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This issue features articles related to endocrine andmetabolic
regulation in cancer and diabetes. The modern diet, rich in
fat and refined carbohydrates, is creating worldwide obesity
and diabetes epidemics. As early as 1959, Joslin and colleagues
speculated about an association between diabetes and cancer,
and current epidemiologic evidence indicates an increased
risk of various types of cancer, with increased morbidity,
in diabetes patients. The underlying mechanisms for this
association have not been fully elucidated as yet.

Cancer, diabetes, and obesity are all chronic diseases
with common discernible alterations in metabolic processes.
A sweet tooth and alterations in the glucose metabolism
are common underlying themes. As scientists uncover more
evidence to support this idea, the current research focuses on
preventative strategies and treatments targeting disturbances
in common cellular metabolic pathways. Some of the drugs
used clinically to treat diabetes have been shown to have
antitumour effects, as highlighted in the review of N. Turner
et al. (University of New South Wales, Australia).

However, targeted treatments are not so easily imple-
mented and have some inherent complexities, which derive
from the possibility that some diabetes treatments may alter
cancer risk. Alternatively, some cancer treatments may be
incompatible with diabetes therapies.Thiazolidinediones and
metformin are two common diabetes treatments which show

promise as cancer therapeutics. In this edition, E. Fröhlich
and R. Wahl (University of Tuebingen, Germany) discuss
thiazolidinediones as treatments for multiple cancer types
whilst the review by D. Hatoum and E. M. McGowan
(University of Technology Sydney, Australia) summarizes
recent advances in the use of metformin in comorbidity of
diabetes and breast cancer. Although the in vitro evidence is
compelling, retrospective evidence for comorbidity therapy
is controversial. As another option, contemporary research
directed at targeting the sphingolipid rheostat holds great
promise for diabetes and cancer therapy. The paper by K.
Marzec et al. (Kolling Institute, Sydney, Australia) strongly
supports a role for targeting sphingosine kinase 1 (SphK1) in
combinational treatments for the hard tomanage triple nega-
tive breast cancers (TNBC), whereas the corresponding paper
by N. K. Haass et al. (University of Queensland/University of
Technology Sydney, Australia) focuses on the complexities
inherent in the use of sphingosine kinase/sphingosine-1-
phosphate modulators in the treatment of comorbidity of
cancer and diabetes.

It is becoming clear that obesity and cancer is not a ran-
dom association. A. J. Hoy et al. (University of Sydney, Aus-
tralia) emphasize that key pathways of fatty acid metabolism
are altered in cancer. Associations between obesity, ovarian
steroid hormones, and cancer are common themes in two
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complementary papers by V. Boonyaratanakornkit and P.
Pateetin (Chulalongkorn University, Thailand) and K. H.
Joung et al. (Chungnam National School of Medicine, North
Korea).These papers describe the strong prevalence of cancer
in postmenopausal obese women. V. Boonyaratanakornkit
and P. Pateetin raise the importance of developing a bet-
ter understanding of the molecular mechanisms and sig-
nalling pathways associated with alterations in endocrine and
metabolic regulation in obese women for improved breast
cancer treatment.

IGF-1 and insulin are strongly associated with most
diabetes related cancers. Several of the papers in this issue
focus on the importance of the insulin-like growth factors
(IGFs) as novel targets for cancer therapies. K. Marzec et al.
concentrate on IGF binding protein 3 (IGFP-3) as a critical
target for TNBCs. The original paper authored by the R.
Pietras group (UCLA, USA) showed that elevated IGF-2 was
concomitant with stimulated estrogen receptor-𝛽 (ER𝛽) and
poor overall survival. Furthermore, the paper by H. S. Atreya
et al. (Indian Institute of Science, India) advanced the concept
of blocking IGF and IGFBPs in cancer therapies.

The scope of this special issue highlights the growing
awareness of the link between altered cellularmetabolism and
the risk of developing diabetes and cancer. Understanding
and targeting altered cellular metabolism in individuals with
or without diabetes, so as to reduce the risk of developing
cancer, form the basis for future combinational treatments.
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Insulin-like growth factor binding protein-3 (IGFBP-3) is a key regulatory molecule of the IGF axis and can function in a tissue-
specific way as both a tumor suppressor and promoter. Triple-negative breast cancer (TNBC) has high tumor expression of
IGFBP-3 associated with markers of poor prognosis and, although accounting for 15–20% of all breast cancers, is responsible for
disproportionate rates of morbidity and mortality. Because they lack estrogen and progesterone receptors and overexpression of
HER2, TNBC are resistant to treatments that target these molecules, making the development of new therapies an important goal.
In addition to frequent high expression of IGFBP-3, these tumors also express EGFR highly, but targeting EGFR signaling alone in
TNBChas been of little success. Identification of a functional growth-stimulatory interaction between EGFR and IGFBP-3 signaling
prompted investigation into cotargeting these pathways as a novel therapy for TNBC.This involves inhibition of both EGFR kinase
activity and a mediator of IGFBP-3’s stimulatory bioactivity, sphingosine kinase-1 (SphK1), and has shown promise in a preclinical
setting. Functional interaction between EGFR and IGFBP-3 may also promote chemoresistance in TNBC, and delineating the
mechanisms involvedmay identify additional targets for development of therapies in cancers that express both IGFBP-3 and EGFR.

1. An Introduction to the Insulin-Like Growth
Factor Binding Proteins in Cancer

The insulin-like growth factor (IGF) system is fundamental
to normal growth and development, and by virtue of their
potent proliferative and antiapoptotic effects, the polypeptide
hormones IGF-I and IGF-II have also been shown to play an
important role in tumorigenesis. The IGF binding proteins
(IGFBPs) are key regulatory molecules of the IGF system,
and aberrations in their expression or function have been
associated with a range of cancers [1]. The IGFBP family
comprises six IGFBPs (IGFBP-1 to IGFBP-6) that bind the
IGFs with high affinity. They vary in length, ranging from
216 amino acids to 289 amino acids [2], and each consists
of three regions: the highly conserved N-terminal and C-
terminal domains which contain binding sites for the IGFs
and the variable central or linker domain, which is also the
region most commonly subject to posttranslational modifi-
cation such as glycosylation, phosphorylation, and limited

proteolysis and probably contributes to differences in IGFBP
function [2].

The IGFBPs were first identified for their function as
serumproteins that bind IGF-I and IGF-II, thereby extending
the circulating half-life of IGFs from minutes to hours,
regulating the hypoglycaemic potential of IGF-I and IGF-II,
and controlling extravasation of the growth factors to target
tissues [1]. IGFBPs also act in the pericellular environment to
regulate IGF/IGF-receptor interaction, because the affinity of
the IGFs for IGFBPs is similar to that for the IGF and insulin
receptors [3]. This is important in the context of cancer,
because IGF activation of these receptors elicits mitogenic
and survival signals that promote tumor growth.

IGFBP-3 is responsible for carrying the vast majority
of IGFs in the blood and is the most abundant circulating
IGFBP. In this environment its role is clear: together with
the acid-labile subunit (ALS), it stabilizes IGF-I and IGF-II
in ternary complexes that have very slow dissociation rates
and therefore long circulating half-lives [4, 5]. Release of
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bioavailable IGFs from these complexes is generally thought
to result from limited proteolytic cleavage of IGFBP-3, which
reduces its binding affinity for IGFs [6–8].

IGFBP-3 is expressed by most tissues of the body and as
an antagonist of IGF binding to the signal-transducing type
1 IGF receptor (IGF1R), it blocks the proliferative and cell-
survival effects elicited by its activation [3]. Consistent with
this, loss of IGFBP-3 expression and consequent derepression
of IGF1R signaling have been suggested to account for
acquired resistance to the EGFR tyrosine kinase inhibitor
gefitinib [9]. In vitro studies in breast cancer cells have
also indicated that the efficacy of some anticancer agents,
including retinoic acid, antiestrogens, and tumor necrosis
factor-alpha (TNF𝛼), is in part mediated by IGFBP-3 [10–
13]. Not all of these effects depend solely on inhibition
of IGF action, and “IGF-independent” growth inhibitory
or apoptotic effects of IGFBP-3 have been attributed to a
variety of mechanisms, including its interaction with nuclear
hormone receptors such as retinoid X receptor [14, 15] and
the vitaminD receptor [16], TGF𝛽/SMADsignaling pathways
[17, 18], and upregulation of apoptotic effectors [19].

By contrast with these inhibitory and apoptotic effects of
IGFBP-3, however, it appears that in some tissues IGFBP-3
functions as a tumor promoter as it is associated with
poor patient outcomes. Overexpression of IGFBP-3 has been
shown in renal clear cell carcinoma [20] and head and neck
squamous cancers [21], and expression is higher in primary
tumor than adjacent normal tissue or benign disease tissue in
pancreatic ductal adenocarcinoma [22] and oesophageal can-
cer [23]. There is also evidence of IGFBP-3 being associated
with metastatic disease, with IGFBP-3 expression elevated in
metastatic tissue comparedwith primary tumor inmelanoma
[24], and higher in metastatic than nonmetastatic tumors in
pancreatic endocrine neoplasms [25]. However, perhaps the
earliest and best-documented association of IGFBP-3 with
poor patient outcome is in breast cancer.

2. IGFBP-3 Is Highly Expressed in
Aggressive Breast Cancer

Early studies investigating the expression of IGFBP-3 in
breast cancer cell lines revealed a negative correlation
between expression of estrogen receptor (ER) and IGFBP-3
[26, 27]. This is also seen in breast tumor tissue where many,
though not all, studies have shown that expression of IGFBP-
3 mRNA and protein is higher in ER-negative tumors com-
pared to ER-positive tumors [28–31].The clinical significance
of these findingswas underscored by two independent groups
showing that high expression of IGFBP-3 in breast tumor
tissue is associated with markers of aggressiveness and poor
prognosis, including ER- and progesterone receptor- (PR-)
negativity, high S-phase fraction, and aneuploidy [32, 33].
Other studies showed that while there was no significant
association of high tissue IGFBP-3 protein levels with breast
cancer recurrence, long-term survival was reduced [34, 35].

Both cell culture and xenograft tumor models have
shown that overexpression of IGFBP-3 can indeed result

in enhanced growth of breast cancer cells. T47D, an ER-
positive breast cancer cell line that normally expresses low
IGFBP-3, was initially growth-inhibited in vitrowhen IGFBP-
3 was expressed ectopically but eventually developed resis-
tance to its inhibitory effects and grew faster than vector-
transfected cells [36].Thiswas reiterated in vivo using IGFBP-
3-expressing T47D cells to establish tumors in nude mice
[37], where it was found that IGFBP-3-expressing T47D
tumors grew faster and larger compared to those that did not
express the protein.

3. Mechanisms Underlying IGFBP-3’s
Growth-Stimulatory Actions

It seems counterintuitive that IGFBP-3, a protein that has
been shown in numerous breast cancer cell studies to
be growth inhibitory and proapoptotic, is associated with
aggressive forms of breast cancer. However, growth-stimu-
latory effects of IGFBP-3 have been documented in many
cell types and contexts, and a variety of mechanisms, both
IGF-dependent and -independent, have been described as
underlying this bioactivity. Studies in fibroblasts and mam-
mary epithelial cells indicated that IGFBP-3 can potentiate
the actions of IGFs [38–40], possibly through modulation
of IGF1R activation and AKT signaling pathways [39, 40].
A “switch” in the actions of IGFBP-3 from apoptotic to
antiapoptotic was shown to be dependent on the presence
of matrix components, with exogenous IGFBP-3 promoting
breast cancer cell survival in the presence of fibronectin, but
accentuating apoptosis triggered by ceramide in the absence
of fibronectin [41]. Similarly, dual effects of IGFBP-3 as
both pro- and antiapoptotic molecule have been reported
in human umbilical vein endothelial cells (HUVEC), with
IGFBP-3 potentiating apoptosis in the presence of doxoru-
bicin, but promoting cell survival in its absence [42]. This
was shown to correlate with IGFBP-3 differentially regulating
proapoptotic ceramide production by the HUVECs, with
IGFBP-3 stimulating ceramide production in the presence of
doxorubicin, but reducing it in the absence of doxorubicin
[42].

Investigation into possible mechanisms underlying the
development of resistance to IGFBP-3’s growth inhibitory
effects in breast cells and pathways involved in its tumorigenic
bioactivity revealed that phenotypically normal MCF-10A
breast epithelial cells are growth-inhibited by exogenous
IGFBP-3 but become refractory to its inhibitory effects when
cells express HRas, an oncogenic form of the Ras protein
which is constitutively active [43]. Hs578T breast cancer
cells, which also express HRas, were similarly resistant to the
inhibitory effects of IGFBP-3 but were resensitized to it in the
presence of PD98059, an inhibitor of p44/42MAPK [43].

Although activating Ras mutations occur relatively rarely
(<5%) in breast cancer, aberrant activation of Ras signaling
pathways downstream of growth factor receptors is consid-
ered an important driver of the tumorigenic process. As noted
above, IGFBP-3 can enhance the growth-promoting effects of
IGFs, and this has also been shown for other growth factors
that activate receptors upstream of Ras, such as EGF and
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TGF𝛽 [38, 44–47]. In MCF-10A cells, preincubation with
exogenous IGFBP-3 enhanced EGF-stimulated cell prolif-
eration, and this was associated with increased EGFR and
p44/42 MAPK activation [47]. As in HRas-expressing cells,
inhibition of p44/42 MAPK restored IGFBP-3’s inhibitory
activity [47]. Similarly, in the IGFBP-3-transfected T47D
cell model described above, the acquisition of growth-
stimulation associated with IGFBP-3 expression was accom-
panied by enhanced EGFR signaling, and pharmacological
blockade of EGFR tyrosine kinase activity resensitized cells
to inhibition by IGFBP-3 [37].

4. Potentiation of EGFR Signaling by
IGFBP-3 Is Mediated by Sphingosine
Kinase Signaling

Potentiation of EGF signaling by estrogen in breast cancer
cells has been shown to involve transactivation of EGFR by
receptors for sphingosine 1-phosphate (S1P), a bioactive phos-
pholipid generated by the phosphorylation of sphingosine
by sphingosine kinases 1 and 2 (SphK1 and SphK2) [48].
Sukocheva and coworkers showed in MCF-7 breast cancer
cells that estradiol increased SphK1 activity and the formation
of S1P, with subsequent binding of S1P to one of its receptors,
S1P
3
, which in turn transactivated EGFR [49, 50]. IGFBP-3

had been shown to stimulate SphK1 expression and activity
in HUVECs [42], raising the possibility that IGFBP-3 might
enhance EGFR phosphorylation and signaling in breast cells
via upregulation of SphK and S1P, and transactivation of
EGFR. Investigation of this in MCF-10A cells showed that
SphK1 expression and activity were increased by IGFBP-3
and that silencing of SphK1 expression blocked IGFBP-3’s
enhancement of ligand-stimulated EGFR phosphorylation
[51]. The underlying mechanism involved transactivation of
EGFR by S1P

1
or S1P

3
because pharmacological inhibition or

siRNA-mediated silencing of either S1P receptor prevented
the effects of IGFBP-3. IGF1R was similarly subject to trans-
activation by S1P receptors in cells preincubated with IGFBP-
3 and stimulated with IGF-I [51]. Collectively, these data
suggested that, in cells that express both IGFBP-3 and EGFR
(or IGF1R), IGFBP-3may promote growth via its potentiation
of EGFR signaling secondary to increasing SphK1 activity and
formation of S1P.

