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Abstract: Obesity and breast cancer are two major health issues that could be categorized as sincere
threats to human health. In the last few decades, the relationship between obesity and cancer has
been well established and extensively investigated. There is strong evidence that overweight and
obesity increase the risk of postmenopausal breast cancer, and adipokines are the central players in
this relationship. Produced and secreted predominantly by white adipose tissue, adiponectin is a
bioactive molecule that exhibits numerous protective effects and is considered the guardian angel
of adipokine. In the obesity—cancer relationship, more and more evidence shows that adiponectin
may prevent and protect individuals from developing breast cancer. Recently, several updates have
been published on the implication of adiponectin in regulating tumor development, progression,
and metastases. In this review, we provide an updated overview of the metabolic signaling linking
adiponectin and breast cancer in all its stages. On the other hand, we critically summarize all the
available promising candidates that may reactivate these pathways mainly by targeting adiponectin
receptors. These molecules could be synthetic small molecules or plant-based proteins. Interestingly,
the advances in genomics have made it possible to create peptide sequences that could specifically
replace human adiponectin, activate its receptor, and mimic its function. Thus, the obvious anti-cancer
activity of adiponectin on breast cancer should be better exploited, and adiponectin must be regarded
as a serious biomarker that should be targeted in order to confront this threatening disease.

Keywords: adiponectin; breast cancer; obesity; adiponectin receptor agonists; molecular pathways;
adiponectin-focused therapeutics

1. Introduction

Almost 50 years have passed since breast cancer-related research started booming,
and it is still considered a major public health issue with a large impact on cancer deaths
worldwide. Breast cancer is a complex, heterogeneous disease that mostly starts as an
abnormal proliferation in the lining cells (epithelium) of the ducts (85%) or lobules (15%)
in the glandular tissue of the breast [1,2]. Over time and due to various carcinogenic
factors, these primary cancers may progress and invade to develop aggressive metastatic
carcinomas [3]. Although this stage is considered incurable, it can be controlled by various
new treatment protocols that have led to a significant increase in overall survival and the
improvement of the quality of life, thus women with metastatic breast cancer are living
longer [4]. Four principal molecular subtypes of invasive breast cancer are characterized
according to the expression of the estrogen receptor (ER) and progesterone receptor (PR),
and the overexpression of the human epidermal growth factor receptor 2 (HER2). Almost
80% of breast cancer patients belong to the Luminal A (ER+ and/or PR+, HER2—) and
Luminal B (ER+ and/or PR+, HER2+) subgroups, which highlight the major role of the
hormonal receptors in this disease [5]. In 2020, breast cancer ranked as the most commonly
diagnosed cancer among 36 cancer types and it surpassed lung cancer in 185 countries [6]
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with a total of 2.3 million new cases, which represent 11.7% of total cancers worldwide [7].
Despite the huge progress in breast cancer management and the development of several
novel targeted therapies, the number of breast-cancer-related deaths remains large, with
almost 685,000 deaths in 2020, which correspond to 16% of cancer deaths in women, and the
number is predicted to increase to more than 1 million deaths per year by 2040 [8]. Although
the mortality rate in developed countries and developing countries is not comparable, the
burden of breast cancer mortality is substantial and rising worldwide, which imposes a
persistent need to identify new and specific biomarkers that will lead to the development
of novel and more effective targeted therapies to increase survival rates. The major risk
factors related to breast cancer over the last five years could be summarized by age, family
history, menopausal status, lifestyle, genetic factors, and obesity [9,10].

Obesity, defined as a body mass index (BMI) above 30 kg/m?, has been recognized as
one of the top ten threats to human health by the world health organization (WHO) [11].
It is a complex, multifactorial disorder characterized by an abnormal increase in the adi-
pose tissue, representing one of the most important endocrine glands in the body with a
high metabolic activity that could modify the global metabolic state and induce several
pathological conditions [12-14]. Obesity affects more than 1 billion people worldwide
according to the WHO, and the trend seems to be increasing [15,16]. A higher prevalence
of obesity was observed in women, and data show that on a global level, the percentage
of women suffering from severe obesity is double compared to men. Thus, this gender
inequality places emphasis on the link between obesity and physiological sex differences,
especially woman-specific hormones. Consequently, ovarian hormones and mainly es-
trogen have been extensively studied and are shown to influence energy intake (eating),
energy expenditure, and the metabolic function of adipose tissue [17]. In this context,
several epidemiological studies have shown that abdominal obesity is present in two-thirds
of women, especially in postmenopause where the rate of fat gain doubles and lean body
mass declines mainly due to acute hormonal changes [18,19].

