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Abstract: Obesity, defined as the abnormal or excessive expansion of white adipose tissue, has
reached pandemic proportions and is recognized as an important health concern since it is a common
root for several comorbidities, including malignancies. Indeed, the current knowledge of the white
adipose tissue, which shifts its role from an energy storage tissue to an important endocrine and
metabolic organ, has opened up new avenues for the discovery of obesity’s effects on tumor biology.
In this review, we will report the epidemiological studies concerning the strong impact of obesity
in several types of cancer and describe the mechanisms underlying the heterotypic signals between
cancer cell lines and adipocytes, with particular emphasis on inflammation, the insulin/IGF-1 axis,
and adipokines. Among the adipokines, we will further describe the in vitro, in vivo, and clinical data
concerning the role of leptin, recognized as one of the most important mediators of obesity-associated
cancers. In fact, leptin physiologically regulates energy metabolism, appetite, and reproduction,
and several studies have also described the role of leptin in affecting cancer development and
progression. Finally, we will summarize the newest pharmacological strategies aimed at mitigating
the protumorigenic effects of leptin, underlining their mechanisms of action.
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1. Introduction

Obesity is a systemic disease characterized by an excessive and abnormal accumulation
of adipose tissue in the body and defined by body mass index (BMI), as stated by the
World Health Organization (WHO) and the National Institutes of Health (NIH). It has
been widely described that weight gain is associated with an imbalance between energy
consumption and energy intake, and a value greater than 30 kg/m2 of BMI, calculated
by using the formula weight (kg)/height (m2), refers to an obese individual (30.0–34.9,
grade I; 35.0–39.9, grade II; and ≥40, grade III) [1]. As reported in the latest findings by
the WHO, obesity has tripled worldwide since 1975 and its prevalence is higher in high-
income countries versus low-income countries. Nevertheless, the number of obese people
is also increasing in low-income countries, particularly in urban settings. In 2016, more
than 1.9 billion adults were overweight and of these over 650 million were obese, while
39 million children under the age of 5 were overweight or obese in 2020, indicating that
obesity has reached pandemic proportion and is recognized as a major health concern [2].
Moreover, besides its many health consequences, mainly related to cardiovascular diseases,
diabetes, and musculoskeletal disorders, epidemiological evidence recognizes obesity as a
risk factor for numerous malignancies. In fact, excess body weight is associated with tumor
incidence, morbidity, and mortality [3,4]. First, we report the latest epidemiological data,
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tightly linking obesity and several type of cancers. Then, we will describe the molecular
mechanisms underlying the obesity–cancer link, including inflammation, estrogens, insulin
signaling, and adipokines. With a specific focus on adipokines, we will analyze the role of
leptin, whose circulating levels proportionally increase with body fat mass. Leptin, mainly
secreted by adipose tissue, is known to regulate several physiological processes, including
energy metabolism, reproduction, appetite control, and immunity, but its direct biological
effects on tumor development and progression have also been reported. Moreover, different
studies have found that leptin circulating levels and leptin receptors are overexpressed in
multiple types of cancer, resulting in a poor prognostic significance value. Thus, in this
review, we will highlight in vitro, in vivo, and clinical studies concerning the role of leptin
in obesity-related cancers. Finally, we will discuss the translational impact of these findings
by evidencing the different mechanisms of action of drugs that are able to counteract the
leptin-mediated effects and which may overcome the interplay between obesity and cancer.

2. The Epidemiological Association between Obesity and Cancer

In 2016, The International Agency for Research on Cancer (IARC) reported that weight
control is important for reducing cancer risk. Indeed, evidence reviewed by the IARC,
derived from epidemiologic studies, animal models, and mechanistic studies, supports the
conclusion that obesity is related to different types of cancer in terms of risk and mortality
(Figure 1). Here, we will review the latest epidemiological studies on cancers that are
strongly correlated with obesity (i.e., colorectal, post-menopausal breast, corpus uteri, and
ovarian) and some cancers where this association is weak (i.e., lung, glioma, cervical) [5,6].
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obesity/tools-pie, accessed on May 2023).

2.1. Colorectal Cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide
and represents the second fastest-increasing cause of cancer death (9.4% of the total cancer
deaths), with increasing incidence in countries with an elevated Human Development
Index (HDI) compared to those with a lower HDI [7]. Different risk factors have been
associated with CRC development, among which it has been reported that obesity may
affect CRC risk [8]. In a meta-analysis of 19 prospective cohort studies, derived from
18 different publications with a total of 12,837 CRC cases, it has been demonstrated that
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abdominal obesity, measured by the most common methods such as waist circumference
(WC) and waist-to-hip ratio (WHR), influences the development of CRC without any
difference between men and women and geographic region. In particular, greater WC
and WHR have been associated with high relative risks (RRs) with a confidence interval
(CI) of 95% of CRC for total colorectal cancer (WC: RR 1.42, 95% CI 1.30, 1.55; WHR: RR
1.39, 95% CI 1.25, 1.53), colon cancer (WC: RR 1.53, 95% CI 1.36, 1.72; WHR: 1.39, 95% CI
1.18, 1.63), and rectal cancer (WC: RR 1.20, 95% CI 1.03, 1.39; WHR: RR 1.22, 95% CI 1.05,
1.42) [9]. Moreover, it has also been reported that obese patients, according to their BMI,
affected by CRC showed an increased risk of all-cause mortality (RR 1.14; 95% CI 1.07–1.21),
cancer-specific mortality (RR 1.14; 95% CI 1.05–1.24), disease recurrence (RR 1.07; 95% CI
1.02–1.13), and worse disease-free survival compared to patients with a normal weight (RR
1.07; 95% CI 1.01–1.13) [10]. In another meta-analysis comprising 12 observational studies
and analyzing a total of 16,151 CRC cases, it has been evidenced that even moderate weight
gain is correlated with an increased risk of CRC development, and this association was
more evident in men than in women. In detail, the RR was 1.22 (CI 95%: 1.14–1.30) for
high body weight gain, considering 15.2 kg as the midpoint compared to stable weight.
Interestingly, each 5 kg weight gain increased the risk of CRC (4%, 95% CI: 2%–5%) [11].
In line with these findings, it has been demonstrated that body fat may also contribute
to the development of CRC in subjects younger than 30 years old with a high BMI. This
association was not evident in rectal cancer. The meta-analysis including 15 observational
studies (13 cohort studies and two case-control studies) reported that each increment of
5 kg/m2 in BMI was significantly associated with a 13% (RR 1.13, 95% CI 1.08, 1.19) higher
risk of colorectal cancer overall, 17% in men (RR 1.17, 95% CI 1.09, 1.25) and 8% (RR 1.08,
95% CI 1.04, 1.11) in women, respectively [12]. This can be reinforced by the evidence
that circulating levels of leptin, the predominant hormone secreted by adipocytes, were
significantly higher in tumor patients compared to normal subjects [13–15].

2.2. Lung Cancer

Lung cancer is the principal cause of cancer incidence and death in both men and
women, accounting for 2,206,771 new cases and 1,796,144 deaths in 2020 [7]. Cigarette
smoking is the leading risk factor for lung cancer (responsible for almost 80% of all lung
cancer mortality), but physical activity and body weight may also be responsible for
lung cancer development [16]. Although different studies reported that obesity lowers
lung cancer risk [17,18], this association still remains controversial, mainly owing to the
effects of smoking on body weight as well as preclinical weight loss and socioeconomic
status [19,20]. Recently, a study avoiding any bias by analyzing several nested case-control
studies, classifying patients as current, former, or lifelong non-smokers demonstrated
that there is a negative association between lung cancer risk and obesity. The authors, by
investigating a total of 12,643 subjects, 4172 lung cancer cases, and 8471 controls, aged 35
to 74 years, from four cohort studies in the USA, Europe, China, and Singapore, found
a statistical association between BMI and lung cancer risk both in current smokers (Odd
Ratio, OR for overweight group: 0.79, 95% CI: 0.68–0.92, and obese group: 0.75, 95%
CI: 0.60–0.93), former smokers (overweight group: 0.70, 95% CI: 0.53–0.93, and obese
group: 0.55, 95% CI: 0.37–0.80), and lifelong non-smokers (overweight group: 0.77, 95%
CI: 0.59–0.99, and obese group: 0.71, 95% CI: 0.44–1.14) [21]. Interestingly, levels of leptin,
a major obesity-related adipokine, have been documented to positively correlate with
non-small cell lung cancer (NSCLC) [22–25]. On the contrary, it has also been demonstrated
that central or visceral adiposity, measured by visceral fat index (VFI), is associated with
decreased recurrence-free and overall survival (OS) in lung cancer patients. Noteworthy is
the use of VFI estimated by computed tomography images to overcome the limitations of
the use of BMI for determining the adiposity [26]. Importantly, since lung cancer is rare
in lifelong non-smokers, the data concerning the association between obesity and lung
cancer incidence in these patients are still inconsistent. However, a study conducted by
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Zhu and Zhang in 2018 demonstrated that a higher BMI is associated with a lower risk of
lung cancer in lifelong non-smokers, mainly in women [27].

2.3. Glioma

Intracranial gliomas refer to the most common primary central nervous system (CNS)
tumors, such as glioblastomas (GBM), diffuse astrocytoma, and oligodendrogliomas, and
they account for 70% of all brain malignancies [28]. Although many risk factors have been
identified, the etiology of glioma requires further investigation. Studies suggest that there
is no linear association between gliomas and obesity [29,30]. Indeed, in a large prospective
cohort study involving 1.8 million Norwegian women and men, in which 4382 gliomas
were identified, it has been reported that changes in height were positively associated
with risk for gliomas (HR per 10 cm increase: 1.24; 95% [CI], 1.17–1.31), while BMI did
not affect the risk of gliomas [31]. Other research groups have reported a possible link
between an increase in body weight and the development of malignant brain tumors [32,33].
Ahn et al., based on a nationwide population-based cohort study of Koreans, involving
6,833,744 patients with documented 4771 glioma cases, found that obesity and abdominal
obesity may contribute to glioma risk. For instance, a positive correlation between leptin
levels and glioma was found [34]. This association between obesity/waist circumference
and glioma was stronger in women than in men. Particularly, the HR for individuals
with a BMI higher than 25.0 kg/m2 was 1.08, CI 1.02–1.15, and, with a WC higher than
90 cm for males and 85 cm for females, was HR 1.16, CI 1.09–1.24, compared to the control
counterpart [32]. Another meta-analysis showed that obesity might emerge as a risk factor
for all brain tumors, and, in particular, this association was more evident among women
with glioma, wherein the pooled RR was 1.17, 95% CI: 1.03–1.32, while no statistically
significant risk has been observed in men [33].

2.4. Postmenopausal Breast Cancer

Breast cancer is the most common malignancy in women, representing the fifth leading
cause of cancer-associated deaths worldwide with 685,000 deaths [7]. Different epidemi-
ological studies have reported a strong relationship between obesity and breast cancer,
mainly demonstrating that the excess of adiposity profoundly increases the incidence and
mortality of breast cancer patients. The association between obesity and breast cancer is also
correlated with menopausal status, specific life stages, and disease subtypes. Particularly, in
2017, Gershuni et al., enrolling 848 women divided into three different groups according to
their BMI (normal, overweight, and obese), demonstrated that overweight and obese status
were associated with hormone receptor (HR)-positive and Human Epidermal Growth
Factor 2 (HER2)-negative breast cancer (58.1%) with a more aggressive phenotype, such
as triple-negative breast cancer (TNBC, 14%). On the other hand, women with a normal
weight were mainly affected by HER2-positive breast cancer [35]. Moreover, another study
evaluated the association between obesity and breast tumor risk, analyzing the women
enrolled in the multinational European Prospective Investigation into Cancer and Nutrition
(EPIC) prospective study (n = 27,012) in relation to tumor subtypes according to the expres-
sion of clinically used markers (Estrogen receptor, ER, Progesterone Receptor, PR, HER2,
Ki67, Bcl-2 and p53). The results obtained clearly showed that increased BMI is related to
low aggressive breast cancer subtypes, mainly expressing the ER and PR receptor in post-
menopausal women [36]. Recently, a large dose–response meta-analysis on 12 prospective
cohort studies comprising 22,728,674 women showed a potential linear link between BMI
and breast cancer risk. In particular, it has been demonstrated that a 5 kg/m2 increase in
BMI was related to a 2% increase in breast cancer risk, with an estimated summary relative
risk (SRR) of 1.02 (95% CI: 1.01–1.04, p < 0.001) in postmenopausal women, while a higher
BMI may represent a protective factor for breast cancer risk in premenopausal women, with
a calculated SRR of 0.98 (95% CI: 0.96–0.99, p < 0.001) [37]. A similar positive non-linear as-
sociation between BMI and breast cancer risk in postmenopausal women was also reported
in another dose-response meta-analysis, with 3,318,796 participants from 31 articles. The
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authors showed that the RRs were 1.33 (95% CI: 1.20–1.48) and stated an increase of 3.4%
for breast cancer risk for every 1 kg/m2 increment in BMI in postmenopausal women [38].
Noteworthy, the over-expression of leptin, a major player of obesity-related malignancies,
has been found in high-grade breast cancer with poor prognosis [39–44].

2.5. Gynecologic Cancers (Cervical and Ovarian Cancers, and Cancer of the Corpus Uteri)
2.5.1. Cervical Cancer

In 2020, an estimated 604,000 new cases and 342,000 deaths due to cervical cancer were
reported, making it the fourth most frequently diagnosed cancer and the fourth leading
cause of cancer death in women worldwide [7]. Besides the well-recognized risk factors
that contribute to the development of cervical cancer, such as human papillomavirus (HPV)
infection, other cofactors may also influence the biology of this neoplasia. In particular,
obesity and lifestyle may contribute to the risk of cervical carcinogenesis. In 2018, a
retrospective cohort study carried out by Kaiser Permanente Northern California (KPNC),
enrolling more than 900,000 women, demonstrated that overweight and obese conditions
may increase the risk of cervical cancer. Specifically, the authors reported that 5-year
cumulative risk (CR) of cancer for obese women was 0.083% (95% CI), representing the
highest one, since the CR for overweight and normal/underweight women was 0.071%
and 0.056% (95% CI), respectively. However, a lower risk of cervical pre-cancer with
increasing body mass index has also been reported, probably because cervical cancer
may be misdiagnosed in overweight and obese patients [45]. Another work reported the
importance of maintaining an appropriate BMI along with regular physical activity as a
preventive strategy against cervical cancer. In fact, Lee and colleagues assessed that BMI
positively affects the risk of cervical cancer, since for 1125 women enrolled in the study,
they found that the multivariate ORs were 1.25 and 1.70 (95% CI) for overweight and obese
patients, respectively, in comparison with those with a normal BMI [46]. Recently, a similar
trend between obesity and cervical cancer has also been demonstrated in a large population-
based cohort study in Korean women. Independently of menopausal status, class II obesity
significantly increased the risk of cervical cancer. In particular, the estimated adjusted
hazard ratios (aHRs) were 1.27 (95% CI) for the pre-menopausal group and 1.18 (95% CI)
for the post-menopausal group [47]. The latter findings can be reinforced by the evidence
that leptin was positively correlated with a higher grade of cervical carcinoma [48].

2.5.2. Ovarian Cancer

Ovarian cancer, divided into serous, clear cell, endometrioid, and mucinous subtypes,
represents the eighth cancer type among women in terms of incidence, with 313,959 new
diagnosed cases and 202,252 deaths worldwide [7]. A two-sample mendelian randomiza-
tion study estimating both BMI and body composition, assessed by bioelectrical impedance
analysis, such as the trunk and arm fat ratio (TFR and AFR), showed that visceral adiposity
may contribute to the risk of ovarian cancer, mainly clear cell and endometrioid cancer sub-
types. In fact, compared to BMI, OR was 1.34 (95% CI: [1.11, 1.62]), AFR was 1.33 (95% CI:
[1.05, 1.69]), and TFR was positively 1.10 (95% CI: [1.01, 1.18]) [49]. In 2019, Aune and col-
leagues studied the correlation between several anthropometric factors (BMI, weight, waist
circumference, waist-to-hip ratio, waist circumference, and height) and ovarian cancer risk.
Mainly, they analyzed a total of 19,825 cases among 6,681,795 participants and found that a
greater BMI increased the risk of developing ovarian cancer in women (the summary RR
for a 5-U increment in BMI was 1.07 (95% CI: 1.03–1.11), particularly when BMI is already
high in early adulthood (age 18–29 years). However, the authors did not show whether the
association between BMI and ovarian cancer risk is principally related to abdominal or hip
adiposity, menopausal status, or hormone therapy [50]. A recent paper in 2019 reported
that changes in adiposity in young women aged 10–18 years might impact the future risk
of developing ovarian cancer. In detail, the authors stated that BMI at age 18 was positively
associated with ovarian cancer risk; in fact, while every 5-unit higher BMI at age 10 was
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related with 16% lower risk [95% confidence interval (CI) 0.74–0.96], every 5-unit higher
BMI at age 18 was associated with 17% higher risk (95% CI 1.03–1.33) [51].

2.5.3. Cancer of the Corpus Uteri (Endometrial Cancer)

Endometrial cancer is considered the second most common and the fourth leading
cause of death related to gynecological cancers, with 417,367 new reported cases and
97,370 deaths worldwide [7]. Among gynecologic cancers, endometrial cancer is considered
one of the first malignancies that is strongly associated with the obesity epidemic [52]. In
2015, a meta-analysis evaluated the association between several anthropometric factors and
endometrial cancer risk. In particular, in this study, more than 22,300 cases were analyzed,
and it emerged that women with a high BMI may develop endometrial cancer (RR for
a 5-unit increment in BMI was 1.54 with 95% CI 1.47–1.61) and this positive association
was slightly stronger in postmenopausal women [53]. Another meta-analysis including
20 prospective cohort studies and 20 case-control studies involving 32,281,242 participants
confirmed that an increase in BMI was related to an augmented risk of endometrial cancer.
In fact, obese and overweight women have a higher possibility of developing endometrial
cancer in comparison with people with a normal weight, about 2.5 and 1.5-fold, respectively.
In fact, the estimated RR and OR of endometrial cancer was 2.54 (95% CI: 2.27, 2.81) and
3.33 (95% CI: 2.87, 3.79) for obese, and 1.34 (95% CI: 1.20, 1.48) and 1.43 (95% CI: 1.30, 1.56)
for overweight [54]. The link between excess body weight (EBW) and endometrial cancer
risk was also reported by Zhang et al. in 2013, showing that the estimated RR for EBW
was = 1.62, 95% CI, and 1.39–1.89; for obesity, it was RR = 2.54, 95% CI, 2.11–3.06; and for
overweight, it was RR = 1.32, 95% CI, 1.16–1.50. Importantly, the authors also demonstrated
that the positive association between endometrial cancer risk and excessive body weight
was independent of several factors, such as a history of diabetes, hormone therapy, age
at menarche, and age at menopause [55]. This clinical data fits well with the documented
positive correlation between leptin circulating levels and endometrial cancer [55].

3. Main Mechanisms and Factors Involved in Obesity-Associated Cancers

Although the strong connection between obesity and cancer has been epidemiologi-
cally reported, the molecular mechanisms underlying the intricate complexity of obesity
and the multifaceted abnormalities of its oncogenic drivers are still under investigation.
Obesity is a multi-layered metabolic disorder characterized by excess fat storage and
adipocyte mass, which induces: (i) local changes, including chronic low-grade inflamma-
tion and altered adipokine/cytokine’ secretion; and (ii) systemic disorders concerning an
imbalance in insulin levels, abnormalities of the IGF-I axis, changes in hormone biosynthe-
sis and pathway, impaired levels of adipokines, and inflammation-related mediators such
as Interleukin (IL)-1β, and Tumor Necrosis Factor (TNF)-α and IL-6 (as reviewed in [56]).
The local and systemic consequences of obesity-related host factors may deeply impact the
survival and proliferation of cancer cells affecting the tumor cell phenotype itself and the
surrounding microenvironment (Figure 2).

This still unexplored intricate connection between obesity and cancer is becoming
fundamental to potentially reduce and prevent obesity development in subjects, or accu-
rately determine patients with this disease. With these aims in mind, in the last decade,
assessing anthropometric measurements, mainly height and weight, which is helpful for the
calculation of BMI, was considered enough. However, BMI cannot discriminate between
subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT), which each have
different implications in tumor development and progression. Although SAT is the largest
deposit of white adipose tissue, VAT is predominantly involved in the interaction between
obesity and cancer since it is more metabolically active, produces more adipokines than
SAT, and is also very close to internal organs and directly connected to the portal vein. For
all these reasons, it is crucial to also assess VAT in several types of cancer, as we previously
reported in the epidemiological studies. Thus, an evaluation, together with BMI, of the
amount and site of deposition of adipose fat using computed tomography and magnetic
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resonance imaging was carried out, with a particular focus on VAT (Figure 2, reviewed in
Crudele et al.) [57].
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Figure 2. Mechanisms underlying the intricate relationship between obesity and cancers. The obese
adipose tissue, characterized by hypertrophic and hyperplastic adipocytes, comprises diverse cell
types such as adipocytes, adipose stem cells, endothelial cells and immune cells, and it is associated
with the altered secretion of different bioactive molecules with autocrine, paracrine and endocrine
functions (i.e., growth factors, adipokines, pro-inflammatory molecules, fatty acids, lipid metabolites
and steroid hormones) that contribute to cancer’s development, growth, invasion and metastasis.
In the figure it has been reported the visceral adipose tissue rather than the subcutaneous adipose
tissue, that is known to be mainly involved in the tumorogenesis (as reviewed in Crudele et al.) [57].

