous MCF7 (335-339), T-47D (96, 338, 340), MDA-
MB-231 (340-345), and SK-BR-3 (338) cells, whereas it
had no effect on MDA-MB-361 (338) and Hs 578T (345)
cells. Differential expression of ERa might be one expla-
nation because proliferation of ERa (+) cells was reduced
at lower adiponectin concentrations than proliferation of
ERa (—) cells (338). Indeed, the establishment of an ER«
(+) MDA-MB-231 cell line exhibiting markedly increased
sensitivity to adiponectin treatment supports this notion
(338). On the other hand, ER« expression cannot be the
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only explanation, because variability also exists for the
same cell line between different studies, as seen for exam-
ple in the case of MCF7 (339, 345, 346) and T-47D (96,
344). Possible reasons may be biological variations be-
tween the several lines of the respective cells used in var-
ious laboratories, as well as differences in culture condi-
tions (246). The latter can be exemplified in the usage of
serum because serum-free media alone might favor an in-
hibition of cell growth (347). Indeed, the previously men-
tioned positive effect on HT29 colon cancer cell prolifer-
ation was seen with 1% fetal bovine serum (327), whereas
another study reported no effect under serum-free condi-
tions (208). Moreover, similar studies on HT29 cells prov-
ing inhibition of proliferation made use of gAd (207, 326).
Thus, cellular responses might also be dependent on the
specificadiponectin isoform used. This was also seen in the
case of prostate carcinoma cells, where only HMW adi-
ponectin was capable of inhibiting cell proliferation (331).
Finally, incubation time or dosage might modulate the
effect of adiponectin on cell growth (334). MCF7 breast
cancer cells, for example, exhibited a reduction in prolif-
eration when incubated for 48 h with § ug/ml adiponectin
(338), whereas no effect was visible upon treatment with
10 pg/ml for up to 6 d (335).

Adiponectin can induce apoptosis in liver (277, 285),
gastric (259), and endometrial (329) carcinoma as well as
EA (267). This effect was shown to be mediated via up-
regulation of the proapoptotic Bax and down-regulation
of the antiapoptotic Bcl-2 protein in EA cells (267) as well
as increased caspase 3 activity in HCC cells (285). Inter-
estingly, the exact mechanism herein seems to depend on
the cancer cell line used, as seen in the case of endometrial
cancer (329). Additionally, adiponectin can enhance ap-
optosis in colon cancer cells (93, 206), although excep-
tions were noted (208, 327). In the case of breast cancer,
the effect of adiponectin on apoptosis remains inconclu-
sive. Whereas adiponectin does not affect the viability of
T47-D (96, 340, 344, 345, 348), SK-BR-3 (345, 348), or
Hs 578T (345) breast cancer cells, it was shown to stim-
ulate apoptosis in MCF7 (336-339, 348) and MDA-MB-
231 (343-345). Other studies, however, have suggested
an opposite or no effect of adiponectin on both MCF7
(335,345,349) and MDA-MB-231 (340, 348) breast can-
cer cells.

Invasiveness, a common trait of many malignancies, is
also influenced by adiponectin, and the outcome seems to
depend on cancer cell type. Studies on breast (350, 351)
and liver cancer (352) proved a negative effect of adi-
ponectin on migration. Particularly in the latter, adiponec-
tin was able to block signaling pathways related to inva-
sion and down-regulated formation of lamellipodia,
important for cell migration (352). On the other hand, a
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promigratory effect was seen in the case of prostate cancer
(353) and chondrosarcoma (354), whereas adiponectin-
treated cells exhibited increased expression of the integrins
a5B1 and a2B1, respectively. In addition to cell line de-
pendency, differences in the used adiponectin dosage
might explain the divergent results. Studies noting a neg-
ative effect on migration used more than 10 ug/ml adi-
ponectin (350-352), whereas studies indicating a positive
influence used less than 1 pug/ml (353, 354).

In addition to the above receptor-dependent actions,
adiponectin can exert receptor-independent, antiprolif-
erative effects through controlling the bioavailability of
certain growth and inflammatory factors, both of which
have been associated with carcinogenesis (355). By selec-
tively binding and sequestrating platelet-derived growth
factor BB, heparin-binding epidermal growth factor, and
basic fibroblast growth factor, adiponectin was able to
attenuate DNA synthesis, proliferation, and migration of
cultured smooth muscle cells (127, 356). These interac-
tions were shown to depend on different oligomeric forms
of adiponectin as well as distinct binding sites in the pro-
tein (356). Moreover, adiponectin was shown to decrease
IL-1B-induced secretion of proinflammatory factors from
stromal endometrial cells, thus exerting protective actions
on the endometrium (92).

Finally, in vitro evidence points toward interactions
between adiponectin and other hormonal signaling path-
ways, highlighting the complex mechanisms that regulate
carcinogenesis in vivo. Generally, adiponectin was able to
inhibit leptin-induced proliferation and cell growth, as
shown for breast (337, 341), colon (357), liver (277), and
prostate cancer (331), as well as EA (358). Furthermore,
a cross talk exists between adiponectin and sex steroids.
Pfeiler et al. (346) showed that whereas adiponectin alone
had no effect on growth of breast cancer cells, a slight
reduction was induced in hormone-independent MDA-
MB-231 and SK-BR-3 cell lines, with an additional apo-
ptosis stimulation in the former. On the other hand, hor-
mone-dependent MCF7 cells exhibited an increased
proliferation rate (346). Moreover, in LNCaP androgen-
dependent prostate cancer cells, HMW adiponectin inhib-
ited dihydrotestosterone-induced cell growth (331). IGF-I
(336) and IL-6 (359) signaling can also be influenced by
adiponectin. An example for the complex interactions can
be seen in the case of colon cancer, where the outcome was
shown to also depend on tumor stage. Fenton et al. (357)
demonstrated that adiponectin reduced cell proliferation
and blocked leptin-induced autocrine IL-6 production as
well as trans-IL-6 signaling in a model of preneoplastic
[adenomatous polyposis coli (Apc) —/+] colon epithelial
cells. Normal colon epithelial cells (Apc +/+) on the other
hand, were leptin insensitive and also less responsive to
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adiponectin alone (357). Moreover, in MC38 late-stage
colon carcinoma cells, adiponectin treatment was not able
to reduce insulin-induced proliferation (359, 360),
whereas it could inhibit IL-6-dependent signaling. Leptin
treatment alone had no effect on MC38 cell proliferation
(359). Thus, along the continuum to carcinoma, adiponec-
tin may influence cell homeostasis and proliferation via
distinct mechanisms and interactions.