Mounting clinical evidence now links obesity to a higher risk of at least 15 types
of cancer including breast cancer in postmenopausal women where almost 7% of all
menopausal breast cancer is attributed to overweight or obesity [15,20]. A very recent multi-
center cohort study showed that in breast cancer patients, a higher BMI was associated
with a 4% increase in the risk of death for each 1 kg/m? above the mean BMI of the
cohort [21]. Obesity may also worsen several aspects of cancer, including higher rates
of cancer progression and recurrence, reduced progression-free survival, and increased
mortality [16,22]. As most of the breast is covered by adipose tissue, from the collarbone to
the underarm and around the center of the ribcage [23], the interplay between adipose tissue
and breast cancer cells has been extensively investigated. Excessive estrogen production by
adipose tissue is one of the most important molecular mechanisms linking obesity to breast
cancer [24]. In postmenopause, the estrogen level in obese women tends to be 50-100%
higher than in women with normal weight, which will lead to a greater risk of developing
breast cancer [25].

In addition, obesity has been shown to be associated with chronic low-grade inflam-
mation and oxidative stress, along with abnormal variations in the level of biologically
active adipokines [26], which could be considered the main mechanisms through which
obesity affects breast cancer development. The inflammatory adipose microenvironment of
the breast tumor includes more than 600 adipocyte-enriched secretory factors, produced
by the adipocytes together with surrounding resident cells such as preadipocytes, fibrob-
lasts, and macrophages, as well as the extracellular matrix, playing a crucial role in cancer
development, progression, and metastasis [27].

Most of these secretory factors are adipokines, described as bioactive polypeptides
with a range of pro-inflammatory and anti-inflammatory effects. Adipokines, including
adiponectin, are becoming more and more important regarding their use in the diagnostic
evaluation and treatment of breast cancer [14]. Initially, leptin was the first adipokine
associated with obesity and thus it was the most studied factor in regard to the link
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between obesity and breast cancer risk. The search for the role of leptin in the etiology
of breast cancer dates to 1999 [28]. Adiponectin was then shown to have the complete
opposite effect of leptin on breast cancer and thus, consecutively gained the attention
of several research groups. With its unique biological functions, adiponectin has been
considered one of the most important anti-inflammatory and protective agents against
obesity-related pathologies [29]. The current review examines the major role of adiponectin
as a suppressive agent against breast carcinogenesis and tumor progression, invasion,
and metastasis. Special emphasis is placed on the mechanisms and signaling pathways
linking adiponectin and breast cancer development and survival. Furthermore, we focus
on adiponectin and its signaling axes as potential targets for breast-cancer-specific drugs.

2. Adiponectin and Adiponectin Receptors

Adiponectin, one of the most important members of the adipocytokine family [30,31]
secreted by adipose tissue, was first isolated in 1995 by Scherer et al. from the mouse
adipocyte cell line 3T3-L1 and named Acrp30 (adipocyte complement-related protein of
30-kDa). This discovery was confirmed, almost simultaneously, by three other research
groups, Hu et al., Maeda et al., and Nakano et al., in 1996, and Adiponectin was named
AdipoQ), apM1 (a product of the most abundant gene of adipose, transcript-1), and GBP28
(gelatin-binding protein-28), respectively [29,32,33]. The final name “Adiponectin’ was
given by Arita et al. three years later. Adiponectin is a 30-kDa glycoprotein that contains
247 amino acids in mice and 244 amino acids in humans, with 83% homology between
them [32]. It belongs to the expanding C1q/TNF family of proteins and is produced as a
single subunit that oligomerizes to form at least three distinct and stable isoforms: The
trimer, which is the low-molecular-weight (LMW) isoform, the hexamer also called the
middle-molecular-weight (MMW) isoform, and the multimer known as the high-molecular-
weight (HMW) isoform, which is the most prevalent and biologically active form found
in plasma [33-35]. Another cleaved globular isoform is also found in different tissues and
in circulation. The production of this form was confirmed in 2004 by Waki et al. who
demonstrated that the globular isoform is formed through the cleavage of the full-length
adiponectin at the amino-terminal collagenous domain by leukocyte elastase, a protease
secreted by activated monocytes and neutrophils [30,36,37].

Adiponectin is mainly secreted by white adipose tissue and also, to a limited extent,
by the bone marrow, heart, liver, skeletal muscle, and central nervous system [20]. Serum
adiponectin levels are inversely correlated with BMI, normally ranging between 2 and
20 pg/mL in people with a BMI over 30 and between 5 and 37 ug/mL in people with a BMI
less than 25 [36,38,39]. Thus, adiponectin levels are found to be low in obese people who
generally have elevated visceral fat, where its expression is lower than in subcutaneous
fat [37].

This adipokine participates in a variety of pathophysiological processes by affecting
its target tissues through three ubiquitous surface membrane receptors: The two classical
receptors AdipoR1 and AdipoR2 that were first described in 2003 by Yamauchi et al,,
and one receptor similar to the cadherin family known as T-cadherin or CDH13 that was
identified as a potential third adiponectin receptor by Hug et al. in 2004 [32,40]. AdipoR1
is mainly expressed in skeletal muscle, synovial fibroblasts, and endothelial cells, while
AdipoR2 is mainly expressed in the liver. The two receptors share a protein sequence that is
67% identical with a 95% shared identity between humans and mice. T-cadherin is mainly
expressed in vascular endothelial cells and smooth muscle and has been shown to play
a crucial role in cardiovascular protection. The three receptors are expressed in healthy
cells and several cancerous tissues including prostate, lung, gastric, and breast cancers.
The expression of AdipoR1/R2 is altered by insulin levels so it increases with fasting and
physical activities and decreases with eating and obesity [41].