5. Triple-Negative Breast Cancer:
A Clinical Challenge

The clinical significance of these findings in the context
of breast cancer is that IGFBP-3 and EGFR are relatively
highly expressed in some aggressive ER-negative and PR-
negative tumors that lack amplification of HER2, which are
now referred to as triple-negative breast cancers, or TNBC
[31, 52, 53]. Because TNBC lack estrogen and progesterone
receptors and HER2 is not amplified, these breast cancers are
refractory to anticancer therapies that target these molecules.
TNBC accounts for 15–20% of all breast cancer cases and
often occurs in younger premenopausal women, including
those of African ancestry, and is further characterized by

high recurrence and high metastatic and mortality rates [53,
54]. Despite these tumors expressing EGFR, making them
potentially susceptible to anti-EGFR therapies, studies have
shown either no benefit or, in some instances, a worsening
of clinical outcomes, associated with their use as single-line
agents [55–57]. The default treatment for TNBC remains
cytotoxic chemotherapy or radiation [53, 58] therapies that
damage the cancer cell’s DNA. The use of such therapies is
associated with serious side effects [59], and the development
of new treatments for TNBC that show increased efficacy but
reduced toxicity is the subject of considerable interest among
cancer biologists and oncologists.

6. Targeting IGFBP-3 Signaling through
Sphingosine Kinase in TNBC

As alluded to above, TNBC typically express IGFBP-3 and
EGFR, and Kaplan-Meier analysis of gene expression data
[60] revealed that high expression of either IGFBP-3 or
EGFR in ER-negative breast cancers is associatedwith shorter
recurrence-free survival [61], and when both are highly
expressed the hazard ratio is even higher (Figure 1). In light
of the observed interactions between EGFR and IGFBP-3
signaling pathways, it was feasible that cotargeting these
systems might be of potential benefit in the treatment of
TNBC. While the most obvious way of inhibiting IGFBP-3
signaling would be to target the protein itself, its importance
as an endocrine regulator of IGF metabolic activity makes
such an approach unlikely to be clinically practical. An
alternative approach in the setting of TNBC is to target
IGFBP-3’s effector pathway, the SphK system, in conjunction
with EGFR inhibition.

An oncogenic role for SphK1 was first proposed more
than a decade ago [62] and was supported by subsequent
work showing the protective effect of SphK1 knockout against
the development of tumors in a range of animal models [63–
65]. Interest in SphK1 as a therapeutic target in various can-
cers has grown enormously [66], and a number of inhibitors
of SphK have been developed, some of which have reached
clinical evaluation (as reviewed in [48]). The availability
of such inhibitors made it feasible that if successful, a
combinatorial approach of targeting this axis with EGFR
could be rapidly implemented.

As in normal breast epithelial cells, endogenous and
exogenous IGFBP-3 enhanced EGF-stimulated EGFR phos-
phorylation in four TNBC cell lines, and this was depen-
dent on the expression and activity of SphK1 [31]. Under
conditions where inhibition of EGFR or SphK1 alone had
little effect on the growth of these cell lines in vitro, the
combination of gefitinib and SKi-II (2-(p-hydroxyanilino)-
4-(p-chlorophenyl)thiazole), an inhibitor of SphK1, essen-
tially abolished cell proliferation [31]. Importantly, when the
combination was tested in vivo using TNBC cells grown as
xenograft tumors in nudemice, gefitinib in combination with
SKi-II significantly attenuated tumor growth when used at
concentrations that had no significant effect as single agents
[31]. These promising proof-of-principle studies indicate that
the approach of cotargeting EGFR and SphK1 has potential
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Figure 1: Kaplan-Meier analysis of gene expression data from 690 patients with ER-negative breast tumours shows that 10-year recurrence-
free survival is significantly worse if tissue IGFBP-3 is high (red) compared to low (black), and this difference is even greater if expression of
both IGFBP3 and EGFR is high. HR: hazard ratio.

for the treatment of TNBC. In view of the known heterogene-
ity of TNBC, ongoing studies are now focussing on whether
all subtypes of TNBC respond similarly to this combination
treatment.

7. IGFBP-3 and the DNA Damage Response:
Can IGFBP-3 Alter Responsiveness to
Chemo- and Radiotherapy?

Activation of the tumor suppressor p53 in response to
chemotherapy or radiotherapy plays an important part in the
cytotoxic effects of these therapies [67]. Since the discovery
of IGFBP3 as a p53-inducible gene in 1995 [68], studies
in many cancer cell lines have demonstrated an increase
in the expression of IGFBP-3 in response to treatment by
chemotherapeutic drugs [69–71]. Because exogenous IGFBP-
3 has proapoptotic activity in many cell types, including
breast cancer cells, either when used alone [72] or in combi-
nation with other apoptotic agents such as C

2
ceramide [73],

chemotherapy drugs [70], or radiation [19], the induction of
IGFBP-3 in response to DNA-damaging therapies has been
assumed to contribute to the cytotoxicity of these treatments.
Consistent with this idea, IGFBP-3 is more highly expressed
in certain chemo- or radiosensitive cancer cell lines than in
matched resistant cell lines, as shown in cervical carcinoma
and ovarian and lung cancer cells [74–76]. Similarly, when
examined in patient NSCLC tumors, loss of IGFBP-3, medi-
ated by promoter hypermethylation, has been found to be
associated with decreased chemosensitivity [77].

However, the association of high IGFBP-3 expression
with poor outcome in aggressive breast cancer [32, 35, 78]
may, in addition to reflecting enhanced tumor growth as
described above, reflect altered responsiveness to anticancer
therapies. Thus in some breast cancers high IGFBP-3 expres-
sion might be associated with treatment resistance rather
than sensitivity. Skog et al. [79] speculated that the relatively
high expression of IGFBP-3 in ER-negative compared to ER-
positive breast cancer cells and tumor tissue [26, 29] might
contribute to enhanced DNA damage repair, which might in
turn lead to relative resistance to DNA-damaging therapies.
Although based on a very limited study, this speculation has
turned out to have some experimental support in ER-negative
breast cancer cell lines.

The authors have recently reported that IGFBP-3 has an
integral role in the non-homologous end-joining (NHEJ)
repair response to DNA double strand breaks (DSB) caused
by the topoisomerase II poisons, etoposide, and doxorubicin
[80]. Of the two major mechanisms of DSB repair (homol-
ogous recombination and NHEJ), NHEJ is relatively error-
prone but can occur at any stage of the cell cycle, while
homologous recombination is more faithful but is generally
restricted to S and G2 phase [81, 82]. NHEJ has been shown
to involve EGFR which, in response to DNA-damaging
agents, forms a nuclear complex with the catalytic subunit
of one of the key kinases involved in NHEJ, DNA-dependent
protein kinase (DNA-PKcs) [83]. In TNBC cell lines that have
high IGFBP-3 expression, siRNA-mediated downregulation
of IGFBP-3 was shown to inhibit the formation of this EGFR-
DNA-PKcs complex [80]. Further, IGFBP-3 itself formed
DNA damage-dependent complexes with both EGFR and
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DNA-PKcs, suggesting the possibility of a nuclear ternary
complex in the DSB repair process. IGFBP-3 downregulation
also directly inhibited DNA DSB repair as measured in
an in vitro NHEJ assay [80]. This suggests a previously
unrecognized involvement of IGFBP-3 in chemotherapy-
induced DNADSB repair, which may in some circumstances
lead to cancer cell recovery rather than apoptosis in response
to cytotoxic drugs. IGFBP-3-dependent breast cancer cell
chemoresistance, while contrary to studies in some other can-
cers showing IGFBP-3-dependent chemosensitivity, might
in part explain the association between high IGFBP-3 (and
EGFR) expression and poor patient outcomes in womenwith
ER-negative breast cancer.

8. Concluding Remarks

It is clear that IGFBP-3 functions as a tumor promoter in
some cancers, including TNBC. In TNBC it does so, at
least in part, by potentiating growth-stimulatory signaling
through the EGFR, and this requires SphK1. Understanding
the mechanism involved in growth-stimulatory signaling by
IGFBP-3 has led to the design of a combination treatment
that cotargets both pathways involved andmay therefore have
improved efficacy not only in TNBC but in other cancers
in which EGFR is highly expressed and IGFBP-3 functions
as a tumor promoter. Further dissection of the molecular
interactions and pathways by which IGFBP-3 may confer
chemoresistance in TNBC also has the potential to identify
other targets for the development of novel therapies to treat
this aggressive disease.
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Diabetes is a disease involving metabolic derangements in multiple organs. While the spectrum of diabetic complications has been
known for years, recent evidence suggests that diabetes could also contribute to the initiation andpropagation of certain cancers.The
mechanism(s) underlying this relationship are not completely resolved but likely involve changes in hormone and nutrient levels,
as well as activation of inflammatory and stress-related pathways. Interestingly, some of the drugs used clinically to treat diabetes
also appear to have antitumour effects, further highlighting the interaction between these two conditions. In this contribution we
review recent literature on this emerging relationship and explore the potential mechanisms that may promote cancer in diabetic
patients.

1. Introduction

Type 2 diabetes (T2D) and cancer are two of the most
prevalent diseases facing modern society. Recent estimates
suggest that close to 400 million people worldwide have
T2D [1], while 12.7 million cancer cases and 7.6 million
cancer deaths are reported each year [2]. Both diseases are
multifactorial in origin and cancer is recognized as being a
particularly heterogeneous disease.

Both T2D and cancer are characterized by marked
alterations in metabolic profile and recent epidemiological
evidence suggests a close link between diabetes and some
forms of cancer [3]. Indeed, individuals with diabetes have
significantly higher likelihood of developing a range of dif-
ferent cancers including liver, pancreatic, colorectal, breast,
endometrial, and bladder cancers [4, 5]. The molecular basis
for this link has not been fully elucidated but likely relates to
changes in several factors, including nutrient availability and
growth factor signaling. In this reviewwewill briefly describe
the metabolic alterations that are present in T2D and cancer
and will discuss some of the factors that may potentially link
these two diseases. We will also examine emerging evidence
around therapeutic agents that may have utility in treating
aspects of both diseases.

2. Metabolic Features of Type 2 Diabetes

In healthy individuals, the variation of plasma glucose
levels is kept minimal despite considerable fluctuations in
nutrient intake (Figure 1(a)). The maintenance of circulating
glucose levels under conditions of high nutrient availabil-
ity is mainly mediated through the actions of insulin, a
potent anabolic hormone secreted by the pancreatic 𝛽-
cells in response to an increase in blood glucose level.
Upon binding to its receptor, insulin initiates a cascade of
downstream signaling events that influence a spectrum of
enzymatic and transcriptional activities for the maintenance
of glucose, lipid, and protein homeostasis [6]. Specifically,
insulin promotes glucose uptake in skeletal muscles and
adipose tissue by stimulating the membrane translocation of
the GLUT4 transporter and activating enzymes involved in
glycolysis [7]. In parallel, it facilitates carbohydrate disposal
via both glycolysis and the nonoxidative pathways glycogen
synthesis and de novo lipogenesis [8]. Meanwhile, insulin
suppresses the processes generating circulating nutrients
such as gluconeogenesis in the liver and lipolysis in the
adipose tissue [6, 8]. The regulation of protein metabolism
is another important aspect of insulin signaling, involv-
ing downregulation of proteolysis in skeletal muscles and
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Figure 1: Under normal conditions, insulin is secreted from pancreatic 𝛽-cells in response to an increase in plasma glucose levels. It promotes
glucose uptake into skeletal muscle and adipose tissue while suppressing hepatic glucose output, resulting in maintenance of blood glucose
concentration to ∼5mM (a). In insulin resistant individuals, an increased amount of insulin is required to compensate for diminished effects
on insulin-target organs, giving rise to hyperinsulinaemia. As insulin resistance worsens, blood glucose level gradually increases despite
increased insulin secretion and a prediabetic state is established (b). In susceptible individuals, relative insulin deficiency progressively
develops due to failure of 𝛽-cells to secrete adequate levels of insulin, resulting in loss of glucose homeostasis if exogenous insulin is not
provided (c).

promotion of protein synthesis through the mTOR pathway
[9].

T2D is a pathological condition involving defects in
both insulin action and secretion. It is characterised by
elevations in postprandial and fasting blood glucose levels.
Insulin resistance (IR), which is defined as the diminished
biological effects of insulin on target tissues, is a major early
defect in the pathogenesis of T2D [10, 11]. In the state of
IR, the regulatory actions of insulin action on carbohydrate
metabolism are impaired in target tissues. Accordingly, a
state of hyperinsulinemia ensues due to the requirement of
increased amounts of insulin to suppress hepatic glucose
output from the liver and promote clearance of glucose
into peripheral tissues (Figure 1(b)) [8]. When IR becomes
more severe and glucose homeostasis cannot be maintained
despite increased insulin levels, mild hyperglycemia sets
in and a prediabetic state begins to manifest (Figure 1(b)).
In susceptible individuals, the sustained increase in insulin
secretion leads to the failure of pancreatic 𝛽-cells and the
progression to T2D and marked hyperglycemia. In T2D
patients this relative insulin deficiency necessitates insulin
from exogenous sources to maintain whole-body glucose
control (Figure 1(c)).

Obesity, especially the visceral form where mesenteric,
epididymal, perirenal fat depots surround internal organs, is
a well-recognised predisposing factor for developing T2D [12,
13]. Research in the last two decades has clearly demonstrated
that, in the obese state, deposition of lipid in insulin-sensitive
tissues such as muscle and liver is a key driver of IR [8]. In
particular, bioactive lipid metabolites such as diacylglycerol
and ceramide are thought to be the key culprits antagonising
insulin action [8]. The ectopic accumulation of lipid metabo-
lites is primarily due to elevated influx of fatty acids (FAs) into
nonadipose tissues, due to the high availability of circulating
FA coming from excess lipid intake and/or impaired insulin
action to suppress adipose tissue lipolysis [8]. Liver steatosis
is also secondarily enhanced by the paradoxical maintenance
of insulin-stimulated de novo lipogenesis, despite reduced
insulin sensitivity in glucose metabolism pathways [14]. In
addition to inappropriate lipid deposition, obese individuals
display chronic low-grade inflammation, especially in white
adipose tissue, as well as elevations in local and systemic
oxidative stress. Both of these factors are thought to attenuate
insulin action, in part, by activating pathways that interfere
with or oppose insulin signaling and thus they have also
been implicated in the development of obesity-induced IR
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Figure 2: Glycolysis and glutaminolysis are two of the most important pathways for cancer cells. Increased glucose uptake, together with
reduced glycolytic flux, accumulates glycolytic intermediates for synthesis of biomolecules such as nucleotides, amino acids, and lipids.
Similarly, glutamine uptake is also increased. Glutamine is converted to glutamate bymitochondrial glutaminase. Glutamate is then converted
to 𝛼-ketoglutarate which can be oxidised in the TCA cycle to generate ATP or reductively carboxylated to citrate. Citrate is exported to the
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Metabolic changes in cancer cells are driven by changes in the regulation of critical enzymes. Examples of these enzymes are shown in bold.
Regulation of metabolic pathways by oncogenes (Myc and K-Ras) and tumour suppressor genes (p53) is also shown. Glycolysis is shown in
red. Glutaminolysis is shown in orange. Biosynthetic pathways are shown in green. Other pathways are shown in grey.

[15–17]. Collectively, the coexistence of obesity and T2D
suggests that patients with these conditions have a fertile
whole-body environment saturated in growth factor signals
(insulin), an abundance of circulating nutrients (glucose,
FAs), inflammatory cytokines, and reactive oxygen species.