3.1. Inflammation

Several experimental studies have reported that adipose chronic inflammation affects
tumor initiation, growth, and progression, promotes angiogenesis and metastasis, and
leads to a poorer outcome and reduced therapeutic response in patients [58–63]. In fact,
low-grade chronic inflammation is one of the most recognized bridges between obesity
and cancer. Obesity is characterized by hyperplasia and/or hypertrophy of adipocytes,
which causes the release of different inflammatory molecules, either by the tissue resident
cells (adipocytes) themselves or the resident immune system [64–66]. Furthermore, the
enormous increase in adipocyte size is accompanied by a high frequency of adipocyte
death due to an insufficient supply of oxygen (hypoperfusion) in the face of widely ex-
panding adipose tissue (AT) [67]. Furthermore, adipocyte death may promote infiltration
of macrophages and, subsequently, AT inflammation [68]; hence, obesity may result in a
major recruitment of macrophages [69]. Moreover, the dead adipocytes are surrounded
by macrophages, recruited with the aim of engulfing the dead cells, creating crown-like
structures (CLS), described for the first time by Cinti et al. in 2005, which contribute to
maintain the pro-inflammatory status [69,70]. Despite this evidence, the direct or indirect
contribution of macrophages to adipocyte death is still under investigation. One hypothesis
assumes that adipocytes secrete several soluble factors, such as monocyte chemoattractant
protein-1 (MCP-1) and leptin, which sustains macrophage accumulation and activation.
On the other hand, activated macrophages release Tumor Necrosis Factor alpha (TNF-α),
which induces free fatty acids (FFAs) release from adipocytes. FFAs, by binding acti-
vated toll-like receptors (TLRs) on the macrophage and adipocyte’ surfaces, promote the
release of pro-inflammatory molecules, such as interleukin (IL)-1β. This paracrine loop
between macrophages and adipocytes maintains the low-grade inflammatory state in
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obese patients [71,72]. Importantly, most of these obesity-related inflammatory molecules
are associated with poor outcome in several cancers, such as breast cancer [64,69,73–76],
endometrial and cervical cancer [63,77], colorectal cancer [78–82], and brain cancers [83–90].

Moreover, the inflammasome activation in AT has been described as one of the me-
diators of inflammation in obese patients [91]. Inflammasomes are multiprotein com-
plexes that simulate the secretion of IL-1β and IL-18 via Caspase 1 (Casp-1)-mediated
cleavage in response to pathogen-associated molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPs). Inflammasomes consist of Nod (Nucleotide-
binding and oligomerization domain)-like receptors (NLRP1, NLRP3, and NLRC4), the
adaptor apoptosis-associated speck-like protein containing a caspase-recruitment domain
(ASC), and the enzyme caspase-1 (CASP-1) [92]. A study conducted by Yin et al. demon-
strated that obese subjects expressed high levels of inflammasome-related genes, such as
NLRP3, CASP1, IL1B, CCL2 (C-C Motif Chemokine Ligand 2), and TNF, compared to lean
subjects [93]. In addition, the role of inflammasome in cancer has been described [64,94–97];
however, so far, there is no evidence for the role of inflammasome activation in obesity-
associated cancers, although inflammasome activation may lead to insulin resistance, one of
the most independent risk factors for several types of cancer [98–100]. Furthermore, IL-1β
is under investigation as a key molecule in inflammasome activation in obesity-associated
cancers [64,101]. To date, a more comprehensive and accurate study of inflammasome
could be a novel avenue to harness the treatment of obese patients.

3.2. Insulin/IGF-1 Axis

Obesity, especially determined by an excess of fat in the abdomen and around the
visceral organs, known as visceral fat, has a key role in insulin resistance syndrome, charac-
terized by hyperinsulinemia, insulin resistance, and/or hyperglycemia. A growing body
of evidence correlates chronic hyperinsulinemia with various types of cancers, such as
colorectal cancer [102,103], pancreatic cancer [104,105], endometrial cancer [106], and breast
cancer [107]. In fact, researchers have demonstrated that insulin promotes carcinogenesis
through a direct effect on insulin receptors or indirectly by affecting the levels of other
modulators, such as the insulin-like growth factor (IGF) family of receptors, sex hormones,
and adipokines [108,109]. The IGF system includes IGF-I and IGF-II, the type I and type II
receptors (respectively, IGF-IR and IGF-IIR), and a family of IGF binding proteins (IGFBPs)
that specifically bind IGFs [110]. Noteworthy, IGF-I, one of the most important growth
factors released by adipocytes, sustains their differentiation and metabolic regulation [111].
On the other hand, altered levels of this molecule may stimulate tumor malignancies. Par-
ticularly, IGF-1 binds to IGF-1R, a tyrosine kinase receptor, which activates its downstream
signal effectors, comprising Ras/Raf/ERK and PI3K/Akt/mTOR, known to be involved
in cell growth, proliferation, and in various types of cancers [112,113]. In fact, previous
studies suggest that higher levels of IGF-1 are positively associated with the risk of breast
cancer [114–118], prostate cancer [119–121], and colorectal cancer [122]. In aggregate, these
data emphasize the important role of the insulin/IGF-1 axis in tumor biology.

3.3. Adipokines

A key role in the physiopathology of obesity-related cancer is represented by a wide va-
riety of heterogeneous bioactive molecules. Among them, the adipokines, a large group of
heterogeneous peptides mainly produced by adipose tissue, are an emerging landscape in
the link between obesity and cancer. To date, more than 100 different adipokines have been
discovered, of which adiponectin and leptin are the most studied to be implicated in obesity-
related tumorigenesis and progression. Adiponectin is the most abundant adipokine in
plasma and its secretion is strongly related to the circulating levels of other hormones. In-
terestingly, an inverse association between adiponectin and fasting plasma insulin has been
demonstrated [123]. In fact, low levels of adiponectin have been associated with obesity and
insulin resistance. This is supported by several reports showing that anti-diabetic drugs,
including peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists belonging
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to the thiazolidinedione’s class and metformin, can affect serum adiponectin concentrations,
enhancing its expression and secretion [124–127]. Hence, recently, researchers have demon-
strated that adiponectin plays a pivotal role in the development and possible progression
of several types of obesity-associated cancers, such as breast [43,128–138], endometrial and
ovarian [139,140], and colorectal [141,142]. Meanwhile, several pieces of evidence have
shown that leptin, whose circulating levels proportionally increase with fat mass, directly
or indirectly impacts the biology of several cancers. Here, we reported the clinical, in vitro,
and in vivo studies demonstrating the strong relationship between adipokine and cancer,
as summarized in Table 1.

Table 1. Studies showing the leptin-mediated effects in obesity-associated cancers.

Type of Cancers In Vitro and In Vivo Studies Clinical Studies Therapeutic Approaches

Colorectal (CRC)

(i) Leptin induced proliferation and
invasiveness through activation of
MAPKs, PI3K, NF-κB, and STAT3
signaling in HT-29 cells [81,143].

(ii) Leptin inhibited the apoptosis of
HCT-116 colon cells through the
PI3K/Akt/mTOR pathway [144].

(iii) Leptin promoted proliferation in a
m-TOR-dependent way in IEC-6
cells [81].

(i) Leptin positively correlated with
proliferation index of cancer cells and
angiogenesis in CRC [145,146].

(ii) High, decreased or equal circulating
leptin levels have been found in CRC
patients compared to normal subjects
[14,15,64,147–149].

(iii) Metastatic colorectal tissues showed
increased ObR expression compared
to local colorectal cancer tissues [150].

(iv) Leptin levels positively correlated
with the risk of CRC in men but not in
women [151,152].

Leptin-derived peptides
(e.g., the Lp31 or LP16
peptides) have been
shown to reduce tumor
growth in CRC mouse
models [153,154].

Lung

(i) Leptin promoted migration and
invasion through the activation of
MAPK signaling pathway, inducing the
expression of mesenchymal genes (i.e.,
Vimentin and Zeb-1) while reducing the
levels of cadherin and keratin,
well-known epithelial markers [155].

(ii) Leptin induced lung cancer cell
proliferation by the activation of the
PI3K/AKT/mTOR signaling pathway
and through down-regulation of the P53
signaling pathway [25].

(iii) Leptin deletion induced a reduced cell
growth and apoptosis in non-small-cell
lung cancer (NSCLC) cell lines partially
involving the Notch and JAK/STAT3
signaling pathways [156].

(iv) Leptin secreted from cancer-associated
fibroblasts isolated from NSCLC
patients acting in a paracrine way
sustained the NSCLC cell proliferation
and migration by activating both the
PI3K-AKT and MAPK-ERK signaling
axes [157].

(v) Leptin secreted from bone
marrow-derived stem cells through the
activation of IGF1 signaling pathway
induced resistance to erlotinib, an
inhibitor of epidermal growth factor
(EGF) receptor introduced into the
first-line treatment for non-small-cell
lung cancer (NSCLC) patients [158].

(vi) Leptin sustained brain metastasis in
lung adenocarcinoma, through a
mechanism involving the long coding
RNA lnc-REG3G-3-1 and the
miR-215-3p [159].

(i) Leptin and leptin receptor have been
found overexpressed in non-small-cell
lung cancer (NSCLC) compared to the
normal counterpart tissues [22–25].

(ii) Leptin serum levels have been found
lower in lung cancer patients
compared to normal subjects [160].

N/A
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Table 1. Cont.

Type of Cancers In Vitro and In Vivo Studies Clinical Studies Therapeutic Approaches

Glioma

(i) Leptin/leptin receptor acted as
pro-angiogenic stimulation for
endothelial cells in GBM cells (LN18 and
LN229) [161].

(ii) ObR-positive cells exhibited
temozolomide (TMZ)-resistant phenotype.
Likewise, the TMZ-resistant cells (U87R)
displayed high expression of ObR [162].

(iii) Leptin significantly promoted U87
tumor cells growth in a
time-and-dose-dependent manner [61].

(iv) Leptin increased cell DNA synthesis and
promoted G(0)/G(1) phase-to-S phase
transition [61].

(v) Leptin increased invasive ability in U87
glioma stem-like cells (GSCs) [83,163].

(vi) Leptin supported cell migration and
invasion in C6 rat cells, through the
cascade of p38 mitogen-activated
protein kinase (MAPK) and Nuclear
Factor-kB (NF-kB) [164].

(vii) ObR-positive cells exhibited higher
tumorogenicity in vivo compared to
ObR-negative cells [162].

(i) Leptin and its receptor have been
found expressed in glioblastoma
(GBM) human primary tissue,
accordingly with the degree of
malignancy [83,162,163,165].

(ii) Leptin positively correlated with
glioma [34].

(iii) ObR positive glioblastoma specimens
have been found associated with
tumor metastasis and lower overall
survival rate [166].

(i) ObR-derived
peptide blocked
proangiogenic and
growth
induced-leptin
effects on
endothelial cells in
LN18 and LN229
cells [161].

(ii) ObR derived
peptide, in
combination with
AG490, a
JAK2/STAT3
inhibitor, reduced
the NOTCH1
overexpression and
transcriptional
activity induced by
leptin in U87 and
T98 cells along with
their clonogenic
ability [83].

Post-menopausal
breast (i) Leptin amplified specifically estrogen

signaling in MCF-7 cells [167,168]
(ii) Leptin promoted growth and progression

of breast cancers, especially in
K303R-associated breast cancers [169,170].

(iii) Leptin sustained breast cancer stem cell
phenotype [170,171]

(iv) Leptin induced
epithelial-to-mesenchymal transition in
normal breast cells, which may increase
the risk of breast cancer [172].

(v) Leptin reduced the number of cells of
G0/G1 phase and by incrementing the
number of breast cancer cells with the S
and G2/M phases [173].

(vi) Leptin induced the expression of
Vascular Endothelial Growth Factor
(VEGF) contributing to angiogenesis
and cancer progression [173].

(vii) Leptin modulated extracellular vesicle
biogenesis and cargo [174,175].

(viii) Leptin increased tumor aggressiveness
in mammary tissues of a rat model of
breast cancer driven by diet-induced
obesity [176].

(ix) Leptin reduced tumor growth and
numbers of lung and liver metastases in
SCID (severe combined
immunodeficiency)/beige mice,
implanted with ObR-knockout adipose
stromal/stem cells isolated from obese
patients [177].

(x) Lack of leptin signaling activation was
correlated with a decrease in mammary
tumor development [178–180].

(xi) Obese mice with hyperleptinemia
showed increased tumor progression
and a poor response to tamoxifen
compared to non-obese mice [181].

(xii) The lack of ObR reduced breast cancer
growth and the recruitment of
macrophages [182].

(i) Leptin serum levels have been found
associated with breast cancer risk
[183,184].

(ii) Leptin/Leptin receptor have been
found in high-grade breast cancer and
positively correlated with poor
prognosis and distant metastasis
[39–44].

(iii) High leptin receptor expression
correlated with reduced overall
survival in breast carcinoma patients,
especially in basal-like subtypes
cancers [171].

(i) LDFI completely
reversed the breast
cancer stem cell
phenotype [171].

(ii) LDFI blocked
leptin-induced
extracellular vesicle
biogenesis [174].

(iii) Leptin peptide
receptor antagonist
linked to
nanoparticles
blocked leptin
induced-effects on
breast cancer
growth, stemness
and response to
therapy [170].
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Table 1. Cont.

Type of Cancers In Vitro and In Vivo Studies Clinical Studies Therapeutic Approaches

Ovarian

(i) Leptin induced cell growth and
proliferation in several ovarian cancer
cell lines [185–189].

(ii) Leptin regulated cell proliferation
through the activation of PI3K/AKT
pathways along with mitogen-activated
protein kinase (MEK)/ERK1/2 signaling
[185]

(iii) Leptin induced migration and invasion
through the involvement of
RhoA/ROCK, PI3/AKT and
JAK/STAT3 pathways; by activation of
matrix metalloproteinase MMP-9 and
via uPA upregulation [190–193].

(iv) Leptin stimulated cell migration by
activation of matrix metalloproteinase
MMP-9 [191].

(v) Leptin maintained stemness and
mesenchymal phenotype contributing to
tumor progression [192].

(vi) A mouse ovarian cancer ID-8 cells
implanted in female C57B6 mice fed a
high-energy diet (HED) compared to the
regular diet (RD) and a caloric
restriction diet (CRD) group displayed
high circulating levels of leptin, along
with a more extensive tumor volume at
all the peritoneum-related organ and
metastatic sites [194].

(i) Ovarian cancer patients with high
leptin circulating levels experienced
worse overall survival [192].

(ii) Leptin/leptin receptor are highly
expressed in metastatic than in
primary tumors [192].

(iii) Ovarian cancer group exhibited lower
levels of leptin compared to the group
with benign ovarian mass [195].

(iv) Leptin overexpression has been
considered a positive prognosticator
of disease-free survival along with
disease-specific survival in ovarian
cancer patients [196].

(i) Human ObR
antagonists
reversed the
leptin-stimulatory
effects on
proliferation of
ovarian cell lines
impairing the
crosstalk between
leptin and estrogen
signaling [189].

Cervical

(i) Leptin levels were increased in cervical
cancer cells in a dose-dependent fashion
and were correlated with increased
protein and mRNA levels of c-myc,
which is a well-known oncogene [48].

(ii) Leptin silencing decreased
leptin-induced proliferation, along with
reduced expression protoncogene c-myc
and antiapoptotic protein bcl-2 in HeLa
cell line [48].

(i) OBR expression correlated with poor
outcomes in women with cervical
cancer, whereas high leptin levels
have been found associated with
favorable outcomes [197,198].

(ii) Leptin serum levels in cervical
carcinoma patients have been found
similar to the control group [199].

(iii) Leptin levels in patients with cervical
carcinoma positively correlated with a
higher grade of cervix carcinoma [48].

N/A

Endometrial

(i) Leptin induced endometrial cancer cell
proliferation [200–202].

(ii) Leptin induced cancer cell migration
and invasion [200,203].

(iii) Leptin decreased the G0/G1-phase cell
population and increased S-phase cell
population [202].

(iv) Leptin protected Ishikawa and HEC-1A
cells from apoptosis [204].

(i) Leptin circulating levels positively
correlated with endometrial cancer’s
risk [205,206].

(ii) Endometrial cancer tissues displayed
higher circulating levels of
leptin/leptin receptor in comparison
with normal endometrial tissues [55].

(iii) Higher leptin levels have been found
associated with lymph vessel
involvement and poorly neoplastic
differentiation [207].

Leptin-derived peptide
restored chemotherapy
sensitivity [200].

4. In Vitro, In Vivo and Clinical Studies Relating Leptin and
Obesity-Associated Cancers
4.1. Leptin Biological Activities

Leptin is a 16-kDa pleiotropic peptide hormone encoded by the obese (Ob) gene,
whose secretion increases proportionally to fat cell mass. Normally, leptin regulates food
intake and appetite, energy expenditure and energy homeostasis, immune response, and
reproductive processes. Leptin exerts its action by binding its own receptor (ObR), a
member of the class 1 cytokine receptor family, which is implicated in several processes
linked to cancer progression, including cell proliferation, metastasis, angiogenesis, and
chemoresistance [169,208–213]. The downstream effects of leptin signaling, through the
activation of specific signaling pathways in tumor cells, such as the JAK/STAT3 and
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PI3K/AKT pathways, can promote carcinogenesis [83,182,214–217]. Moreover, the crosstalk
between leptin with NOTCH, IL-6 receptor, and other different growth factor receptors
(VEGFR, IGFR and EGFR) has been well documented to promote the development and
progression of several cancer cells (Figure 3) [200,218,219].
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Figure 3. Molecular mechanisms through which leptin impacts cancer biology. Leptin and its
own receptor (ObR) are expressed in different cancer cells and mainly lead to the activation of the
JAK/STAT pathway, a potent signaling cascade that controls various biological processes (i.e., cell
proliferation, migration and invasion). Leptin/Leptin Receptor can crosstalk with: (i) Notch by
inducing the cleavage of the intracellular domain of the receptor that regulates the transcription of
several genes mainly involved in stemness; (ii) Estrogen receptor (ER) alpha sustaining its activation
and signaling, (iii) Interleukin (IL)-6 that binds its receptor (IL-6R) and potentiates the STAT signaling
and (iv) several growth factor receptors (GFRs) such as VEGF, IGF and EGF Receptors. Mostly, the
interaction with these multiple oncogenic signaling also contributes to the activation of various signal
transduction pathways, such as PI3K/Akt/mTOR and MAPK, and further supports STAT3 activation,
fundamentals to sustain tumor growth and progression. NECD: Notch extracellular domain; NICD:
Notch Intracellular domain; TFs: Transcriptional Factors; GFs (Growth Factors).

Colorectal Cancer

• In vitro and in vivo studies

In vitro studies unraveled the key role of leptin in CRC by demonstrating how leptin
is able to induce migration and invasion in CRC cell lines [220,221]. Interestingly, several
studies reported that leptin is able to induce proliferation and invasiveness through the
activation of MAPKs, PI3K, NF-κB, and STAT3 signaling in CRC cell lines [143,144,222].
Leptin could also increase proliferation and inhibit apoptosis through the PI3K/Akt/mTOR
pathway in HCT-116, a widely used experimental model for colon cancer. Therefore, the
leptin signaling pathway, through JAK/STAT, has been found activated in colorectal ade-
noma, along with transcriptional regulation of STAT3 downstream target molecules [144].
Interestingly, it has been demonstrated that leptin might induce the secretion of IL-6 and
TNF-α as well as promote proliferation in colon epithelial cells, in a mTOR-dependent
way [81]. In addition, it has been reported that the use of leptin-derived peptides has been
shown to reduce tumor growth in CRC mouse models [153,154].

• Clinical studies

Several investigators have demonstrated that leptin circulating levels were signifi-
cantly higher in colorectal cancer patients [13–15]. Moreover, Erkasap et al. demonstrated
an increased ObR expression in metastatic colorectal tissues compared to local colorectal
cancer tissues [150]. Furthermore, it has been revealed that leptin increased expression
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leads to higher metastatic potential and promotes neoangiogenesis [145,146]. On the other
hand, additional investigators found lower leptin levels in CRC patients [147,148], whereas
Tessitore et al., in a prospective study, observed in CRC patients that leptin levels were
similar to those of the control [149].