For decades, adiponectin was known as the “Guardian angel” adipocytokine [29,42]
since it has been shown to play a central role in preventing and protecting against the
development of multiple disorders related to obesity, especially in metabolic syndromes,
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diabetes, cardiovascular diseases, inflammation, and cancers. Adiponectin has pleiotropic
protective and beneficial functions in the central nervous system [43], liver [44], mus-
cles [45], heart [46], bone [47], eye [48], skin [49], and kidney [50-52], including promoting
insulin sensitivity, controlling whole-body energy by regulating the fat-burning process,
glucose intake, and lipid metabolism, and the antioxidant, anti-inflammatory, antiapop-
totic, and vasodilatory properties [53-55]. Its expression is altered in different pathologies
including metabolic syndromes, diabetes mellitus, cardiovascular diseases, Alzheimer’s
disease, and several malignancies, mainly uterine and invasive breast cancer. When bind-
ing to its receptors, adiponectin modulates a range of intracellular signaling pathways,
mainly by activating the adenosine monophosphate-activated protein kinase (AMPK)
pathway predominantly through AdipoR1 and peroxisome proliferator-activated receptor
alpha (PPAR-«) through AdipoR2. AMPK, in turn, modulates mitogen-activated protein
kinase (p38 MAPK), phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt), wingless-
related integration site (Wnt)/3-catenin, mammalian target of rapamycin (mTOR), nuclear
factor-«B (NF-kB), c-Jun N-terminal kinase (JNK), and signal transducer and activator of
transcription (STAT3), pathways involved not only in cellular metabolism but also in cell
proliferation and apoptosis [56].

3. The Involvement of Adiponectin in Breast Cancer

For years, overweight and obesity associated with chronic low-grade inflammation
have been considered direct, well-recognized risk factors for breast cancer development
and recurrence mainly in postmenopause [57]. Thus, the potential role of adipocytes and
their secretion in the regulation of breast carcinogenesis has been extensively investigated.
In this context, multiple in vitro and in vivo studies have demonstrated the key role of
several adipokines including adiponectin in neoplastic progression [20]. Adiponectin
exhibits a tumor-suppressive role and has been considered a potent anti-cancer factor
by affecting multiple intracellular signaling pathways such as cell proliferation, growth,
survival, invasion, and metastasis [37]. The various signaling pathways implicated in
adiponectin effects on breast cancer cells are detailed in Figure 1.

3.1. Epidemiological Studies

Serum levels of several adipokines, mainly leptin and adiponectin, have been in-
triguingly associated with an increased risk of breast cancer in multiple studies and
meta-analyses. Seven meta-analyses were published between 2013 and 2019 to assess
the relationship between serum adiponectin levels and the risk of breast cancer [58—64].
The overall results confirmed that postmenopausal breast cancer patients had significantly
lower serum adiponectin levels and that lower circulating adiponectin was associated
with a higher risk of breast cancer development meaning that adiponectin has a protec-
tive effect against this cancer. In a meta-analysis published in 2018 by Li Gu et al., the
analysis of thirty-one studies investigating the role of adiponectin levels in breast cancer
risk suggested a significant decrease in serum adiponectin in breast cancer patients [59].
In another meta-analysis study published in 2017 [58] including 119 studies with 12,301
breast cancer cases and 12,805 controls, Yu Gui et al. found that decreased circulating
adiponectin levels and increased concentrations of leptin were significantly associated with
increased breast cancer risk. Interestingly, while the individual leptin and adiponectin
serum concentrations grabbed the attention of most research groups, other researchers
were more attracted by the adiponectin/leptin ratio that was reported to be reduced in
women with breast cancer, suggesting that the alteration of this ratio could protect against
the disease [65]. Nevertheless, in a clinical trial including 83 patients with stage I-III breast
cancer conducted by He et al., the adiponectin level of the participants was measured in
2008 and a follow-up was performed among the surviving patients after 10 years [66], and
the results showed that adiponectin levels may be used as a predictor for the survival rates
and to determine the patients that require more aggressive treatment.
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Figure 1. Potent anti-cancer activities of adiponectin by modulating a wide range of signaling
pathways. Adiponectin binds to AdipoR1/2 and (1) inhibits cell proliferation by activating AMKP
and inhibiting MAKEP, (2) induces cell cycle arrest by indirect inhibition of Cyclin D1 through the
Wnt pathway, (3) inhibits invasiveness by activating LKB1 and PP2A, (4) induces apoptosis by
activating Bax, Caspase 8, and P53 and decreasing the cellular lipid pool through the inhibition
of FAS, (5) induces autophagy through LKB1 and AMKEP, (6) decreases cell survival through the
inhibition of ERK and PI3K, and finally, (7) inhibits leptin-induced carcinogenesis by decreasing
the expression of Leptin and the Leptin receptor. ADP: Adiponectin, Bax: Bcl-2—-associated X, FAS:
Fatty acid synthase, PP2A: Protein phosphatase 2A, LKB1: Liver kinase B1, AMPK: Adenosine
monophosphate-activated protein kinase, MAPK: Mitogen-activated protein kinase, WIF1: Wnt
inhibitory factor-1, Wnt: Wingless-related integration site, ERK: Extracellular signal-regulated kinase,
PI3K: Phosphatidylinositol 3-kinase, Akt: Protein kinase B, Ob-R: Leptin receptor.