3. Altered Metabolism in Cancer

Cancer is a heterogenous disease, characterised by the
acquisition of successive mutations in protooncogenes and
tumour suppressor genes [18].Thesemutations allow tumour
cells to sustain their growth signaling pathways, evade cell
death, and continue to proliferate in an uncontrolledmanner.
Despite diversity in the precise molecular origin of different
cancers, most (but not all) tumours tend to converge on a
common metabolic phenotype, which was first described by
Otto Warburg. In his seminal work in this field, Warburg
observed that tumour cells exhibit aerobic glycolysis (i.e.,
high rates of glycolysis even in the presence of abundant
oxygen) where pyruvate is converted to lactate instead of
entering mitochondria for the TCA cycle [19, 20]. This
phenomenon, known as the Warburg effect, has been the
subject of intense research in recent years. Warburg reasoned

that defective mitochondria prevent pyruvate from entering
the TCA cycle and this underlies the enhanced rate of
conversion of glucose to lactate [19]. However, later studies
found that mitochondria in many tumour cell types are
functional [21–23] and it is now clear that the alterations in
the uptake and metabolism of different nutrients are critical
for meeting both the bioenergetics needs of tumour cells and
more importantly the increased requirement for biosynthesis
of macromolecules.

Glucose and glutamine constitute two of the most impor-
tant sources for meeting synthetic and energetic needs of
tumour cells (Figure 2) [24]. The rate of glucose uptake
in tumours is profoundly increased and the glycolytic
intermediates provide building blocks for the synthesis of
nucleotides, lipids, and amino acids [25–28]. Nucleotides
are synthesised via the pentose phosphate pathway (PPP)
using the intermediates generated by glycolysis including
glucose 6-phosphate, fructose 6-phosphate, and glyceralde-
hyde 3-phosphate. The PPP also generates NADPH which
is necessary for lipid synthesis and for maintenance of cel-
lular redox potential. Lipid biogenesis also requires glycerol
phosphate which is converted from another intermediate
of glycolysis, dihydroxyacetone phosphate. Furthermore,
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the end product of glycolysis, pyruvate, is the substrate for
synthesising nonessential amino acids alanine, whereas 3-
phosphoglycerate is used for synthesising serine and glycine.
The importance of aerobic glycolysis in cancer cells is high-
lighted by the fact that glucose withdrawal or inhibition
of glucose uptake by small molecule inhibitors of PI3K
signaling (discussed below) induces tumour cell death and
tumour regression [29, 30] and that inhibition of lactate
dehydrogenase (LDH) which converts pyruvate to lactate
impairs cell proliferation [22, 31].

The increases in glucose uptake and glycolytic pathway
activation are consequences of alterations in a range of
metabolic enzymes and proteins. Tumour cells exhibit a
marked increase in the expression of glucose transporters
and their presence on the cell membrane, to achieve the
required increase in glucose uptake [28, 32, 33]. This has
been exploited in the clinic for the detection of tumours by
imaging radioactive F-19-2-deoxyglucose uptake by positron
emission tomography (PET). Once inside the cell, glucose
is phosphorylated and trapped by hexokinase which is
also hyperactivated in cancers. Cancer cells predominantly
express the hexokinase II isoform [34], which is present
on the outer membrane of mitochondria where it rapidly
phosphorylates glucose. Despite the high rate of glucose
uptake and phosphorylation, the overexpression of pyruvate
kinase M2 (PKM2), which is less active than the M1 form
in converting phosphoenolpyruvate (PEP) to pyruvate and
subject to negative regulation by growth factor signaling,
causes an overall reduction in glycolytic flux reaching the
end-point pyruvate in cancer cells [26]. Overall, increased
glucose uptake and reduced glycolytic flux going to comple-
tion result in the accumulation and channeling of glycolytic
intermediates towards biosynthetic pathways.

Due to the diversion of most glucose-derived interme-
diates to biosynthesis, glutamine uptake is also increased in
tumours to replenish the depletion of TCA cycle intermedi-
ates which are normally supplied from glucose sources and
to fuel mitochondrial ATP production. Additionally, recent
work has shown that under certain conditions glutamine can
also play another important role in the growth of tumour
cells, providing acetyl-CoA for lipid synthesis through a
process known as reductive carboxylation [35–38]. Similar to
glucose, the expression of membrane glutamine transporters
(e.g., ASCT2), in particular the high affinity isoforms, is ele-
vated in cancer [39]. Furthermore glutaminase, the enzyme
responsible for the metabolism of glutamine, is markedly
increased in many cancers, consistent with an addiction of
tumours to the use of this nutrient [40].

The biosynthesis of lipids is another key aspect of the
tumour metabolic program. Cancer cells perform de novo
fatty acid synthesis extensively from glucose and glutamine-
derived precursors and NADPH to supply materials for
the production of membranes and signaling molecules, as
opposed to the majority of normal cells that rely mainly on
lipids from the environment [41]. Several proteins involved
in lipogenesis including ATP citrate lyase (ACL) [42], acetyl-
CoA carboxylase (ACC) [43], fatty acid synthase (FAS) [44],
and sterol response element binding protein (SREBP) [45]
have been shown to be intimately related to cancer cell

growth and survival. In addition, a subset of cancers also
scavenges lipids from adipocytes [46] and the circulation
[47] by upregulating FA transporters fatty acid binding
protein 4 and CD36. Together, the coordinated upregulations
of aerobic glycolysis, glutamine uptake, and biosynthetic
processes represent a fundamental shift in cellular metabolic
landscape to support tumour growth and rapid expansion.

4. Factors Driving Metabolic
Changes in Cancer

A major factor leading to alterations in metabolic enzymes
and pathways in cancer is the presence of tumour hypoxia.
Hypoxia leads to the stabilisation of hypoxia-inducible fac-
tors 1 and 2 (HIF-1 and HIF-2) and HIF-1 is known to
upregulate 9 out of 10 enzymes of glycolysis [48, 49]. HIF-
1 also prevents entry of pyruvate into the TCA cycle, firstly
by upregulating LDH which converts pyruvate to lactate
and secondly by upregulating pyruvate dehydrogenase kinase
(PDK1) which inhibits PDH thus blocking the conversion of
pyruvate to acetyl-CoA [50, 51]. HIF-2, on the other hand,
increases Myc function (discussed below) allowing cells to
proliferate under hypoxia [52]. HIF transcription factors
themselves are under regulation of the TCA cycle enzymes
succinate dehydrogenase (SDH) and fumarate hydratase
(FH). Although mitochondria are not typically defective in
tumour cells, SDH and FH enzymes are mutated in some
types of cancers [53]. Mutations in these enzymes cause an
accumulation of fumarate and succinate, which results in the
inhibition of prolyl-hydroxylases that mediate degradation of
HIF proteins, thereby enhancing glycolysis [53].

The changes in metabolic enzymes in cancer are not
always an adaptation to hypoxia, as cancers such as leukaemia
and lung cancer have abundant oxygen supply during
tumourigenesis but still operate aerobic glycolysis [54–56].
There is increasing evidence that oncogenes and tumour
suppressor genes directly regulate metabolic pathways in
tumourigenesis. Not only do mutations in these genes repro-
grammetabolic pathways for progression of the tumours, but
also metabolic changes induced by them may be primary
events in cellular transformations [57]. Myc, an oncogene
frequently mutated in many cancers, was one of the first to
be linked to metabolism, as it directly activates expression of
LDH [31, 58]. Myc target genes include enzymes of glycolysis,
glutaminolysis, and fatty acid synthesis [39, 59, 60]. The
enhanced expressions of membrane glutamine transporters
and mitochondrial glutaminase and the consequent increase
in glutaminolysis are mediated by the Myc oncogene [39,
40]. Conversely, inhibition of mitochondrial glutaminase
by pharmacological inhibitors impairs tumour growth of
Myc-expressing B cells in xenograft models [61]. Similarly,
glutamine removal from culture media results in cell death
in Myc overexpressing cancer cells [62].

Another well characterised oncogene, Ras, can also pro-
mote changes favouring tumour growth and proliferation.
For example, oncogenic K-Ras, which is associated with over
90% of pancreatic ductal adenocarcinoma (PDAC), mediates
changes in both glucose and glutamine metabolism that are
essential for PDACmaintenance. K-Ras stimulates glycolytic
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flux and diverts glycolytic intermediates to hexosamine
biosynthesis pathway (HBP) and PPP [63].This effect appears
to be dependent on Myc, as its knockdown significantly
downregulated the expression of metabolic genes involved
in glycolysis, HBP and PPP [63]. PDAC cells also operate a
distinct metabolic pathway for glutamine metabolism where
glutamine is metabolized through the noncanonical pathway
to produce aspartate which is subsequently transported to the
cytoplasm for the maintenance of NADPH/NADP+ ratio and
cellular redox state [64]. Downregulation of enzymes in this
pathway leads to suppression of PDAC growth in vitro and in
vivo [64].

Mutation of tumour suppressor genes, such as p53, is a
critical event in many cancers, but their emerging roles in
metabolism have been elucidated only recently [65]. One
of the most discussed links between p53 and metabolism
is via TIGAR-dependent inhibition of glycolysis [25]. The
p53 target gene TIGAR lowers intracellular concentration
of fructose 2,6-bisphosphate (FBP), an allosteric activator of
phosphofructokinase, thus inhibiting glycolysis and diverting
glucose to PPP. Additionally, p53 represses transcription of
glucose transporters GLUT1 and GLUT4 [66]. Apart from
suppressing glycolysis, p53 also influences mitochondrial
metabolism by increasing the transcription of synthesis
of cytochrome c oxidase 2 (SCO2) which assembles into
oxidative phosphorylation complex and enhances mitochon-
drial respiration [67]. Therefore, loss of tumour suppressors
confers growth advantage to tumours from ametabolic angle,
by favouring a metabolic profile conductive to rapid cell
proliferation.

5. Metabolic Changes in Diabetes Can
Facilitate Tumourigenesis

As noted above, epidemiological evidence shows that indi-
viduals with diabetes have significantly higher likelihood of
developing multiple types of cancers [3]. Amongst these,
organs associated with energy metabolism such as liver
and pancreas have the strongest association with diabetes.
Furthermore, diabetic patients with colorectal, breast, and
endometrial cancers have significantly higher chances of
dying of cancer than normal individuals [68]. The mecha-
nisms driving cancers in diabetic patients are still not entirely
clear, but some possibilities are discussed below.

In early stages of diabetes, pancreatic 𝛽-cells produce
excess amount of insulin, resulting in hyperinsulinemia.
While insulin-target organs are resistant to the actions of
insulin in diabetes, hyperinsulinemia may have progrowth
effects on a nascent tumour by allowing the tumour to
overcome an important early barrier in tumourigenesis, that
is, lack of growth factor signaling. There is epidemiological
data to suggest that insulin secretion rate and insulin-like
growth factor 1 (IGFI) levels influence cancer risk and/or
cancer progression [69, 70]. Insulin and IGFI stimulate the
proliferation of tumour cells in vitro [71] and promote glucose
uptake in the subset of tumours that are insulin-dependent
[72, 73]. The IGFI receptor (IGF1R) is necessary for the
transforming ability of several oncogenes, suggesting that
parallel growth factor signaling-mediated metabolic changes

are crucial for cellular transformation [74]. In line with
the above observations, reduced growth factor signaling
leads to decreased tumour growth in mouse models [69].
The above observations indicate that hyperinsulinemia or
administration of synthetic insulin in diabetes may enhance
growth factor signaling and promote glucose usage to pro-
mote tumour growth. As many tumours devise means to
evade regulations of growth factor signaling, we propose that
insulin may serve as the spark to initiate cancer development
at early stages when self-sufficiency of growth factors has not
yet been established.

Hyperglycemia, another characterising feature of dia-
betes,may also contribute to enhanced cancer risk [75]. Given
the central role that glycolysis plays in tumour development,
elevated glucose levels in the circulation are likely to provide
abundant glucose resources and a concentration gradient for
convenient usage by cancer cells. Indeed, epidemiological
evidence suggests that hyperglycemia in cancer patients
contributes to increased likelihood of tumour recurrence,
metastasis, or fatal outcome compared to patients with
hyperglycemia [75]. Additionally to the direct metabolic
role, hyperglycemia in a subset of tumour cells can lead to
increased production of ROS from mitochondrial respira-
tion, which below certain levels can lead to DNA damage
that are not severe enough to induce apoptosis [75, 76] but
may give rise to mutations in protooncogenes and tumour
suppressor genes or other changes that are beneficial for the
tumour. For example, hyperglycemia-related increased ROS
production in pancreatic cancer cell lines such as Panc-1 and
BxPC-3 increases cell motility and invasiveness, indicating
hyperglycemia may contribute to pancreatic cancer metas-
tasis [9]. Enhanced glucose metabolism may also prevent
cytochrome c mediated-cell death in cancer cells [77] and
confer resistance to chemotherapy [78, 79], both favouring
continued tumour growth.

At the systemic level in diabetes, the excess availability
of nutrients and local changes in tissues, including adi-
pose tissue, leads to chronic low-grade inflammation. For
instance, the levels of cytokines such as TNF𝛼 and IL-6 are
increased, as a result of both the stimulation of monocytes
and macrophages by excess nutrients and the increased
expression and release from inflamed adipose tissue [80–
83]. Inflammation is important in tumourigenesis as it con-
tributes to all stages of tumourigenesis, including angiogene-
sis andmetastasis [84]. BothTNF𝛼 and IL-6 have been shown
to promote tumour invasiveness and metastasis by secretion
of matrix remodelling proteins matrix metalloproteinases
[85]. IL-6-deficient mice are resistant to multiple myeloma,
while neutralization of TNF𝛼 switches inflammation-driven
metastatic growth to inflammation-induced tumour regres-
sion [86–88]. Thus, diabetes associated hyperglycemia and
hyperlipidaemia can promote tumourigenesis by inducing
inflammation.

There may also be a more direct link between the
obesity that is commonly observed in diabetes and the
development of some tumours. Recent work has shown that
there is cross talk between adipocytes and certain types of
tumours, whereby signals from tumours can lead to enhanced
provision of FA from the surrounding adipocytes for use in
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energy production [46].The generality of this mechanism for
tumours that exist in regions with high levels of adipocytes
(e.g., breast) remains to be elucidated.

6. Treatments for Diabetes Can Impact
Cancer Progression

There are a range of glucose-lowering therapeutic agents
currently prescribed for T2D. The most widely used front-
line drug is metformin, which alters intracellular metabolism
in insulin-target tissues (liver, skeletal muscle, and adipose
tissue) to reduce end-organ resistance to the actions of insulin
[89]. Other therapies are designed to increase endogenous
insulin secretion by directly acting on pancreatic 𝛽-cells (sul-
fonylurea) or by enhancing the action of insulin secretion-
promoting gut peptides (incretin mimetics) [10, 89]. At late
stage of T2D, relative insulin deficiency due to heightened
IR and pancreatic 𝛽-cell failure makes the administration
of exogenous insulin a necessity. As noted above, high level
of circulating insulin may facilitate cancer propagation, and
thus insulin secretagogues and exogenous insulin are likely
to increase cancer risk. Metformin, on the other hand, has
been observed to reduce incidence and mortality of several
cancer types compared to other diabetes medications, based
on numerous population-based epidemiological studies and
meta-analysis [90–93].