4.2. Lung Cancer

• In vitro and in vivo studies

Despite the debated role of leptin in lung cancer, in vitro and in vivo evidence has
shown that this adipokine could promote the growth, migration, and invasion of lung
cells. In fact, leptin might affect the epithelial-to-mesenchymal transition of A549, a widely
used model for the lung cancer cell line [25,155,159]. Mainly, it has been proven that leptin,
through the activation of the MAPK signaling pathway, induced the expression of genes
encoding mesenchymal phenotype markers such as Vimentin and Zeb-1, while reducing
the levels of cadherin and keratin, which are well-known epithelial markers. Thus, leptin
was able to promote the migration and invasion of lung cancer cells [155]. In addition,
leptin could sustain lung cancer cell proliferation by the activation of the PI3K/AKT/mTOR
signaling pathway and through the down-regulation of the p53 signaling pathway [25].
In line with this evidence, it has also been proved that leptin deletion results in reduced
cell growth and induces apoptosis in NSCLC cell lines, partially involving the Notch and
JAK/STAT3 signaling pathways [156]. Furthermore, Jiang and coworkers also highlighted
the potential role of leptin in promoting brain metastasis in lung adenocarcinoma through
a mechanism involving the long coding RNA lnc-REG3G-3-1 and the miRNA-215-3p [159].
Moreover, leptin secreted from cancer-associated fibroblasts isolated from NSCLC patients
acting in a paracrine way can sustain NSCLC cell proliferation and migration by activating
both the PI3K-AKT and MAPK-ERK signaling axes [157]. The carcinogenic role of leptin
in the lung tumor microenvironment was also evidenced by Wang and colleagues. The
authors showed that leptin secreted from bone marrow-derived stem cells through the
activation of IGF1 signaling pathway induces resistance to erlotinib, an inhibitor of EGFR
introduced into the first-line treatment for NSCLC patients [158].

• Clinical studies

Leptin has been widely recognized as an important player in cancer biology in other
malignancies, while its action in lung cancer is still controversial and under investigation.
Noteworthy, it has been shown that the expression of both leptin and leptin receptor was
higher in NSCLC compared to the normal counterpart tissues [22–25]. Particularly, Karatas
et al., in 2017, demonstrated that increased serum leptin levels were mainly correlated
with NSCLC patients affected by adenocarcinoma [223]. In contrast, Ann and colleagues
found that leptin serum levels were lower in lung cancer patients compared to normal
subjects. Moreover, they did not report any significant differences in leptin values related
to clinicopathological parameters, sustaining that leptin has no prognostic value in lung
cancer patients [160].

4.3. Glioma Cancer

• In vitro and in vivo studies

Ferla et al. demonstrated that two different human GBM cell lines, LN18 and LN229,
express ObR and are able to secrete leptin, which acts as a pro-angiogenic stimulus for
endothelial cells. In line with these findings, a peptide ObR antagonist can block proan-
giogenic and growth induced-leptin effects on endothelial cells. Interestingly, the same
authors showed significantly reduced tumor cell proliferation by using the ObR antagonist
in combination with a VEGF pathway-targeting drug [161]. Furthermore, Han et al. demon-
strated, in in vitro and in vivo studies, that the cells positive to leptin receptor (ObR+)
exhibited temozolomide (TMZ) resistance characteristics. Likewise, the TMZ-resistant cells
(U87R) displayed a high expression of ObR [162]. Moreover, they demonstrated that TMZ
resistance in ObR+ cells were correlated with stem/progenitor cell properties, in which
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the STAT3-mediated sex-determining region Y-box 2 (SOX2)/octamer-binding transcrip-
tion factor 4 (OCT4) signaling axis plays a key role [61,162]. Furthermore, it has been
demonstrated that LDFI, a peptide able to block ObR, along with AG490, a JAK2/STAT3
inhibitor, is able to reduce leptin-induced NOTCH1 overexpression and transcriptional
activity in U87 and T98 glioma cell lines. Thus, the drugs reduced neurosphere forming
efficiency, self-renewal frequencies, and clonogenic ability [83]. Moreover, leptin induced
an increase in migrated and invaded cells in C6 rat GBM cells through the cascade of p38
mitogen-activated protein kinase (MAPK) and Nuclear Factor-kB [164].

• Clinical studies

Different studies have demonstrated how leptin and its receptor are expressed in GBM
human primary tissue according to the degree of malignancy [83,162,163,165]. Recently, a
positive correlation between circulating levels of leptin and glioma has been found [34].
Furthermore, it has also been evidenced that GBM cells consisting of vasculogenic mimicry
(VM), the vascular channels lacking endothelial cells that are characterized by tumor cells
with cancer stem cell features, were positive correlated with leptin expression and its
receptor. Interestingly, ObR positive GBM specimens with VM were associated with tumor
metastasis and a lower overall survival rate [166].

4.4. Postmenopausal Breast Cancer

• In vitro and in vivo studies

In vitro findings have shown the pro-oncogenic impact of leptin, including cell pro-
liferation, transformation, apoptosis regulation, self-renewal, and reduced sensitivity to
breast cancer treatments (reviewed in [224–226]). Particularly, leptin may act by (i) binding
its own receptor (ObR) or (ii) by interacting with other different mediators known to be
involved in breast cancer biology (e.g., ERα, growth factors, Notch, and inflammatory
cytokines) [40]. Moreover, it has been demonstrated that leptin may specifically amplify
estrogen signaling in two different ways, (i) by increasing aromatase gene expression or (ii)
by directly transactivating ERα [167,168]. In addition, it has been shown how leptin signal-
ing may potentiate ERα’s role in a lysine to arginine mutation at residue 303 (K303R) within
the hinge domain of ERα, which promotes the growth and progression of breast cancer,
especially in K303R-associated breast cancer [169]. Interestingly, it has been demonstrated
in a model of normal mammary epithelial cells (MCF10A) that leptin may induce epithelial-
to-mesenchymal transition, an essential process for metastasis development. Moreover, the
same authors demonstrated in normal breast tissues a positive correlation between ObR
and mesenchymal markers (such as vimentin, N-cadherin, matrix metalloproteases, and
transcription factors such as Snail, Slug, Twist, and Zeb), and a negative correlation between
ObR and epithelial markers (such as E-cadherin, occludins, and claudins). These findings
suggest that leptin, by altering the normal mammary gland epithelium, may induce the
development of breast tumors [172]. It has been largely demonstrated that a small popula-
tion of cancer cells, referred to as breast cancer stem cell (BCSC), drive and sustain tumor
growth, tumor relapse, and resistance to therapy [227–229]. In line with these observations,
other findings demonstrated the pivotal role of Ob/ObR signaling in the breast cancer stem
cell (BCSC) phenotype. Indeed, the use of an antagonist of the leptin receptor, the LDFI,
completely reversed the BCSC phenotype sustained by leptin [171]. In the same vein, a
specific nanoparticle-linked antagonist was able to reverse leptin-induced effects in terms of
proliferation, stem cell properties, and response to chemo drugs [170]. Finally, according to
these data, Thiagarajan et al. showed that ObR/STAT activation is essential for maintaining
CSC metastatic properties in breast cancer cells [230]. Finally, leptin has been observed
to influence cell cycle. Notably, leptin acts by reducing the number of cells of the G0/G1
phase and incrementing the number of breast cancer cells with the S and G2/M phases,
thus supporting cell division and proliferation. The effect of leptin on tumor progression
relies on the increased expression of antiapoptotic proteins, such as Bcl-2 and Bcl-xl, which
suppress the programmed cell death of breast cancer cells [173]. Recently, in mammary
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tissues of a rat model of breast cancer driven by diet-induced obesity, increased expression
of the leptin/leptin receptor (Ob/ObR) along with signaling activation were found. In
addition, an increase in tumor aggressiveness was observed in the same mice [176]. In
SCID (severe combined immunodeficiency)/beige mice implanted either with ER-positive
MCF-7 breast cancer cells: (i) alone, (ii) mixed with obese adipose stromal/stem cells
(obASCs) isolated from obese patients, or (iii) mixed with obASCs silenced for leptin gene
(leptin shRNA obASCs), a reduction in tumor growth and a decreased number of lung
and liver metastases were found compared to those not silenced for the leptin gene [177].
Cleary et al. demonstrated that two in vivo models of obesity, the mouse mammary tumor
virus (MMTV)-TGF-α/Lep(ob)/(ob) (leptin-deficient) and MMTV-TGF-α/ObR(db)/(db)
(leptin receptor-deficient) mice, did not develop mammary tumors compared to wild-type
mice [178,179]. Moreover, MMTV-Wnt-1 leptin-deficient mice (Lepob/ob) showed a re-
duction in tumor growth compared to wild-type mice [180]. More recently, a correlation
between hyperleptinemia and responsiveness to endocrine therapy in breast cancer has
been found. In fact, in a model of obese mice with hyperleptinemia, increased tumor pro-
gression and a poor response to tamoxifen were found compared to non-obese mice [181].
Recently, it has also been found that the integrity of Ob/ObR signaling is necessary not
only to sustain breast cancer tumor growth but also for the interaction between cancer cells
and the surrounding tumor microenvironment. Particularly, it has been found that the
absence of the leptin receptor reduced the recruitment of macrophages and inhibited breast
cancer growth and progression [182].

Besides its role in tumor cell growth, leptin has also been recognized as one of the
most important mediators in cell-to-cell communication within the breast tumor microenvi-
ronment, mainly in the interaction between stromal cells (i.e., adipocytes, cancer-associated
fibroblasts, endothelial cells, and macrophages) and neoplastic cells (as reviewed in [225]).
Recently, in the context of the breast tumor microenvironment, Giordano et al. demon-
strated in 2019 that leptin modulates the biogenesis of extracellular-vesicles, phospho
bilayered vesicles secreted by all cell types that play an important role in cellular com-
munication. Leptin, through Heat Shock Protein 90, is able to modulate the expression,
at the post-transcriptional level, of the tumor susceptibility gene 101, known to be a key
component of the endosomal sorting complex required for transport I [174]. Additionally,
the same group reported that leptin affects the extracellular vesicle cargo, sustaining the
expression of proteins mainly related to mitochondrial machinery and activity, thus modi-
fying the behavior of recipient breast cancer cells and macrophages in terms of metabolism
and energy production [175].

• Clinical studies

The overexpression of leptin and its own receptor (ObR) has been found in high-
grade breast cancer and is positively correlated with poor prognosis and distant metasta-
sis [39–44]. Moreover, Kaplan–Meier survival analysis correlated leptin receptor expression
with reduced overall survival in breast carcinoma patients, especially in basal-like cancer
subtypes [171].

4.5. Gynecological Cancer
4.5.1. Cervical Carcinoma

• In vitro and in vivo studies

In the last few years, cervical carcinoma CSCs have been raised as a potential target
for this neoplasia. In this context, it has been shown that leptin could also be involved
in the maintenance of the CSC phenotype [197]. In fact, it has been reported that using
an inhibitor of ERK1/2, a well-known downstream signaling pathway of leptin, could
drastically attenuate the stem cell properties mediated by TGF-β1/CK17 [231]. In aggregate,
these data may suggest the importance of highlighting the actions of CSC in progressive
and metastatic cervix cancer. Moreover, further studies are necessary to better elucidate the
role of leptin in cervical carcinoma.
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• Clinical studies

High ObR expression is correlated with poor outcomes in women with cervical cancer,
whereas high leptin levels are associated with favorable outcomes [197,198]. Lebrecht
et al., by examining VEGF and leptin serum levels in 84 women with cervix carcinoma,
28 patients with cervical intraepithelial neoplasia (I–III), and 35 healthy women, found a
positive correlation between VEGF and cancer and tumor stage. However, they did not
notice any significant difference in serum leptin levels among the different groups [199].
Subsequently, Yuan et al. demonstrated that leptin levels were increased in cervix carcinoma
cells in a dose-dependent fashion and this correlated with increased protein and mRNA
levels of c-myc, which is a well-known oncogene. Moreover, the same authors performed a
study assessing leptin levels in 80 patients with cervix carcinoma. Interestingly, they found
that leptin was positively correlated with a higher grade of cervical carcinoma along with
an increased expression of c-myc and bcl-2 antiapoptotic genes. Finally, they demonstrated
that silencing leptin decreased leptin-induced proliferation, along with reduced expression
of c-myc and bcl-2. Thus, the authors demonstrated that leptin plays a role in cervical
carcinoma growth and progression [48].

4.5.2. Ovarian Cancer

• In vitro and in vivo studies

A growing amount of evidence has confirmed that leptin treatment significantly in-
duces cell growth and proliferation in several ovarian cancer cell lines, including SKOV3,
OV-90, A2780, BG-1, and OVCAR3 cells [185–188]. Particularly in the ovarian cancer cell
line OVCAR-3, Chen et al. demonstrated that leptin was involved in the regulation of
cell proliferation through the activation of PI3K/AKT pathways along with the mitogen-
activated protein kinase (MEK)/ERK1/2 signaling pathways. Interestingly, the same
authors observed leptin-induced growth in a time- and dose-dependent manner concurrent
with an increase in STAT3 and AKT phosphorylation [185]. It has been demonstrated that
leptin may stimulate cell migration by activating the matrix metalloproteinase MMP-9 [191].
In fact, another investigation suggested that silencing MMP-7 in SKOV3 cells promoted
a reduction in the leptin-induced activation of MMP-9 [193]. Along with MMPs, Uroki-
nase plasminogen activator (uPA) has been studied to participate in tumor cell migration
by degrading extracellular matrix (ECM) protein [232]. In the latter concern, Ghasemi
et al. reported in different ovarian cancer cell lines (OVCAR-3, SKOV3, and CaoV-3) a
leptin-induced invasion mediated via uPA upregulation [190]. Moreover, two different stud-
ies demonstrated the involvement of RhoA/ROCK (cytoskeletal regulators), PI3K/AKT,
JAK/STAT pathways, and nuclear factor kappa-B (NF-κB) activation in leptin-induced
migration and invasion [192,193]. Furthermore, the same authors demonstrated how leptin
may be involved in the maintenance of stemness and may display a mesenchymal phe-
notype in ovarian cancer cells, thus contributing to tumor progression [192]. Recently,
Fiedor et al. demonstrated that ovarian cancer cells expressed a higher level of ObR (almost
50%) compared to their normal counterparts. Moreover, by using specific leptin receptor
antagonists, they found that these compounds were able to inhibit the leptin-induced pro-
liferation of ovarian cancer cells [189]. Mouse ovarian cancer ID-8 cells implanted in female
C57B6 mice fed a high energy diet (HED, 60 kcal% fat—fed ad libitum), a regular diet
(RD, 7.2 kcal% fat—fed ad libitum), and a caloric restriction diet (CRD, 30% reduced from
normal intake) displayed a more extensive tumor volume at all the peritoneum-related
organs and metastatic sites in the HED group. Interestingly, it was accompanied by an
increase in the circulating levels of leptin, along with several inflammatory cytokines and
hormonal molecules (IL-6, MCP-1, VEGF, and IGF-1. Conversely, the CRD group showed
the reverse profile [233]. In another in vivo study, it was observed that C57B6 mice fed
with HED and CRD and treated daily with the anti-diabetic agent metformin displayed a
significant reduction in tumor volume along with a reduction in circulating levels of IGF-1,
IL-6, and leptin in both plasma and ascetic fluid, similar to the CRD mice [194]. Overall,
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in vivo investigations demonstrated the positive correlation between obesity and ovarian
cancer [234,235], although some of those did not investigate circulating leptin levels.

• Clinical studies

The role of leptin is still controversial in ovarian cancer. Indeed, one study demon-
strated that overweight ovarian cancer patients who exhibit higher levels of leptin as well as
ObR expression in serum and ascites isolated from metastatic patients demonstrate worse
overall survival (OS) [192]. On the other hand, a clinical trial showed that the ovarian cancer
group exhibited lower levels of leptin compared to the group with benign ovarian masses
in pulled premenopausal and postmenopausal women [195]. Accordingly, a Kaplan–Meier
analysis suggested that leptin overexpression is a positive prognosticator of disease-free
survival (DFS) along with disease-specific survival (DSS) in ovarian cancer patients [196].

4.5.3. Cancer of Corpus Uteri (Endometrial Cancer)

• In vitro and in vivo studies

Leptin treatment induced cancer cell proliferation in six different endometrial cancer
cell lines, by which: (i) Ishikawa, (ii) ECC-1 cell lines, both derived from well-differentiated
endometrial adenocarcinoma, (iii) HEC-1A, (iv) substrain HEC-1B derived from moder-
ately differentiated endometrial adenocarcinoma, (v) RL95-2 derived from moderately
differentiated adenosquamous carcinoma of the endometrium, and (vi) AN3CA derived
from undifferentiated endometrial adenocarcinoma [201]. Moreover, it has been shown that
in Ishikawa cells, leptin is able to induce cancer cell growth in a time- and dose-dependent
manner. Interestingly, the same authors showed an increased cancer cell invasion after treat-
ment with leptin at a dose of 100 ng/mL [203]. In addition, leptin exposure (100 ng/mL)
was demonstrated to induce endometrial cancer cell proliferation and migration mostly
in two distinct types of EC: Type 1 (or endometrioid adenocarcinomas), characterized by
excess estrogen in the body (around 3–3.5 fold change), and Type 2, which are not linked to
excess estrogen (2–2.5 fold change) [200]. Furthermore, the crucial role of leptin in the cell
cycle through the increased S-phase cell population, along with an increase in cyclin D1 (a
critical modulator of G1/S transition) and a decrease in p21, known as cyclin-dependent
kinase inhibitor 1, upon leptin exposure, has also been demonstrated [202]. Consequently,
it has been reported that the higher rate of S-phase progression, along with cancer cell
proliferation and migration, was evidenced to a greater extent in Type 2 endometrial cancer
treated with leptin compared to type 1 [200]. In addition, it has been demonstrated that
leptin protects Ishikawa and HEC-1A cells from apoptosis [204].

• Clinical studies

A positive correlation between leptin-circulating levels and the risk of endometrial can-
cer has been documented [205,206]. Interestingly, some investigators found in endometrial
cancer tissue higher circulating levels of leptin and its receptor (Ob/ObR) in comparison
with normal endometrial tissue [55]. Furthermore, Cymbaluk-Płoska et al. showed that
a higher leptin level was associated with lymph vessel involvement and poor neoplastic
differentiation [207].

4.6. Agonists and Antagonists of Leptin/Leptin Receptor for Future Therapeutic Approaches

Besides its important physiological role, leptin is also involved in tumor development
and progression. Thus, it is becoming crucial to design novel therapies that may impair
leptin signaling in malignancies. In the last few decades, several leptin-related agonists
and antagonists have been developed, and among them, leptin mutants, leptin receptor
antagonists, and neutralizing antibodies have been shown to be promising (Figure 4).
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Figure 4. Schematic representation of the current strategies to impair leptin/leptin receptor signaling.
In obese patients, hypertrophic and hyperplastic adipose tissue expansion leads to an increased local
and systemic production of the adipokine leptin. Leptin, through the binding to its own receptor (ObR)
expressed on cancer cell surface activates the canonical JAK2/STAT3 signal transduction pathway,
with consequently induction of transcriptional machinery of several key genes determinant for tumor
progression (A). Leptin mutants (B), neutralizing antibodies against leptin (C) or leptin receptor
(D), leptin receptor antagonists (mainly small peptide) have been developed to block leptin/leptin
receptor signaling (E).

• Leptin mutants

The first therapeutic approach to block leptin signaling was reported in 1997 by
Verploegen et al., who demonstrated how the substitution of arginine with glutamine
at position 128 of human leptin completely inhibits leptin/leptin receptor binding and
blocks its biological activity, showing a promising anti-cancer effect [236]. Mostly, leptin
antagonists have been developed by replacing the aminoacids of the sequence 39–42 with
alanine residues as the triple mutein L39A/D40A/F41A (LDF or Lan-1) and the quadruple
mutein L39A/D40A/F41A/I42A (LDFI or Lan-2) [237]. In 2017, Fiedor and collaborators
identified super-active human leptin antagonists (SHLA, D23L/L39A/D40A/F41A mu-
tant), triple Lan1, and quadruple Lan2 leptin mutein as promising treatments for ovarian
cancer, particularly the folliculoma type. They reported the successes of all ObR antagonists
used in reversing the leptin-stimulatory effects on the proliferation of several cell lines and
impairing the crosstalk between leptin and estrogen signaling [189].

• ObR antagonists

Noteworthy, the small peptide based on the wild-type sequence of the leptin binding
site I (LDFI) synthetized by Andò and colleagues in 2015, by competing with leptin, blocks
leptin/leptin receptor signaling and has shown important results in vitro and in vivo in
several types of cancer, including breast, seminoma, and glioblastoma [83,171,174,211,238].
The inhibition of the leptin-mediated signaling pathway correlates with decreased breast
cancer cell proliferation and stem cell activity, as well as tumor growth reduction, as re-
ported in the xenograft experiments [171,238]. Moreover, the LDFI antagonist hampers
leptin’s role in cell-cell paracrine interactions by reducing exosome release from breast
cancer cells [174]. The inhibitory effects of LDFI on leptin signaling were also observed in
seminoma [211] and, more recently, in human glioblastoma cells, U87 MG [83]. Another
ObR antagonist peptide named Aca1 has been shown to reverse the mitogenic and angio-
genic effects induced by two different glioma cell lines (LN18 and LN229) on endothelial
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cells [161]. In 2017, Harmon et al. developed a leptin peptide receptor antagonist LPrA2, a
potent inhibitor of leptin signaling conjugated with iron oxide nanoparticles (IONPs) as
a nanoparticle delivery system. They found that IONP-LPrA2 2 reduced leptin-induced
cell proliferation in human breast cancer cells through the decreased expression of pSTAT3
and Cyclin D1. Moreover, this innovative nanoparticle delivery system reduced the leptin-
induced stem cell phenotype and, in combination with chemotherapeutic drugs, affected
the cell cycle by blocking DNA synthesis in the S phase. Thus, it has been suggested that the
synergistic effects between IONP-LPrA2 and chemotherapeutics may be a novel potential
combined treatment for breast cancer patients, particularly for triple-negative subsets [170].
Later, the same approach was used by Daley-Brown and colleagues. They found that
IONP-LPrA2 re-sensitizes endometrial cancer cells to the chemo-drug Paclitaxel [200].