2. Summary of signaling pathways activated by adiponec-
tin in malignancies

Physiological responses to adiponectin involve several
intracellular signaling pathways including AMPK,
mTOR, PI3K/Akt, MAPK, STAT3, NF-kB, and the sph-
ingolipid metabolic pathway (Section I1.E). Evidence sug-
gests an involvement of these pathways in adiponectin-
mediated inhibition of carcinogenesis. Activation of
cAMP/protein kinase A (PKA) (336), inhibition of
B-catenin (342, 344), as well as reduction of reactive ox-
ygen species (ROS) (60) have also been implicated in the
response of cancer cells to adiponectin. The signaling
pathways described herein are depicted in Fig. 1. Con-
versely, new compelling molecular data suggest that adi-
ponectin and its receptors show potent proangiogenic ef-
fects that could promote tumor growth particularly in
murine mammary cancer models (84, 87, 361). Interest-
ingly, a new array of observations provides insight in the
ceramidase activity contained by the classical adiponectin
receptors. Upon activation, AdipoR1/R2 catabolize cer-
amides to downstream degradation products such as sph-
ingosines and the S1P. Elevated S1P is associated with
increased cell survival and higher local proangiogenic ac-
tivity seen in mammary tumor mouse models in which
adiponectin levels have been manipulated (84, 361, 362).
Based on these data, the sphingolipid metabolic pathway
that is a critical mediator of inflammation, cell survival,
and growth could represent an important component of
adiponectin signaling in malignancies.

Most of the effects of adiponectin on cancer are medi-
ated through AMPK. AMPK can be stimulated by adi-
ponectin through an increase of AMP levels, the adaptor
protein APPL-1, calcium-dependent kinases (Section
I1.E), as well as the Ser/Thr kinase LKB1 (363). Impor-
tantly, in the case of breast cancer cells, LKB1 has recently
been proven necessary for adiponectin-induced AMPK ac-
tivation and subsequent inhibition of adhesion, migration,
and invasion. LKB1 expression was also shown to be di-
rectly stimulated by adiponectin (350). AMPK negatively
influences carcinogenesis through affecting cell growth
mechanisms. It down-regulates the TSC2/mTOR/S6 axis,
thus reducing protein expression, and inhibits de novo
fatty acid synthesis via blocking sterol regulatory element
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Figure 1. Signaling pathways connecting adiponectin to carcinogenesis. Adiponectin may act on cancer tissues either by sequestrating growth

factors at the prereceptor level or by binding to AdipoR1, AdipoR2, and T-cadherin. T-Cadherin has not been associated with downstream effector
molecules and may serve as a coreceptor for adiponectin. Binding to AdipoR1 and AdipoR2, initiates a cascade of signaling molecules comprising,
among others, activation of AMPK by the cofactors LKB1, APPL-1, and/or CaMKK; induction of Bax and cAMP/PKA, as well as inhibition of ERK1/2,

PI3K/Akt, Wnt/B-catenin, nicotinamide adenine dinucleotide phosphate-oxidase/ROS/MAPK, NF-«B, Bcl-2, and JAK2/STAT3 signaling. Activated
AMPK subsequently stimulates JNK, PP2A, and the cell cycle regulators p53/p21/p27, while negatively influencing fatty acid synthase (FAS)ACC
and the mTOR/S6K axis. Collectively, these effects result in reduced fatty acid and protein synthesis; decreased cellular growth, proliferation, and
DNA-mutagenesis; and increased cell cycle arrest and apoptosis, thus negatively influencing carcinogenesis. Cross talk between the mentioned
pathways adds further complexity to the adiponectin-induced signaling network. Finally, recent advances show that adiponectin can enhance
ceramidase activity independently from AMPK via AdipoR1/R2, contributing to increased amounts of prosurvival S1P. The black and red lines

indicate stimulatory and inhibitory effects, respectively. Trx, Thioredoxin.

binding protein-1c-mediated induction of ACC and fatty
acid synthase (118). Additionally, it induces p53 and p21
expression, important regulators of growth arrest and ap-
optosis (118). Short-term adiponectin treatment was
shown to activate AMPK in colon (93, 207, 326), breast
(96, 336,339,350, 351), liver (285), prostate (326, 364),
and endometrial (329) cancer as well as EA (358), medi-
ating growth inhibition. Down-regulation of mTOR/S6
signaling was implicated in many of these studies (207,
285, 326, 350). Activation of protein phosphatase 2A
(PP2A), a tumor suppressor involved in the inhibition of
Akt and small GTP hydrolase Ras-like A (365), was also

shown to depend on adiponectin/AMPK signaling in
MDA-MB-231 breast cancer cells (351). Moreover, in co-
lon cancer cells, adiponectin-induced AMPK activation
was directly involved in increased expression of cyclin-
dependent kinase inhibitors p21 and p27, leading to cell
cycle arrest as well as reduced levels of sterol regulatory
element binding protein-1c (93).