3.2. Role in Tumorigenesis

In contrast to a large number of adipokines, adiponectin has an inhibitory effect on
breast tumorigenesis. Adiponectin and its interacting receptors can regulate several intra-
cellular signaling pathways leading to a suppressive effect on carcinogenesis. A large body
of in vitro and animal model data support the role of adiponectin as a negative regulator
of breast cancer development. In an in vivo study, the supplementation of exogenous
adiponectin or its overexpression through adenovirus transduction prior to a xenograft
significantly reduces the mammary tumorigenesis of MDA-MB-231 cells in female nude
mice [67]. Furthermore, adiponectin inhibits the Wnt and Akt pathways by increasing Wnt
inhibitory factor-1 (WIF1) in MDA-MB-231 cells leading to a tumor-suppressive effect [68].
Additionally, further in vivo study using MMTV-polyomavirus middle T antigen trans-
genic mice with reduced adiponectin expression showed that insufficient adiponectin was
associated with early mammary tumorigenesis by activating PI3K/ Akt signaling pathway
and inhibiting phosphatase and tensin homolog (PTEN) activity [69]. A clinical study that
included 25 breast cancer patients with hereditary breast cancer syndrome and 38 healthy
relatives showed that in the healthy group, the mutated BRCA carriers have significantly
higher adiponectin levels than BRCA wild-type healthy subjects, which confirms that obe-
sity is an important risk factor for hereditary breast cancer and suggests that adiponectin
has exhibited a suppressive effect on carcinogenesis in hereditary breast cancer [70]. How-
ever, controversial data have been found in ER-positive breast cancer, where the effect of
adiponectin seems to be divergent. Several studies have shown that adiponectin could
induce cell growth in ER-positive breast cancer through the MAPK activating signaling
pathway, thus behaving as a growth factor in ERx-positive breast cancer cells, which sug-
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gested the importance of ER status in breast tumorigenesis and the capacity of this pathway
to modulate the effect of adiponectin on cell metabolism [71]. On the other hand, other
research groups demonstrated an anti-proliferative effect of adiponectin on MCF-7 cells,
which are ERx-positive breast cancer cells [72]. Thus, more comprehensive investigations
are needed in this regard.

3.3. Role in Tumor Progression

Adiponectin inhibits breast cancer progression through several mechanisms that in-
clude the inhibition of cellular proliferation in addition to the promotion of apoptosis and
cytotoxic autophagy. A recent study by Chung et al. showed that adiponectin induces
autophagic cell death in breast cancer in vitro and in vivo, through Serine/threonine ki-
nase 11 (STK11), also known as liver kinase B1 (LKB1)-mediated activation of the AMPK
signaling pathway [73]. Other results showed that adiponectin significantly decreased the
proliferation of MDA-MB-231 and T47D [67,74], which are two human breast cancer cell
lines, and the inhibitory role resulted from the induction of apoptosis coupled with the
arrest of the cell cycle at the GO-G1 phase through the indirect suppression of cyclin D1
expression [67]. This direct growth inhibitory effect of adiponectin is mediated mainly by
AdipoR1 and not AdipoR2 since treatment with small interference RNA against AdipoR1
significantly reduced the growth inhibition in both cell lines [74]. The antiproliferative
effect of adiponectin was also found in other cell lines including MCF-7 where it is involved
in the induction of cell apoptosis through the activation of two key enzymes (caspase 8 and
caspase 1) and inhibition of the cell cycle [75]. Thus the inhibitory effect of adiponectin was
clearly demonstrated on the estrogen-insensitive breast epithelial cancer cell line MDA-
MB-231 and on the estrogen-sensitive breast cancer cell line MCF-7 [76], with the difference
that ER-positive cells were inhibited at lower adiponectin concentrations than ER-negative
cells [77]. In addition to that, the treatment of MCF-7 cells with adiponectin significantly re-
duces the mRNA of leptin and leptin receptors (Ob-R) and other genes involved in cell cycle
regulation with known growth inhibitory or apoptotic functions, meaning that it inhibits
the leptin-induced cell proliferation [72]. In the same concept, an in vivo study showed that
adiponectin treatment inhibits leptin-induced mammary tumorigenesis in nude mice by
suppressing two canonical signaling molecules, extracellular signal-regulated kinase (ERK)
and Akt [42]. Furthermore, a recent study showed that globular adiponectin induces tumor
suppression by decreasing the cellular lipid pool, mainly through the inhibition of fatty
acid synthase (FAS) and the activation of Sirtuin 1 (SIRT-1), which will promote apoptosis
in vivo and in vitro [78].