• Neutralizing antibodies

Although all peptides showed important inhibitory effects on different types of tu-
mors, specific anti-leptin-receptor monoclonal antibodies (anti-LR mAbs) could be more
efficient due to their high molecular mass and longer half-life in the circulation. They
also have a greater affinity for the ObR receptor. Recently, Munikumar and collabora-
tors designed novel peptidomimetics with in silico studies derived from an existing 9F8
Fab monoclonal in order to improve its efficacy. They proposed six novel lead peptides
with greater potential compared to native 9F8 Fab peptides in terms of binding affinity in
docking and molecular dynamics simulations, but these still need to be tested in vitro and
in vivo [239]. Furthermore, the administration of combined polyclonal and monoclonal
anti-leptin receptor antibodies has been demonstrated to be an antagonist in the presence
of leptin, preventing its binding to the receptor [240]. In 2018, Zabeau et al. identified a
camelid single-domain antibody able to interfere with the cross-talk between the leptin
receptor (LR) and the EGFR. Importantly, this molecule affects the immunomodulatory
activity of leptin but not its canonical metabolic functions [241]. The same group designed
three classes of neutralizing nanobodies and 15-kDa monomeric antibodies with a single
antigen binding domain, targeting the extracellular part of the mouse ObR. Mainly, the
nanobodies, by blocking different subdomains, inhibited ObR activity. In fact, the molecules
against CRH2 prevented leptin binding, while the compounds against the Ig-like and FNIII
(fibronectin type III) domains affected receptor activation, but not leptin binding [242].
The development of nanobodies should overcome the limitations of antibodies due to
their smaller size, allowing them to facilitate tissue penetration, and should be preferred
to peptides since they mostly exhibit rapid clearance from the body through enzymatic
cleavage and renal filtration.

5. Conclusions

Obesity, characterized by abnormal fat accumulation and the hypertrophic or hyper-
plastic state of adipocytes, is a severe and multi-layered public health issue involved in
metabolic and cardiovascular disease as well as cancer. Several studies have concluded that
obesity may amplify the risk and mortality of different types of malignancies, including
cancers of the digestive tract (colorectal), post-menopausal breast cancers, and gynecologi-
cal cancers (corpus uteri and ovarian). Emerging evidence also concerns other neoplasia,
such as cancer of the central nervous system, gliomas, and lung cancer.

Adipose tissue, along with its chronic inflammatory status, is the major driver sustain-
ing the association between obesity and cancer. However, some mechanisms underlying
the obesity-cancer crosstalk are still under investigation. Epidemiological and clinical data
recognize the adipocyte secreted hormone leptin as one of the most important mediators
of the link between obesity and cancer. Indeed, leptin and the leptin receptor are usually
overexpressed in cancer patients, wherein this adipokine stimulates proliferation, migra-
tory and invasive potential, and stemness capabilities in the multiple types of tumors here
discussed. Thus, a deeper knowledge of the mechanisms linking obesity to malignancies
could lead to the identification of novel biomarkers as well as therapeutic interventions
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that optimize the clinical management of obese patients with cancer that, according to the
previously mentioned pharmacological tools, require a tailored treatment strategy.

6. Review Criteria

This review is a collection of different studies and an analysis of information obtained
on the relationship between obesity and cancer and obesity and leptin in the last few
decades. The literature search was conducted using the PubMed electronic database by
searching the following keywords: leptin or obesity AND cancer, leptin or obesity AND
colorectal cancer, leptin or obesity AND glioma, leptin or obesity AND lung cancers, leptin
or obesity AND breast cancer, leptin or obesity AND colorectal cancer, obesity AND cervical
cancer, obesity AND ovarian cancer, leptin or obesity AND cancer of the corpus uteri, leptin
or obesity AND endometrial cancer. We included original research articles, meta-analyses,
and reviews that met our search terms, published in the last few decades and written in
English. Both full articles and abstracts were taken into consideration.

Author Contributions: A.C., L.G. and S.P. preparing the manuscript, collecting data, writing, and
editing; G.D.N. and F.M.A., preparing figures and tables; C.G. and I.B., contributing to revising the
manuscript; S.C. and S.A. preparing the manuscript, revising the manuscript, and providing critical
consideration for manuscript design and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by a special award to the Department of Pharmacy, Health and
Nutritional Sciences of University of Calabria (Italy) (Department of Excellence, Italian Law 232/2016)
from the Italian Ministry of Research and University (MIUR), by the AIRC Investigator Grant (IG)
#21414 and BANDO PRIN 2017 #2017EKMFTN_001 to S. Catalano; by PA.CRO.DE ARS01-00568 and
AIRC Investigator Grant (IG) #26246 to S. Andò, by BANDO PRIN 2017 #2017WNKSLR_005 to I.
Barone; “Sistema Integrato di Laboratori per L’Ambiente-(SILA) PONa3_00341”; by Fondazione Lilli
Funaro to F.M. Accattatis and A. Caruso.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera, S.F.;

et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980–2013: A systematic
analysis for the Global Burden of Disease Study 2013. Lancet 2014, 384, 766–781. [CrossRef]

2. Collaboration, N.C.D.R.F. Trends in adult body-mass index in 200 countries from 1975 to 2014: A pooled analysis of 1698
population-based measurement studies with 19.2 million participants. Lancet 2016, 387, 1377–1396. [CrossRef]

3. Parekh, N.; Chandran, U.; Bandera, E.V. Obesity in cancer survival. Annu. Rev. Nutr. 2012, 32, 311–342. [CrossRef]
4. Park, J.; Euhus, D.M.; Scherer, P.E. Paracrine and endocrine effects of adipose tissue on cancer development and progression.

Endocr. Rev. 2011, 32, 550–570. [CrossRef]
5. Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Grosse, Y.; Bianchini, F.; Straif, K.; International Agency for Research on Cancer

Handbook Working Group. Body Fatness and Cancer—Viewpoint of the IARC Working Group. N. Engl. J. Med. 2016, 375,
794–798. [CrossRef]

6. Larsson, S.C.; Spyrou, N.; Mantzoros, C.S. Body fatness associations with cancer: Evidence from recent epidemiological studies
and future directions. Metabolism 2022, 137, 155326. [CrossRef]

7. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

8. Terry, P.; Giovannucci, E.; Michels, K.B.; Bergkvist, L.; Hansen, H.; Holmberg, L.; Wolk, A. Fruit, vegetables, dietary fiber, and risk
of colorectal cancer. J. Natl. Cancer Inst. 2001, 93, 525–533. [CrossRef]

9. Dong, Y.; Zhou, J.; Zhu, Y.; Luo, L.; He, T.; Hu, H.; Liu, H.; Zhang, Y.; Luo, D.; Xu, S.; et al. Abdominal obesity and colorectal
cancer risk: Systematic review and meta-analysis of prospective studies. Biosci. Rep. 2017, 37, BSR20170945. [CrossRef]

10. Doleman, B.; Mills, K.T.; Lim, S.; Zelhart, M.D.; Gagliardi, G. Body mass index and colorectal cancer prognosis: A systematic
review and meta-analysis. Tech. Coloproctol. 2016, 20, 517–535. [CrossRef]

11. Schlesinger, S.; Lieb, W.; Koch, M.; Fedirko, V.; Dahm, C.C.; Pischon, T.; Nothlings, U.; Boeing, H.; Aleksandrova, K. Body weight
gain and risk of colorectal cancer: A systematic review and meta-analysis of observational studies. Obes. Rev. 2015, 16, 607–619.
[CrossRef] [PubMed]

12. Hidayat, K.; Yang, C.M.; Shi, B.M. Body fatness at an early age and risk of colorectal cancer. Int. J. Cancer 2018, 142, 729–740.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(14)60460-8
https://doi.org/10.1016/S0140-6736(16)30054-X
https://doi.org/10.1146/annurev-nutr-071811-150713
https://doi.org/10.1210/er.2010-0030
https://doi.org/10.1056/NEJMsr1606602
https://doi.org/10.1016/j.metabol.2022.155326
https://doi.org/10.3322/caac.21660
https://doi.org/10.1093/jnci/93.7.525
https://doi.org/10.1042/BSR20170945
https://doi.org/10.1007/s10151-016-1498-3
https://doi.org/10.1111/obr.12286
https://www.ncbi.nlm.nih.gov/pubmed/25925734
https://doi.org/10.1002/ijc.31100
https://www.ncbi.nlm.nih.gov/pubmed/29023686


Biomolecules 2023, 13, 1084 21 of 30

13. Ho, G.Y.; Wang, T.; Gunter, M.J.; Strickler, H.D.; Cushman, M.; Kaplan, R.C.; Wassertheil-Smoller, S.; Xue, X.; Rajpathak, S.N.;
Chlebowski, R.T.; et al. Adipokines linking obesity with colorectal cancer risk in postmenopausal women. Cancer Res. 2012, 72,
3029–3037. [CrossRef]

14. Kim, H.R. Obesity-Related Colorectal Cancer: The Role of Leptin. Ann. Coloproctol. 2015, 31, 209–210. [CrossRef]
15. Mhaidat, N.M.; Alzoubi, K.H.; Kubas, M.A.; Banihani, M.N.; Hamdan, N.; Al-Jaberi, T.M. High levels of leptin and non-

high molecular weight-adiponectin in patients with colorectal cancer: Association with chemotherapy and common genetic
polymorphisms. Biomed. Rep. 2021, 14, 13. [CrossRef] [PubMed]

16. Health, U.D.o.; Services, H. The Health Consequences of Smoking—50 Years of Progress: A Report of the Surgeon General; US Department
of Health and Human Services, Centers for Disease: Atlanta, GA, USA, 2014.

17. Yang, Y.; Dong, J.; Sun, K.; Zhao, L.; Zhao, F.; Wang, L.; Jiao, Y. Obesity and incidence of lung cancer: A meta-analysis. Int.
J. Cancer 2013, 132, 1162–1169. [CrossRef]

18. Duan, P.; Hu, C.; Quan, C.; Yi, X.; Zhou, W.; Yuan, M.; Yu, T.; Kourouma, A.; Yang, K. Body mass index and risk of lung cancer:
Systematic review and dose-response meta-analysis. Sci. Rep. 2015, 5, 16938. [CrossRef] [PubMed]

19. Parr, C.L.; Batty, G.D.; Lam, T.H.; Barzi, F.; Fang, X.; Ho, S.C.; Jee, S.H.; Ansary-Moghaddam, A.; Jamrozik, K.; Ueshima, H.; et al.
Body-mass index and cancer mortality in the Asia-Pacific Cohort Studies Collaboration: Pooled analyses of 424,519 participants.
Lancet Oncol. 2010, 11, 741–752. [CrossRef]

20. El-Zein, M.; Parent, M.E.; Nicolau, B.; Koushik, A.; Siemiatycki, J.; Rousseau, M.C. Body mass index, lifetime smoking intensity
and lung cancer risk. Int. J. Cancer 2013, 133, 1721–1731. [CrossRef]

21. Sanikini, H.; Yuan, J.M.; Butler, L.M.; Koh, W.P.; Gao, Y.T.; Steffen, A.; Johansson, M.; Vineis, P.; Goodman, G.E.; Barnett, M.J.; et al.
Body mass index and lung cancer risk: A pooled analysis based on nested case-control studies from four cohort studies. BMC
Cancer 2018, 18, 220. [CrossRef]

22. Tong, X.; Ma, Y.; Zhou, Q.; He, J.; Peng, B.; Liu, S.; Yan, Z.; Yang, X.; Fan, H. Serum and tissue leptin in lung cancer: A meta-analysis.
Oncotarget 2017, 8, 19699–19711. [CrossRef] [PubMed]

23. Song, C.H.; Liao, J.; Deng, Z.H.; Zhang, J.Y.; Xue, H.; Li, Y.M.; Liang, C.; Han, M.; Zhang, K.; Yan, G.T. Is leptin a predictive factor
in patients with lung cancer? Clin. Biochem. 2014, 47, 230–232. [CrossRef]

24. Feng, H.L.; Guo, P.; Wang, J.; Liu, Q.Y.; Xu, J.F.; Yang, H.C.; Zhang, J.M. Association of the expression of leptin and leptin receptor
with bone metastasis in pulmonary adenocarcinoma. Zhonghua Zhong Liu Za Zhi 2016, 38, 840–844. [CrossRef] [PubMed]

25. Wang, J.; Zhou, F.; Li, F.; Wang, B.; Hu, Y.; Li, X. Autocrined leptin promotes proliferation of non-small cell lung cancer (NSCLC)
via PI3K/AKT and p53 pathways. Ann. Transl. Med. 2021, 9, 568. [CrossRef] [PubMed]

26. Barbi, J.; Patnaik, S.K.; Pabla, S.; Zollo, R.; Smith, R.J., Jr.; Sass, S.N.; Srinivasan, A.; Petrucci, C.; Seager, R.; Conroy, J.; et al.
Visceral Obesity Promotes Lung Cancer Progression-Toward Resolution of the Obesity Paradox in Lung Cancer. J. Thorac. Oncol.
2021, 16, 1333–1348. [CrossRef]

27. Zhu, H.; Zhang, S. Body mass index and lung cancer risk in never smokers: A meta-analysis. BMC Cancer 2018, 18, 635. [CrossRef]
[PubMed]

28. Molinaro, A.M.; Taylor, J.W.; Wiencke, J.K.; Wrensch, M.R. Genetic and molecular epidemiology of adult diffuse glioma. Nat. Rev.
Neurol. 2019, 15, 405–417. [CrossRef]

29. Potharaju, M.; Mangaleswaran, B.; Mathavan, A.; John, R.; Thamburaj, V.; Ghosh, S.; Ganesh, S.; Kalvakonda, C.; Loganathan, M.;
Bapu, S.; et al. Body Mass Index as a Prognostic Marker in Glioblastoma Multiforme: A Clinical Outcome. Int. J. Radiat. Oncol.
Biol. Phys. 2018, 102, 204–209. [CrossRef]

30. Disney-Hogg, L.; Sud, A.; Law, P.J.; Cornish, A.J.; Kinnersley, B.; Ostrom, Q.T.; Labreche, K.; Eckel-Passow, J.E.; Armstrong, G.N.;
Claus, E.B.; et al. Influence of obesity-related risk factors in the aetiology of glioma. Br. J. Cancer 2018, 118, 1020–1027. [CrossRef]

31. Wiedmann, M.K.H.; Brunborg, C.; Di Ieva, A.; Lindemann, K.; Johannesen, T.B.; Vatten, L.; Helseth, E.; Zwart, J.A. The impact of
body mass index and height on the risk for glioblastoma and other glioma subgroups: A large prospective cohort study. Neuro
Oncol. 2017, 19, 976–985. [CrossRef]

32. Ahn, S.; Han, K.; Lee, J.E.; Jeun, S.S.; Park, Y.M.; Yang, S.H. Associations of General and Abdominal Obesity with the Risk of
Glioma Development. Cancers 2021, 13, 2859. [CrossRef] [PubMed]

33. Sergentanis, T.N.; Tsivgoulis, G.; Perlepe, C.; Ntanasis-Stathopoulos, I.; Tzanninis, I.G.; Sergentanis, I.N.; Psaltopoulou, T. Obesity
and Risk for Brain/CNS Tumors, Gliomas and Meningiomas: A Meta-Analysis. PLoS ONE 2015, 10, e0136974. [CrossRef]
[PubMed]

34. Komarowska, M.; Chrzanowski, R.; Tylicka, M.; Rutkowski, R.; Mariak, Z.; Zelazowska-Rutkowska, B.; Lyson, T.; Hermanowicz,
A. Plasma concentration of Bisphenol A and leptin in patients with meningioma and glioma: A pilot study. Adv. Med. Sci. 2022,
67, 229–233. [CrossRef] [PubMed]

35. Gershuni, V.; Li, Y.R.; Williams, A.D.; So, A.; Steel, L.; Carrigan, E.; Tchou, J. Breast cancer subtype distribution is different in
normal weight, overweight, and obese women. Breast Cancer Res. Treat. 2017, 163, 375–381. [CrossRef] [PubMed]

36. Nattenmuller, C.J.; Kriegsmann, M.; Sookthai, D.; Fortner, R.T.; Steffen, A.; Walter, B.; Johnson, T.; Kneisel, J.; Katzke, V.;
Bergmann, M.; et al. Obesity as risk factor for subtypes of breast cancer: Results from a prospective cohort study. BMC Cancer
2018, 18, 616. [CrossRef] [PubMed]

37. Liu, K.; Zhang, W.; Dai, Z.; Wang, M.; Tian, T.; Liu, X.; Kang, H.; Guan, H.; Zhang, S.; Dai, Z. Association between body mass
index and breast cancer risk: Evidence based on a dose-response meta-analysis. Cancer Manag. Res. 2018, 10, 143–151. [CrossRef]

https://doi.org/10.1158/0008-5472.CAN-11-2771
https://doi.org/10.3393/ac.2015.31.6.209
https://doi.org/10.3892/br.2020.1389
https://www.ncbi.nlm.nih.gov/pubmed/33235728
https://doi.org/10.1002/ijc.27719
https://doi.org/10.1038/srep16938
https://www.ncbi.nlm.nih.gov/pubmed/26582414
https://doi.org/10.1016/S1470-2045(10)70141-8
https://doi.org/10.1002/ijc.28185
https://doi.org/10.1186/s12885-018-4124-0
https://doi.org/10.18632/oncotarget.14963
https://www.ncbi.nlm.nih.gov/pubmed/28160559
https://doi.org/10.1016/j.clinbiochem.2013.12.003
https://doi.org/10.3760/cma.j.issn.0253-3766.2016.11.008
https://www.ncbi.nlm.nih.gov/pubmed/27998443
https://doi.org/10.21037/atm-20-7482
https://www.ncbi.nlm.nih.gov/pubmed/33987266
https://doi.org/10.1016/j.jtho.2021.04.020
https://doi.org/10.1186/s12885-018-4543-y
https://www.ncbi.nlm.nih.gov/pubmed/29866064
https://doi.org/10.1038/s41582-019-0220-2
https://doi.org/10.1016/j.ijrobp.2018.05.024
https://doi.org/10.1038/s41416-018-0009-x
https://doi.org/10.1093/neuonc/now272
https://doi.org/10.3390/cancers13122859
https://www.ncbi.nlm.nih.gov/pubmed/34201103
https://doi.org/10.1371/journal.pone.0136974
https://www.ncbi.nlm.nih.gov/pubmed/26332834
https://doi.org/10.1016/j.advms.2022.04.002
https://www.ncbi.nlm.nih.gov/pubmed/35594764
https://doi.org/10.1007/s10549-017-4192-x
https://www.ncbi.nlm.nih.gov/pubmed/28293912
https://doi.org/10.1186/s12885-018-4548-6
https://www.ncbi.nlm.nih.gov/pubmed/29855282
https://doi.org/10.2147/CMAR.S144619


Biomolecules 2023, 13, 1084 22 of 30

38. Chen, Y.; Liu, L.; Zhou, Q.; Imam, M.U.; Cai, J.; Wang, Y.; Qi, M.; Sun, P.; Ping, Z.; Fu, X. Body mass index had different effects on
premenopausal and postmenopausal breast cancer risks: A dose-response meta-analysis with 3,318,796 subjects from 31 cohort
studies. BMC Public Health 2017, 17, 936. [CrossRef]

39. Fiorio, E.; Mercanti, A.; Terrasi, M.; Micciolo, R.; Remo, A.; Auriemma, A.; Molino, A.; Parolin, V.; Di Stefano, B.; Bonetti, F.; et al.
Leptin/HER2 crosstalk in breast cancer: In vitro study and preliminary in vivo analysis. BMC Cancer 2008, 8, 305. [CrossRef]

40. Garofalo, C.; Koda, M.; Cascio, S.; Sulkowska, M.; Kanczuga-Koda, L.; Golaszewska, J.; Russo, A.; Sulkowski, S.; Surmacz, E.
Increased expression of leptin and the leptin receptor as a marker of breast cancer progression: Possible role of obesity-related
stimuli. Clin. Cancer Res. 2006, 12, 1447–1453. [CrossRef]

41. Ishikawa, M.; Kitayama, J.; Nagawa, H. Enhanced expression of leptin and leptin receptor (OB-R) in human breast cancer. Clin.
Cancer Res. 2004, 10, 4325–4331. [CrossRef]