There are multiple aspects of diabetes that are improved
by metformin, including suppression of hepatic overpro-
duction of glucose and improvement of peripheral insulin
sensitivity. One mechanism by which metformin achieves
these effects is through activation of the energy sensor AMP-
dependent protein kinase (AMPK). AMPK has versatile
functions in the regulation of cellular energy metabolism,
some ofwhich overlapwith and enhance the effects of insulin,
such as the augmentation of glucose uptake in peripheral
tissues [94]. Furthermore, AMPK inhibits endogenous lipid
synthesis and promotes fatty acid oxidation, contributing to
diminished lipid storage in nonadipose tissues and improved
insulin sensitivity [95]. The way that metformin activates
AMPK is thought to be through alterations in nucleotide
levels. As a positively charged drug, metformin is taken
into the mitochondrial matrix due to the inner membrane
electrical gradient where it inhibits complex I of the respi-
ratory chain in a time-dependent and self-limiting manner
[96, 97]. The blockage of mitochondrial energy production
through oxidative phosphorylation leads to changes in the
AMP/ATP andADP/ATP ratios, which signal energetic crisis
that activates AMPK. Independent of its effects to activate
AMPK it was recently shown that metformin suppresses hep-
atic glucose production by restraining glucagon-dependent
gluconeogenesis [98].

With respect to cancer, several mechanisms have been
proposed to underlie the beneficial antitumour effects ofmet-
formin and the more potent member of the biguanide class
of drugs, phenformin. Given the tumour-promoting roles of
plasma insulin and glucose, the alleviation of IR in insulin-
target organs and the resulting reduction in glucose and
insulin concentration in the circulation likely contribute to
metformin-mediated tumour-suppressive effects in diabetic

patients [99]. In addition, the accumulation of biomass in
neoplastic cells is attenuated by metformin, which inhibits
mTOR (mammalian target of rapamycin) signaling via Rag
and Rac1 GTPase [100, 101].

The more well-described mechanism proposed to medi-
ate the effects of metformin is activation of AMPK, which as
noted above reprograms nutrient metabolism in response to
energetic stress, favouring catabolic over anabolic pathways.
AMPK signaling is downregulated in breast and ovarian
cancers [102, 103] and its upstream activator LKB1, a well-
known tumour suppressor, is nonfunctional in subsets of
endometrial and lung cancers [104, 105]. Activation of AMPK
through metformin treatment inhibits breast cancer growth
through inducing cell-cycle arrest and opposing protein
synthesis [106, 107]. Metformin-induced activation of AMPK
is also associated with reduced growth of a number of other
tumour types [108, 109]. Many of the effects of metformin
are also seen when tumour cells are treated with the AMPK
activator AICAR, which promotes oxidative metabolism
and favours lipid utilization [110]. To further substantiate
the tumour-suppressive role of AMPK in opposing cancer-
related metabolic alterations, Faubert et al. showed that inac-
tivation of the AMPK 𝛼 catalytic subunit in both transformed
lymphoma cells and nontransformed counterparts resulted in
a shift towards aerobic glycolysis, increased incorporation of
glucose-derived carbons into lipids, and biomass production
while mice deficient in AMPK𝛼 had accelerated rate of
lymphomagenesis [111]. Collectively these studies highlight
the important role AMPK likely plays in the efficacy of
metformin and suggest that the development of agents
mimicking some of the effects (e.g., inhibition of lipogenesis
and promotion of fat oxidation) of AMPK activators may
have therapeutic relevance.

In 2004, Shaw and colleagues reported the paradoxical
observation that tumour suppressor LKB1-deficient mam-
malian cells are resistant to oncogene-induced transforma-
tion but more prone to apoptotic cell death in response
to cellular energy stress [112]. This intriguing finding raises
the possibility that oblation of the energy-sensing LKB1-
AMPK axis, while conferring biosynthetic and proliferative
advantages, also imparts vulnerability to the cells so that they
are hypersensitive to energetic crisis-induced killing. Indeed,
non-small cell lung cancer (NSCLC) mice harbouring Kras
and Lkb1 mutations, compared to those with Kras and p53
mutations, are selectively targeted by phenformin, leading to
prolonging of survival [113]. Another potential application
of biguanides as cancer-metabolism based therapies could
be for tumours that have greater reliance on mitochondrial
oxidative metabolism rather than the classical aerobic glycol-
ysis. For example, a subset of humanmelanoma tumours was
recently characterized to overexpress the master regulator
of mitochondrial biogenesis PGC1𝛼 and exhibit increased
mitochondrial energy metabolism [114]. For negative PGC1𝛼
melanoma cells, it was demonstrated that inhibition of BRAF,
the most frequently overexpressed oncogene in melanoma,
switched on a mitochondrial phosphorylation gene pro-
gram including PGC1𝛼 and rendered the cells addicted to
oxidative metabolism for a window of period before resis-
tance developed [115]. A separate study reported synergistic
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tumour-suppressive effects of combining phenformin and a
BRAF inhibitor inmelanoma on attenuatingmTOR signaling
and inducing apoptosis, which were attributed to cross talk
between AMPK and BRAF signaling pathways [116]. It is
unknown if the cooperation between BRAF inhibition and
phenformin also acts via the induction of addiction to
oxidative phosphorylation by the former and inhibition of
mitochondrial respiratory chain complex I by the latter, but
if the idea of synthetic lethality involving biguanide can be
generalised to other cancer types, the impact on rational
therapeutic design will be considerable.

Another prominent class of diabetic drug is the thia-
zolidinediones (TZDs) including pioglitazone and rosiglita-
zone. TZDs are agonists of peroxisome proliferator-activated
receptor 𝛾 (PPAR𝛾) which are predominantly expressed in
adipose tissue [117]. They function primarily by inducing
adipocyte proliferation and increasing adipose tissue lipid
storage capacity to reduce fatty acid overflow to ectopic
sites such as muscle, liver, and pancreas, along with exerting
transcriptional control of genes involved in glucose and lipid
metabolism [117]. TZDs have been shown to induce cell-
cycle arrest, apoptosis, differentiation, and metastasis in a
range of in vitro and in vivo cancermodels [118]. Interestingly,
some of the anticancer effects such as inhibitions of cell-
cycle progression and invasiveness have been suggested to be
independent of PPAR𝛾 activation [119, 120]. Despite these in
vitro effects, epidemiological studies and meta-analysis over
the past few years investigating the association between TZD
use and cancer risk generated mixed results with the overall
conclusion that TZDs reduce or do not affect the incidence of
most cancer types but may increase the likelihood of devel-
oping bladder cancer [121–126]. The mechanisms responsible
for these disparate findings are still under investigation.

7. Conclusions and Future Perspectives

T2D is increasing in prevalence across the world and with
it comes the well-described complications, as well as an
increased risk of many other diseases (e.g., cardiovascular
disease). There is growing evidence that diabetes can also
increase the risk of certain types of cancers. This relationship
is not fully understood and there are many unanswered
questions. For example, what are the exact features of diabetes
that promote these types of cancer? What is the relative
importance of different circulating nutrients, given the high
level of glucose and lipids in diabetes and the recently
described branched-chain amino acid signature [127]? Why
does diabetes only increase the risk of certain types of cancers,
but not all of them? Since compounds such as metformin
appear to be beneficial for both T2D and cancer, we suggest
that developing further compounds with dual effectiveness
in both diseases, along with the pursuit of the unresolved
questions above, should be the focus of future research in this
area.
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Triple-negative breast cancer (TNBC) occurs in 10–15% of patients yet accounts for almost half of all breast cancer deaths. TNBCs
lack expression of estrogen and progesterone receptors and HER-2 overexpression and cannot be treated with current targeted
therapies. TNBCs often occur in African American and younger women. Although initially responsive to some chemotherapies,
TNBCs tend to relapse and metastasize. Thus, it is critical to find new therapeutic targets. A second ER gene product, termed ER𝛽,
in the absence of ER𝛼may be such a target. Using human TNBC specimens with known clinical outcomes to assess ER𝛽 expression,
we find that ER𝛽1 associates with significantly worse 5-year overall survival. Further, a panel of TNBC cell lines exhibit significant
levels of ER𝛽 protein. To assess ER𝛽 effects on proliferation, ER𝛽 expression in TNBC cells was silenced using shRNA, resulting in
a significant reduction in TNBC proliferation. ER𝛽-specific antagonists similarly suppressed TNBC growth. Growth-stimulating
effects of ER𝛽may be due in part to downstream actions that promote VEGF, amphiregulin, and Wnt-10b secretion, other factors
associated with tumor promotion. In vivo, insulin-like growth factor-2 (IGF-2), along with ER𝛽1, is significantly expressed in TNBC
and stimulates highER𝛽mRNA inTNBCcells.Thisworkmayhelp elucidate the interplay ofmetabolic and growth factors inTNBC.

Dedicated to the memory of the authors’ distinguished colleague and friend Dr. Lee Goodglick (1960–2014)
who made major contributions in cancer research during his career

1. Introduction

Breast cancer (BC) is the most common malignancy in
women [1, 2]. About 70% of patients with breast cancer
express estrogen receptor-𝛼 (ER𝛼). Due to the success of
endocrine therapies, the mortality of patients with ER𝛼-
positive tumors has declined significantly in the past decade.

Similarly, about 15% of patients have tumors that overex-
press HER2 receptor and thus are candidates for HER2-
targeted treatments. In contrast, TNBC occurs in 10–15%
of patients, yet this disease subtype accounts for about half
of all breast cancer deaths. TNBCs lack clinical expression
of ER𝛼, progesterone receptor, and HER2 overexpression
(ER𝛼−/PR−/HER2−). TNBCs have incomplete overlap with
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basal-like breast tumors, a subgroup of breast cancers defined
by gene-expression profiling that express specific cytoker-
atins, and with some hereditary breast cancers. Though
heterogeneous, TNBCs typically occur in younger women
andAfricanAmericanwomen aswell as among somepatients
with BRCA1 gene defects [1, 2]. Population-based data show
that African American women have a higher incidence
of TNBC and present with more advanced stages than
Caucasian women [3]. This cancer subtype also associates
with adverse biological features including high mitotic count
and very aggressive behavior. Of note, some recent reports
indicate that the incidence of ER𝛼-negative BC and TNBC,
high-risk breast cancer subtypes, may correlate with the
extent of African ancestry [4]. Though initially responsive to
chemotherapy, TNBCs tend to relapse and metastasize early
and have a prognosis worse than other subtypes. Currently
specific therapies for TNBC are unavailable [1–3].

Estrogens promote progression of ER𝛼-positive cancers,
effects exerted by binding of estradiol to ER𝛼, a ligand-
activated transcription factor [5]. ER𝛼 is predominantly
a nuclear-localized protein. Immunohistochemical (IHC)
detection of nuclear ER𝛼 in tumors is a standard clinical
assay used to plan patient management [6]. Of special note,
recent reports show that a second type of estrogen receptor,
termed estrogen receptor-beta (ER𝛽), is expressed in TNBC
cells [7, 8]. ER𝛼 and ER𝛽 are encoded by two different
genes, yet ER𝛽 has 96% homology with ER𝛼 at the DNA-
binding domain and 60% homology at the ligand-binding
domain (LBD). However, it is important to note that ER𝛽 is
not identified in standard assays for ER𝛼. The role of ER𝛽
in breast cancer remains to be elucidated but some studies
show ER𝛽 is a biomarker related to a more aggressive clinical
course [8] and correlates with Ki-67, a marker of proliferation
[7, 9]. Early studies demonstrate higher levels of ER𝛽 in
breast tumors of AfricanAmerican as compared toCaucasian
women, suggesting that ER𝛽may play a critical role in TNBC
development [10–14].

Based on current data, estradiol regulates gene expression
by genomic and nongenomic inputs [15, 16]. Genomic signals
involve direct action of nuclear-localized ER𝛼 as an estradiol-
regulated transcription factor or coregulator. By contrast,
nongenomic signaling involves extranuclear events mediated
by extranuclear ERs often in cooperation with coactivator
or adaptor proteins [17]; these then impact gene expression
indirectly by modulating signaling cascades such as MAPK,
PI3K/AKT, and mTOR [8, 14–19] to regulate transcription
[5, 15, 16]. In target cells, extranuclear ER𝛼 forms are derived
from the same transcript as nuclear ER𝛼; however minor
extranuclear ER𝛼 splice variants occur [15, 16]. In TNBC, less
is known about the role of ER𝛽 in cancer progression [7, 8,
11]. Several ER𝛽 isoforms occur in breast cancers, including
ER𝛽1, ER𝛽2, ER𝛽4, and ER𝛽5, but only ER𝛽1 retains an intact
LBD to interact with specific ligands, thus ER𝛽1 is a preferred
clinical target [17, 20–22]. ER𝛽 forms occur in tumor cell
nuclei but, as ER𝛼 forms, may also occur at extranuclear
sites [15, 16, 23]. Like ER𝛼, ER𝛽 activates transcription by
genomic pathways or nongenomic pathways by interaction
with coactivators/coregulators [17] that in turn modulate
signaling cascades to impact gene expression and tumor

progression [5, 12, 14, 20, 21, 23]. Of note, ER𝛽 target genes
appear to be those that regulate cell death and survival, cell
movement, and cell development, growth, and proliferation,
as well as genes involved in the Wnt/𝛽-catenin and the G1/S
cell cycle phase checkpoint pathways [24].

Obesity and the metabolic syndrome are associated with
multiple factors that may cause an increased risk for can-
cer and cancer-related mortality [25]. One example is the
insulin family of proteins which have pleiotropic effects on
metabolism and growth. A large body of evidence indicates
the insulin/insulin-like growth factor (IGF-1, IGF-2) pathway
in breast cancer progression [25–29]. Of note, IGF-2 occurs
in an unprocessed (pIGF-2) and mature (mIGF-2) form and
plays a role in breast cell proliferation and inhibition of
apoptosis [28–33]. Under normal conditions, IGF-2 is tightly
bound and sequestered [34–38], but overexpression of IGF-2
is associated with breast cancer development and increased
tumor formation [39, 40]. Most human cancers overexpress
both the IGF-1 receptor (IGF-1R) and insulin receptor (IR)
isoforms, leading to the formation of hybrid IGF-1R/IRs. IGF-
2 is a known ligand for these receptors aswell as themannose-
6-phosphate/IGF-2R and high-affinity binding proteins [25–
29, 32]. IGF-2 expression is strongly enhanced in invasive
breast cancers and downstreammTOR signaling is stimulated
[41] as is TNBC cell migration [29]. Of note, disparities in
the expression of IGF-2 and its receptors are reported to
occur in breast tissue samples fromAfricanAmericanwomen
as compared to Caucasian women and may contribute to
differences in clinical outcomes [42]. IGF-2 is detected in
both tumor stroma and epithelial breast cancer cells and
correlates with both breast epithelial [27, 43–45] and stromal
cell proliferation [46]. Westley and May [26] also report
that estrogen signaling may cross communicate with IGF
pathways, with estrogen promoting increased breast cancer
production of IGF-2.

This report details interactions of ER𝛽 with IGF-2 and
other growth factor pathways in TNBC [46–52]. Our findings
using TNBC models and archival specimens suggest that
IGF-2 may regulate ER𝛽 expression which in turn modulates
metabolic and growth factor pathways in cancer progression.

2. Materials and Methods

2.1. Breast Cancer Cell Lines. For these studies, we used
the following triple-negative breast cancer cell lines (ATCC)
which have been previously well characterized as lacking
expression of ER𝛼 and PR as well as overexpression of HER2
[47, 48]: MDA-MB-231, MDA-MB-435, BT549, HCC38,
HCC1143, HCC1937, and HCC1806. As controls, we used
MCF-7 (expressing abundant ER𝛼 and minimal/no ER𝛽)
and T47D (expresses ER𝛼 and more abundant ER𝛽). Cell
cultures were routinely maintained at 37∘C in a 5% CO

2

incubator using RPMI 1640 media supplemented with peni-
cillin/streptomycin (10,000 units/mL penicillin and 10,000
units/mL streptomycin sulfate) and 10% fetal bovine serum
unless other specific media were recommended by the sup-
plier (ATCC). For the MDA-MB-231 cell line, we created
stable transfectants with a specific ER𝛽 shRNA producing a
knockdown of ER𝛽. As controls, we used a stable transfectant
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with a scrambled shRNA and vector control prepared as
detailed below (all reagents from Origene).