3.4. Role in Metastasis

To achieve metastasis, cancer cells are supposed to alter their microenvironment in
order to gain the ability to invade and migrate to reach circulation and then survive in
the circulation and exit into new permissive organ sites to colonize distant organs. Un-
derstanding this metastatic process is crucial in cancer research because the metastatic
potential of tumor cells is linked to a poor survival rate and is considered the major cause
of mortality from solid cancers [79]. Thus, molecules in the breast cancer microenviron-
ment, including the adipokines secreted by white adipocytes present in breast tissue, may
directly or indirectly affect the evolution of cancer cells toward the metastatic process.
Adiponectin, with all its beneficial effects, was supposed to play an important role in regu-
lating breast cancer metastasis. The effect of adiponectin on metastasis was first described
in 2009, where several research groups showed that adiponectin inhibits the adhesion,
migration, and invasion of breast cancer cells mainly by increasing the expression of LKB1,
a tumor-suppressor gene that activates the AMPK-56K axis [80,81]. Furthermore, Kim et al.
showed in the same year that adiponectin reduces the invasiveness of MDA-MB-231 breast
cancer cells by activating the tumor suppressor protein phosphatase 2A (PP2A) [69,82].
Adiponectin was also shown to effectively inhibit leptin-stimulated migration and invasion
of breast cancer cells [42]. In a case-control study, Kang et al. showed that in patients
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with adiponectin levels below the median, the number of lymph node metastases was
significantly increased [83]. However, controversial data have been found on the effect of a
specific form of adiponectin, which is the globular isoform, on breast cancer metastasis. A
review published in 2014 highlighted a possible positive role of globular adiponectin in the
breast cancer metastatic process [30]. The author’s conclusion was based on a bibliographic
review of the role of globular adiponectin in several other cancers without direct robust
evidence or scientific research in breast cancer. The globular adiponectin, which is a cleaved
form of adiponectin, was shown to play a negative role by increasing cellular proliferation,
migration, angiogenesis, the activation of matrix metalloproteinases, and the production of
reactive oxygen species (ROS) [84-86]. Two years later, Libby and colleagues investigated
the role of globular adiponectin on metastasis for the first time in breast cancer and showed
that globular adiponectin might possibly enhance breast cancer invasion, and this impact
was partially dependent on autophagic induction [87]. On the other hand, a recent study
showed that globular adiponectin inhibits the growth of breast cancer cells by suppressing
inflammasome activation partially through AMPK activation [88]. Larger investigational
studies concerning this specific form of adiponectin are required to better understand its
potentially mediating role.

3.5. Role in Treatment Resistance/Response

Several adipokines participate in the complex process leading to treatment resistance
in breast cancer. For example, leptin was shown to induce cisplatin, docetaxel, letrozole,
and other chemoresistance [37,89] in addition to its ability to induce hormonal therapy
resistance mainly through promoting the proliferation of cancer stem cells [90]. Regarding
adiponectin, there are very few scientific data evaluating the relationship between the
level of adiponectin and the anti-tumor drug efficacy or treatment resistance, except in a
clinical study published in 2012 by Macis and colleagues where it was shown that there
was no interaction between treatment and adiponectin levels in 235 premenopausal women
with breast cancer taking low-dose tamoxifen and fenretinide [91]. More investigations are
needed to fully elucidate the impact of adiponectin on breast cancer treatment resistance. In
the same context, Ozman and colleagues showed that radiotherapy significantly increases
serum adiponectin, and this could be explained by the potential role of adiponectin in the
regulation of tissue damage and repair following radiation therapy [92].

4. Reactivation of Adiponectin Pathways in Breast Cancer Models

Due to the beneficial effect of adiponectin on several diseases related to obesity, in-
cluding diabetes, cardiac fibrosis, and a range of cancers, the pharmacological elevation of
circulating adiponectin became the main interest of multiple research groups. Hence, after
detailing the molecular mechanisms linking adiponectin and breast cancer tumorigenesis,
it seems to be very important to identify new, related, promising therapeutic strategies
for the management of breast cancer and the reactivation of adiponectin pathways in
breast cancer models. The most obvious way to increase adiponectin levels is body weight
reduction through calory restriction and exercise. Adiponectin-based therapies are cur-
rently unavailable for several reasons, including the heterogeneity of the expressed protein
structures and the extreme insolubility of the C-terminal domain [93]. Fortunately, various
adiponectin-replacement therapy options, including peptide and small-molecule-based
adiponectin receptor activators, have been suggested in order to overcome the limitations
of converting the biologically active adiponectin protein into a viable drug. Ten suggested
therapies activating adiponectin signaling were detected in the literature, and their details
may be found in Table 1.
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Table 1. List of the main adiponectin receptor agonists found in the literature and their published ac-