42. Jarde, T.; Caldefie-Chezet, F.; Damez, M.; Mishellany, F.; Penault-Llorca, F.; Guillot, J.; Vasson, M.P. Leptin and leptin receptor
involvement in cancer development: A study on human primary breast carcinoma. Oncol. Rep. 2008, 19, 905–911. [CrossRef]

43. Miyoshi, Y.; Funahashi, T.; Tanaka, S.; Taguchi, T.; Tamaki, Y.; Shimomura, I.; Noguchi, S. High expression of leptin receptor
mRNA in breast cancer tissue predicts poor prognosis for patients with high, but not low, serum leptin levels. Int. J. Cancer 2006,
118, 1414–1419. [CrossRef]

44. Revillion, F.; Charlier, M.; Lhotellier, V.; Hornez, L.; Giard, S.; Baranzelli, M.C.; Djiane, J.; Peyrat, J.P. Messenger RNA expression of
leptin and leptin receptors and their prognostic value in 322 human primary breast cancers. Clin. Cancer Res. 2006, 12, 2088–2094.
[CrossRef]

45. Clarke, M.A.; Fetterman, B.; Cheung, L.C.; Wentzensen, N.; Gage, J.C.; Katki, H.A.; Befano, B.; Demarco, M.; Schussler, J.;
Kinney, W.K.; et al. Epidemiologic Evidence That Excess Body Weight Increases Risk of Cervical Cancer by Decreased Detection
of Precancer. J. Clin. Oncol. 2018, 36, 1184–1191. [CrossRef] [PubMed]

46. Lee, J.K.; So, K.A.; Piyathilake, C.J.; Kim, M.K. Mild obesity, physical activity, calorie intake, and the risks of cervical intraepithelial
neoplasia and cervical cancer. PLoS ONE 2013, 8, e66555. [CrossRef] [PubMed]

47. Park, I.S.; Kim, S.I.; Han, Y.; Yoo, J.; Seol, A.; Jo, H.; Lee, J.; Wang, W.; Han, K.; Song, Y.S. Risk of female-specific cancers according
to obesity and menopausal status in 2·7 million Korean women: Similar trends between Korean and Western women. Lancet Reg.
Health–West. Pac. 2021, 11, 100146. [CrossRef] [PubMed]

48. Yuan, Y.; Zhang, J.; Cai, L.; Ding, C.; Wang, X.; Chen, H.; Wang, X.; Yan, J.; Lu, J. Leptin induces cell proliferation and reduces cell
apoptosis by activating c-myc in cervical cancer. Oncol. Rep. 2013, 29, 2291–2296. [CrossRef] [PubMed]

49. Freuer, D.; Linseisen, J.; O’Mara, T.A.; Leitzmann, M.; Baurecht, H.; Baumeister, S.E.; Meisinger, C. Body Fat Distribution and Risk
of Breast, Endometrial, and Ovarian Cancer: A Two-Sample Mendelian Randomization Study. Cancers 2021, 13, 5053. [CrossRef]

50. Aune, D.; Navarro Rosenblatt, D.A.; Chan, D.S.; Abar, L.; Vingeliene, S.; Vieira, A.R.; Greenwood, D.C.; Norat, T. Anthropometric
factors and ovarian cancer risk: A systematic review and nonlinear dose-response meta-analysis of prospective studies. Int.
J. Cancer 2015, 136, 1888–1898. [CrossRef]

51. Huang, T.; Tworoger, S.S.; Willett, W.C.; Stampfer, M.J.; Rosner, B.A. Associations of early life and adulthood adiposity with risk
of epithelial ovarian cancer. Ann. Oncol. 2019, 30, 303–309. [CrossRef]

52. Wiseman, M. The second World Cancer Research Fund/American Institute for Cancer Research expert report. Food, nutrition,
physical activity, and the prevention of cancer: A global perspective. Proc. Nutr. Soc. 2008, 67, 253–256. [CrossRef] [PubMed]

53. Aune, D.; Navarro Rosenblatt, D.A.; Chan, D.S.; Vingeliene, S.; Abar, L.; Vieira, A.R.; Greenwood, D.C.; Bandera, E.V.; Norat, T.
Anthropometric factors and endometrial cancer risk: A systematic review and dose-response meta-analysis of prospective studies.
Ann. Oncol. 2015, 26, 1635–1648. [CrossRef] [PubMed]

54. Jenabi, E.; Poorolajal, J. The effect of body mass index on endometrial cancer: A meta-analysis. Public Health 2015, 129, 872–880.
[CrossRef] [PubMed]

55. Zhang, Y.; Liu, H.; Yang, S.; Zhang, J.; Qian, L.; Chen, X. Overweight, obesity and endometrial cancer risk: Results from a
systematic review and meta-analysis. Int. J. Biol. Markers 2014, 29, e21–e29. [CrossRef]

56. Barone, I.; Caruso, A.; Gelsomino, L.; Giordano, C.; Bonofiglio, D.; Catalano, S.; Ando, S. Obesity and endocrine therapy resistance
in breast cancer: Mechanistic insights and perspectives. Obes. Rev. 2022, 23, e13358. [CrossRef]

57. Crudele, L.; Piccinin, E.; Moschetta, A. Visceral Adiposity and Cancer: Role in Pathogenesis and Prognosis. Nutrients 2021,
13, 2101. [CrossRef]

58. Picon-Ruiz, M.; Pan, C.; Drews-Elger, K.; Jang, K.; Besser, A.H.; Zhao, D.; Morata-Tarifa, C.; Kim, M.; Ince, T.A.; Azzam, D.J.; et al.
Interactions between Adipocytes and Breast Cancer Cells Stimulate Cytokine Production and Drive Src/Sox2/miR-302b-Mediated
Malignant Progression. Cancer Res. 2016, 76, 491–504. [CrossRef]

59. Gunter, M.J.; Wang, T.; Cushman, M.; Xue, X.; Wassertheil-Smoller, S.; Strickler, H.D.; Rohan, T.E.; Manson, J.E.; McTiernan, A.;
Kaplan, R.C.; et al. Circulating Adipokines and Inflammatory Markers and Postmenopausal Breast Cancer Risk. J. Natl. Cancer
Inst. 2015, 107, djv169. [CrossRef]

60. Terzic, J.; Grivennikov, S.; Karin, E.; Karin, M. Inflammation and colon cancer. Gastroenterology 2010, 138, 2101–2114.e5. [CrossRef]
61. Han, G.; Wang, L.; Zhao, R.; Yue, Z.; Zhou, X.; Hu, X.; Cao, Y.; Dai, D.; Liu, J. Leptin promotes human glioblastoma growth

through activating Signal Transducers and Activators of Transcription 3 signaling. Brain Res. Bull. 2012, 87, 274–279. [CrossRef]

https://doi.org/10.1186/s12889-017-4953-9
https://doi.org/10.1186/1471-2407-8-305
https://doi.org/10.1158/1078-0432.CCR-05-1913
https://doi.org/10.1158/1078-0432.CCR-03-0749
https://doi.org/10.3892/or.19.4.905
https://doi.org/10.1002/ijc.21543
https://doi.org/10.1158/1078-0432.CCR-05-1904
https://doi.org/10.1200/JCO.2017.75.3442
https://www.ncbi.nlm.nih.gov/pubmed/29356609
https://doi.org/10.1371/journal.pone.0066555
https://www.ncbi.nlm.nih.gov/pubmed/23776686
https://doi.org/10.1016/j.lanwpc.2021.100146
https://www.ncbi.nlm.nih.gov/pubmed/34327357
https://doi.org/10.3892/or.2013.2390
https://www.ncbi.nlm.nih.gov/pubmed/23588620
https://doi.org/10.3390/cancers13205053
https://doi.org/10.1002/ijc.29207
https://doi.org/10.1093/annonc/mdy546
https://doi.org/10.1017/S002966510800712X
https://www.ncbi.nlm.nih.gov/pubmed/18452640
https://doi.org/10.1093/annonc/mdv142
https://www.ncbi.nlm.nih.gov/pubmed/25791635
https://doi.org/10.1016/j.puhe.2015.04.017
https://www.ncbi.nlm.nih.gov/pubmed/26026348
https://doi.org/10.5301/JBM.5000047
https://doi.org/10.1111/obr.13358
https://doi.org/10.3390/nu13062101
https://doi.org/10.1158/0008-5472.CAN-15-0927
https://doi.org/10.1093/jnci/djv169
https://doi.org/10.1053/j.gastro.2010.01.058
https://doi.org/10.1016/j.brainresbull.2011.11.007


Biomolecules 2023, 13, 1084 23 of 30

62. Philip, B.; Roland, C.L.; Daniluk, J.; Liu, Y.; Chatterjee, D.; Gomez, S.B.; Ji, B.; Huang, H.; Wang, H.; Fleming, J.B.; et al. A high-fat
diet activates oncogenic Kras and COX2 to induce development of pancreatic ductal adenocarcinoma in mice. Gastroenterology
2013, 145, 1449–1458. [CrossRef] [PubMed]

63. Gu, W.; Chen, C.; Zhao, K.N. Obesity-associated endometrial and cervical cancers. Front. Biosci. (Elite Ed.) 2013, 5, 109–118.
[CrossRef]

64. Kolb, R.; Phan, L.; Borcherding, N.; Liu, Y.; Yuan, F.; Janowski, A.M.; Xie, Q.; Markan, K.R.; Li, W.; Potthoff, M.J.; et al.
Obesity-associated NLRC4 inflammasome activation drives breast cancer progression. Nat. Commun. 2016, 7, 13007. [CrossRef]
[PubMed]

65. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.; et al. Chronic
inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Investig. 2003, 112,
1821–1830. [CrossRef]

66. Huber, J.; Kiefer, F.W.; Zeyda, M.; Ludvik, B.; Silberhumer, G.R.; Prager, G.; Zlabinger, G.J.; Stulnig, T.M. CC chemokine and CC
chemokine receptor profiles in visceral and subcutaneous adipose tissue are altered in human obesity. J. Clin. Endocrinol. Metab.
2008, 93, 3215–3221. [CrossRef] [PubMed]

67. Bai, Y.; Sun, Q. Macrophage recruitment in obese adipose tissue. Obes. Rev. 2015, 16, 127–136. [CrossRef] [PubMed]
68. Lee, M.J.; Wu, Y.; Fried, S.K. Adipose tissue remodeling in pathophysiology of obesity. Curr. Opin. Clin. Nutr. Metab. Care 2010,

13, 371–376. [CrossRef]
69. Cinti, S.; Mitchell, G.; Barbatelli, G.; Murano, I.; Ceresi, E.; Faloia, E.; Wang, S.; Fortier, M.; Greenberg, A.S.; Obin, M.S. Adipocyte

death defines macrophage localization and function in adipose tissue of obese mice and humans. J. Lipid Res. 2005, 46, 2347–2355.
[CrossRef]

70. Lindhorst, A.; Raulien, N.; Wieghofer, P.; Eilers, J.; Rossi, F.M.V.; Bechmann, I.; Gericke, M. Adipocyte death triggers a pro-
inflammatory response and induces metabolic activation of resident macrophages. Cell Death Dis. 2021, 12, 579. [CrossRef]

71. Blaszczak, A.M.; Jalilvand, A.; Hsueh, W.A. Adipocytes, Innate Immunity and Obesity: A Mini-Review. Front. Immunol. 2021,
12, 650768. [CrossRef]

72. Mikhailova, S.V.; Ivanoshchuk, D.E. Innate-Immunity Genes in Obesity. J. Pers. Med. 2021, 11, 1201. [CrossRef]
73. Gucalp, A.; Zhou, X.K.; Cook, E.D.; Garber, J.E.; Crew, K.D.; Nangia, J.R.; Bhardwaj, P.; Giri, D.D.; Elemento, O.; Verma, A.; et al.

A Randomized Multicenter Phase II Study of Docosahexaenoic Acid in Patients with a History of Breast Cancer, Premalignant
Lesions, or Benign Breast Disease. Cancer Prev. Res. 2018, 11, 203–214. [CrossRef]

74. Sabol, R.A.; Beighley, A.; Giacomelli, P.; Wise, R.M.; Harrison, M.A.A.; O’Donnnell, B.A.; Sullivan, B.N.; Lampenfeld, J.D.;
Matossian, M.D.; Bratton, M.R.; et al. Obesity-Altered Adipose Stem Cells Promote ER(+) Breast Cancer Metastasis through
Estrogen Independent Pathways. Int. J. Mol. Sci. 2019, 20, 1419. [CrossRef] [PubMed]

75. Sun, X.; Casbas-Hernandez, P.; Bigelow, C.; Makowski, L.; Joseph Jerry, D.; Smith Schneider, S.; Troester, M.A. Normal breast
tissue of obese women is enriched for macrophage markers and macrophage-associated gene expression. Breast Cancer Res. Treat.
2012, 131, 1003–1012. [CrossRef] [PubMed]

76. Fuentes-Mattei, E.; Velazquez-Torres, G.; Phan, L.; Zhang, F.; Chou, P.C.; Shin, J.H.; Choi, H.H.; Chen, J.S.; Zhao, R.; Chen, J.; et al.
Effects of obesity on transcriptomic changes and cancer hallmarks in estrogen receptor-positive breast cancer. J. Natl. Cancer Inst.
2014, 106, dju158. [CrossRef] [PubMed]

77. Chen, J.; Zhao, K.N.; Li, R.; Shao, R.; Chen, C. Activation of PI3K/Akt/mTOR pathway and dual inhibitors of PI3K and mTOR in
endometrial cancer. Curr. Med. Chem. 2014, 21, 3070–3080. [CrossRef]

78. Fruhbeck, G.; Mentxaka, A.; Ahechu, P.; Gomez-Ambrosi, J.; Ramirez, B.; Becerril, S.; Rodriguez, A.; Unamuno, X.; Cienfuegos, J.A.;
Casado, M.; et al. The Differential Expression of the Inflammasomes in Adipose Tissue and Colon Influences the Development of
Colon Cancer in a Context of Obesity by Regulating Intestinal Inflammation. J. Inflamm. Res. 2021, 14, 6431–6446. [CrossRef]

79. Liu, Z.; Brooks, R.S.; Ciappio, E.D.; Kim, S.J.; Crott, J.W.; Bennett, G.; Greenberg, A.S.; Mason, J.B. Diet-induced obesity elevates
colonic TNF-alpha in mice and is accompanied by an activation of Wnt signaling: A mechanism for obesity-associated colorectal
cancer. J. Nutr. Biochem. 2012, 23, 1207–1213. [CrossRef]

80. Taniguchi, K.; Karin, M. IL-6 and related cytokines as the critical lynchpins between inflammation and cancer. Semin. Immunol.
2014, 26, 54–74. [CrossRef]

81. Fazolini, N.P.; Cruz, A.L.; Werneck, M.B.; Viola, J.P.; Maya-Monteiro, C.M.; Bozza, P.T. Leptin activation of mTOR pathway in
intestinal epithelial cell triggers lipid droplet formation, cytokine production and increased cell proliferation. Cell Cycle 2015, 14,
2667–2676. [CrossRef]

82. Grivennikov, S.I.; Wang, K.; Mucida, D.; Stewart, C.A.; Schnabl, B.; Jauch, D.; Taniguchi, K.; Yu, G.Y.; Osterreicher, C.H.;
Hung, K.E.; et al. Adenoma-linked barrier defects and microbial products drive IL-23/IL-17-mediated tumour growth. Nature
2012, 491, 254–258. [CrossRef] [PubMed]

83. Panza, S.; Russo, U.; Giordano, F.; Leggio, A.; Barone, I.; Bonofiglio, D.; Gelsomino, L.; Malivindi, R.; Conforti, F.L.;
Naimo, G.D.; et al. Leptin and Notch Signaling Cooperate in Sustaining Glioblastoma Multiforme Progression. Biomolecules 2020,
10, 886. [CrossRef] [PubMed]

84. He, Q.; Fu, Y.; Tian, D.; Yan, W. The contrasting roles of inflammasomes in cancer. Am. J. Cancer Res. 2018, 8, 566–583. [PubMed]
85. Jiang, Z.; Yao, L.; Ma, H.; Xu, P.; Li, Z.; Guo, M.; Chen, J.; Bao, H.; Qiao, S.; Zhao, Y.; et al. miRNA-214 Inhibits Cellular Proliferation

and Migration in Glioma Cells Targeting Caspase 1 Involved in Pyroptosis. Oncol. Res. 2017, 25, 1009–1019. [CrossRef]

https://doi.org/10.1053/j.gastro.2013.08.018
https://www.ncbi.nlm.nih.gov/pubmed/23958541
https://doi.org/10.2741/E600
https://doi.org/10.1038/ncomms13007
https://www.ncbi.nlm.nih.gov/pubmed/27708283
https://doi.org/10.1172/JCI200319451
https://doi.org/10.1210/jc.2007-2630
https://www.ncbi.nlm.nih.gov/pubmed/18492752
https://doi.org/10.1111/obr.12242
https://www.ncbi.nlm.nih.gov/pubmed/25586506
https://doi.org/10.1097/MCO.0b013e32833aabef
https://doi.org/10.1194/jlr.M500294-JLR200
https://doi.org/10.1038/s41419-021-03872-9
https://doi.org/10.3389/fimmu.2021.650768
https://doi.org/10.3390/jpm11111201
https://doi.org/10.1158/1940-6207.CAPR-17-0354
https://doi.org/10.3390/ijms20061419
https://www.ncbi.nlm.nih.gov/pubmed/30897853
https://doi.org/10.1007/s10549-011-1789-3
https://www.ncbi.nlm.nih.gov/pubmed/22002519
https://doi.org/10.1093/jnci/dju158
https://www.ncbi.nlm.nih.gov/pubmed/24957076
https://doi.org/10.2174/0929867321666140414095605
https://doi.org/10.2147/JIR.S335882
https://doi.org/10.1016/j.jnutbio.2011.07.002
https://doi.org/10.1016/j.smim.2014.01.001
https://doi.org/10.1080/15384101.2015.1041684
https://doi.org/10.1038/nature11465
https://www.ncbi.nlm.nih.gov/pubmed/23034650
https://doi.org/10.3390/biom10060886
https://www.ncbi.nlm.nih.gov/pubmed/32526957
https://www.ncbi.nlm.nih.gov/pubmed/29736304
https://doi.org/10.3727/096504016X14813859905646


Biomolecules 2023, 13, 1084 24 of 30

86. Fathima Hurmath, K.; Ramaswamy, P.; Nandakumar, D.N. IL-1beta microenvironment promotes proliferation, migration, and
invasion of human glioma cells. Cell Biol. Int. 2014, 38, 1415–1422. [CrossRef]

87. Feng, X.; Szulzewsky, F.; Yerevanian, A.; Chen, Z.; Heinzmann, D.; Rasmussen, R.D.; Alvarez-Garcia, V.; Kim, Y.; Wang, B.;
Tamagno, I.; et al. Loss of CX3CR1 increases accumulation of inflammatory monocytes and promotes gliomagenesis. Oncotarget
2015, 6, 15077–15094. [CrossRef]

88. Gurgis, F.M.; Yeung, Y.T.; Tang, M.X.; Heng, B.; Buckland, M.; Ammit, A.J.; Haapasalo, J.; Haapasalo, H.; Guillemin, G.J.;
Grewal, T.; et al. The p38-MK2-HuR pathway potentiates EGFRvIII-IL-1beta-driven IL-6 secretion in glioblastoma cells. Oncogene
2015, 34, 2934–2942. [CrossRef]

89. Kore, R.A.; Abraham, E.C. Inflammatory cytokines, interleukin-1 beta and tumor necrosis factor-alpha, upregulated in glioblas-
toma multiforme, raise the levels of CRYAB in exosomes secreted by U373 glioma cells. Biochem. Biophys. Res. Commun. 2014, 453,
326–331. [CrossRef]

90. Xing, F.; Kobayashi, A.; Okuda, H.; Watabe, M.; Pai, S.K.; Pandey, P.R.; Hirota, S.; Wilber, A.; Mo, Y.Y.; Moore, B.E.; et al. Reactive
astrocytes promote the metastatic growth of breast cancer stem-like cells by activating Notch signalling in brain. EMBO Mol. Med.
2013, 5, 384–396. [CrossRef]

91. Wani, K.; AlHarthi, H.; Alghamdi, A.; Sabico, S.; Al-Daghri, N.M. Role of NLRP3 Inflammasome Activation in Obesity-Mediated
Metabolic Disorders. Int. J. Environ. Res. Public Health 2021, 18, 511. [CrossRef]

92. Lamkanfi, M.; Dixit, V.M. Mechanisms and functions of inflammasomes. Cell 2014, 157, 1013–1022. [CrossRef]
93. Yin, Z.; Deng, T.; Peterson, L.E.; Yu, R.; Lin, J.; Hamilton, D.J.; Reardon, P.R.; Sherman, V.; Winnier, G.E.; Zhan, M.; et al.