2.2. Reagents. ER𝛽 ligands for use in these experiments
included the following: (a) diarylpropionitrile (DPN), an ER𝛽
agonist (Tocris), (b) 4-[2-phenyl-5,7-bis(trifluoromethyl)-
pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP), ER𝛽 antag-
onist, and (c) 4,4󸀠,4󸀠󸀠-(4-propyl-[1H]-pyrazole-1,3,5-triyl)tris-
phenol (PPT), an ER𝛼 agonist [49, 50].

2.3. Assays for Cell Proliferation. In experiments to assess
proliferative effects of ER𝛽 ligands, cells were grown in phe-
nol red-free, estrogen-free media with 0.1% dextran-coated
charcoal-treated- (DCC-) FBS for 48 hours and then treated
with selected doses of DPN, PPT, or PHTPP. Cell counts and
viability tests (Trypan blue) were done every 24 hours for
3 days. After 72 hours, proliferation was assessed using the
BrdU cell proliferation ELISA (Roche). Cell numbers were
also assessed initially by cell counts to confirm ELISA data.

2.4. Assays for Growth Factor Secretion. Tumor cells were
cultured in estrogen-free media and then treated 20–120
minutes with DPN, followed by harvest of particle-free
media and application of established ELISA assays for VEGF,
amphiregulin, WNT 10b/12 [51–53], signaling molecules that
activate angiogenesis, EGFR, and WNT pathways, respec-
tively, which promote TNBC [1, 52, 53].

2.5. Knockdown of ER𝛽 Expression. To suppress ER𝛽 expres-
sion, we used the HuSH 29 mer shRNA constructs (Origene)
designed to target human ER𝛽 (ESR2) and included positive
and negative controls. Plasmids were designed and validated
specifically to knockdown expression of specific genes by
RNA interference and allow for enrichment of transfected
cells. Each vector expresses a short hairpin RNA (shRNA)
under control of the U6 promoter and puromycin resistance
gene to select stably transfected cells. Cells were trans-
fected with negative control, scrambled negative control, and
shRNA plasmids for ER𝛽 using MegaTran 1.0 transfection
reagent (Origene). After 48 hours, cells were replated at
low density in the presence of an effective concentration
of puromycin. Culture medium was replaced every 2-3
days, with cells replated every week for 2 weeks. As stable
transfectants were obtained, we isolated total RNA to identify
colonies with optimal ER𝛽1 knockdown, as confirmed by
qRT-PCR and immunoassays. Expression of transcripts was
done as before [14] and protein levels of ER𝛽 variants were
determined (data not shown). After ER𝛽1 knockdown, cell
proliferation was determined by established methods in the
presence of vehicle or specific ER𝛽 ligands.

2.6. ER𝛽 Expression by Quantitative RT-PCR (QRT-PCR). To
assess ER𝛽 transcript levels in TNBC cells [54], total RNA
was isolated by the Aurum total RNA mini kit (Bio-Rad).
UV spectroscopy and RNA quality indicator (RQI) values
obtained from the Experion automated electrophoresis sys-
tem (Bio-Rad) were used to determine RNA integrity. Primer
pairs used for ER𝛽 (Qiagen SA Biosciences): ER𝛽 forward:
5󸀠-GCTCATCTTTGCTCCAGATCTTG-3󸀠 and ER𝛽 reverse:

5󸀠-GATGCTTTGGTTTGGGTGATTG-3. cDNA was syn-
thesized using the iScript cDNA synthesis kit (Bio-Rad)
with 400 ng total RNA. The iQ SYBR Green Supermix (Bio-
Rad) was used for PCR amplification. Each reaction was
performed in triplicate and ribosomal protein 36B4 mRNA,
a housekeeping gene unaffected by estrogen, was used as the
internal control. The cycling conditions consisted of 95.0∘C
for 30 seconds followed by 39 cycles of 95.0∘C for 5 seconds,
57.0∘C for 15 seconds, and 72.0∘C for 90 seconds in a CFX96
Touch Thermocycler (Bio-Rad). Transcript levels of ER𝛽
were normalized to 36B4. Fold induction or repression was
measured relative to controls and calculated after adjusting
for 36B4 RNA (endogenous control) using 2−ΔΔCt, where
ΔCt = Ct interested gene − Ct 36B4 RNA and ΔΔCt =
ΔCt treatment −ΔCt vehicle control. For experiments that
evaluated IGF-2 effects on ER𝛽, cell lines were seeded and
cultured to 70–75% confluence in complete media followed
by 24 hours in serum/phenol red-free media. Following
serum starvation, cultures were treated with 100 ng/mL of
human recombinant pIGF-2 or mIGF-2 (GroPep) for 24
hours in serum-free, phenol-red-freemedia before total RNA
isolation.

2.7. Gel Electrophoresis and Immunoblotting. TNBC cells
were maintained in estrogen-free conditions 48 hours before
experiments. Cells were then incubated with vehicle con-
trol or 10 nM DPN for 15 minutes or 24 hours and
then harvested and lysed. Total cell proteins were resolved
by 4–15% SDS-PAGE, transferred to polyvinylidene diflu-
oride membranes, and probed with antibodies directed
against phosphotyrosine-1068-EGFR (Cell Signaling Tech-
nology D7A5), total EGFR (Calbiochem, GR15), or HER-3
(Santa Cruz Biotechnology, C17). Phospho-p44/p42 MAPK
(Thr202/Tyr204; #9101), total MAPK (#9102), phospho-
mTOR (Ser-2448, clone D9C2), and total mTOR (7C10)
antibodies were from Cell Signaling Technology. Proteins
were detected by using horseradish peroxidase (HRP) conju-
gated secondary antibodies andThermo Scientific Pierce ECL
Western Blotting Substrate with enhanced chemiluminescent
for detection of activity fromHRP.Membranes were stripped
and reprobed with 𝛽-actin as a loading control; anti-beta-
actin antibody C4 was from Santa Cruz Biotechnology (sc-
47778). Immunoblots shown in figures are a representative of
at least three independent experiments.

2.8. Patients and Analyses of Archival TNBC Specimens.
Overall 19 TNBC cases were available for this study, with
14 provided by tumor banks associated with the UCLA
Early Detection Research Network [55, 56] and the Division
of Cancer Research at Charles Drew University School of
Medicine and Science (CDU) [57]. Patient specimens were
obtained from archival breast cancer studies between 1995
and 2007. This study was approved by our Institutional
Review Boards and written informed consent was obtained
from all participants. TNBC was confirmed by surgical
biopsy/pathology and follow-up data. Of the 14 UCLA-CDU
cases, each is linked to deidentified clinical and outcome data.
Follow-up time was performed up to 5 years. The specimens
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include those from 11 non-Hispanic Caucasian and 3 non-
Hispanic African American female patients. General charac-
teristics of these patients were reported previously [55–57].

An additional 15 specimens were provided by the NCI-
supported Cooperative Human Tissue Network (http://www
.chtn.nci.nih.gov/).These archival specimens included 5 cases
from female patients with TNBC as well as controls for
comparison from female patients with ER𝛼-negative breast
cancer (non-TNBC) (𝑛 = 5) and ER𝛼-positive breast cancer
(𝑛 = 5). Overall, all histologies included cases with invasive
tumors with some associated with metastases. Among the
15 NCI CHTN tumor cases, tissue samples were taken from
neighboring regions of nonmalignant tissue (𝑛 = 9). All
specimens were collected with the appropriate institutional
human subject protection committee approvals and patient
consent.

Formalin-fixed and paraffin-embedded tissue samples
were stained using standard IHC protocols as before [55–
62]. Antibodies used included ER𝛼 (clone 1D5, DAKO);
ER𝛽, anti-ER𝛽 (GeneTex); anti-ER𝛽-1 clone PPG5/10 (AbD
Serotec); IGF-2 (Abcam); EGFR; and Ki-67 (DAKO). Appro-
priate controls were included to assess specificity and validate
each antibody including (i) appropriate preimmune control,
(ii) dose-dependent titration, (iii) known positive and nega-
tive tissues, (iv) use of specific peptide competitors, and (v)
other established approaches in our laboratory [58, 62]. For
IHC, antibody bindingwas detected by using the “Envision+”
System-HRP (DAB) followed by chromogen detection with
diaminobenzidine (DAKO). Sections were counterstained
with Harris hematoxylin, followed by dehydration through
graded alcohol solutions, and mounted. Images were cap-
tured by using an Olympus BX41 microscope hooked to a
Pixera Pro 150 ES or Evos xl Coremicroscope. Care was taken
to evaluate staining of specific target structures only. Both
intensity of staining and percentage of cells were recorded
for both neoplastic and normal cells expressing antigen in
both nuclear and extranuclear localizations. Board-certified
pathologists quantified expression as before [55–58]. We
used an Allred scoring system to quantify expression in
tumors [62]. Of note, stromal expression of growth factors
or steroid receptors in endometrial cancer are reported to
be biomarkers to predict response to hormonal therapy [63].
Hence, we explored stromal as well as tumor expression of
selected biomarkers, particularly ER𝛽1 and IGF-2 (Abcam).

2.9. Statistical Analyses. For in vitro work, experiments were
done in triplicate. Student’s 𝑡-test, ANOVA, or Kruskal-Wallis
test, if outcomes were nonnormally distributed, was used to
compare intervention groups. Analyses were evaluated using
bar and scatter graphs with means, SD, and SE. Time trend
curves for agents under different conditions were obtained as
appropriate. Repeated measures ANOVA were used to assess
time, condition, and time by condition interaction effects.𝑃 <
0.05was considered significant. For analyses of clinical TNBC
specimens, we used methods and protocols for assessing
novel associations with clinical/pathological variables as well
as marker associations as detailed before [56–62]. The log-
rank test was used to compare overall survival (OS) between

Table 1: Demographic characteristics.

Variable 𝑁 (%)
Race
African American 3 (21.4)
Caucasian 11 (78.6)

AJCC stage
0-I 0
II 7 (50)
III-IV 7 (50)

Ki-67 status
Low 3 (21.4)
High 11 (78.6)

Age, mean years (range)
<50 yrs 8 (32–58)
>50 yrs 6 (53–65)

Table 2: ER𝛽1 biomarker distribution.

Variable 𝑁 (%)
Nuclear ER𝛽1 primary tumor
Positive 8 (57.1)
Negative 6 (42.8)

those subjects with positive nuclear ER𝛽1 expression score
versus those with negative scores.

3. Results

3.1. ER𝛽 Expression in Archival TNBC Specimens. Several
reports indicate that ER𝛽 expression in node-positive breast
cancer is a biomarker for more aggressive disease [8, 21].
For these studies, we used 14 archival TNBC specimens
with demographic characteristics including American Joint
Committee on Cancer (AJCC) stages provided in Table 1.
Using immunohistochemistry, specific ER𝛽1 staining was
observed and scored in nuclear sites, with our observations
noted in Table 2. Representative immune staining patterns
are shown in Figure 1. Of note, we also observed evidence of
diffuse extranuclear ER𝛽1 staining inmost specimens but this
staining was not scored or analyzed for this report. In further
analyses, we assessed the clinical outcome of 14 patients with
a 5-year follow-upwhose tumors expressed or did not express
ER𝛽1. In this group of patients with advanced TNBC, overall
survival (OS) was significantly worse for TNBC patients with
high nuclear ER𝛽1 (positive) as compared to those with low
(negative) ER𝛽1 (𝑃 < 0.001; see Figure 2). Finally, we note
that, of the AfricanAmerican patients included in our sample
of 14 TNBC patients (11 Caucasian and 3 African American
women), all three had tumors that were ER𝛽1-positive.

3.2. ER𝛽 Expression in Breast Cancer Cell Lines. We assessed
ER𝛽 expression in a panel of established TNBC [47, 48] and
control breast cancer cell lines, MCF-7 and T47D. All TNBC
cell lines were confirmed to express ER𝛽. Lysates of reported
TNBC cells (MDA-MB-231, MDA-MB-435, BT549, HCC-38,
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Figure 1: ER𝛽1 expression in archival TNBC specimens. Representative examples are shown of IHC staining of tumor and nonmalignant
tissue specimens using anti-ER𝛽1 antibody (AbDSerotec PPG5/10). (a) TNBC specimen shows nuclear (and cytoplasmic) immunostaining of
ER𝛽1 at lowmagnification. (b)The same TNBC specimen shows nuclear (and cytoplasmic) immunostaining of ER𝛽1 at higher magnification.
(c) Expression of nuclear ER𝛽1 is also observed in neighboring nonmalignant mammary tissue from the clinical specimen used in panels (a)
and (b). (d) Negative ER𝛽1 detected in a different clinical specimen as shown as comparison. Antibody binding was detected by using the
“Envision+” amplification system followed by chromogen detection with diaminobenzidine (DAKO). Sections were counterstained with
Harris hematoxylin followed by dehydration through graded alcohol solutions and mounting. See Table 2 for a summary of findings on all
TNBC cases examined.

HCC-1143, and HCC-1937) and nuclear ER𝛼-positive con-
trols (MCF-7, T47D) were subjected to gel electrophoresis
and immunoblots with anti-ER𝛽 antibody and anti-ER𝛼
antibody. Results are shown in Figure 3. T47D cells were also
used as a positive control for ER𝛽 expression. These findings
indicate significant expression of ER𝛽 TNBC cell lines.

3.3. ER𝛽 Regulates Breast Cancer Cell Proliferation. MDA-
MB-231 TNBC cells were stably transfected with an empty
control vector, nonspecific shRNA scrambled sequence con-
trol plasmid, or an ER𝛽-specific shRNA plasmid to suppress
ER𝛽 expression. Evidence of expected molecular alterations
in ER𝛽 protein expression in MDA-MB-231 cells is shown
in Figure 4(a). Transfected cells were treated with known
estrogen receptor agonists and/or antagonists [49, 50] includ-
ing DPN (ER𝛽 agonist), PPT (ER𝛼 agonist), and PHTPP
(ER𝛽 antagonist) alone. As shown in Figure 4(b), PHTPP
decreased proliferation in ER𝛽-expressing cells but not in
cells where ER𝛽 expression was suppressed. Notably, DPN
(ER𝛽 agonist) increased proliferation only in cells expressing
ER𝛽 (Figure 4(b)). These results are consistent with the
hypothesis that ER𝛽1 plays a significant role in modulating
TNBC proliferation. This finding is consistent with reports

that associate ER𝛽1 expression with Ki-67, a marker of cell
proliferation, in ER𝛼-null tumors [17].

3.4. ER𝛽1 Stimulates Secretion of Growth Factors in TNBC.
To investigate potential cross talk between ER𝛽1 and growth
factor signaling pathways [15] which may promote TNBC
progression (such as VEGF, amphiregulin, andWNT 10b/12)
[1, 15, 52, 53, 64], we cultured TNBC cells in the presence
and absence of DPN. Using established ELISA methods as
detailed before [51], levels of selected secreted growth factors
were assayed in particle-free, extracellular media (Figure 5).
DPN promoted secretion of several critical growth factors
(𝑃 < 0.001).