tivities.
Cell Study . Approxi.
Molecule  Structure Type/Model Year Type Pathways Function 1C50 Ref.
AMPK activation
Restore
Plant- MHyli)rCn}:rels endothelial 03 uM
Osmotin derived . 2005 In vitro AMPK homeostasis e [94-96]
. arterioles 200 pg/mL
protein Breast cancer fnduce
ROS-associated
senescence
Renal and Liver
10- ~ Prostate, breast In vitro Al\gfénd am:e_fffl:sf o 25 "M
ADP355 residue cancers, 2011 . _ [97-100]
eptide fibroblast In vivo ERK1/2 Inhibit prostate 5mg/kg
pep AKT and breast cancer
cell proliferation
Ameliorating
e Glycosidic  obese-diabetic . AMPK obesity-induced
Tiliroside flavonoid =~ KK-A(y) mice 2012 Invivo PPARx metabolic 100 mg/kg (101
disorders
Inhibiting
Pancreatic and pancreatic,
Synthetic ovarian ovarian,
AdipoRon small- carcinomas, 2013 In vitro AMPK osteosarcoma 5 um [102-105]
molecule osteosarcoma, and myeloma
myeloma cell growth
AMPK activation
Dimer of Inhibiting breast
ADP399 Breast 2014 In vitro AMPK cancer cell 10 nM [106]
ADP355
growth
Myoblasts, Enhanced
Analog of  pre-adipocytes In vitro AMPK, glucose uptake 10 nM
GTDF quercetin  and epithelial 2014 In vivo ACC, P38 Improve 10 mg/kg [1071
cells metabolic health
7-residue  Hepatic stellate . . .
Pep70 Peptide cells 2017 In vitro Anti-fibrotic 10 uM [108]
10- Skin fibrosi In vitr
ADP27  residue oSS o017 viTo AMPK Anti-fibrotic [98]
. model In vivo
peptide
13- . Enhanced
ADP1  residue  OCRITUSAe ggg IV A\vpK glucoseuptake 0 1B ;L“L [109]
peptide AMPK activation 8/%8
15- Myotube
BHD-1028 residue n}llo del 2018 In vivo AMPK AMPK activation <800 nM [36]
Peptide

4.1. Adiponectin Receptor Agonists

Since adiponectin has different isoforms and there is debate regarding the beneficial
effect of all of them, targeting the adiponectin receptors appears to be one of the best
ways to achieve the expected beneficial effect. Several adiponectin receptor agonists were
identified and tested in vitro and in vivo.

Osmotin, a plant-derived protein that can be found in most fruits and vegetables,
was the first adiponectin receptor agonist discovered and was shown to share structural
and functional homology with adiponectin without sharing sequence similarity [110]. In
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2005, Narasimhan and colleagues showed that osmotin exhibits antifungal and apoptotic
activities through a seven-transmembrane-domain receptor-like polypeptide called PHO36.
The research group showed that AdipoR1 and AdipoR2 are the mammalian homologs
of PHO36, thus they suggested that osmotin is the homolog of mammalian adiponectin.
Additionally, they demonstrated that osmotin activates AMPK, similarly to adiponectin,
in C2C12 myocytes via adiponectin receptors [95], thus it mimics human adiponectin
function. Recently, a study conducted by Cohen et al. suggested that osmotin could
restore endothelial homeostasis in patients with cardiovascular disease and may prevent
microvascular endothelial dysfunction [96]. Furthermore, Geetha et al. suggested the
anti-cancer activity of osmotin on MDA-MB-231 breast cancer cells, mainly through the
production of senescence-associated ROS [94].

ADP355, a ten-residue peptide mimetic (peptidomimetic), is the first designed peptide-
based adiponectin receptor agonist derived from the globular domain of adiponectin that
can bind to AdipoR1 and AdipoR2 with a better affinity to AdipoR1. ADP355, designed in
2011 by Otvos and colleagues, exhibits the same effect of adiponectin in several conditions
including renal and liver fibrosis, prostate and breast cancers, where it increases AMPK
and STAT3 phosphorylation in MCF-7 ERa-positive breast cancer cells and inhibits the
phosphorylation of ERK1/2 in MDA-MB-231 ERa-negative breast cancer cells [97]. The
beneficial effect of this peptidomimetic was also observed in vivo where the intraperitoneal
injection of ADP355 decreases tumor size by 31% compared to untreated SCID mice
xenotransplanted with MCEF-7 cells and shows no toxic properties to normal mice up to
10 mg/kg [97].

Three years later, the same research group developed and tested the second-generation
peptide, ADP399, which showed 20-fold improved cellular activity inhibiting MCF-7 cell
growth [106]. A second attempt to optimize ADP355 did not show any notably improved
cellular activities [111].