Transcriptome analysis of human adipocytes implicates the NOD-like receptor pathway in obesity-induced adipose inflammation.
Mol. Cell Endocrinol. 2014, 394, 80–87. [CrossRef]

94. Bauernfeind, F.; Ablasser, A.; Bartok, E.; Kim, S.; Schmid-Burgk, J.; Cavlar, T.; Hornung, V. Inflammasomes: Current understanding
and open questions. Cell Mol. Life Sci. 2011, 68, 765–783. [CrossRef]

95. Stienstra, R.; Joosten, L.A.; Koenen, T.; van Tits, B.; van Diepen, J.A.; van den Berg, S.A.; Rensen, P.C.; Voshol, P.J.; Fantuzzi, G.;
Hijmans, A.; et al. The inflammasome-mediated caspase-1 activation controls adipocyte differentiation and insulin sensitivity.
Cell Metab. 2010, 12, 593–605. [CrossRef] [PubMed]

96. Vandanmagsar, B.; Youm, Y.H.; Ravussin, A.; Galgani, J.E.; Stadler, K.; Mynatt, R.L.; Ravussin, E.; Stephens, J.M.; Dixit, V.D. The
NLRP3 inflammasome instigates obesity-induced inflammation and insulin resistance. Nat. Med. 2011, 17, 179–188. [CrossRef]
[PubMed]

97. Janowski, A.M.; Kolb, R.; Zhang, W.; Sutterwala, F.S. Beneficial and Detrimental Roles of NLRs in Carcinogenesis. Front. Immunol.
2013, 4, 370. [CrossRef] [PubMed]

98. Wang, F.; Herrington, M.; Larsson, J.; Permert, J. The relationship between diabetes and pancreatic cancer. Mol. Cancer 2003, 2, 4.
[CrossRef]

99. Dyson, J.; Jaques, B.; Chattopadyhay, D.; Lochan, R.; Graham, J.; Das, D.; Aslam, T.; Patanwala, I.; Gaggar, S.; Cole, M.; et al.
Hepatocellular cancer: The impact of obesity, type 2 diabetes and a multidisciplinary team. J. Hepatol. 2014, 60, 110–117. [CrossRef]

100. Esposito, K.; Chiodini, P.; Capuano, A.; Bellastella, G.; Maiorino, M.I.; Rafaniello, C.; Giugliano, D. Metabolic syndrome and
postmenopausal breast cancer: Systematic review and meta-analysis. Menopause 2013, 20, 1301–1309. [CrossRef]

101. Arendt, L.M.; McCready, J.; Keller, P.J.; Baker, D.D.; Naber, S.P.; Seewaldt, V.; Kuperwasser, C. Obesity promotes breast cancer by
CCL2-mediated macrophage recruitment and angiogenesis. Cancer Res. 2013, 73, 6080–6093. [CrossRef]

102. Giovannucci, E. Insulin and colon cancer. Cancer Causes Control 1995, 6, 164–179. [CrossRef] [PubMed]
103. Vigneri, P.G.; Tirro, E.; Pennisi, M.S.; Massimino, M.; Stella, S.; Romano, C.; Manzella, L. The Insulin/IGF System in Colorectal

Cancer Development and Resistance to Therapy. Front. Oncol. 2015, 5, 230. [CrossRef] [PubMed]
104. Zhang, A.M.Y.; Chu, K.H.; Daly, B.F.; Ruiter, T.; Dou, Y.; Yang, J.C.C.; de Winter, T.J.J.; Chhuor, J.; Wang, S.; Flibotte, S.; et al.

Effects of hyperinsulinemia on pancreatic cancer development and the immune microenvironment revealed through single-cell
transcriptomics. Cancer Metab. 2022, 10, 5. [CrossRef] [PubMed]

105. Weiderpass, E.; Partanen, T.; Kaaks, R.; Vainio, H.; Porta, M.; Kauppinen, T.; Ojajarvi, A.; Boffetta, P.; Malats, N. Occurrence,
trends and environment etiology of pancreatic cancer. Scand. J. Work Environ. Health 1998, 24, 165–174. [CrossRef]

106. Hernandez, A.V.; Pasupuleti, V.; Benites-Zapata, V.A.; Thota, P.; Deshpande, A.; Perez-Lopez, F.R. Insulin resistance and
endometrial cancer risk: A systematic review and meta-analysis. Eur. J. Cancer 2015, 51, 2747–2758. [CrossRef]

107. Kaaks, R. Nutrition, hormones, and breast cancer: Is insulin the missing link? Cancer Causes Control 1996, 7, 605–625. [CrossRef]
108. Pollak, M. Insulin and insulin-like growth factor signalling in neoplasia. Nat. Rev. Cancer 2008, 8, 915–928. [CrossRef]
109. Belfiore, A.; Malaguarnera, R. Insulin receptor and cancer. Endocr. Relat. Cancer 2011, 18, R125–R147. [CrossRef]
110. LeRoith, D.; Holly, J.M.P.; Forbes, B.E. Insulin-like growth factors: Ligands, binding proteins, and receptors. Mol. Metab. 2021,

52, 101245. [CrossRef]
111. Smith, P.J.; Wise, L.S.; Berkowitz, R.; Wan, C.; Rubin, C.S. Insulin-like growth factor-I is an essential regulator of the differentiation

of 3T3-L1 adipocytes. J. Biol. Chem. 1988, 263, 9402–9408. [CrossRef]
112. Stewart, C.E.; Rotwein, P. Growth, differentiation, and survival: Multiple physiological functions for insulin-like growth factors.

Physiol. Rev. 1996, 76, 1005–1026. [CrossRef] [PubMed]
113. Lee, J.S.; Tocheny, C.E.; Shaw, L.M. The Insulin-like Growth Factor Signaling Pathway in Breast Cancer: An Elusive Therapeutic

Target. Life 2022, 12, 1992. [CrossRef] [PubMed]

https://doi.org/10.1002/cbin.10353
https://doi.org/10.18632/oncotarget.3730
https://doi.org/10.1038/onc.2014.225
https://doi.org/10.1016/j.bbrc.2014.09.068
https://doi.org/10.1002/emmm.201201623
https://doi.org/10.3390/ijerph18020511
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1016/j.mce.2014.06.018
https://doi.org/10.1007/s00018-010-0567-4
https://doi.org/10.1016/j.cmet.2010.11.011
https://www.ncbi.nlm.nih.gov/pubmed/21109192
https://doi.org/10.1038/nm.2279
https://www.ncbi.nlm.nih.gov/pubmed/21217695
https://doi.org/10.3389/fimmu.2013.00370
https://www.ncbi.nlm.nih.gov/pubmed/24273542
https://doi.org/10.1186/1476-4598-2-4
https://doi.org/10.1016/j.jhep.2013.08.011
https://doi.org/10.1097/GME.0b013e31828ce95d
https://doi.org/10.1158/0008-5472.CAN-13-0926
https://doi.org/10.1007/BF00052777
https://www.ncbi.nlm.nih.gov/pubmed/7749056
https://doi.org/10.3389/fonc.2015.00230
https://www.ncbi.nlm.nih.gov/pubmed/26528439
https://doi.org/10.1186/s40170-022-00282-z
https://www.ncbi.nlm.nih.gov/pubmed/35189981
https://doi.org/10.5271/sjweh.295
https://doi.org/10.1016/j.ejca.2015.08.031
https://doi.org/10.1007/BF00051703
https://doi.org/10.1038/nrc2536
https://doi.org/10.1530/ERC-11-0074
https://doi.org/10.1016/j.molmet.2021.101245
https://doi.org/10.1016/S0021-9258(19)76555-7
https://doi.org/10.1152/physrev.1996.76.4.1005
https://www.ncbi.nlm.nih.gov/pubmed/8874492
https://doi.org/10.3390/life12121992
https://www.ncbi.nlm.nih.gov/pubmed/36556357


Biomolecules 2023, 13, 1084 25 of 30

114. Hankinson, S.E.; Willett, W.C.; Colditz, G.A.; Hunter, D.J.; Michaud, D.S.; Deroo, B.; Rosner, B.; Speizer, F.E.; Pollak, M. Circulating
concentrations of insulin-like growth factor-I and risk of breast cancer. Lancet 1998, 351, 1393–1396. [CrossRef]

115. Rinaldi, S.; Peeters, P.H.; Berrino, F.; Dossus, L.; Biessy, C.; Olsen, A.; Tjonneland, A.; Overvad, K.; Clavel-Chapelon, F.;
Boutron-Ruault, M.C.; et al. IGF-I, IGFBP-3 and breast cancer risk in women: The European Prospective Investigation into Cancer
and Nutrition (EPIC). Endocr. Relat. Cancer 2006, 13, 593–605. [CrossRef] [PubMed]

116. Kaaks, R.; Johnson, T.; Tikk, K.; Sookthai, D.; Tjonneland, A.; Roswall, N.; Overvad, K.; Clavel-Chapelon, F.; Boutron-Ruault, M.C.;
Dossus, L.; et al. Insulin-like growth factor I and risk of breast cancer by age and hormone receptor status—A prospective study
within the EPIC cohort. Int. J. Cancer 2014, 134, 2683–2690. [CrossRef] [PubMed]

117. Baglietto, L.; English, D.R.; Hopper, J.L.; Morris, H.A.; Tilley, W.D.; Giles, G.G. Circulating insulin-like growth factor-I and binding
protein-3 and the risk of breast cancer. Cancer Epidemiol. Biomark. Prev. 2007, 16, 763–768. [CrossRef] [PubMed]

118. Murphy, N.; Knuppel, A.; Papadimitriou, N.; Martin, R.M.; Tsilidis, K.K.; Smith-Byrne, K.; Fensom, G.; Perez-Cornago, A.;
Travis, R.C.; Key, T.J.; et al. Insulin-like growth factor-1, insulin-like growth factor-binding protein-3, and breast cancer risk:
Observational and Mendelian randomization analyses with approximately 430000 women. Ann. Oncol. 2020, 31, 641–649.
[CrossRef]

119. Cohen, P.; Peehl, D.M.; Stamey, T.A.; Wilson, K.F.; Clemmons, D.R.; Rosenfeld, R.G. Elevated levels of insulin-like growth
factor-binding protein-2 in the serum of prostate cancer patients. J. Clin. Endocrinol. Metab. 1993, 76, 1031–1035. [CrossRef]

120. Kanety, H.; Madjar, Y.; Dagan, Y.; Levi, J.; Papa, M.Z.; Pariente, C.; Goldwasser, B.; Karasik, A. Serum insulin-like growth
factor-binding protein-2 (IGFBP-2) is increased and IGFBP-3 is decreased in patients with prostate cancer: Correlation with serum
prostate-specific antigen. J. Clin. Endocrinol. Metab. 1993, 77, 229–233. [CrossRef]

121. Price, A.J.; Allen, N.E.; Appleby, P.N.; Crowe, F.L.; Travis, R.C.; Tipper, S.J.; Overvad, K.; Gronbaek, H.; Tjonneland, A.;
Johnsen, N.F.; et al. Insulin-like growth factor-I concentration and risk of prostate cancer: Results from the European Prospective
Investigation into Cancer and Nutrition. Cancer Epidemiol. Biomark. Prev. 2012, 21, 1531–1541. [CrossRef]

122. Murphy, N.; Carreras-Torres, R.; Song, M.; Chan, A.T.; Martin, R.M.; Papadimitriou, N.; Dimou, N.; Tsilidis, K.K.; Banbury, B.;
Bradbury, K.E.; et al. Circulating Levels of Insulin-like Growth Factor 1 and Insulin-like Growth Factor Binding Protein 3
Associate with Risk of Colorectal Cancer Based on Serologic and Mendelian Randomization Analyses. Gastroenterology 2020, 158,
1300–1312.e20. [CrossRef]

123. Hotta, K.; Funahashi, T.; Arita, Y.; Takahashi, M.; Matsuda, M.; Okamoto, Y.; Iwahashi, H.; Kuriyama, H.; Ouchi, N.;
Maeda, K.; et al. Plasma concentrations of a novel, adipose-specific protein, adiponectin, in type 2 diabetic patients. Arte-
rioscler. Thromb. Vasc. Biol. 2000, 20, 1595–1599. [CrossRef] [PubMed]

124. Combs, T.P.; Wagner, J.A.; Berger, J.; Doebber, T.; Wang, W.J.; Zhang, B.B.; Tanen, M.; Berg, A.H.; O’Rahilly, S.; Savage, D.B.; et al.
Induction of adipocyte complement-related protein of 30 kilodaltons by PPARgamma agonists: A potential mechanism of insulin
sensitization. Endocrinology 2002, 143, 998–1007. [CrossRef] [PubMed]

125. Maeda, N.; Takahashi, M.; Funahashi, T.; Kihara, S.; Nishizawa, H.; Kishida, K.; Nagaretani, H.; Matsuda, M.; Komuro, R.;
Ouchi, N.; et al. PPARgamma ligands increase expression and plasma concentrations of adiponectin, an adipose-derived protein.
Diabetes 2001, 50, 2094–2099. [CrossRef]

126. Surmacz, E. Leptin and adiponectin: Emerging therapeutic targets in breast cancer. J. Mammary Gland. Biol. Neoplasia 2013, 18,
321–332. [CrossRef] [PubMed]

127. Khan, S.; Shukla, S.; Sinha, S.; Meeran, S.M. Role of adipokines and cytokines in obesity-associated breast cancer: Therapeutic
targets. Cytokine Growth Factor Rev. 2013, 24, 503–513. [CrossRef] [PubMed]

128. Obi, N.; Jung, A.Y.; Maurer, T.; Huebner, M.; Johnson, T.; Behrens, S.; Jaskulski, S.; Becher, H.; Chang-Claude, J. Association of
circulating leptin, adiponectin, and resistin concentrations with long-term breast cancer prognosis in a German patient cohort.
Sci. Rep. 2021, 11, 23526. [CrossRef] [PubMed]

129. Dalamaga, M.; Diakopoulos, K.N.; Mantzoros, C.S. The role of adiponectin in cancer: A review of current evidence. Endocr. Rev.
2012, 33, 547–594. [CrossRef] [PubMed]

130. Tworoger, S.S.; Eliassen, A.H.; Kelesidis, T.; Colditz, G.A.; Willett, W.C.; Mantzoros, C.S.; Hankinson, S.E. Plasma adiponectin
concentrations and risk of incident breast cancer. J. Clin. Endocrinol. Metab. 2007, 92, 1510–1516. [CrossRef]

131. Miyoshi, Y.; Funahashi, T.; Kihara, S.; Taguchi, T.; Tamaki, Y.; Matsuzawa, Y.; Noguchi, S. Association of serum adiponectin levels
with breast cancer risk. Clin. Cancer Res. 2003, 9, 5699–5704.

132. Hou, W.K.; Xu, Y.X.; Yu, T.; Zhang, L.; Zhang, W.W.; Fu, C.L.; Sun, Y.; Wu, Q.; Chen, L. Adipocytokines and breast cancer risk.
Chin. Med. J. 2007, 120, 1592–1596. [CrossRef] [PubMed]

133. Shahar, S.; Salleh, R.M.; Ghazali, A.R.; Koon, P.B.; Mohamud, W.N. Roles of adiposity, lifetime physical activity and serum
adiponectin in occurrence of breast cancer among Malaysian women in Klang Valley. Asian Pac. J. Cancer Prev. 2010, 11, 61–66.
[PubMed]

134. Macis, D.; Guerrieri-Gonzaga, A.; Gandini, S. Circulating adiponectin and breast cancer risk: A systematic review and meta-
analysis. Int. J. Epidemiol. 2014, 43, 1226–1236. [CrossRef] [PubMed]

135. Mauro, L.; Naimo, G.D.; Gelsomino, L.; Malivindi, R.; Bruno, L.; Pellegrino, M.; Tarallo, R.; Memoli, D.; Weisz, A.;
Panno, M.L.; et al. Uncoupling effects of estrogen receptor alpha on LKB1/AMPK interaction upon adiponectin exposure in
breast cancer. FASEB J. 2018, 32, 4343–4355. [CrossRef]

https://doi.org/10.1016/S0140-6736(97)10384-1
https://doi.org/10.1677/erc.1.01150
https://www.ncbi.nlm.nih.gov/pubmed/16728585
https://doi.org/10.1002/ijc.28589
https://www.ncbi.nlm.nih.gov/pubmed/24248481
https://doi.org/10.1158/1055-9965.EPI-06-0960
https://www.ncbi.nlm.nih.gov/pubmed/17416768
https://doi.org/10.1016/j.annonc.2020.01.066
https://doi.org/10.1210/jcem.76.4.7682560
https://doi.org/10.1210/jcem.77.1.7686915
https://doi.org/10.1158/1055-9965.EPI-12-0481-T
https://doi.org/10.1053/j.gastro.2019.12.020
https://doi.org/10.1161/01.ATV.20.6.1595
https://www.ncbi.nlm.nih.gov/pubmed/10845877
https://doi.org/10.1210/endo.143.3.8662
https://www.ncbi.nlm.nih.gov/pubmed/11861525
https://doi.org/10.2337/diabetes.50.9.2094
https://doi.org/10.1007/s10911-013-9302-8
https://www.ncbi.nlm.nih.gov/pubmed/24136336
https://doi.org/10.1016/j.cytogfr.2013.10.001
https://www.ncbi.nlm.nih.gov/pubmed/24210902
https://doi.org/10.1038/s41598-021-02958-w
https://www.ncbi.nlm.nih.gov/pubmed/34876619
https://doi.org/10.1210/er.2011-1015
https://www.ncbi.nlm.nih.gov/pubmed/22547160
https://doi.org/10.1210/jc.2006-1975
https://doi.org/10.1097/00029330-200709020-00009
https://www.ncbi.nlm.nih.gov/pubmed/17908478
https://www.ncbi.nlm.nih.gov/pubmed/20593932
https://doi.org/10.1093/ije/dyu088
https://www.ncbi.nlm.nih.gov/pubmed/24737805
https://doi.org/10.1096/fj.201701315R


Biomolecules 2023, 13, 1084 26 of 30

136. Ando, S.; Naimo, G.D.; Gelsomino, L.; Catalano, S.; Mauro, L. Novel insights into adiponectin action in breast cancer: Evidence of
its mechanistic effects mediated by ERalpha expression. Obes. Rev. 2020, 21, e13004. [CrossRef]

137. Naimo, G.D.; Gelsomino, L.; Catalano, S.; Mauro, L.; Ando, S. Interfering Role of ERalpha on Adiponectin Action in Breast Cancer.
Front. Endocrinol. 2020, 11, 66. [CrossRef]

138. Panno, M.L.; Naimo, G.D.; Spina, E.; Ando, S.; Mauro, L. Different molecular signaling sustaining adiponectin action in breast
cancer. Curr. Opin. Pharmacol. 2016, 31, 1–7. [CrossRef]

139. Petridou, E.; Mantzoros, C.; Dessypris, N.; Koukoulomatis, P.; Addy, C.; Voulgaris, Z.; Chrousos, G.; Trichopoulos, D. Plasma
adiponectin concentrations in relation to endometrial cancer: A case-control study in Greece. J. Clin. Endocrinol. Metab. 2003, 88,
993–997. [CrossRef]

140. Gelsomino, L.; Naimo, G.D.; Catalano, S.; Mauro, L.; Ando, S. The Emerging Role of Adiponectin in Female Malignancies. Int.
J. Mol. Sci. 2019, 20, 2127. [CrossRef]

141. Barb, D.; Williams, C.J.; Neuwirth, A.K.; Mantzoros, C.S. Adiponectin in relation to malignancies: A review of existing basic
research and clinical evidence. Am. J. Clin. Nutr. 2007, 86, s858–s866. [CrossRef]

142. Paz-Filho, G.; Lim, E.L.; Wong, M.L.; Licinio, J. Associations between adipokines and obesity-related cancer. Front. Biosci. 2011,
16, 1634–1650. [CrossRef] [PubMed]

143. Rouet-Benzineb, P.; Aparicio, T.; Guilmeau, S.; Pouzet, C.; Descatoire, V.; Buyse, M.; Bado, A. Leptin counteracts sodium
butyrate-induced apoptosis in human colon cancer HT-29 cells via NF-kappaB signaling. J. Biol. Chem. 2004, 279, 16495–16502.
[CrossRef]

144. Uchiyama, T.; Takahashi, H.; Sugiyama, M.; Sakai, E.; Endo, H.; Hosono, K.; Yoneda, K.; Yoneda, M.; Inamori, M.;
Nagashima, Y.; et al. Leptin receptor is involved in STAT3 activation in human colorectal adenoma. Cancer Sci. 2011, 102, 367–372.
[CrossRef] [PubMed]

145. Milosevic, V.; Vukmirovic, F.; Zindovic, M.; Krstic, M.; Milenkovic, S.; Jancic, S. Interplay between expression of leptin receptors
and mucin histochemical aberrations in colorectal adenocarcinoma. Rom. J. Morphol. Embryol. 2015, 56, 709–716. [PubMed]

146. Milosevic, V.S.; Vukmirovic, F.C.; Krstic, M.S.; Zindovic, M.M.; Lj Stojanovic, D.; Jancic, S.A. Involvement of leptin receptors
expression in proliferation and neoangiogenesis in colorectal carcinoma. J. BUON 2015, 20, 100–108. [PubMed]

147. Kumor, A.; Daniel, P.; Pietruczuk, M.; Malecka-Panas, E. Serum leptin, adiponectin, and resistin concentration in colorectal
adenoma and carcinoma (CC) patients. Int. J. Color. Dis. 2009, 24, 275–281. [CrossRef] [PubMed]

148. Salageanu, A.; Tucureanu, C.; Lerescu, L.; Caras, I.; Pitica, R.; Gangura, G.; Costea, R.; Neagu, S. Serum levels of adipokines
resistin and leptin in patients with colon cancer. J. Med. Life 2010, 3, 416–420.