3.5. Activation of ER𝛽1 Correlates with an Increase in EGFR
Expression and Activation of Downstream Signaling Pathways.
Since EGFR is known to be expressed and active in many
TNBCs [1, 64], we explored cross communication between
ER𝛽 activation and EGFR in TNBC cells. MDA-MB-231 cells
treated with DPN for 15 minutes showed increased phospho-
rylation of Tyr1068-EGFR as well as downstream signaling
demonstrated by phosphorylation of p44/p42-MAPK and
phospho-Ser2448-mTOR (see Figure 6(a)). Further, TNBC
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Figure 2: ER𝛽1 expression reduces overall survival (OS) in TNBC.
TNBCs from 3 African American and 11 Caucasian women were
scored for nuclear ER𝛽1 using IHC with validated antibody (see
Table 2). Allred scores >2 are denoted as positive. In this group of
patients with advanced TNBC, overall survival (OS) was signifi-
cantly worse for TNBC patients with high nuclear ER𝛽1 (positive)
as compared to those with low (negative) ER𝛽1 (𝑃 < 0.001). We
noted that TNBCs from all 3 African American women were ER𝛽1-
positive.

cells treated with DPN for 24 hours had increased EGFR
protein levels but levels of HER-3, a related EGFR family
member, were not increased (Figure 6(b)). Our findings in
Figure 5 that note ER𝛽-induced promotion of amphireg-
ulin, a known EGFR ligand, as well as EGFR expression
(Figure 6(b)) implicate a cascade that could potentially pro-
mote downstream EGFR signaling modules such as the
Ras/Raf/MEK/ERK1/2 and mTOR pathway for TNBC pro-
gression [15, 65]. Hence, ER𝛽1 elicits increased phosphory-
lation of EGFR, as well as activation of MAPK and mTOR.

3.6. IGF-2 Stimulates ER𝛽 Transcription. To evaluate poten-
tial effects of unprocessed or big (pIGF2) and processed
(mIGF2) IGF-2 on ER𝛽 transcription, we used a real-time
PCR approach. As compared to T47D cells, which express
both ER𝛼 and ER𝛽, higher transcript levels of ER𝛽 were
stimulated by mIGF-2 in HCC 1806 and MDA-MB-231 cell
lines (Figure 7).These findings indicate a role of IGF-2 in ER𝛽
transcription.

3.7. IGF-2 and ER𝛽1 Expression in Archival TNBC Specimens.
IGF-2 is a secreted protein highly expressed in breast tumor
tissue. To assess the association of elevated IGF-2 with
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Figure 3: ER𝛽 is expressed inTNBCcells. Lysates of reportedTNBC
cells (MDA-MB-231, MDA-MB-435, BT549, HCC38, HCC1143, and
HCC1937) and nuclear ER𝛼-positive controls (MCF-7, T47D) were
subjected to polyacrylamide gel electrophoresis and immunoblots
with anti-ER𝛽 antibody (D7N, Zymed/Invitrogen; confirmed with
GeneTex ER𝛽1 antibody (not shown)) and anti-ER𝛼 antibody (1D5,
DAKO). T47D cells are also a positive control for ER𝛽 expression.
𝛽-actin is used as a loading control. Methods were as before [60,
61]. Blot shown is a representative of at least three independent
experiments.

a specific tumor subtype, we evaluated IGF-2 expression lev-
els in epithelial and neighboring stromal components of ER𝛼-
positive (ER+), ER𝛼-negative (ER−), and TNBC tumors.
Following pathology review, we obtained archival tissue from
5 patients in each subtype. The patients selected ranged in
age from 35 to 61 years (average age 50) with additional
demographic characteristics shown in Table 3. In comparison
to ER+ and ER− epithelium, TNBC epithelia expressed
significantly higher levels of IGF-2 (𝑃 < 0.01; see Figure 8(a)).
Additionally, IGF-2 staining in neighboring stromal cells was
highest in TNBCs as compared to ER− tumors (𝑃 = 0.05) and
ER+ tumors (𝑃 < 0.01; see Figure 8(b)).These results support
a potential apocrine and/or paracrine role of IGF-2 in cancer
progression.

Since the expression of IGF-2 and ER𝛽1 is associated with
poor patient outcomes, we evaluated their coexpression in
normal breast tissue and TNBC tumors (Figure 9). Using
immunohistochemistry, archival TNBC tumors and adjacent
nonmalignant breast specimens were evaluated for IGF-2 and
ER𝛽1 expression (Figure 9(a)). In the samples evaluated and
scored, notably increased expression of IGF-2 (𝑃 < 0.01) and
ER𝛽1 (𝑃 < 0.005) is found in all TNBC tumors examined
(Figure 9(b)).

4. Discussion

Thediscovery of ER𝛽 and its expression in TNBC raised hope
that targeting ER𝛽 might offer new treatment options for
TNBC patients where previously only aggressive chemother-
apies were available [1, 2, 17]. However, these predictions
have yet to be realized. Some investigators report that ER𝛽
is a favorable prognostic factor [13] or tumor suppressor
[10], while others find that ER𝛽 correlates with aggressive
phenotypes and worse prognosis [8, 14, 17, 58]. These dif-
ferences may be due in part to use of nonspecific antibod-
ies to assay ER𝛽 and some studies of archival specimens
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Figure 4: Blockade of ligand-induced proliferation of triple-
negative MDA-MB-231 cells by ER𝛽 antagonists and by ER𝛽
shRNA. (a) Estrogen receptor-𝛽 knockdown. MDA-MB-231 TNBC
cells were transfected with shRNA control (CON), ER𝛽-targeted
shRNA (1, 2, 3), and scrambled shRNA vectors (SCRB) (Origene
#TG320347). Stable transfectants were selected using puromycin.
Cell lysates were processed for Western blot, with results shown
for a negative control (CON), 3 different ER𝛽 knockdown clones
(1, 2, and 3), and scrambled shRNA (SCRB). 𝛽-actin was used as
a loading control. (b) Blockade of ligand-induced proliferation of
triple-negative MDA-MB-231 cells by ER𝛽 antagonists and by ER𝛽
shRNA.Cells were stably transfectedwith empty vector (white bars),
nonspecific shRNA scrambled-sequence plasmid (grey bars), or an
ER𝛽 shRNA plasmid (black bars). As indicated in the figure, cells
were treated with different ligands: DPN (ER𝛽1 agonist), PPT (ER𝛼
agonist), and PHTPP (ER𝛽 antagonist) [49, 50]. Cell proliferation
was determined after 72 hours using the BrdU cell proliferation
ELISA (Roche) (𝑛 > 3). Graph shows percentage of surviving
cells relative to untreated controls (vehicle control), defined as 100%
for each transfection condition: empty vector, scrambled, and ER𝛽
shRNA. ∗𝑃 = 0.007, ∗∗𝑃 = 0.005, and ∗∗∗𝑃 = 0.006. Data represents
at least three independent experiments.

lack validation of a true TNBC phenotype [17, 20, 21]. To
address these problems, we used validated ER𝛽 antibodies
[58, 67] and established TNBC specimens (ER𝛼-negative/PR-
negative/HER2-overexpression-negative). Our findings sup-
port earlier reports on the prognostic potential of ER𝛽
isoforms in TNBC [7, 8, 11, 17, 20, 21, 68, 69], particularly
ER𝛽1. Our data show specific staining for ER𝛽1 isoform
in TNBC specimens, a finding consistent with other recent
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Figure 5: ER𝛽1 stimulates secretion of VEGF, amphiregulin,
and WNT 10b/12. TNBC cells (MDA-MB-231) were cultivated in
estrogen-free media and then treated for 20–120 minutes with ER𝛽
agonist (10 nMDPN), followed by harvesting of medium and ELISA
assays for VEGF, amphiregulin (AREG), andWNT 10b/12, signaling
molecules that are each reported to contribute to the progression of
TNBC [52, 53, 64]. Assays were done in triplicate in 3 independent
experiments. DPN promoted secretion of several critical growth
factors (all at 𝑃 < 0.001) as compared to appropriate controls.

reports that both ER𝛽1 and ER coregulator SRAP are pre-
dictive biomarkers of tamoxifen-response/benefit in women
with ER𝛼-negative breast cancer [17, 70]. It is independently
reported that high levels of nuclear ER𝛽2 are associated
with lymph node involvement and serve as an independent
biomarker for early tumor relapse in ER𝛼-negative breast
cancers, particularly in TNBC subgroups [69]. Since ER𝛽1
and ER𝛽2 tend to correlate positively, ER𝛽2 expression may
contribute in part to this finding.Thismay be critical as ER𝛽2
can heterodimerize with ER𝛽1 andmodulate gene expression
[22, 68]. It will be important in future work to assess the
ratio of ER𝛽1 : ER𝛽2 expression in a larger sample of TNBC
specimens and to correlate receptor protein and transcript
levels with treatment outcomes [21]. Expression of ER𝛽1 is
of particular interest because it is the only ER𝛽 isoform that
contains an intact LBD, thereby serving as a potential drug
target in the clinic [17, 21, 22].

In pursuit of new approaches to treat TNBC, it is
important to consider results of some recent studies on
TNBC and related ER𝛼-negative disease. Our data appear
consistent with independent reports of ER𝛽1 as a biomarker
for improved survival in TNBC patients when treated with
tamoxifen [13, 17, 21, 70]. Although previous work suggests
that tamoxifen use only reduced the risk of ER𝛼-positive
breast cancer, Yan et al. [17] report that both ER𝛽1 and ER
coregulator SRAP are predictive biomarkers of tamoxifen-
response/benefit in women with ER𝛼-negative breast cancer.
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Figure 6: Estrogen receptor-𝛽 agonist DPN promotes expression and activation of EGFR and downstream signaling in MDA-MB-231 cells.
(a) Cells were treated with DPN for 15 minutes. Thereafter, cells were lysed and processed for gel electrophoresis and Western immunoblot
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loading control. Blot shown is representative of at least three independent experiments.

In ER𝛼-negative tumors, ER𝛽1 expression correlates with Ki-
67 proliferation marker suggesting that ER𝛽1 may have a role
in driving proliferation; thus antiestrogen treatment aimed
at ER𝛽1 inhibition could slow tumor progression [17]. With
the discovery of ER𝛽 expression alone in TNBC, this presents
the possibility that, in this ER𝛼-negative cohort, antiestrogen
strategies may potentially mediate activity via ER𝛽1, the full-
length ligand-binding receptor isoform [57, 71, 72].

Although earlier work confirmed that ER𝛼-positive
breast cancer cells are more sensitive than ER𝛼-negative
breast cells to the growth-inhibitory effects of tamoxifen,
moderate antiproliferative responses to tamoxifen and to ICI-
164,384 are found in ER𝛼-negative cells [73–75].These effects
may be modulated in part by a second unique binding site
identified for hydroxytamoxifen in the coactivator-binding
groove of ER𝛽 that may disrupt ER𝛽-coactivator interactions
[76]. Collectively, these reports have important implications
since approved breast cancer treatments (tamoxifen, ralox-
ifene) are largely well tolerated and orally administered.
Such medications may be alternative treatments for ER𝛽-
positive TNBC patients with generally few options other than
cytotoxic chemotherapy [1, 17, 21]. A clinical trial to test this
hypothesis in TNBC patients with ER𝛽-positive status was
recently launched [77].
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Figure 7: IGF-2 modulates the transcription of ER𝛽 in HCC 1806
and MDA-MB-231 cell lines. Cells were seeded and then cultured
for 24 hours in serum-free, phenol red-free media. Following serum
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2 (GroPep). Following a 24-hour incubation period, total RNA
was extracted and qRT-PCR was performed. Data presented are
the result of at least six independent experiments performed in
triplicate. Statistical significance was determined using Student’s 𝑡-
test (Graphpad). Error bars: SE. ∗𝑃 value = 0.05.
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Table 3: Demographic characteristic of archival ER+, ER−, and TNBC breast samples.

Variable ER+ ER− TNBC
Race ER𝛼+/PR+/HER2+ ER𝛼−/PR−/HER2+ ER−/PR−/HER2−

African American 3 (60%) 1 (20%) 2 (40%)
Caucasian 2 (40%) 4 (80%) 3 (60%)

AJCC stage
0-I 2 (40%) None 1 (20%)
II 2 (40%) None None
III-IV 1 (20%) 5 (100%) 4 (80%)

Ki-67 status
Not recorded 4 (80%) 1 (20%) 1 (20%)
Low 1 (20%) 1 (20%) 1 (20%)
High 3 (60%) 3 (60%)

Metastasis
Not recorded 1 (20%)
Positive 2 (40%) 3 (60%) 2 (40%)
Negative 3 (60%) 2 (40%) 2 (40%)

Age, mean years (range)
<50 yrs 3 (45–49) 2 (35–49) 2 (45–49)
>50 yrs 2 (50–70) 3 (50–70) 3 (50–70)

0

1

2

3

4

5

6

7

TNBC

A
llr

ed
 sc

or
e

ER+ ER−

∗∗

(a)

0

1

2

3

4

5

6

7

8

TNBC

A
llr

ed
 sc

or
e

ER+ ER−

∗

(b)

Figure 8: High levels of IGF-2 occur in archival TNBC tumors as compared to ER𝛼+ and ER𝛼− breast cancers. Archival breast tissues from
patients with ER𝛼-positive (ER+, 𝑛 = 5), ER𝛼-negative (ER−, 𝑛 = 5), and TNBC (𝑛 = 5) breast cancer were evaluated for IGF-2 expression.
Validated IHC staining methods were used to evaluate IGF-2 expression in tumor epithelium (a) and neighboring stroma (b). Scoring was
done using an Allred-based criterion. (a) Significantly higher expression of IGF-2 is found in the epithelium of TNBC tumors as compared
to ER+ (∗∗𝑃 < 0.01) and ER− breast cancers (∗∗𝑃 < 0.01). (b) Compared to ER+ and ER− archival breast tumors, stromal tissue adjacent to
TNBC tumors expressed significantly higher levels of IGF-2 than stromal tissue neighboring non-TNBCs (∗∗𝑃 < 0.01 and ∗𝑃 < 0.05 for ER+
and ER−, resp.). Error bars: SD.