Additionally, studies point toward a direct negative ef-
fect of adiponectin on the PI3K/Akt pathway. In response
to various growth factors, PI3K becomes activated, initi-
ates phosphorylation of Akt, and stimulates a plethora of
effector molecules positively regulating cell survival,
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growth, and proliferation. Interestingly, Akt can also
phosphorylate and inhibit TSC2, thus counteracting the
effects of activated AMPK. Phosphatase and tensin ho-
molog (PTEN) acts as an inhibitor of PI3K signaling (366),
and cell line-specific PTEN deficiency may determine
whether AMPK or Akt prevails in regulating mTOR ac-
tivation (364). Treatment of colon (328) and breast cancer
cells (336) with adiponectin was shown to significantly
reduce the phosphorylation and activation of PI3K and
Akt. Moreover, adiponectin alleviated thioredoxin- and
thioredoxin reductase-mediated inhibition of PTEN, thus
indirectly influencing PI3K/Akt signaling (367).

Further mediators of adiponectin signaling can be
found in the MAPK cascade, comprising among others
JNK, p38, and ERK1/2, or p42/p44. The effects of stress-
activated kinases JNK and p38 on proliferation and apo-
ptosis depend on the cellular context, whereas ERK1/2
largely have mitogenic influences (368). In prostate (98)
and hepatocellular (98, 285) carcinoma cells, adiponectin
treatment led to increased JNK activity resulting in
caspase 3-mediated apoptosis (285). Interestingly, AMPK
activity seems to be pivotal for the phosphorylation of
JNK, as shown in the case of liver cancer cells (285). Adi-
ponectin-induced inhibition of ERK1/2 signaling has been
noted in endometrial (329) and breast (96, 339) cancer cell
lines contributing to a reduction in viability. Importantly,
in MCF7 breast cancer cells, prolonged adiponectin treat-
ment resulted in decreased levels of c-myc, cyclin D (over
a period of 2 to 6 h), and Bcl-2 (8 h) while increasing
expression of p53 and Bax (24 h), thus leading to cell cycle
arrest and apoptosis (339). In contrast, adiponectin has
been associated with increased p38 activity in several stud-
ies positively influencing carcinogenesis, as mentioned
previously (327, 353, 354).

Adiponectin also modulates STATS3 signaling. STAT3
is activated by adipokine-induced (e.g., leptin) or cyto-
kine-induced JAK phosphorylation and regulates many
cancer-related processes such as cell survival and differ-
entiation. Consequently, dysregulation of the JAK/STAT3
pathway favors carcinogenesis (369). Adiponectin treat-
ment of liver cancer cells down-regulated leptin-induced
STAT3 phosphorylation and subsequently reduced cell
growth and migration. Importantly, suppressor of cyto-
kine signaling 3, a JAK2/STATS3 inhibitor, was found el-
evated and may explain the adiponectin-leptin cross talk
(277). Adiponectin was also able to suppress constitu-
tively active STAT3-signaling in prostate (DU145) and
hepatocellular (HepG2) carcinoma cell lines (98).

Overactivation of wingless-type protein (Wnt)-signal-
ing along with increased B-catenin-induced expression of
positive cell cycle regulators has been observed in many
human cancer types (370). Wnt signals through frizzled to
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inactivate glycogen synthase kinase-3 (GSK-33), which
forms part of the B-catenin degradation complex, allow-
ing accumulation of B-catenin in the nucleus (370). In
MDA-MB-231 breast cancer cells, prolonged adiponectin
treatment (24 h) inhibited phosphorylation of GSK-38,
destabilizing B-catenin and thus significantly reducing cy-
clin D1 expression. This effect was probably mediated by
decreased Akt phosphorylation (344) as well as direct in-
duction of Wnt inhibitory factor 1 expression, a molecule
involved in down-regulating B-catenin signaling (342). In-
terestingly, cross talk between the canonical Wnt/B-
catenin and PI3K/Akt pathways has been reported previ-
ously (371), supporting the former assumption.

In addition, adiponectin was shown to mediate cell cy-
cle arrest and apoptosis in MCF7 breast cancer cells
through modulating the cAMP/PKA pathway. Particu-
larly, adiponectin treatment increased intracellular cAMP
levels (at 15 min or 6 h), thus activating PKA (at 30 min or
6 h) and inhibiting expression of cyclin D1 (24 h) and E2
(48 h) (336). Phosphorylation of AMPK (30 min) was also
found increased, but it depended on PKA activity (336).
Inhibition of NF-«kB, a transcriptional regulator involved
in inflammation and cancer (372), has also been impli-
cated in adiponectin signaling (357). Finally, adiponectin
is able to decrease ROS production (60), which can pro-
mote growth factor signaling and induce DNA mutations
(373). The reduction in intracellular ROS levels was
shown to be mediated via down-regulation of nicotin-
amide adenine dinucleotide phosphate-oxidase activity
and ultimately led to inactivation of MAPK, thus coun-
teracting cell proliferation (60).

Of note, adiponectin’s influence in cancer cells may not
only be of a direct nature but may also depend on endocrine
(tumor microenvironment) and paracrine (distal) interac-
tions of adipocytes with tumor tissues (13). An example can
be seen in the case of breast cancer, where tumor cells and
adipocytes reside in close proximity to each other (13). In
adipocytes, adiponectin induces LKB1/AMPK-dependent
inhibition of aromatase activity, subsequently lowering es-
trogen production (374). Reduced ERa-stimulation in
hormone-dependent cancer cells negatively impacts pro-
survival pathways. This can be seen for epidermal growth
factor receptor (EGFR) signaling (375), which induces
proliferation through activating kinases such as ERK,
PI3K and the STAT family of transcription factors (375,
376). In fact, EGFR signaling seems to be a point of con-
vergence for direct and indirect effects of adipokines on
cancer cells because adiponectin may also influence EGFR
pathways directly through AdipoR1/R2-stimulation (13).
However, the interaction between adipocytes and cancer
cells is far more complex because it also involves other
adipocyte-secreted molecules like, for example, leptin, in-
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flammatory cytokines (TNFa, IL-6), extracellular matrix
constituents, and proangiogenic factors (VEGF), as well as
metabolic regulators like insulin (13).