149. Tessitore, L.; Vizio, B.; Jenkins, O.; De Stefano, I.; Ritossa, C.; Argiles, J.M.; Benedetto, C.; Mussa, A. Leptin expression in colorectal
and breast cancer patients. Int. J. Mol. Med. 2000, 5, 421–426. [CrossRef]

150. Erkasap, N.; Ozkurt, M.; Erkasap, S.; Yasar, F.; Uzuner, K.; Ihtiyar, E.; Uslu, S.; Kara, M.; Bolluk, O. Leptin receptor (Ob-R) mRNA
expression and serum leptin concentration in patients with colorectal and metastatic colorectal cancer. Braz. J. Med. Biol. Res.
2013, 46, 306–310. [CrossRef]

151. Stattin, P.; Palmqvist, R.; Soderberg, S.; Biessy, C.; Ardnor, B.; Hallmans, G.; Kaaks, R.; Olsson, T. Plasma leptin and colorectal
cancer risk: A prospective study in Northern Sweden. Oncol. Rep. 2003, 10, 2015–2021. [CrossRef]

152. Stocks, T.; Lukanova, A.; Johansson, M.; Rinaldi, S.; Palmqvist, R.; Hallmans, G.; Kaaks, R.; Stattin, P. Components of the metabolic
syndrome and colorectal cancer risk; a prospective study. Int. J. Obes. 2008, 32, 304–314. [CrossRef] [PubMed]

153. Amiri Darban, S.; Nikoofal-Sahlabadi, S.; Amiri, N.; Kiamanesh, N.; Mehrabian, A.; Zendehbad, B.; Gholizadeh, Z.; Jaafari, M.R.
Targeting the leptin receptor: To evaluate therapeutic efficacy and anti-tumor effects of Doxil, in vitro and in vivo in mice bearing
C26 colon carcinoma tumor. Colloids Surf. B Biointerfaces 2018, 164, 107–115. [CrossRef] [PubMed]

154. Shahraki, N.; Mehrabian, A.; Amiri-Darban, S.; Moosavian, S.A.; Jaafari, M.R. Preparation and characterization of PEGylated
liposomal Doxorubicin targeted with leptin-derived peptide and evaluation of their anti-tumor effects, in vitro and in vivo in
mice bearing C26 colon carcinoma. Colloids Surf. B Biointerfaces 2021, 200, 111589. [CrossRef] [PubMed]

155. Xu, M.; Cao, F.L.; Li, N.; Gao, X.; Su, X.; Jiang, X. Leptin induces epithelial-to-mesenchymal transition via activation of the ERK
signaling pathway in lung cancer cells. Oncol. Lett. 2018, 16, 4782–4788. [CrossRef] [PubMed]

156. Zheng, X.J.; Yang, Z.X.; Dong, Y.J.; Zhang, G.Y.; Sun, M.F.; An, X.K.; Pan, L.H.; Zhang, S.L. Downregulation of leptin inhibits
growth and induces apoptosis of lung cancer cells via the Notch and JAK/STAT3 signaling pathways. Biol. Open 2016, 5, 794–800.
[CrossRef] [PubMed]

157. Li, F.; Zhao, S.; Guo, T.; Li, J.; Gu, C. The Nutritional Cytokine Leptin Promotes NSCLC by Activating the PI3K/AKT and
MAPK/ERK Pathways in NSCLC Cells in a Paracrine Manner. Biomed. Res. Int. 2019, 2019, 2585743. [CrossRef]

158. Wang, F.; Zhang, L.; Sai, B.; Wang, L.; Zhang, X.; Zheng, L.; Tang, J.; Li, G.; Xiang, J. BMSC-derived leptin and IGFBP2 promote
erlotinib resistance in lung adenocarcinoma cells through IGF-1R activation in hypoxic environment. Cancer Biol. Ther. 2020, 21,
61–71. [CrossRef]

159. Jiang, C.; Zhao, H.; Yang, B.; Sun, Z.; Li, X.; Hu, X. lnc-REG3G-3-1/miR-215-3p Promotes Brain Metastasis of Lung Adenocarci-
noma by Regulating Leptin and SLC2A5. Front. Oncol. 2020, 10, 1344. [CrossRef]

160. Anar, C.; Deniz, D.; Erol, S.; Batum, O.; Bicmen, C.; Yilmaz, U. Are serum leptin levels a prognostic factor in advanced lung
cancer? Bratisl. Lek. Listy 2017, 118, 13–16. [CrossRef]

https://doi.org/10.1111/obr.13004
https://doi.org/10.3389/fendo.2020.00066
https://doi.org/10.1016/j.coph.2016.08.001
https://doi.org/10.1210/jc.2002-021209
https://doi.org/10.3390/ijms20092127
https://doi.org/10.1093/ajcn/86.3.858S
https://doi.org/10.2741/3810
https://www.ncbi.nlm.nih.gov/pubmed/21196253
https://doi.org/10.1074/jbc.M312999200
https://doi.org/10.1111/j.1349-7006.2010.01803.x
https://www.ncbi.nlm.nih.gov/pubmed/21166956
https://www.ncbi.nlm.nih.gov/pubmed/26429163
https://www.ncbi.nlm.nih.gov/pubmed/25778303
https://doi.org/10.1007/s00384-008-0605-y
https://www.ncbi.nlm.nih.gov/pubmed/18979105
https://doi.org/10.3892/ijmm.5.4.421
https://doi.org/10.1590/1414-431X20122559
https://doi.org/10.3892/or.10.6.2015
https://doi.org/10.1038/sj.ijo.0803713
https://www.ncbi.nlm.nih.gov/pubmed/17878894
https://doi.org/10.1016/j.colsurfb.2018.01.035
https://www.ncbi.nlm.nih.gov/pubmed/29413587
https://doi.org/10.1016/j.colsurfb.2021.111589
https://www.ncbi.nlm.nih.gov/pubmed/33545570
https://doi.org/10.3892/ol.2018.9230
https://www.ncbi.nlm.nih.gov/pubmed/30250542
https://doi.org/10.1242/bio.017798
https://www.ncbi.nlm.nih.gov/pubmed/27185268
https://doi.org/10.1155/2019/2585743
https://doi.org/10.1080/15384047.2019.1665952
https://doi.org/10.3389/fonc.2020.01344
https://doi.org/10.4149/BLL_2017_003


Biomolecules 2023, 13, 1084 27 of 30

161. Ferla, R.; Bonomi, M.; Otvos, L., Jr.; Surmacz, E. Glioblastoma-derived leptin induces tube formation and growth of endothelial
cells: Comparison with VEGF effects. BMC Cancer 2011, 11, 303. [CrossRef]

162. Han, G.; Wang, L.; Zhao, W.; Yue, Z.; Zhao, R.; Li, Y.; Zhou, X.; Hu, X.; Liu, J. High expression of leptin receptor leads to
temozolomide resistance with exhibiting stem/progenitor cell features in gliobalastoma. Cell Cycle 2013, 12, 3833–3840. [CrossRef]

163. Han, G.; Zhao, W.; Wang, L.; Yue, Z.; Zhao, R.; Li, Y.; Zhou, X.; Hu, X.; Liu, J. Leptin enhances the invasive ability of glioma
stem-like cells depending on leptin receptor expression. Brain Res. 2014, 1543, 1–8. [CrossRef] [PubMed]

164. Yeh, W.L.; Lu, D.Y.; Lee, M.J.; Fu, W.M. Leptin induces migration and invasion of glioma cells through MMP-13 production. Glia
2009, 57, 454–464. [CrossRef] [PubMed]

165. Riolfi, M.; Ferla, R.; Del Valle, L.; Pina-Oviedo, S.; Scolaro, L.; Micciolo, R.; Guidi, M.; Terrasi, M.; Cetto, G.L.; Surmacz, E. Leptin
and its receptor are overexpressed in brain tumors and correlate with the degree of malignancy. Brain Pathol. 2010, 20, 481–489.
[CrossRef]

166. Han, G.; Li, Y.; Cao, Y.; Yue, Z.; Zhang, Y.; Wang, L.; Liu, J. Overexpression of leptin receptor in human glioblastoma: Correlation
with vasculogenic mimicry and poor prognosis. Oncotarget 2017, 8, 58163–58171. [CrossRef] [PubMed]

167. Catalano, S.; Marsico, S.; Giordano, C.; Mauro, L.; Rizza, P.; Panno, M.L.; Ando, S. Leptin enhances, via AP-1, expression of
aromatase in the MCF-7 cell line. J. Biol. Chem. 2003, 278, 28668–28676. [CrossRef] [PubMed]

168. Catalano, S.; Mauro, L.; Marsico, S.; Giordano, C.; Rizza, P.; Rago, V.; Montanaro, D.; Maggiolini, M.; Panno, M.L.; Ando, S.
Leptin induces, via ERK1/ERK2 signal, functional activation of estrogen receptor alpha in MCF-7 cells. J. Biol. Chem. 2004, 279,
19908–19915. [CrossRef] [PubMed]

169. Barone, I.; Catalano, S.; Gelsomino, L.; Marsico, S.; Giordano, C.; Panza, S.; Bonofiglio, D.; Bossi, G.; Covington, K.R.;
Fuqua, S.A.; et al. Leptin mediates tumor-stromal interactions that promote the invasive growth of breast cancer cells. Cancer Res.
2012, 72, 1416–1427. [CrossRef]

170. Harmon, T.; Harbuzariu, A.; Lanier, V.; Lipsey, C.C.; Kirlin, W.; Yang, L.; Gonzalez-Perez, R.R. Nanoparticle-linked antagonist for
leptin signaling inhibition in breast cancer. World J. Clin. Oncol. 2017, 8, 54–66. [CrossRef]

171. Giordano, C.; Chemi, F.; Panza, S.; Barone, I.; Bonofiglio, D.; Lanzino, M.; Cordella, A.; Campana, A.; Hashim, A.; Rizza, P.; et al.
Leptin as a mediator of tumor-stromal interactions promotes breast cancer stem cell activity. Oncotarget 2016, 7, 1262–1275.
[CrossRef]

172. Juarez-Cruz, J.C.; Okoniewski, M.; Ramirez, M.; Ortuno-Pineda, C.; Navarro-Tito, N.; Castaneda-Saucedo, E. Chronic Leptin
Treatment Induces Epithelial-Mesenchymal Transition in MCF10A Mammary Epithelial Cells. J. Mammary Gland. Biol. Neoplasia
2022, 27, 19–36. [CrossRef] [PubMed]

173. Choi, Y.; Ahn, K.J.; Park, S.K.; Cho, H.; Lee, J.Y. Adverse effect of excess body weight on survival in cervical cancer patients after
surgery and radiotherapy. Radiat. Oncol. J. 2017, 35, 48–54. [CrossRef] [PubMed]

174. Giordano, C.; Gelsomino, L.; Barone, I.; Panza, S.; Augimeri, G.; Bonofiglio, D.; Rovito, D.; Naimo, G.D.; Leggio, A.;
Catalano, S.; et al. Leptin Modulates Exosome Biogenesis in Breast Cancer Cells: An Additional Mechanism in Cell-to-Cell
Communication. J. Clin. Med. 2019, 8, 1027. [CrossRef]

175. Gelsomino, L.; Barone, I.; Caruso, A.; Giordano, F.; Brindisi, M.; Morello, G.; Accattatis, F.M.; Panza, S.; Cappello, A.R.;
Bonofiglio, D.; et al. Proteomic Profiling of Extracellular Vesicles Released by Leptin-Treated Breast Cancer Cells: A Potential
Role in Cancer Metabolism. Int. J. Mol. Sci. 2022, 23, 12941. [CrossRef] [PubMed]

176. Chang, C.C.; Wu, M.J.; Yang, J.Y.; Camarillo, I.G.; Chang, C.J. Leptin-STAT3-G9a Signaling Promotes Obesity-Mediated Breast
Cancer Progression. Cancer Res. 2015, 75, 2375–2386. [CrossRef] [PubMed]

177. Strong, A.L.; Ohlstein, J.F.; Biagas, B.A.; Rhodes, L.V.; Pei, D.T.; Tucker, H.A.; Llamas, C.; Bowles, A.C.; Dutreil, M.F.;
Zhang, S.; et al. Leptin produced by obese adipose stromal/stem cells enhances proliferation and metastasis of estrogen receptor
positive breast cancers. Breast Cancer Res. 2015, 17, 112. [CrossRef] [PubMed]

178. Cleary, M.P.; Juneja, S.C.; Phillips, F.C.; Hu, X.; Grande, J.P.; Maihle, N.J. Leptin receptor-deficient MMTV-TGF-alpha/Lepr(db)Lepr(db)
female mice do not develop oncogene-induced mammary tumors. Exp. Biol. Med. 2004, 229, 182–193. [CrossRef]

179. Cleary, M.P.; Phillips, F.C.; Getzin, S.C.; Jacobson, T.L.; Jacobson, M.K.; Christensen, T.A.; Juneja, S.C.; Grande, J.P.; Maihle, N.J.
Genetically obese MMTV-TGF-alpha/Lep(ob)Lep(ob) female mice do not develop mammary tumors. Breast Cancer Res. Treat.
2003, 77, 205–215. [CrossRef]

180. Zheng, Q.; Dunlap, S.M.; Zhu, J.; Downs-Kelly, E.; Rich, J.; Hursting, S.D.; Berger, N.A.; Reizes, O. Leptin deficiency suppresses
MMTV-Wnt-1 mammary tumor growth in obese mice and abrogates tumor initiating cell survival. Endocr. Relat. Cancer 2011, 18,
491–503. [CrossRef]

181. Nagalingam, A.; Siddharth, S.; Parida, S.; Muniraj, N.; Avtanski, D.; Kuppusamy, P.; Elsey, J.; Arbiser, J.L.; Gyorffy, B.; Sharma, D.
Hyperleptinemia in obese state renders luminal breast cancers refractory to tamoxifen by coordinating a crosstalk between Med1,
miR205 and ErbB. NPJ Breast Cancer 2021, 7, 105. [CrossRef]

182. Gelsomino, L.; Naimo, G.D.; Malivindi, R.; Augimeri, G.; Panza, S.; Giordano, C.; Barone, I.; Bonofiglio, D.; Mauro, L.; Catalano,
S.; et al. Knockdown of Leptin Receptor Affects Macrophage Phenotype in the Tumor Microenvironment Inhibiting Breast Cancer
Growth and Progression. Cancers 2020, 12, 2078. [CrossRef] [PubMed]

183. Gui, Y.; Pan, Q.; Chen, X.; Xu, S.; Luo, X.; Chen, L. The association between obesity related adipokines and risk of breast cancer: A
meta-analysis. Oncotarget 2017, 8, 75389–75399. [CrossRef]

https://doi.org/10.1186/1471-2407-11-303
https://doi.org/10.4161/cc.26809
https://doi.org/10.1016/j.brainres.2013.10.027
https://www.ncbi.nlm.nih.gov/pubmed/24161825
https://doi.org/10.1002/glia.20773
https://www.ncbi.nlm.nih.gov/pubmed/18814267
https://doi.org/10.1111/j.1750-3639.2009.00323.x
https://doi.org/10.18632/oncotarget.17344
https://www.ncbi.nlm.nih.gov/pubmed/28938545
https://doi.org/10.1074/jbc.M301695200
https://www.ncbi.nlm.nih.gov/pubmed/12734209
https://doi.org/10.1074/jbc.M313191200
https://www.ncbi.nlm.nih.gov/pubmed/14985328
https://doi.org/10.1158/0008-5472.CAN-11-2558
https://doi.org/10.5306/wjco.v8.i1.54
https://doi.org/10.18632/oncotarget.6014
https://doi.org/10.1007/s10911-022-09515-9
https://www.ncbi.nlm.nih.gov/pubmed/35195812
https://doi.org/10.3857/roj.2016.01977
https://www.ncbi.nlm.nih.gov/pubmed/27997788
https://doi.org/10.3390/jcm8071027
https://doi.org/10.3390/ijms232112941
https://www.ncbi.nlm.nih.gov/pubmed/36361728
https://doi.org/10.1158/0008-5472.CAN-14-3076
https://www.ncbi.nlm.nih.gov/pubmed/25840984
https://doi.org/10.1186/s13058-015-0622-z
https://www.ncbi.nlm.nih.gov/pubmed/26286584
https://doi.org/10.1177/153537020422900207
https://doi.org/10.1023/A:1021891825399
https://doi.org/10.1530/ERC-11-0102
https://doi.org/10.1038/s41523-021-00314-9
https://doi.org/10.3390/cancers12082078
https://www.ncbi.nlm.nih.gov/pubmed/32727138
https://doi.org/10.18632/oncotarget.17853


Biomolecules 2023, 13, 1084 28 of 30

184. Pan, H.; Deng, L.L.; Cui, J.Q.; Shi, L.; Yang, Y.C.; Luo, J.H.; Qin, D.; Wang, L. Association between serum leptin levels and breast
cancer risk: An updated systematic review and meta-analysis. Medicine 2018, 97, e11345. [CrossRef]

185. Chen, C.; Chang, Y.C.; Lan, M.S.; Breslin, M. Leptin stimulates ovarian cancer cell growth and inhibits apoptosis by increasing
cyclin D1 and Mcl-1 expression via the activation of the MEK/ERK1/2 and PI3K/Akt signaling pathways. Int. J. Oncol. 2013, 42,
1113–1119. [CrossRef] [PubMed]

186. Choi, J.H.; Park, S.H.; Leung, P.C.; Choi, K.C. Expression of leptin receptors and potential effects of leptin on the cell growth and
activation of mitogen-activated protein kinases in ovarian cancer cells. J. Clin. Endocrinol. Metab. 2005, 90, 207–210. [CrossRef]
[PubMed]

187. Ptak, A.; Kolaczkowska, E.; Gregoraszczuk, E.L. Leptin stimulation of cell cycle and inhibition of apoptosis gene and protein
expression in OVCAR-3 ovarian cancer cells. Endocrine 2013, 43, 394–403. [CrossRef] [PubMed]

188. Xu, X.; Dong, Z.; Li, Y.; Yang, Y.; Yuan, Z.; Qu, X.; Kong, B. The upregulation of signal transducer and activator of transcription
5-dependent microRNA-182 and microRNA-96 promotes ovarian cancer cell proliferation by targeting forkhead box O3 upon
leptin stimulation. Int. J. Biochem. Cell Biol. 2013, 45, 536–545. [CrossRef]

189. Fiedor, E.; Gregoraszczuk, E.L. Superactive human leptin antagonist (SHLA), triple Lan1 and quadruple Lan2 leptin mutein as a
promising treatment for human folliculoma. Cancer Chemother. Pharmacol. 2017, 80, 815–827. [CrossRef]

190. Ghasemi, A.; Hashemy, S.I.; Aghaei, M.; Panjehpour, M. RhoA/ROCK pathway mediates leptin-induced uPA expression to
promote cell invasion in ovarian cancer cells. Cell Signal 2017, 32, 104–114. [CrossRef]

191. Hoffmann, M.; Fiedor, E.; Ptak, A. 17beta-Estradiol Reverses Leptin-Inducing Ovarian Cancer Cell Migration by the PI3K/Akt
Signaling Pathway. Reprod. Sci. 2016, 23, 1600–1608. [CrossRef]

192. Kato, S.; Abarzua-Catalan, L.; Trigo, C.; Delpiano, A.; Sanhueza, C.; Garcia, K.; Ibanez, C.; Hormazabal, K.; Diaz, D.; Branes, J.; et al.
Leptin stimulates migration and invasion and maintains cancer stem-like properties in ovarian cancer cells: An explanation for
poor outcomes in obese women. Oncotarget 2015, 6, 21100–21119. [CrossRef] [PubMed]

193. Ghasemi, A.; Hashemy, S.I.; Aghaei, M.; Panjehpour, M. Leptin induces matrix metalloproteinase 7 expression to promote ovarian
cancer cell invasion by activating ERK and JNK pathways. J. Cell Biochem. 2018, 119, 2333–2344. [CrossRef] [PubMed]

194. Al-Wahab, Z.; Mert, I.; Tebbe, C.; Chhina, J.; Hijaz, M.; Morris, R.T.; Ali-Fehmi, R.; Giri, S.; Munkarah, A.R.; Rattan, R. Metformin
prevents aggressive ovarian cancer growth driven by high-energy diet: Similarity with calorie restriction. Oncotarget 2015, 6,
10908–10923. [CrossRef] [PubMed]