We note that ER𝛽 activity is generally considered antag-
onistic to that of ER𝛼 when both receptors occur together
in a cell, but, in isolation, the role of ER𝛽 forms is not
well-documented. Molecular studies show that when both
ER𝛼 and ER𝛽 are present together in tumor cells, each
ER restricts the binding site occupancy of the other, with
ER𝛼 generally being dominant to ER𝛽. It is clear that ER𝛽
binding and actions in gene regulation are different in the
absence of ER𝛼 expression in breast tumor cells [78]. Indeed,
correlation of ER𝛽 with high proliferative biomarkers is
reported in ER𝛼-negative tumors but not in those with ER𝛼
expression [13, 17]. Among the first studies on stable trans-
fection of ER𝛽 in MDA-MB-231 cells, it was determined that

the proliferation rate of the tumor cells positively corre-
lates with the level of ER𝛽 expression [23]. Results using
stable ER𝛽 clones in ER𝛼-negative tumor cells demonstrate
increased proliferation as ER𝛽 expression increased.A confir-
mation of these experiments was published whenMDA-MB-
435 cells transfected with ER𝛽 led to significant stimulation
of tumor progression as well as metastasis in vivo [79]. These
reports support ER𝛽 stimulated tumor proliferation in ER𝛼-
negative breast cancer cells [23, 79] and complement the data
presented in this study. In contrast, in other studies with
ER𝛽 transfection in ER𝛼-low or -negative breast cancer cells,
cell proliferation was inhibited [80, 81]. Several reasons may
explain such contrasting results. For example, transfection of
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Figure 9: IGF-2 and ER𝛽1 are highly expressed in TNBC tumors. Archival breast tissue from patients with TNBC along with adjacent normal
tissue adjacent to TNBC tumors was obtained from the NIH CHTN and UCLA Early Detection Research Network. Immunohistological
assays were used to evaluate tissue samples for IGF-2 and ER𝛽1 expression (see Section 2). (a) Representation of IGF-2 and ER𝛽1 expression in
normal andTNBCbreast tissue. IGF-2 (A andB) andER𝛽1 (C andD) expressionwere evaluated and visualized using Evos xl Coremicroscope.
Representative images are presented. (b) Allred scoring of IGF-2 and ER𝛽1 in archival breast tissue. Samples from neighboring normal tissue
(𝑛 = 7) and from TNBC tumors (𝑛 = 11) were stained for IGF-2 and ER𝛽1 then scored using Allred-based criterion (see Section 2). IGF-
2 (∗∗𝑃 < 0.01) and ER𝛽1 (∗∗∗𝑃 < 0.005) were notably expressed in TNBC tumor samples. Statistical significance was determined using
Student’s 𝑡-test (Graphpad). Error bars: SE.
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ER𝛼 led to the paradoxical finding that ER𝛼 was a growth
inhibitor in breast cancer, a result that is clearly inconsistent
with established clinical findings [82–84]. This unexpected
result and similar ER𝛽 transfection data may be due, in part,
to excessive levels of ER expression in the model systems
used or other complicating factors [23]. Further, conflicting
data could be the result of differences in ER𝛽1 and ER𝛽2
expression/activity. High nuclear ER𝛽2 is an independent
marker of early relapse in ER𝛼-negative breast cancer and
especially TNBC [69]. As noted above, it will be important to
assess the impact of ER𝛽2 [22]. It is possible that ER𝛽1 and
ER𝛽2 are both necessary partners in promoting aggressive
TNBC [85]. Finally, there are conflicting reports on activity
of ER𝛽-specific ligands in TNBC as well as other tumor types
[86, 87]. ER𝛽1 expression correlates with tumor proliferation
and progression in lung cancer [58, 87–89] but not in colon
cancer [90]. An important new report with direct relevance
to TNBC shows that under basal conditions ER𝛽 agonists
induced apoptosis in breast cancer cells [65]. However, when
extracellular signal-regulated kinases 1 and 2 (ERK1/2) were
activated by coincubation with epidermal growth factor
(EGF), ER𝛽1 agonist DPN induced proliferation in breast
cancer cells [65]. Such results indicate EGFR-induced signal-
ing activity, known to be frequently overexpressed and active
in TNBCs, can modulate ER𝛽 growth-promoting effects [15,
91].

Emerging evidence highlights the increased frequency of
obese patients afflicted with TNBC [25, 92–94] and a recent
meta-analysis indicates that obese women are at a greater
risk of presenting with a TNBC than nonobese women [95].
The insulin family of growth factors are notably critical
mediators of metabolic factors [25, 93]. IGF-2 expression is
strongly enhanced in invasive breast cancers and stimulates
downstream mTOR signaling and TNBC cell migration [29,
41]. An IGF gene signature including those involved in cell
growth, survival, metabolism, and biosynthesis is activated
in TNBC and ER𝛼-negative breast tumors [96, 97]. Of
note, this IGF signature altered mRNA levels of numerous
members of both the PI3K and ERK1/2 pathways with
enrichment for transcriptional targets of PI3K/Akt/mTOR
and EGFR/Ras/MAPK pathways.

Our findings show that ER𝛽 transcripts are stimu-
lated severalfold in TNBC cells treated with IGF2 and
elevated IGF-2 expression occurs in both archival TNBC
and neighboring stromal cells. These data are consistent
with independent reports that detected IGF-2 in both tumor
stroma and epithelial breast cancer cells and correlated IGF-
2 expression with breast epithelial [27, 43–45] and stromal
cell proliferation [46]. Westley and May [26] also report
cross communication between estrogen and IGF pathways,
with estrogen promoting increased production of IGF-2.
Extensive cross talk between the IGF signaling pathway and
two major growth regulators in breast cancer, namely, ER
and EGFR, is detailed in numerous studies [15, 33]. Previous
ideas about why patients with TNBC have more aggressive
tumors that relapse earlier than patients with other types
of breast cancer have focused only on tumor cell-intrinsic

properties. Our results support the notion that the host
systemic environment and local stromal cell niches may also
play a role in tumor behavior [98]. Cross talk between epithe-
lium and stroma is essential for neoplastic transformation
in many hormonally regulated tissues [99, 100]. One way
this cross talk occurs is through reciprocal signals regulating
hormone receptor expression or activity in each cellular
compartment. In patients with TNBC, progression of tumor
cell populations may depend in part on complex interactions
and the bioavailability of IGF-2 and ER𝛽 [98].

5. Conclusions

Results of this study indicate that ER𝛽1 expression in archival
TNBC specimens associates with significantly worse 5-year
overall survival, a common characteristic of this disease.
Significant expression of ER𝛽 in a panel of TNBC cell lines
is consistent with these findings. Of note, IGF-2, known
to associate with breast cancer promotion, is expressed in
TNBC and neighboring cells in archival clinical specimens
and stimulates increased levels of ER𝛽 mRNA in TNBC
cells. Using shRNA to silence ER𝛽 expression, we find that
ER𝛽 suppression significantly reduced TNBC proliferation.
ER𝛽-specific antagonists similarly reduced TNBC growth.
In TNBC, ER𝛽 may stimulate growth through downstream
actions that promote VEGF, amphiregulin, and Wnt-10b
secretion which in turn activate specific receptor signaling
pathways known to be associated with TNBC progression.
This work may further our understanding on the interplay
of metabolic and growth factors in TNBC, and, hopefully,
lead to new therapeutics tomanage patients afflicted with this
deadly disease.
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Obese postmenopausal women have an increased risk of breast cancer and are likely to have a worse prognosis than nonobese
postmenopausal women.The cessation of ovarian function after menopause results in withdrawal of ovarian sex steroid hormones,
estrogen, and progesterone. Accumulating evidence suggests that the withdrawal of estrogen and progesterone causes homeostasis
imbalances, including decreases in insulin sensitivity and leptin secretion and changes in glucose and lipidmetabolism, resulting in
a total reduction in energy expenditure. Togetherwith a decrease in physical activity and consumption of a high fat diet, these factors
significantly contribute to obesity in postmenopausal women.Obesitymay contribute to breast cancer development through several
mechanisms. Obesity causes localized inflammation, an increase in local estrogen production, and changes in cellular metabolism.
In addition, obese women have a higher risk of insulin insensitivity, and an increase in insulin and other growth factor secretion. In
this review, we describe our current understanding of the molecular actions of estrogen and progesterone and their contributions
to cellular metabolism, obesity, inflammation, and postmenopausal breast cancer. We also discuss how modifications of estrogen
and progesterone actions might be used as a therapeutic approach for obesity and postmenopausal breast cancer.

1. Introduction

The prevalence of obesity in many developed and developing
countries has been increasing at an alarming rate reaching
pandemic proportions over the past decade [1]. By the
year 2030, the number of overweight and obese adults is
projected to be 1.35 billion and 573 million individuals,
respectively, worldwide [2]. A recent study estimated that one
in five deaths in the United States is associated with obesity,
surpassing smoking as Americans’ number one killer [3].
Health problems that can be attributed to obesity include
type 2 diabetes, cardiovascular diseases, hypertension, and
cancer of several organs. While the relationship between
obesity, diabetes, and cardiovascular diseases has been well
studied and documented, the relationship between obesity
and cancer has only started to receive much attention in
recent years (see review [4]).

An increasing number of studies have highlighted the
association between obesity and the risk of various cancers.
It is estimated that 15–20% of all cancer deaths in the
United States can be ascribed to obesity [5]. A recent study
estimated that for every 5 kg/m2 increase in body mass
index (BMI), a risk for developing esophageal, thyroid, and
colon cancer in males increased by 52%, 33%, and 24%,
respectively, whereas the risk for developing endometrial
and postmenopausal breast cancer in females increased by
59% and 12%, respectively [6]. Interestingly, the association
between obesity and postmenopausal breast cancer was
found to be highest in women in the Asia-Pacific region
with a 31% increase in postmenopausal breast cancer risk
for every additional 5 kg/m2 increase in BMI [6]. Epidemi-
ological data suggests that women with breast cancer who
are obese at the time of their diagnosis are more likely to
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have a worse prognosis than nonobese, lean women [7].
Prospective cohort studies showed about a twofold increase
in breast cancer risk among postmenopausal women who
had higher production of various sex steroid, including dehy-
droepiandrosterone sulfate (DHEAS), testosterone, estrone,
and total estradiol (E2) and breast cancer risk was inversely
correlated with the expression of steroid hormone binding
globulin (SHBG) [8]. Analysis of several cohort studies
indicated that the association of high BMI with increased
breast cancer risk could be attributed mostly to elevated
bioavailable E2 [9]. Mortality was also higher among obese
women with breast cancer than leaner women [10]. Meta-
analysis of 43 studies of comorbidity of obesity and breast
cancer revealed that obese patients were 33% more likely
to die from breast cancer than nonobese patients. Recent
evidence suggested that metabolic syndromes such as insulin
resistance, hypertension, and hyperlipidemia increased the
risk for postmenopausal breast cancer [11], suggesting a
central role of ovarian sex steroids, estrogen, and proges-
terone, in regulating cellular metabolism, proliferation, and
differentiation.

Obesity causes dysregulated metabolism and also pro-
vokes chronic inflammation in adipose tissue [12, 13]. It is
now widely accepted that cancer is involved in the alteration
of cellular metabolism [14] and inflammation [15]. Ovarian
sex steroids, estrogen, and progesterone and their cognate
receptors (estrogen receptor (ER) and progesterone receptor
(PR)) have also been shown to influence metabolism and
inflammatory responses. Loss of the ovarian function to
supply estrogen and progesterone after menopause can cause
deregulation of the body’s metabolism and inflammatory
responses with increased risk of postmenopausal breast
cancer. In this review, we will discuss and provide an
integrated view of our current understanding of this complex
relationship between ovarian sex steroids and their receptors
in relation to obesity and inflammation and their contribu-
tion to postmenopausal breast cancer. Detailed molecular
mechanisms of how ovarian sex steroids affect obesity and
inflammation will also be discussed.

2. Cancer and Metabolism

Cancer is often associated with alterations in cellular meta-
bolism. In 1920, Warburg found that cancer cells prefer to
metabolize glucose by glycolysis as compared to oxidative
phosphorylation even in the presence of ample oxygen [16].
While the Warburg effect is less efficient in producing ATP
it is very effective in providing cellular building blocks and
macromolecules such as amino acids, lipids, and nucleic acids
[17], allowing cancer cells to rapidly proliferate. For example,
pyruvate kinase (PK), a rate-limiting step enzyme responsible
for changing phoshphoenolypruvate (PEP) to pyruvate, is
expressed in most cell types as four different isoforms PKL,
PKR, PKM1, and PKM2. Embryo or stem cells express only
PKM1 while proliferating and cancer cells express mainly
PKM2 [18]. PKM2 is less effective in converting PEP into
pyruvate resulting in a shortage of pyruvate available for the
tricarboxylic acid (TCA) cycle, and oxidative phosphoryla-
tion, making a more favorable metabolic environment for

glycolysis. Inhibition of PKM2 expression by short-hairpin
RNA (shRNA) resulted in an increase in oxygen consumption
and a decrease in pyruvate production [19].

A number of studies have suggested that tumor microen-
vironment promotes changes in cellular metabolism. Several
factors have been shown to shift cellular metabolism toward
aerobic glycolysis including ovarian sex steroid signaling,
cellular microenvironment, obesity, and inflammation [20–
23]. Thus, the combined effect of menopause, obesity, and
inflammation could create the right environment to foster
development and progression of breast cancer. How these
factors alter metabolic pathways and cellular metabolism will
be discussed below.

3. Menopause and Obesity

3.1. Role of Estrogen and ER Signaling in Metabolic Control
and Homeostasis. Postmenopausal women are more prone
to gain weight. However, it is unclear why or how the
menopausal transition leads to weight gain and increased
breast cancer risk. The physiological withdrawal of ovarian
sex steroids, estrogen, and progesterone has been implicated
in altered metabolism after menopause. Estrogens have been
shown to play an important role in metabolic control and
homeostasis. There are three forms of estrogen in women,
estrone (E1), estradiol (E2), and estriol (E3). The major and
most potent circulating estrogen in women throughout the
reproductive years is E2. A key enzyme that aromatizes
androgen into estrogen and is required for E2 biosynthesis
is a member of P450 enzyme family, aromatase [24]. Meta-
analysis of several clinical studies revealed a connection
between E2 and control of several key metabolic functions
including abdominal obesity, insulin sensitivity, lipid trans-
port, blood pressure, and inflammatory or prothrombotic
states [25].

3.2. Role of E2/ER in Insulin-Sensitivity and Glucose Uptake.
E2 and estrogen receptors (ER𝛼 and ER𝛽) are involved in
blood glucose and lipid homeostasis [26]. ER𝛼 knockout
(ER𝛼KO) mice as well as aromatase knockout (ArKO)
mice are obese and insulin resistant [27, 28]. Mutation of
the aromatase gene or males with genetic ER𝛼 deficiency
developed insulin resistance and glucose intolerance [29,
30]. Microarray analysis revealed that genes involved in
hepatic and lipid biosynthesis were upregulated while genes
involved in lipid transport were decreased in ER𝛼KO mice.
Interestingly, ER𝛽 knockout (ER𝛽KO) mice showed normal
glucose tolerance and insulin release, suggesting that ER𝛽 at
most plays a minor role in regulating body’s metabolism [31].
Deletion of ER𝛼 gene in mouse myeloid cells showed adipose
tissue inflammation with insulin resistance, acceleration of
atherosclerotic lesion, and obesity [32]. Several lines of
evidence indicate that ER𝛼 is the major form of ER that
plays a predominant role in regulating glucose and lipid
metabolism [27, 32, 33]. ER𝛼 plays a central role in regulating
metabolism and physical activities in the brain [34, 35].
Mice lacking ER𝛼 in the hypothalamic steroidogenic factor
1 neuron showed a significant decrease in energy expenditure
and an increase in abdominal fat [35]. Ovariectomized
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(OVX)mice fedwith high fat diet showed increased adiposity
and insulin insensitivity, and E2 treatment improved insulin
sensitivity and reduced liver fat deposit. However, E2 failed
to improve insulin resistance and fatty liver induced by high-
fat diet in hepatocyte-specific ER𝛼KOmice [33]. In addition,
ER𝛼 could help induce insulin sensitivity through GLUT4,
a major insulin-stimulated glucose transporter in muscle
cells and adipocytes. In aging female rats, E2 treatment
increased insulin sensitivity and improved glucose home-
ostasis through increasing GLUT4 expression in muscle cells
[36].The E2 increase of GLUT4 expression is likely mediated
through ER𝛼 since ER𝛼KO mice are glucose intolerant and
insulin resistant [28]. On the other hand, both glucose
tolerance and insulin sensitivity in ER𝛽KO mice are normal
or better than their wild-type littermates [31]. Together, these
data suggest that E2 through ER𝛼 regulates insulin sensitivity
and lipid biosynthesis and transport.

How E2 and ER𝛼mediate an increase in insulin sensitiv-
ity and decrease adiposity is likely to be multifactorial. ERs
are expressed in all metabolically important tissues including
brain, adipose tissue, skeletal muscle, and pancreas [37]. E2
suppresses accumulation of white adipose tissue (WAT) by
decreasing fatty acid and triglyceride synthesis. OVX female
mice treated with E2 showed a decrease in adipocyte size
by reducing fatty acid uptake through decreasing lipoprotein
lipase expression, by reducing lipogenesis through decreasing
acetyl-coA carboxylate and fatty acid synthase expression,
and by increasing lipolysis through catecholamine activation
[38].