3. Animal studies

The physiological relevance of the in vitro findings has
recently been evaluated in animal experiments. Various
models of carcinogenesis, combined with adiponectin de-
ficiency and/or administration, have been able to confirm
an antitumorigenic role for adiponectin. Examination of
influences mediated by diet further contributed toward
elucidating the complex mechanisms that underlie the ac-
tion of adiponectin in vivo.

Inhibition of tumor growth has been demonstrated for
colon (377-379), gastric (259), liver (285, 352), breast
(342,344,351,367),and lung cancer as well as melanoma
(332). Adiponectin deficiency promoted azoxymethane
(AOM)-induced colorectal and liver tumor formation and
correlated with higher colon tumor stage (379). Also, cell
proliferation was increased and associated with a con-
comitant increase of cyclooxygenase-2 (COX-2) expres-
sion, predominantly in tumor myofibroblasts (379). Thus,
adiponectin might negatively regulate tumor growth by
influencing COX-2 expression in stromal myofibroblasts
(379), which have been shown to secrete prostaglandin E2
upon COX-2 expression and consequently stimulate cell
proliferation (380). Along the same lines, Mutoh er al.
(377) detected a gradual increase in polyp formation in
Apc (multiple intestinal neoplasia) (/+) mice with adi-
ponectin haplodeficiency and complete deficiency. Dimin-
ished AMPK phosphorylation resulting in elevated serum
levels of plasminogen activator inhibitor-1, an adipocy-
tokine positively involved in colon carcinogenesis, was
associated with loss of adiponectin (377). Growth of in-
testinal adenomas in Apc (multiple intestinal neoplasia)
(/+) mice was further shown to be suppressed by ip ad-
ministration of adiponectin. This effect was probably me-
diated by binding to AdipoR1 and AdipoR2 because both
receptors were present in cancerous tissues and their ex-
pression levels remained unaltered after treatment (378).
Similar results were obtained in a nude mice-xenograft
model of gastric cancer. Local and systemic adiponectin
administration markedly inhibited growth and metastasis,
and in vitro studies pointed toward an involvement of
both receptors in the antitumorigenic response to adi-
ponectin (259). To date, a relative paucity of studies exists
regarding the beneficial effect of adiponectin on colon and
gastric carcinogenesis. The main focus has been adiponec-
tin-deficiency models or models utilizing adiponectin as a
treatment of already established malignancies. Chemopre-
vention studies, on the other hand, have not been per-
formed. These would be useful for fully elucidating the
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action of adiponectin on colon and gastric carcinogenesis
from the beginning and for evaluating whether adiponec-
tin could be used as a preventative agent.

In the case of liver cancer, mouse xenograft experiments
provided evidence that adiponectin can reduce tumor
growth and lung metastasis via increasing JNK phosphor-
ylation (285) and inhibiting angiogenesis (352). More-
over, adiponectin has been shown to counteract leptin-
induced stimulation of tumor growth (277). Finally,
adiponectin deficiency in the context of a mouse model of
nonalcoholic steatohepatitis accelerated liver cirrhosis
and tumor formation through elevated oxidative stress
(381). Thus, hypoadiponectinemia, as seen in the context
of obesity, may be a risk factor for nonalcoholic steato-
hepatitis-related liver tumorigenesis (381).

Studies on breast cancer have so far published conflict-
ing results. First of all, adiponectin haploinsufficiency was
shown to promote tumor onset and aggressiveness
through increased PI3K/Akt/B-catenin signaling (367).
Furthermore, in a MDA-MB-231 xenograft model, pre-
treatment of cells with adiponectin as well as intratumoral
or systemic administration of adiponectin negatively in-
fluenced mammary tumorigenesis. Inhibition of PI3K/Akt
and GSK-3B/B-catenin signaling (344), possibly through
elevated expression of Wnt inhibitory factor 1 (342), were
found to be implicated. Additionally, direct adiponectin
administration resulted in an AMPK-mediated increase of
PP2A activity (351). On the other hand, complete adi-
ponectin deficiency was shown to suppress mammary car-
cinogenesis in a mouse mammary tumor virus-polyoma
middle T antigen (MMTV-PyVmT) tumor model, accom-
panied by decreased tumor angiogenesis (361, 362). Pos-
sible reasons for the observed contradictions are discussed
in Section V.B.3.

Adiponectin has also been implicated in negatively reg-
ulating the growth of lung cancer and melanoma xeno-
grafts. The underlying mechanism may involve macro-
phage infiltration into tumor tissue because tumors from
adiponectin knockout mice exhibited reduced macro-
phage numbers (332).

A number of studies have examined the importance of
dietary fatintake and obesity on tumorigenesis. A high-fat
diet, corresponding to the common Western-style diet, has
been shown to positively and directly influence pancreas
(382), colon (383), and Lewis lung (384) cancer as well as
ALL (385). Furthermore, genetically induced obesity, as
seen in ob/ob and db/db mice, has been associated with
PaC promotion and dissemination, particularly in the con-
text of insulin resistance and decreased levels of circulating
adiponectin (386). On the other hand, intermittent caloric
restriction was shown to reduce tumorigenesis in a mouse
mammary tumor model. This effect was associated with
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an elevated adiponectin/leptin ratio, increased expression
of AdipoR1 in mammary tissue, and higher levels of adi-
ponectin in mammary fat pads (387). A direct role of adi-
ponectin in the context of a high-fat diet has been studied
in the case of AOM-induced colon cancer formation. By
generating adiponectin-, AdipoR1-, and AdipoR2-defi-
cient mice, Fujisawa er al. (388) provided evidence that
adiponectin suppresses colonic epithelial proliferation ex-
clusively under the high-fat diet condition. The observed
effect involved AdipoR1-mediated activation of AMPK
and subsequent inhibition of mTOR (388).