195. Hasenburg, A.; Eichkorn, D.; Vosshagen, F.; Obermayr, E.; Geroldinger, A.; Zeillinger, R.; Bossart, M. Biomarker-based early
detection of epithelial ovarian cancer based on a five-protein signature in patient’s plasma—A prospective trial. BMC Cancer
2021, 21, 1037. [CrossRef] [PubMed]

196. Assidi, M.; Yahya, F.M.; Al-Zahrani, M.H.; Elkhatib, R.; Zari, A.; Elaimi, A.; Al-Maghrabi, J.; Dallol, A.; Buhmeida, A.;
Abu-Elmagd, M. Leptin Protein Expression and Promoter Methylation in Ovarian Cancer: A Strong Prognostic Value with
Theranostic Promises. Int. J. Mol. Sci. 2021, 22, 12872. [CrossRef]

197. Crean-Tate, K.K.; Reizes, O. Leptin Regulation of Cancer Stem Cells in Breast and Gynecologic Cancer. Endocrinology 2018, 159,
3069–3080. [CrossRef]

198. Lin, T.C.; Hsiao, M. Leptin and Cancer: Updated Functional Roles in Carcinogenesis, Therapeutic Niches, and Developments. Int.
J. Mol. Sci. 2021, 22, 2870. [CrossRef]

199. Lebrecht, A.; Ludwig, E.; Huber, A.; Klein, M.; Schneeberger, C.; Tempfer, C.; Koelbl, H.; Hefler, L. Serum vascular endothelial
growth factor and serum leptin in patients with cervical cancer. Gynecol. Oncol. 2002, 85, 32–35. [CrossRef]

200. Daley-Brown, D.; Harbuzariu, A.; Kurian, A.A.; Oprea-Ilies, G.; Gonzalez-Perez, R.R. Leptin-induced Notch and IL-1 signaling
crosstalk in endometrial adenocarcinoma is associated with invasiveness and chemoresistance. World J. Clin. Oncol. 2019, 10,
222–233. [CrossRef]

201. Gao, J.; Tian, J.; Lv, Y.; Shi, F.; Kong, F.; Shi, H.; Zhao, L. Leptin induces functional activation of cyclooxygenase-2 through
JAK2/STAT3, MAPK/ERK, and PI3K/AKT pathways in human endometrial cancer cells. Cancer Sci. 2009, 100, 389–395.
[CrossRef]

202. Catalano, S.; Giordano, C.; Rizza, P.; Gu, G.; Barone, I.; Bonofiglio, D.; Giordano, F.; Malivindi, R.; Gaccione, D.; Lanzino, M.; et al.
Evidence that leptin through STAT and CREB signaling enhances cyclin D1 expression and promotes human endometrial cancer
proliferation. J. Cell Physiol. 2009, 218, 490–500. [CrossRef] [PubMed]

203. Liu, Y.; Lv, L.; Xiao, W.; Gong, C.; Yin, J.; Wang, D.; Sheng, H. Leptin activates STAT3 and ERK1/2 pathways and induces
endometrial cancer cell proliferation. J. Huazhong Univ. Sci. Technol. Med. Sci. 2011, 31, 365. [CrossRef] [PubMed]

204. Zhou, X.; Li, H.; Chai, Y.; Liu, Z. Leptin Inhibits the Apoptosis of Endometrial Carcinoma Cells Through Activation of the Nuclear
Factor kappaB-inducing Kinase/IkappaB Kinase Pathway. Int. J. Gynecol. Cancer 2015, 25, 770–778. [CrossRef] [PubMed]

205. Ellis, P.E.; Barron, G.A.; Bermano, G. Adipocytokines and their relationship to endometrial cancer risk: A systematic review and
meta-analysis. Gynecol. Oncol. 2020, 158, 507–516. [CrossRef]

206. Wang, P.P.; He, X.Y.; Wang, R.; Wang, Z.; Wang, Y.G. High leptin level is an independent risk factor of endometrial cancer: A
meta-analysis. Cell Physiol. Biochem. 2014, 34, 1477–1484. [CrossRef]

207. Cymbaluk-Ploska, A.; Chudecka-Glaz, A.; Jagodzinska, A.; Pius-Sadowska, E.; Sompolska-Rzechula, A.; Machalinski, B.;
Menkiszak, J. Evaluation of biologically active substances promoting the development of or protecting against endometrial cancer.
Onco Targets Ther. 2018, 11, 1363–1372. [CrossRef]

https://doi.org/10.1097/MD.0000000000011345
https://doi.org/10.3892/ijo.2013.1789
https://www.ncbi.nlm.nih.gov/pubmed/23354006
https://doi.org/10.1210/jc.2004-0297
https://www.ncbi.nlm.nih.gov/pubmed/15522945
https://doi.org/10.1007/s12020-012-9788-7
https://www.ncbi.nlm.nih.gov/pubmed/22968658
https://doi.org/10.1016/j.biocel.2012.12.010
https://doi.org/10.1007/s00280-017-3423-5
https://doi.org/10.1016/j.cellsig.2017.01.020
https://doi.org/10.1177/1933719116648214
https://doi.org/10.18632/oncotarget.4228
https://www.ncbi.nlm.nih.gov/pubmed/26053184
https://doi.org/10.1002/jcb.26396
https://www.ncbi.nlm.nih.gov/pubmed/28885729
https://doi.org/10.18632/oncotarget.3434
https://www.ncbi.nlm.nih.gov/pubmed/25895126
https://doi.org/10.1186/s12885-021-08682-y
https://www.ncbi.nlm.nih.gov/pubmed/34530759
https://doi.org/10.3390/ijms222312872
https://doi.org/10.1210/en.2018-00379
https://doi.org/10.3390/ijms22062870
https://doi.org/10.1006/gyno.2001.6517
https://doi.org/10.5306/wjco.v10.i6.222
https://doi.org/10.1111/j.1349-7006.2008.01053.x
https://doi.org/10.1002/jcp.21622
https://www.ncbi.nlm.nih.gov/pubmed/18988190
https://doi.org/10.1007/s11596-011-0382-7
https://www.ncbi.nlm.nih.gov/pubmed/21671179
https://doi.org/10.1097/IGC.0000000000000440
https://www.ncbi.nlm.nih.gov/pubmed/25811593
https://doi.org/10.1016/j.ygyno.2020.05.033
https://doi.org/10.1159/000366352
https://doi.org/10.2147/OTT.S155942


Biomolecules 2023, 13, 1084 29 of 30

208. Ando, S.; Barone, I.; Giordano, C.; Bonofiglio, D.; Catalano, S. The Multifaceted Mechanism of Leptin Signaling within Tumor
Microenvironment in Driving Breast Cancer Growth and Progression. Front. Oncol. 2014, 4, 340. [CrossRef]

209. Carino, C.; Olawaiye, A.B.; Cherfils, S.; Serikawa, T.; Lynch, M.P.; Rueda, B.R.; Gonzalez, R.R. Leptin regulation of proangiogenic
molecules in benign and cancerous endometrial cells. Int. J. Cancer 2008, 123, 2782–2790. [CrossRef]

210. Chen, C.; Chang, Y.C.; Liu, C.L.; Liu, T.P.; Chang, K.J.; Guo, I.C. Leptin induces proliferation and anti-apoptosis in human
hepatocarcinoma cells by up-regulating cyclin D1 and down-regulating Bax via a Janus kinase 2-linked pathway. Endocr. Relat.
Cancer 2007, 14, 513–529. [CrossRef]

211. Panza, S.; Gelsomino, L.; Malivindi, R.; Rago, V.; Barone, I.; Giordano, C.; Giordano, F.; Leggio, A.; Comande, A.; Liguori, A.; et al.
Leptin Receptor as a Potential Target to Inhibit Human Testicular Seminoma Growth. Am. J. Pathol. 2019, 189, 687–698. [CrossRef]

212. Saxena, N.K.; Sharma, D.; Ding, X.; Lin, S.; Marra, F.; Merlin, D.; Anania, F.A. Concomitant activation of the JAK/STAT, PI3K/AKT,
and ERK signaling is involved in leptin-mediated promotion of invasion and migration of hepatocellular carcinoma cells. Cancer
Res. 2007, 67, 2497–2507. [CrossRef] [PubMed]

213. Sharma, D.; Saxena, N.K.; Vertino, P.M.; Anania, F.A. Leptin promotes the proliferative response and invasiveness in human
endometrial cancer cells by activating multiple signal-transduction pathways. Endocr. Relat. Cancer 2006, 13, 629–640. [CrossRef]
[PubMed]

214. Allison, M.B.; Myers, M.G., Jr. 20 years of leptin: Connecting leptin signaling to biological function. J. Endocrinol. 2014, 223,
T25–T35. [CrossRef] [PubMed]

215. Gelsomino, L.; Giordano, C.; Camera, G.; Sisci, D.; Marsico, S.; Campana, A.; Tarallo, R.; Rinaldi, A.; Fuqua, S.; Leggio, A.; et al.
Leptin Signaling Contributes to Aromatase Inhibitor Resistant Breast Cancer Cell Growth and Activation of Macrophages.
Biomolecules 2020, 10, 543. [CrossRef] [PubMed]

216. Lipsey, C.C.; Harbuzariu, A.; Daley-Brown, D.; Gonzalez-Perez, R.R. Oncogenic role of leptin and Notch interleukin-1 leptin
crosstalk outcome in cancer. World J. Methodol. 2016, 6, 43–55. [CrossRef]

217. Mullen, M.; Gonzalez-Perez, R.R. Leptin-Induced JAK/STAT Signaling and Cancer Growth. Vaccines 2016, 4, 26. [CrossRef]
218. Guo, S.; Gonzalez-Perez, R.R. Notch, IL-1 and leptin crosstalk outcome (NILCO) is critical for leptin-induced proliferation,

migration and VEGF/VEGFR-2 expression in breast cancer. PLoS ONE 2011, 6, e21467. [CrossRef]
219. Gonzalez-Perez, R.R.; Lanier, V.; Newman, G. Leptin’s Pro-Angiogenic Signature in Breast Cancer. Cancers 2013, 5, 1140–1162.

[CrossRef]
220. Ghasemi, A.; Saeidi, J.; Azimi-Nejad, M.; Hashemy, S.I. Leptin-induced signaling pathways in cancer cell migration and invasion.

Cell Oncol. 2019, 42, 243–260. [CrossRef]
221. Yoon, K.W.; Park, S.Y.; Kim, J.Y.; Lee, S.M.; Park, C.H.; Cho, S.B.; Lee, W.S.; Joo, Y.E.; Lee, J.H.; Kim, H.S.; et al. Leptin-induced

adhesion and invasion in colorectal cancer cell lines. Oncol. Rep. 2014, 31, 2493–2498. [CrossRef]
222. Wang, D.; Chen, J.; Chen, H.; Duan, Z.; Xu, Q.; Wei, M.; Wang, L.; Zhong, M. Leptin regulates proliferation and apoptosis of

colorectal carcinoma through PI3K/Akt/mTOR signalling pathway. J. Biosci. 2012, 37, 91–101. [CrossRef] [PubMed]
223. Karatas, F.; Yalcin, B.; Sahin, S.; Akbulut, H.; Utkan, G.; Demirkazik, A.; Icli, F. The significance of serum leptin level in patients

with early stage nonsmall cell lung cancer. J. Cancer Res. Ther. 2017, 13, 204–207. [CrossRef] [PubMed]
224. Ando, S.; Catalano, S. The multifactorial role of leptin in driving the breast cancer microenvironment. Nat. Rev. Endocrinol. 2011,

8, 263–275. [CrossRef] [PubMed]
225. Ando, S.; Gelsomino, L.; Panza, S.; Giordano, C.; Bonofiglio, D.; Barone, I.; Catalano, S. Obesity, Leptin and Breast Cancer:

Epidemiological Evidence and Proposed Mechanisms. Cancers 2019, 11, 62. [CrossRef]
226. Barone, I.; Giordano, C.; Bonofiglio, D.; Ando, S.; Catalano, S. Leptin, obesity and breast cancer: Progress to understanding the

molecular connections. Curr. Opin. Pharmacol. 2016, 31, 83–89. [CrossRef]
227. Harrison, H.; Simoes, B.M.; Rogerson, L.; Howell, S.J.; Landberg, G.; Clarke, R.B. Oestrogen increases the activity of oestrogen

receptor negative breast cancer stem cells through paracrine EGFR and Notch signalling. Breast Cancer Res. 2013, 15, R21.
[CrossRef]

228. Simoes, B.M.; Alferez, D.G.; Howell, S.J.; Clarke, R.B. The role of steroid hormones in breast cancer stem cells. Endocr. Relat.
Cancer 2015, 22, T177–T186. [CrossRef]

229. Simoes, B.M.; Piva, M.; Iriondo, O.; Comaills, V.; Lopez-Ruiz, J.A.; Zabalza, I.; Mieza, J.A.; Acinas, O.; Vivanco, M.D. Effects of
estrogen on the proportion of stem cells in the breast. Breast Cancer Res. Treat. 2011, 129, 23–35. [CrossRef]

230. Thiagarajan, P.S.; Zheng, Q.; Bhagrath, M.; Mulkearns-Hubert, E.E.; Myers, M.G.; Lathia, J.D.; Reizes, O. STAT3 activation by
leptin receptor is essential for TNBC stem cell maintenance. Endocr. Relat. Cancer 2017, 24, 415–426. [CrossRef]

231. Wu, L.; Han, L.; Zhou, C.; Wei, W.; Chen, X.; Yi, H.; Wu, X.; Bai, X.; Guo, S.; Yu, Y.; et al. TGF-beta1-induced CK17 enhances cancer
stem cell-like properties rather than EMT in promoting cervical cancer metastasis via the ERK1/2-MZF1 signaling pathway. FEBS
J. 2017, 284, 3000–3017. [CrossRef]

232. Barreto, S.C.; Hopkins, C.A.; Bhowmick, M.; Ray, A. Extracellular matrix in obesity—Cancer interactions. Horm. Mol. Biol. Clin.
Investig. 2015, 22, 63–77. [CrossRef]

233. Al-Wahab, Z.; Tebbe, C.; Chhina, J.; Dar, S.A.; Morris, R.T.; Ali-Fehmi, R.; Giri, S.; Munkarah, A.R.; Rattan, R. Dietary energy
balance modulates ovarian cancer progression and metastasis. Oncotarget 2014, 5, 6063–6075. [CrossRef]

https://doi.org/10.3389/fonc.2014.00340
https://doi.org/10.1002/ijc.23887
https://doi.org/10.1677/ERC-06-0027
https://doi.org/10.1016/j.ajpath.2018.11.012
https://doi.org/10.1158/0008-5472.CAN-06-3075
https://www.ncbi.nlm.nih.gov/pubmed/17363567
https://doi.org/10.1677/erc.1.01169
https://www.ncbi.nlm.nih.gov/pubmed/16728588
https://doi.org/10.1530/JOE-14-0404
https://www.ncbi.nlm.nih.gov/pubmed/25232147
https://doi.org/10.3390/biom10040543
https://www.ncbi.nlm.nih.gov/pubmed/32260113
https://doi.org/10.5662/wjm.v6.i1.43
https://doi.org/10.3390/vaccines4030026
https://doi.org/10.1371/journal.pone.0021467
https://doi.org/10.3390/cancers5031140
https://doi.org/10.1007/s13402-019-00428-0
https://doi.org/10.3892/or.2014.3128
https://doi.org/10.1007/s12038-011-9172-4
https://www.ncbi.nlm.nih.gov/pubmed/22357207
https://doi.org/10.4103/0973-1482.196859
https://www.ncbi.nlm.nih.gov/pubmed/28643734
https://doi.org/10.1038/nrendo.2011.184
https://www.ncbi.nlm.nih.gov/pubmed/22083089
https://doi.org/10.3390/cancers11010062
https://doi.org/10.1016/j.coph.2016.10.003
https://doi.org/10.1186/bcr3396
https://doi.org/10.1530/ERC-15-0350
https://doi.org/10.1007/s10549-010-1169-4
https://doi.org/10.1530/ERC-16-0349
https://doi.org/10.1111/febs.14162
https://doi.org/10.1515/hmbci-2015-0001
https://doi.org/10.18632/oncotarget.2168


Biomolecules 2023, 13, 1084 30 of 30

234. Choe, D.; Lee, E.S.; Beeghly-Fadiel, A.; Wilson, A.J.; Whalen, M.M.; Adunyah, S.E.; Son, D.S. High-Fat Diet-Induced Obese Effects
of Adipocyte-Specific CXCR2 Conditional Knockout in the Peritoneal Tumor Microenvironment of Ovarian Cancer. Cancers 2021,
13, 5033. [CrossRef] [PubMed]

235. Liu, Y.; Metzinger, M.N.; Lewellen, K.A.; Cripps, S.N.; Carey, K.D.; Harper, E.I.; Shi, Z.; Tarwater, L.; Grisoli, A.; Lee, E.; et al.
Obesity Contributes to Ovarian Cancer Metastatic Success through Increased Lipogenesis, Enhanced Vascularity, and Decreased
Infiltration of M1 Macrophages. Cancer Res. 2015, 75, 5046–5057. [CrossRef] [PubMed]

236. Verploegen, S.A.; Plaetinck, G.; Devos, R.; Van der Heyden, J.; Guisez, Y. A human leptin mutant induces weight gain in normal
mice. FEBS Lett. 1997, 405, 237–240. [CrossRef] [PubMed]

237. Salomon, G.; Niv-Spector, L.; Gussakovsky, E.E.; Gertler, A. Large-scale preparation of biologically active mouse and rat leptins
and their L39A/D40A/F41A muteins which act as potent antagonists. Protein Expr. Purif. 2006, 47, 128–136. [CrossRef]

238. Catalano, S.; Leggio, A.; Barone, I.; De Marco, R.; Gelsomino, L.; Campana, A.; Malivindi, R.; Panza, S.; Giordano, C.;
Liguori, A.; et al. A novel leptin antagonist peptide inhibits breast cancer growth in vitro and in vivo. J. Cell Mol. Med. 2015, 19,
1122–1132. [CrossRef]

239. Munikumar, M.; Krishna, V.S.; Reddy, V.S.; Rajeswari, B.; Sriram, D.; Rao, M.V. In silico design of small peptides antagonist
against leptin receptor for the treatment of obesity and its associated immune-mediated diseases. J. Mol. Graph. Model. 2018, 82,
20–36. [CrossRef]

240. Lei, M.M.; Wei, C.K.; Chen, Z.; Yosefi, S.; Zhu, H.X.; Shi, Z.D. Anti-leptin receptor antibodies strengthen leptin biofunction in
growing chickens. Gen. Comp. Endocrinol. 2018, 259, 223–230. [CrossRef]

241. Zabeau, L.; Wauman, J.; Dam, J.; Van Lint, S.; Burg, E.; De Geest, J.; Rogge, E.; Silva, A.; Jockers, R.; Tavernier, J. A novel leptin
receptor antagonist uncouples leptin’s metabolic and immune functions. Cell Mol. Life Sci. 2019, 76, 1201–1214. [CrossRef]

242. Zabeau, L.; Verhee, A.; Catteeuw, D.; Faes, L.; Seeuws, S.; Decruy, T.; Elewaut, D.; Peelman, F.; Tavernier, J. Selection of
non-competitive leptin antagonists using a random nanobody-based approach. Biochem. J. 2012, 441, 425–434. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers13195033
https://www.ncbi.nlm.nih.gov/pubmed/34638514
https://doi.org/10.1158/0008-5472.CAN-15-0706
https://www.ncbi.nlm.nih.gov/pubmed/26573796
https://doi.org/10.1016/S0014-5793(97)00192-0
https://www.ncbi.nlm.nih.gov/pubmed/9089297
https://doi.org/10.1016/j.pep.2005.09.016
https://doi.org/10.1111/jcmm.12517
https://doi.org/10.1016/j.jmgm.2018.04.002
https://doi.org/10.1016/j.ygcen.2017.12.005
https://doi.org/10.1007/s00018-019-03004-9
https://doi.org/10.1042/BJ20110438
https://www.ncbi.nlm.nih.gov/pubmed/21851341

	Introduction 
	The Epidemiological Association between Obesity and Cancer 
	Colorectal Cancer 
	Lung Cancer 
	Glioma 
	Postmenopausal Breast Cancer 
	Gynecologic Cancers (Cervical and Ovarian Cancers, and Cancer of the Corpus Uteri) 
	Cervical Cancer 
	Ovarian Cancer 
	Cancer of the Corpus Uteri (Endometrial Cancer) 


	Main Mechanisms and Factors Involved in Obesity-Associated Cancers 
	Inflammation 
	Insulin/IGF-1 Axis 
	Adipokines 

	In Vitro, In Vivo and Clinical Studies Relating Leptin and Obesity-Associated Cancers 
	Leptin Biological Activities 
	Lung Cancer 
	Glioma Cancer 
	Postmenopausal Breast Cancer 
	Gynecological Cancer 
	Cervical Carcinoma 
	Ovarian Cancer 
	Cancer of Corpus Uteri (Endometrial Cancer) 

	Agonists and Antagonists of Leptin/Leptin Receptor for Future Therapeutic Approaches 

	Conclusions 
	Review Criteria 
	References