In 2017, Ma et al. identified, in silico, a novel AdipoR1 peptide agonist similar to the
minimal active site sequence, named Pep70 and showed that it significantly inhibited the
proliferation of hepatic stellate cells thereby reducing the fibrotic response [108].

Furthermore, ADP27, a 10-amino acid peptide consisting of the minimal active site of
adiponectin, developed by Marangoni et al., showed beneficial effects in the skin fibrosis
model but has not been tested on breast cancer models [98].

In 2018, Sayeed et al. identified and characterized ADP-1, which is a 13-residue
peptide derived from the collagen domain of adiponectin. ADP-1 showed adiponectin-like
activity in vivo and in vitro, which includes the activation of AMPK and the improvement
of glucose and fatty acid metabolisms, with significant stability in human serum [109].

In the same year, a novel potent AdipoR1 peptide agonist, BHD-1028, was identified
by Kim et al. based on the crystal structure of AdipoR1. This peptide is able to exhibit its
biological activity by inducing AMPK phosphorylation at a nanomolar concentration in a
mouse myotube model [36].

In parallel with the discovery of these peptidic agonists, other research groups have
searched for non-peptidic AdipoR agonist small molecules from natural products or chemi-
cal libraries. Arctin, arctigenin, and gramine were identified from a 10,000-member natural
product library but failed to identify their activity (even the best hit retains only 3.5 uM
activity) [93].

AdipoRon was identified in 2013 from a chemical library by Okada-lwabu and col-
leagues [112] at the University of Tokyo and has been the subject of much interest and
many studies in adiponectin replacement therapies. AdipoRon is an orally active syn-
thetic small molecule that binds and activates both AdipoR1 and AdipoR2 in vitro [112].
AdipoRon exhibits an adiponectin-like effect in multiple health conditions including obe-
sity [112], diabetes [113], cardiac fibrosis [114], neuroinflammation and depression [115],
liver inflammation [116], and dermal fibrosis [117], in addition to its anti-proliferative
effect against several cancers including pancreatic cancer [100,102], ovarian cancer [103],
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osteosarcoma [105], and myeloma [104]. AdipoRon, as a natural adiponectin, exhibits its
biological effects mainly through the activation of the AMPK signaling pathway.

Another molecule, the 6-C-p-D-glucopyranosyl-(2S,3S)-(+)-5,7,3’,4'-tetrahydroxydihy
droflavonol known as GTDE was discovered and characterized as an orally active adiponectin
mimetic by Singh et al. in 2014 [107]. GTDF is a natural analog of the dietary flavonoid
quercetin and is an orally bioavailable osteoanabolic compound. It has been shown to induce
adiponectin-related signaling and improve metabolic health [107,118].

Tiliroside, a glycosidic flavonoid biosynthesized by several edible plants including
raspberry and strawberry, has also been identified with a wide range of beneficial bioac-
tivities [119]. In 2012, a study showed that tiliroside activates adiponectin signaling path-
ways, mainly AMPK and PPAR-«, thereby ameliorating obesity-induced metabolic disor-
ders [101]. Although tiliroside has been shown to up-regulate the mRNA expression levels
of AdipoR1 and AdipoR2, no studies have reported its binding to receptors to date and
therefore it cannot be considered a true AdipoR agonist.

4.2. Adiponectin-Focused Therapeutic Strategies

Several molecules might serve as adiponectin replacement agents by exerting their
biological effect either by activating the adiponectin signaling pathway or by upregulating
the expression of adiponectin itself [120]. PPARy agonists, which mainly include efatuta-
zone [62] and thiazolidinediones (TZDs) and also called glitazones, which are a class of
synthetic small molecules and anti-diabetic drugs that enclose rosiglitazone, troglitazone,
and pioglitazone [121-126], are the main and most studied molecules that could have a
potential therapeutic effect by inducing the expression and secretion of adiponectin. Efatu-
tazone, which is a high-affinity PPARy agonist, was shown to delay the progression of
ductal carcinoma in situ to invasive ductal carcinoma in vivo [121]. The administration
of these oral hypoglycemic TZDs significantly activates PPARy, which in turn improves
the secretory profile of the adipose tissue and, not surprisingly, significantly increases
plasma adiponectin concentrations in humans in a dose- and time-dependent manner,
without affecting their body weight [122]. Additional studies showed that rosiglitazone
suppresses the migration, invasion, and cell growth of breast cancer cells by inhibiting
the leptin signaling pathway, which is mediated by MAPK/STAT3/ Akt phosphorylation,
suggesting that this PPARy ligand prevents the stimulatory effect of leptin on estrogen
signaling mainly by enhancing the expression of adiponectin [125,127]. Although they are
classified as the most effective hypoglycemic treatments, these drugs are accompanied by
a series of side effects, mainly cardiovascular toxicity, that have led to their restriction or
even withdrawal from the market in several countries [128].