Interestingly, supraphysiological serum levels of adi-
ponectin do not seem to protect against cancer develop-
ment on the basis of adiponectin transgenic mouse models.
A recent study utilizing adiponectin transgenic animals
showed that growth of AOM-induced colon cancer was
not attenuated by adiponectin overexpression (389). In-
sulin resistance, on the other hand, induced by high-fat
diet treatment 1 wk after the final AOM injection, was
efficiently prevented (389). These results seem to contra-
dict previously mentioned studies on the beneficial effect
of adiponectin on obesity-related colon tumorigenesis.
However, a high-fat diet may not play a key role in the
development of colon cancer in the model of Ealey et al.
(389) because it was used during the final stages of the
disease. Itis known that obesity takes time to develop after
feeding mice a high-fat diet (78). In fact, adiponectin levels
decrease only after 10 wk of high-fat diet treatment or later
(78). In addition, other factors may change during later
stages of high-fat feeding, as shown for insulin and leptin
(390). During these stages, AOM-induced colon cancer is
already well established. Thus, the study by Ealey et al.
(389) can only provide evidence for chemically induced
and not obesity-induced colon carcinogenesis. Further
chemoprevention studies administering different levels of
adiponectin in combination with a high-fat diet are needed
to examine the potential preventative effect of adiponectin
on obesity-related colon cancer.

In summary, accumulating evidence provides support
for an antitumorigenic effect of adiponectin on various
cancer types, most of which are associated with obesity.
Importantly, adiponectin seems to exert the strongest ef-
fect under the high-fat diet condition (388), i.e., a condi-
tion directly related with insulin resistance and proinflam-
matory state, a fact with important implications for its
potential use in anticancer therapy.

B. Indirect mechanisms of action

Adiponectin exerts indirect antineoplastic action
through an insulin-sensitizing and antiinflammatory ef-
fect. Additionally, it has been proposed to play a role in
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angiogenesis regulation, although conflicting evidence has

been published.

1. Insulin-sensitizing effects

Insulin resistance and hyperinsulinemia have been
proposed to play an important role in cancer develop-
ment, particularly in the context of obesity (14). High
insulin levels increase the bioavailability of IGF-I by
stimulating its expression and simultaneously down-
regulating IGFBP-1 and IGFBP-2. Insulin and IGF-I
then signal through the IR and IGF-I receptor to inhibit
apoptosis and enhance cellular proliferation. The re-
sulting mitogenic and antiapoptotic environment fa-
vors the accumulation of genetic mutations and thus
carcinogenesis (391). Many clinical studies have found
an association between high levels of IGF-I and/or in-
sulin with an increased risk for several malignancies,
including colorectal and postmenopausal breast cancer
(391-399).

An indirect link between the insulin pathway, adi-
ponectin, and thus carcinogenesis has been established
in many studies. Serum adiponectin levels are inversely
associated with fasting insulin concentrations (22) and
reduced in the context of obesity and insulin resistance
(21, 30). Moreover, adiponectin exhibits potent insu-
lin-sensitizing actions. Intraperitoneal injection of adi-
ponectin lowers glucose levels in wild-type mice and
transiently reverses hyperglycemia in 0b/ob, nonobese
diabetic, or streptozotocin-treated mice (67). These ef-
fects were shown to be mediated via increased ability of
insulin to suppress glucose production in adiponectin-
treated primary rat hepatocytes (67). Adiponectin
deficiency, on the other hand, results in severe diet-
induced insulin resistance (400).

The mechanism underlying the observed adiponec-
tin-mediated reversal of insulin resistance is slowly be-
ing unraveled. In Section I11.A, direct AMPK-mediated
effects on glucose and fatty acid metabolism are de-
scribed in more detail. In addition to these direct effects,
adiponectin may exert indirect influence on the insulin-
signaling pathway. Administration of adiponectin in-
creased insulin-induced phosphorylation of the IR and
whole-body insulin sensitivity in rodents. Additionally,
plasma adiponectin levels were found positively associ-
ated with skeletal muscle IR phosphorylation in humans
(123). Moreover, adiponectin enhanced the ability of in-
sulin to stimulate phosphorylation of the adaptor protein
IRS-1 and Akt by reversing the S6 kinase-mediated neg-
ativeregulation of IRS-1. Particularly, treatment of muscle
cells with adiponectin activated the LKB1/AMPK/TSC1/2
pathway, ultimately leading to a reduction of S6 kinase
phosphorylation (122).
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Recently, new additions have been made to the estab-
lished pathways linking adiponectin with insulin sensitiv-
ity. Ceramides, a class of sphingolipids, have been asso-
ciated with impaired insulin sensitivity in muscle (84).
Adiponectin was shown to stimulate ceramidase activity
through AdipoR1 and AdipoR2 independently of AMPK.
Thus, ceramide catabolism was induced and subsequently
led to increased levels of the antiapoptotic S1P (84). This
could present important implications for cells expressing
adiponectin receptors, whereas in cells lacking adiponec-
tin receptors ceramidase activity is impaired, resulting in
an enhanced susceptibility to cell death. Moreover, adi-
ponectin has been implicated in the inhibition of au-
tophagy, which fuels gluconeogenesis (401). Cowerd et al.
(401) provided evidence that activation of the PI3K path-
way through APPL-1 in adiponectin-treated hepatoma
cells increased expression of suppressor of glucose by au-
tophagy, a novel negative regulator of autophagy (401).
Finally, adiponectin was able to reduce cholesteryl ester
formation in cultured macrophages via inhibition of acyl
coenzyme A:cholesterol acyltransferase 1 (402), which
has been implicated in positive regulation of tumor cell
growth and invasion (403).

2. Antiinflammatory effects

Inflammation is a well-established pathway leading to
cancer promotion and progression. In response to tissue
injury or infection, a cascade of events is initiated. These
lead to increased cell proliferation and production of re-
active oxygen and nitrogen species from infiltrating im-
mune cells. Thus, an environment is created that favors
mutagenesis in rapidly dividing cells, a prerequisite for
cancer development (404). Epidemiological studies have
associated chronic inflammation with increased risk of
several types of cancer. Persistent infections can lead to
chronic inflammation, and thus cancer, as seen for exam-
ple in the case of gastric cancer due to Helicobacter pylori
infection (404). Additionally, there are strong associations
between inflammatory bowel diseases, characterized by
chronic inflammation, and CC (404).

Obesity reflects a low-grade systemic inflammatory
state and is associated with increased proinflammatory
markerssuch asIL-6, TNF-«, and CRP (405). CRP confers
increased cancer risk, and both systemic IL-6 and TNF-«
have been correlated with higher cancer rates, as examined
in the case of colorectal neoplasia (405). Potential mech-
anisms might involve prosurvival effects of TNF-« on can-
cer cells and overstimulation of the JAK/STAT3 pathway
by IL-6 (14). Matrix metalloproteinases (MMP) involved
in cancer-cell invasion and metastasis and inflammation-
induced oxidative stress are additional factors that have
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been implicated in the link between obesity, inflammation,
and cancer development (14).

Adiponectin has been shown to exert antiinflammatory
actions and may thus counteract the increased cancer risk
seen in obesity-induced inflammation. Particularly, adi-
ponectin influences the function of myelomonocytic cells,
important mediators of innate immunity. Adiponectin in-
hibited proliferation of myelomonocytic precursor cells
(303) and reduced secretion of proinflammatory cytokines
TNF-a and IL-6 from activated macrophages (303, 406)
while increasing the production of antiinflammatory cyto-
kine IL-10 (406) and tissue inhibitor of metalloproteinase-1,
an inhibitor of MMP and tissue remodeling (407). More-
over, adiponectin negatively influenced macrophage phago-
cytic activity (303), promoted the antiinflammatory M2
phenotype in vitro and in vivo (408), attenuated leukocyte-
endothelium interactions iz vivo (409), and prevented sys-
temic inflammation by enhancing calreticulin-depen-
dent opsonization of apoptotic bodies and their
subsequent macrophage-mediated clearance (410).
Adiponectin was also found to suppress IL-2-stimulated
natural killer cell cytotoxicity by reducing the expression
of interferon-y and apoptotic effector molecules (411).
Recently, adiponectin was implicated in the modulation of
dendritic cell activity. Tsang et al. (412) showed that adi-
ponectin-treated dendritic cells decreased T-cell prolifer-
ation and increased the percentage of CD4(+)CD25(+)
FOXP3(+) regulatory T cells via up-regulation of the in-
hibitory molecule programmed cell death-1. Finally, adi-
ponectin can influence T- and B-cell function. Through
down-regulating T-cell chemoattractants from acti-
vated macrophages, adiponectin was able to reduce T-
cell recruitment in atherogenesis (413). Adiponectin
was also found to suppress B-cell lymphopoiesis, but
only when stromal cells were present and when cultures
were initiated with the earliest category of lymphocyte
precursors (414).

Inhibition of NF-«B and ERK1/2 signaling has been
implicated in some of the observed effects (406) as well as
increased activation of PPAR-a and PPAR-y (408). Ad-
ditionally, adiponectin was shown to induce the expres-
sion of multiple genes with antiinflammatory properties,
e.g., suppressor of cytokine signaling 3, in cultured mac-
rophages (415).

3. Angiogenesis

Angiogenesis is very important for the growth of most
primary tumors and their metastases. Up to a size of 1-2
mm, tumors can absorb sufficient nutrients and oxygen by
diffusion. After that point, their further growth requires
attachment to the vasculature (416). Inhibition of angio-
genesis has been shown to suppress tumor growth (97,
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417) and may represent a promising therapeutic target.
On the other hand, antiangiogenic therapy should be used
with caution because the resulting hypoxic environment
and selective pressure can favor evasive mechanisms that
reinitiate tumorigenesis in certain cancer types (417). The
effect of adiponectin on neovascularization based on pub-
lished results remains contradictory in that both pro- and
antiangiogenic effects have been reported.