In addition to PPARy agonists, there is emerging evidence that the potent long-
acting glucagon-like peptide-1 (GLP-1) receptor agonist liraglutide exhibits action against
adiponectin that mimics its effects in vitro and in vivo [129,130]. Liraglutide is an anti-
diabetic drug that has been shown to significantly increase plasma adiponectin levels in a
dose-dependent manner [131]. Liraglutide has been reported to exhibit anti-proliferative
activity on human prostate, pancreatic, and hepatocellular carcinomas. Most importantly,
liraglutide significantly inhibits MCF-7 proliferation in an obesity-like microenvironment
while increasing the mRNA levels of adiponectin and its receptors [132].

In the same context, the famous anti-diabetic drug, metformin, was described as
an adiponectin agonist and has been shown to increase serum adiponectin levels and
subsequently copy its effect by regulating adiponectin-related signaling pathways [133,134].
Interestingly, metformin has gained huge attention in cancer treatment, especially in breast
cancer, and its potential anti-tumorigenic effect was shown to be mediated through the
regulation of several pathways that include the potentiation of adiponectin [135]. In a recent
study, Leng et al. demonstrated that metformin significantly increases serum adiponectin
levels in overweight/obese pre-menopausal women [136]. A huge number of preclinical
studies and more than 50 ongoing and completed clinical trials suggested the repurposing
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of this well-tolerated, cost-effective drug to be used in early and advanced breast cancer
patients, and approval is eagerly awaited [137].

5. Conclusions

As breast cancer is the most common cancer and the leading cause of mortality
in women worldwide, there is an urgent need to develop new therapies targeting this
aggressive malignancy. During the last few years, a growing novel list of personalized
therapies has been approved for the treatment of breast cancer including alpelisib targeting
PI3K, talazoparib and olaparib that target germline BRCA mutated breast cancer, and
abemaciclib as a cell cycle inhibitor for patients with high Ki67 [138]. However, despite
all these advancements that have led to a very new era of precision medicine in the
management of breast cancer, more than 1800 women die every day from this cancer.
Furthermore, when reviewing the ongoing clinical trials, we can find that, apart from
Elacestrant, which is a novel oral estrogen degrader, there are no new breast cancer therapies
entering human clinical trials according to clinicaltrials.gov (accessed end October 2022).
On the other hand, in the preclinical exploratory phase, the impact of obesity on breast
cancer has been proven and well-known for a long time, and researchers are trying to
investigate this relationship to discover novel targets in the regulation of carcinogenesis.
Adiponectin has been demonstrated to be one of the most important molecules linking
obesity and breast cancer and has been described as a rising predictive and prognostic
biomarker. Despite the huge interest of several research groups in targeting this cytokine
since 2005, none of the ten promising adiponectin agonist candidates listed in this review
have successfully reached phase I clinical trials as a systemic cancer therapy. Thus, there
is a serious need to better evaluate these molecules in order to find the most effective
adiponectin replacement candidate that could reach human clinical trials in the near future.

To reach this stage, a huge amount of work remains to be completed, from the identifi-
cation of the best potential candidate to the optimization of the dose and administration
modes and the safety profile. In this regard, three out of the ten molecules detailed in
this review have been tested on breast cancer and were found to exhibit significant anti-
cancer properties, which could be an encouraging start to further exploit their effects. In
recent decades, peptide-based drug candidates have attracted the attention of researchers
because of their high specificity and low toxicity, and they have been widely used in cancer
treatment over the last few years. The efforts in peptide drug discovery have led to the
approval of more than eighty peptide drugs that have entered the market since 1921 [139],
and more than 170 peptides are in active clinical development [140]. Compared with small
molecules, peptide drugs have higher rates of clinical trial success and lower production
costs [141], which will provide an advantage to the peptide adiponectin receptor agonists
mentioned in our review, especially AP355, to achieve their final targets in the drug discov-
ery and development process by obtaining approval and entering the therapeutic market.
However, it is also important to focus on the fact that these molecules do not specifically
target cancer cells to induce the desired human response. Thus, they could have other
effects on other off-target cell types, which could include dendritic cells as shown by Tan
and colleagues [142], and this would need to be further evaluated in order to achieve the
desired outcome without unwanted adverse side effects. On the other hand, and since drug
repurposing has recently attracted increasing interest regarding cancer, the repurposing
of several anti-diabetic drugs, including metformin, to be used as adiponectin’s replace-
ment treatment seems to be very promising because it will avoid the strict Food and Drug
Administration (FDA) regulations [143].

An alternative approach to interventions could be to target obesity and adipose tissue
instead of searching for a direct cytotoxic effect on breast cancer cells themselves, which
could provide further benefits for women with overweight or obesity suffering from
breast cancer. This strategy may lead to several benefits, including minimizing the risk of
developing breast cancer, attenuating the aggressivity and the progression of the disease,
and reducing the recurrence in overweight and obese breast cancer survivors. Several
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plant-based bioactive components could serve as potential and safe candidates targeting
obesity. The use of these molecules in combination with cancer treatment as a personalized
concept could be helpful to eradicate tumors entirely, prevent recurrence, and maintain a
good quality of life for these patients.
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