Regarding the proangiogenic action of adiponectin,
Ouchi et al. (69) showed that it can induce capillary-like
structure formation, enhance the migration of human um-
bilical endothelial cells, and stimulate blood vessel growth
in vivo (69). Activation of AMPK, Akt, and endothelial
nitric oxide synthase was found to be implicated (69).
Also, in a separate study, adiponectin was able to rescue
endothelial cells from serum starvation-induced apoptosis
by suppressing caspase 3 activity (418). These findings
seem to be particularly relevant in the case of obesity and
metabolic syndrome, where patients exhibit, among other
factors, impaired collateral artery formation (419). Hy-
poadiponectinemia has been suggested to causally link
obesity with the observed cardiovascular dysfunction
(419).Indeed, in a hind limb ischemia model, adiponectin-
mediated AMPK signaling enhanced angiogenesis and im-
proved limb reperfusion (419). Furthermore, in the con-
text of atherosclerotic cardiovascular disease, adiponectin
was shown to reverse the effects of IL-18. IL-18, a potent
proinflammatory cytokine, is increasingly expressed in
atheroscleroticlesions (120). In the study of Chandrasekar
et al. (120), pretreatment of endothelial cells with adi-
ponectin blocked IL-18-mediated apoptosis via APPL-1-
dependent AMPK phosphorylation and subsequent PI3K/
Akt signaling. Adiponectin also has positive effects on
endothelial progenitor cells, which may contribute toward
the formation of new blood vessels. Shibata et al. (420)
and Yang et al. (421) showed that adiponectin can stim-
ulate endothelial cell differentiation from human periph-
eral blood mononuclear cells (420) and human peripheral
blood CD14 (+) monocytes (421), respectively. In addi-
tion, adiponectin was able to increase endothelial cell mi-
gratory activity through Akt-dependent cell division con-
trol protein 42 homolog/Ras-related C3 botulinum toxin
substrate 1 stimulation (422) and enhance the formation
of network structures (420). The clinical relevance of the
above findings has been validated recently in the case of
diabetes. Leicht er al. (423) proved that adiponectin-pre-
treated endothelial progenitors isolated from diabetic pa-
tients exhibited markedly improved neovascularization
capabilities in nude mice xenografts. Thus, the proangio-
genic role of adiponectin may contribute to its potent an-
tidiabetic effects.
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In the context of carcinogenesis, in vivo studies em-
ploying the MMTV-PyMT mouse mammary tumor
model have found a positive influence of adiponectin on
tumor vasculature. Denzel e al. (362) showed that tumors
from adiponectin null mice exhibited reduced growth and
angiogenesis along with increased hypoxia and apoptosis.
These results were confirmed by Landskroner-Eiger et al.
(361) for early stages of mouse mammary tumorigenesis (9
wk). Surprisingly, at 12 to 14 wk of age, when tumors
characteristically progress to late carcinomas, adi-
ponectin deficiency led to opposite effects, enhancing
tumor growth and metabolic activity (361). Increased
mobilization of circulating endothelial progenitors,
along with up-regulated VEGF-A expression in tumor
tissues, possibly fueled tumor growth (361). Addition-
ally, the tumors exhibited greater aggressiveness, as
seen by transcriptional profiling (361) and increased
pulmonary metastases (362). Landskroner-Eiger et al.
(361) hypothesized that the observed antiangiogenic
stress and reduced nutrient/oxygen flow triggered an
adaptive mechanism enabling the tumor cells at later
stages to circumvent impairments caused by adiponec-
tin deficiency.

Accumulating evidence suggests that T-cadherin may
mediate the effects of adiponectin on tumor neovascular-
ization. T-Cadherin was found to be selectively expressed
in intratumoral capillaries of human HCC, whereas no
expression was detected in nonneoplastic hepatocytes
(424). Furthermore, adiponectin and T-cadherin were
shown to colocalize in tumor vasculature (87, 362), and
the association was lost upon T-cadherin deficiency, ac-
companied by increased serum adiponectin levels (87).
Moreover, adiponectin (362) and T-cadherin (87) null
mice exhibited striking parallels in mammary tumor
growth and phenotype. Thus, T-cadherin seems to be nec-
essary for adiponectin-mediated signaling at the level of
endothelial cells, possibly by regulating the bioavailability
of circulating adiponectin or by interacting with other re-
ceptors. The coincident reduction of T-cadherin and Adi-
poR2 in mouse mammary tumors supports the latter no-
tion (362).

On the other hand, there are studies arguing for an
antiangiogenic role of adiponectin. Adiponectin directly
binds to proangiogenic growth factors (356) and inhibits
both the production of TNF-«a from macrophages and its
action on endothelial cells (75). Considering the fact that
TNF-a can stimulate angiogenesis (425), these results pro-
vide evidence for an indirect effect of adiponectin on the
vasculature.

Importantly, mouse xenograft experiments directly
contradict the above-mentioned iz vivo proangiogenic
findings. Brakenhielm et al. (97) demonstrated that adi-
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ponectin treatment inhibits growth of murine fibrosar-
coma cells sc injected into mice. The underlying mecha-
nism involved loss of growth-enhancing angiogenesis
(97). In vitro experiments revealed that adiponectin spe-
cifically reduced endothelial cell proliferation and migra-
tion and induced caspase 8-mediated apoptosis (97). Sim-
ilar results were obtained in a mouse model of liver
carcinogenesis. Adiponectin treatment reduced tumor
growth and invasiveness and decreased microvessel den-
sity while inhibiting endothelial tube formation in vitro.
Down-regulation of Rho-associated kinase, interferon-y
inducible protein 10, MMP9, angiopoietin 1, and VEGF
was found to be implicated (352). Furthermore, adiponec-
tin inhibited neovascularization in peritoneal metastases
of gastric cancer cells injected into nude mice (259).

One possible explanation for the observed controver-
sies lies in the mouse models used. Evidence for the anti-
angiogenic role of adiponectin was obtained from xeno-
grafts, whereas support for a proangiogenic effect of
adiponectin came from MMTV-PyMT mouse mammary
tumor models. Autochthonous tumors may replicate hu-
man disease more accurately than transplants (426). Im-
portantly, contradictions between the two models have
been noted, especially in the case of angiogenesis, suggest-
ing that variability in the respective microenvironments
might exert different influences on vascularization (427).
Usage of bacterially produced adiponectin as seen in the
antiangiogenic studies, and variations in the preparation
of the recombinant protein could also be problematic in
recapitulating the human condition (361).

In summary, the role of adiponectin in tumor angio-
genesis remains to be defined. One possibility is that adi-
ponectin differentially affects physiological and patholog-
ical angiogenesis, as has been reported for statins (428).
Additionally, the influence of adiponectin might depend
on cancer cell type, as can be seen in the previously dis-
cussed effects of adiponectin on proliferation. In the case
of mammary tumors, however, direct comparison be-
tween the used models argues for a general proangiogenic
contribution of adiponectin. The MMTV-PyMT model
has been suggested to closely recapitulate human disease
(361, 362). Moreover, the decline in adiponectin levels
during tumor progression, along with the accelerated tu-
mor growth under adiponectin deficiency in later stages of
the disease (361), is consistent with epidemiological find-
ings associating low adiponectin levels in women with
increased breast cancer risk (189), higher histological
grade (232), and metastases (239). Thus, not angiogenesis
but hypoxia induced by hypoadiponectinemia along with
increased selective pressure may be more detrimental for
human cancer progression, allowing tumors to assume a
highly aggressive phenotype (361). The general antitu-
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morigenicrole of adiponectin therefore remains consistent
with a possible proangiogenic function.

VI. Conclusion and Future Perspectives

Adiponectin, the most abundant adipokine produced by the
human adipose tissue, is linked to obesity, metabolic syn-
drome, insulin resistance, type 2 diabetes, coronary heart
disease, inflammation, and several types of cancer. Genetic
(polymorphisms of adiponectin and adiponectin receptors
genes) and environmental (high-fat diet, physical inactivity)
factors are associated with hypoadiponectinemia and may
contribute to the development of insulin resistance, type 2
diabetes, atherosclerosis, and cancer.

The ability of adiponectin to enhance insulin sensitivity
synergistically with its antiproliferative properties has ren-
dered this adipokine a promising potential diagnostic and
prognostic biomarker as well as a novel therapeutic tool in
the pharmacological armamentarium for treating malig-
nancies. In the future, based on serum adiponectin deter-
minations and specific combinations of adiponectin path-
way SNP, we could identify a high-risk population for
developing cancer that could benefit from adiponectin re-
placement therapy. However, further more intensive basic
research studies, iz vivo animal studies, observational hu-
man studies, and larger prospective and longitudinal stud-
ies are needed to fully elucidate the mechanisms underly-
ing the effects of adiponectin on cancer. Additional studies
are needed for the development of reliable and “user-
friendly” laboratory techniques (e.g., ELISA) to assess to-
tal adiponectin and its isoforms as well as their physio-
logical relevance. Which adiponectin levels should be
considered abnormal needs also to be determined because
serum adiponectin levels vary by gender, race, and assay
methodology. Finally, similar to many new assays, inter-
national standardization of levels and assay procedures is
also needed in the future before full commercialization of
adiponectin as a potential diagnostic for obesity-related
malignancies.

Because it is extremely difficult to synthesize adiponec-
tin and to convert its full-size protein into a viable drug to
be used in humans, research efforts should be directed
toward identifying ways to increase endogenous circulat-
ing adiponectin levels, to possibly moderate the obesity-
cancer link. Interestingly, a new adiponectin-based short
peptide, ADP 355, mimicking adiponectin action, re-
stricted proliferation in a dose-dependent manner in
several adiponectin receptor-positive cancer cell lines,
modulated several key adiponectin signaling pathways
(AMPK, Akt, STAT3, ERK1/2), and suppressed the
growth of orthotopic human breast cancer xenografts

220z ¥snBny 0z uo 1s9nB A 91L81SEZ//HS/7/EE/BI0IME/AIPS W00 dNO"OIWSPEoR)/:SARY WO} POPEOJUMOQ



578 Dalamaga et al. Adiponectin and Cancer: A Review

by 31% in vivo (429). Agonists of AdipoR1/R2 but also
strategies to increase adiponectin receptors and to mod-
ulate their sensitivity to adiponectin may provide novel
therapeutic approaches for insulin resistance, diabetes
type 2, and obesity-associated malignancies. Pharmaco-
logical agents such as full and selective PPAR-vy agonists
(SPPARM), which either augment circulating adiponectin
levels or stimulate adiponectin signaling through its re-
ceptors, are at the forefront of future therapeutic modal-
ities for obesity-linked diseases and malignancies (430,
431). Although full PPAR-y agonists such as rosiglita-
zone, pioglitazone, and ciglitazone have shown potent and
durable glucose-lowering activity in patients with type 2
diabetes, they are linked to safety and tolerability issues
(432—434). Interestingly, SPPARM are effective insulin
sensitizers demonstrating a superior safety profile to that
of full PPAR-yagonists (435). The SPPARMINT131 (also
known as T131 and AMG131), representing a novel class
of non-thiazolidinedione PPAR ligands, increases the
HMW/total adiponectin concentrations (430, 435).

Very recently, the apolipoprotein peptide mimetic L-4
F, used for the pharmacological enhancement of adiponec-
tin, reduced tumor burden through induction of myeloma
cell apoptosis, increased survival of myeloma-bearing
mice, and provided protection against myeloma-destruc-
tive osteolytic bone disease, an important clinical feature
of MM (309).

Although understanding the link of adiponectin with
cancer might provide potential therapeutic targets, life-
style amelioration remains the mostimportant component
in preventing obesity-related malignancies. Physical exer-
cise, reduction of body weight, a Mediterranean-based
diet with consumption of fruits, nuts, coffee, and/or mod-
erate amounts of alcohol present a well-established asso-
ciation with increased plasma adiponectin concentrations
and a reduced risk of developing insulin resistance, dia-
betes, cardiovascular disease, and cancer.

In summary, advances in adiponectin research have
contributed toward making the association between can-
cer, obesity, and adiponectin clearer. At the same time,
several issues remain to be clarified, and yet other areas
need further investigation. Progress made creates the
hope, however, that advances in this field of translational
investigation may lead to tangible benefits to obese hu-
mans who are at increased risk from several cancers.
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