3.3. Role of E2/ER𝛼 in Cellular Metabolism of Glucose and
Lipid Metabolism. At the cellular level, E2 and ER𝛼 have
been shown to directly regulate glucose and lipidmetabolism.
E2/ER𝛼 affects several key processes of glucose metabolism
including glycolysis, the TCA cycle, and oxidative phos-
phorylation [39]. E2 increases the expression and activities
of several key glycolytic enzymes. Glycolysis in MCF-7
breast cancer cells was shown to be induced by E2 and
inhibited by tamoxifen (TAM) [40]. E2 induced several
key glycolytic enzymes in the cytosol such as hexokinase
(HK), phosphofructokinase (PFK), and pyruvate kinase (PK)
in the female rat brain after 4 hours of treatment [41].
Proteomic analysis of E2-regulated proteins in the bones
of female mice found that both glycolytic enzymes, enolase
and pyruvate kinase isoform M2 (PKM2), were regulated
by E2 [42]. In addition, E2/ER𝛼 also regulated several key
enzymes of the TCA cycle found in the inner membrane of
the mitochondria. Treatment of OVX rats with E2 increased
the activity of citrate synthase, a key enzyme condensing
an acetyl group from acetyl-CoA with oxaloacetate to form
citrate in TCA cycle, in muscle cells and in cerebral blood
vessel cells [43, 44]. Proteomic analysis of brain mitochon-
drial proteins after treatment of OVX rats with E2 for 24
hours showed significant increased expression of aconitase,
pyruvate dehydrogenase isoform E1b and E2, and malate
dehydrogenase, as well as enzymes coupling TCAwith amino
acid synthesis such as 2-oxoglutarate dehydrogenase and
glutamine dehydrogenase [45]. These data underscore the
significance of E2/ER in regulating glucose metabolism in

glycolysis and the TCA cycle. Local production of E2 after
menopause could create a microenvironment conducive to
aerobic glycolysis metabolism to promote cell proliferation
and cancer development.

Oxidative phosphorylation occurs in the mitochondrial
innermembrane and generates themajority of cellular energy
in the form of ATP, NADH, and FADH [39]. Studies have
shown the significance of ERs in mitochondria and oxidative
phosphorylation. Both forms of ERs, ER𝛼 and ER𝛽, have
been shown to localize to the mitochondria in several E2-
target cells including uterine cells, neurons, cardiomyocytes,
bone cells, hypothalamic cells, endothelial cells, liver cells,
and breast cancer cells [46–50]. Thirteen proteins in the
mitochondrial respiratory chain complexes are encoded by
the mitochondrial DNA (mtDNA) within the mitochon-
dria, whereas the majority of proteins required for mtDNA
replication, transcription, and translation are encoded by
nuclear DNA. Several studies in various cell types have
demonstrated that E2 stimulated mtDNA transcription [44,
48, 51, 52], and ICI182780, a pure ER antagonist, inhibited
E2-induced mtRNA gene expression [48], demonstrating
the significance of E2 and mitochondrial ER in regulating
mtDNA gene transcription. E2 not only activated mtDNA
gene transcription, but also induced expression of nuclear
DNA of genes encodingMRC proteins leading to E2-induced
mitochondrial respiration [39]. Together, these data suggest
that E2/ER coordinately induces transcription ofmtDNA and
nDNA encoding respiratory chain subunits and other reg-
ulatory proteins required for mitochondria replication and
function.Therefore, E2 withdrawal or defects in ER functions
could result in a decrease in mitochondrial respiration and
a reduction in energy expenditure. In fact, OVX-induced
obesity in mice was associated with decreased oxygen con-
sumption, indicating a reduction in energy expenditure in the
absence of E2 [21]. Similar reduction in energy expenditure
in the mitochondria could also be observed in women after
menopause [53].

E2 also plays an important role in fatty acid 𝛽-oxidation.
Analysis of liver collected from aromatase knockout mice
with undetectable levels of E2 revealed a reduction of
mRNA expression and activity of enzymes involved in fatty
acid metabolism. E2 treatment of aromatase knockout mice
restored mRNA expression and increased activity of fatty
acid metabolism enzymes [54]. Analysis of adipose tissue
and muscle from female mice at 2–4 weeks after ovariec-
tomy showed that nuclear receptors and proteins required
for efficient energy expenditure such as PPAR𝛾, PPAR𝛿,
PCG1𝛼, PCG1𝛽, and ERR1 were all reduced as compared to
sham-operated control mice [55]. In addition, expression of
enzymes involved in fatty acid 𝛽-oxidation and transcription
factors required for lipolysis were also decreased [55]. Thus,
depletion of E2 by ovariectomy or during menopause may
lead to a decrease in expression of genes required for
efficient energy expenditure and genes for fatty acid or lipid
catabolism which may contribute, in part, to obesity after
menopause.

3.4. Role of E2/ER in Adipokine Signaling. In addition to
directly affecting adipocyte metabolism, E2/ER signaling
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interacts with adipokine, leptin, and adiponectin signaling
[56]. Leptin regulates energy intake and expenditure, and
leptin levels are directly proportional to the amount of
adipose tissue in the body. Leptin binds to leptin receptors
in the hypothalamus and inhibits appetite and food intake
(see review [57]). Studies have shown that E2 may mediate
antiobesity effects through ER𝛼 in the hypothalamus, in the
ventral medial nucleus (VL VMN), and the arcuate (ARC),
by increasing expression of leptin receptors, thus increasing
leptin sensitivity when E2 levels are higher [58]. Leptin
levels correlate with the levels of estrogen in premenopausal
women; however, this correlation between leptin and estro-
gen often disappears in postmenopausal women and could
help explain a rise in obesity in the postmenopausal woman
population [59].

Adiponectin is an important adipokine that is produced
by adipose tissue and regulates peripheral glucose and insulin
levels [60]. Studies suggest that ER𝛼 is a positive regulator
of adiponectin levels in adipose tissue. After menopause,
there is a shift in the balance between ER𝛼 and ER𝛽 in
adipose tissue, with ER𝛽 becoming more dominant [61].
Secretion of adiponectin from adipose tissue is stimulated by
peroxisome proliferator activated receptor gamma (PPAR𝛾).
ER𝛽 has been shown to reduce PPAR𝛾-expression and
activity resulting in a reduction in adiponectin secretion from
adipose tissue [62] and may result in decreased insulin levels
associated with menopause. More studies will be needed to
determine the role of adiponectin in metabolic disorder such
as menopause-induced obesity.

Therefore, E2 withdrawal in postmenopausal women
could lead to a decrease in insulin and leptin sensitivity
and a decrease in mitochondria oxidative phosphorylation
and lipid metabolism. These changes in glucose and lipid
uptakes along with a decrease in carbohydrate and lipid
metabolism render postmenopausal women less efficient in
energy expenditure and more susceptible to obesity after E2
withdrawal.

4. Molecular Mechanism of Metabolic
Control by ER𝛼: Master Regulator of
Glucose and Lipid Metabolism

Different forms of ERs mediate distinct functions of E2.
Recent data strongly indicates that the beneficial effects
of E2 on metabolic regulation are mediated through ER𝛼.
ER𝛼 is a member of the nuclear receptor superfamily and
comprises six modular domains including the N-terminal
domain or the A/B domain, DNA binding domain, hinge
region, ligand binding domain, and the C-terminal or the
E domain [63, 64]. ER𝛼 contains two activation functions
(AFs) with AF-1 in the A/B domain and AF-2 in the ligand
binding domain [65]. ER𝛼 can mediate its biological effects
through nuclear and extranuclear signaling [63]. In nuclear
signaling, ER𝛼 directly binds to estrogen response elements
(ERE) or interacts with other transcription factors to regulate
gene transcription in the nucleus. In extranuclear signaling,
ER𝛼 interacts with cytoplasmic signaling molecules or other
signal transduction scaffolding proteins and activates many

key cytoplasmic signaling pathways (see review [66, 67]).
A recent study suggested that the AF2 domain is essen-
tial for E2-mediated control of glucose homeostasis [68].
Mice expressing a mutant ER𝛼 lacking the AF2 domain
rapidly gained weight and became severely obese with insulin
resistance and glucose intolerance symptoms, similar to
ER𝛼 knockout mice, whereas mice expressing a mutant
ER𝛼 lacking the AF1 domain had similar body weight and
metabolic functions to wild-type mice. E2 treatment in mice
with wild type or AF-1-deleted ER𝛼 showed increased energy
expenditure and insulin sensitivity but failed to show these
beneficial metabolic effects in mice with AF-2-deleted ER𝛼
[68].

However, detailed molecular mechanisms of how ER𝛼
mediated its beneficial metabolic effects are not well under-
stood. Mice expressing the ER𝛼 mutant with disrupted
ERE binding showed a decrease in body weight, improved
insulin sensitivity, and increased energy expenditure after
E2 treatment. These data suggested that ER𝛼 likely medi-
ated its metabolic effects in an ERE-independent manner,
possibly through tethering with other transcription factors
such as activator protein-1 (AP-1), specificity protein 1 (Sp1),
or nuclear factor 𝜅B (NF-𝜅B) [69]. More studies will be
required to determine the role of AF2 in E2-mediated ERE-
independent signaling of ER𝛼 in metabolic regulation. ER𝛼
activation through AF-1 or through both AF-1 and AF-2
has been shown to promote breast cancer proliferation [70];
however, only AF-2 activation is needed for ER𝛼-mediated
metabolic regulation. Therefore, it would be of great interest
therapeutically to develop an ER𝛼 AF-2 agonist to harness
the beneficial metabolic effects of ER𝛼 without the harmful
effects of ER𝛼 AF-1 [71].

5. Role of Progesterone and PR Signaling in
Metabolic Control and Homeostasis

After menopause, cessation of ovarian functions leads to the
withdrawal of both estrogen and progesterone. While the
role of E2/ER signaling in metabolic controls has been well
documented, how progestins and PR signaling influences
metabolic control and homeostasis is still unclear. Biological
effects of progestin are mediated through PR. PR exits as two
isoforms: full-length PR-B and 164-amino acid N-terminal
truncated, PR-A [72]. The two isoforms of PR play distinct
roles both in vitro and in vivo. In most cases, PR-B acts
as a stronger transcriptional activator as compared to PR-
A. PR-A can ligand-dependently act as a transcriptional
repressor of ER, androgen receptor (AR), or glucocorticoid
receptor (GR) [73]. Selective deletion of the PR isoform
showed distinct functions in vivo [74, 75]. PR mediates its
actions by binding ligands, translocating into the nucleus, and
directly binding to DNA or nuclear signaling. In addition,
PR can also directly interact with cytoplasmic signaling
molecules and activate cytoplasmic signaling pathways such
as Src/Ras/Raf/MAPK [76], PI3K/Akt, or Src/Stat3 [77] (see
review [78]). Progesterone regulates genes that are involved
in RNA and protein processing, cell cycle, apoptosis, and
cellular metabolism [79]. Microarray gene expression studies
showed that PR regulates several important genes involved
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in cholesterol or steroid metabolism and trafficking, fatty
acid and lipid metabolism, and nucleotide and amino acid
metabolism in breast cancer cells [79].

The role of progesterone/PR signaling in metabolic con-
trol is not well understood. PRs have been shown to be
expressed in adipocytes [80], where they prevent lipolysis in
rat adipose tissue [81]. A recent study showed that proges-
terone inhibits glucose uptake in 3T3-L1 adipocytes through
a decrease in IRS-1 expression leading to a decrease in IRS
phosphorylation, the association of IRS-1 with p85, and a sub-
sequent decrease inAkt1 andAkt2 phosphorylation [82]. Pro-
gesterone activates glycogen phosphorylase (a rate-limiting
step in glycogenolysis) or the breakdown of glycogen through
an extranuclear signaling pathway independent of cAMP
leading to increased blood glucose levels [83]. Rats treated
with progesterone for 14 days showed a decrease in GLUT4
in both adipose and skeletal muscle cells [84].While estrogen
appears to increase the capacity of carbohydrate and lipid
metabolism, progesterone seems to abolish estrogen-induced
metabolic effects in skeletal muscle cells [84]. However,
progesterone appears to exert different metabolic influences
in cancer cells. In breast cancer cells medroxyprogesterone
acetate (MPA) treatment for 6 days increased glucose uptake
and fatty acid synthase (FASN) and activation of stearoyl-
CoA desaturase-1 (SCD-1).These changes in FASN and SCD-
1 activities increased monounsaturated fatty acid production
and contributed to an increase in cellular phospholipids,
triglycerides, and formation of lipid droplets in breast cancer
cells [85].

Effects of progesterone on metabolic control have been
extensively studied in gestational diabetes. Progesterone lev-
els increase to support embryo transplantation and inhibit
ovulation during pregnancy. Hepatic glucose production
increases 15–30% to accommodate fetal needs, which is
compensated by a 50–70% decrease in insulin-stimulated
glucose uptake in late pregnancy [80].This decrease in insulin
sensitivity or insulin resistance is one of a number of the
metabolic changes associated with pregnancy, and 3–7%
of pregnant women develop impaired glucose tolerance or
diabetes [81]. Pregnancy is an altered metabolic state where
there is an increase in the production of insulin from 𝛽-
cells to facilitate an increase in glucose uptake. However,
progesterone could also alter insulin insensitivity. Pregnant
rats treated with progesterone are more insulin resistant
than placebo-treated control rats [82]. Studies suggest that
progesterone-induced insulin resistancemay be due to reduc-
tions in Glut4 expression and glucose uptake in skeletal
muscle cells [83]. In C57BL/6 mice, nonfasting plasma
glucose is correlated with progesterone levels [86]. High
dose progesterone treatment accelerated the progression of
diabetes in female obese diabetic-prone db/db mice and
treatment with RU486 increased insulin and reduced blood
glucose levels in both wild-type and db/db mice [86].

PR knockout mice showed lower fasting blood sugar
and improved glucose tolerance compared to wild-type mice
due to enhanced insulin secretion caused by an increase in
𝛽-cell proliferation and 𝛽-cell mass [86]. Interestingly, PR
knockout improved insulin sensitivity only in female mice,
not in male mice, suggesting that other factors, other than

PR, might play a role in insulin sensitivity in males. A recent
study showed that PR activation enhanced the proinflam-
matory cytokine- PIC-induced cell injury in Min6 mouse
pancreatic islet 𝛽-cells, possibly through an increase in the
mitogen-activated protein kinase (MAPK) signaling and p53
expression and a decrease in Akt signaling. A nonsteroidal
PR antagonist or PR siRNA interference protected 𝛽-cells
from PIC-induced injury [87]. Together, these data suggest
that progestin-mediated activation of PR could have adverse
effects on insulin sensitivity possibly through a decrease in
insulin secretion. In postmenopausal women, the absence
of progesterone is likely to enhance insulin production and
could promote insulin resistance. In addition, progesterone
via PR has been shown to activate expression of insulin-like
growth factor binding protein-1 (IGFBP1) that sequesters and
inhibits insulin-like-growth factor-I (IGF-I) action [88, 89].
Physiological withdrawal of progesterone after menopause
could make IGF-1 more available to promote cell prolifera-
tion. Along with the dysregulated metabolic state induced by
estrogen withdrawal, the combination of both estrogen and
progesterone withdrawal in postmenopausal women could
strongly increase the risk for obesity and breast cancer.
Together, these data suggest the interplay of obesity, ER
PR expression, and breast cancer aggressiveness. However,
more studies will be required to examine detailed molecular
mechanisms of these interactions. Better understanding of
these interactions will help us to develop better and more
effective treatments for postmenopausal breast cancer.

6. Obesity and Inflammation Increase Risk for
Postmenopausal Breast Cancer

It is well established that chronic inflammation increases
cancer risk [90]. Obesity is associated with adipose tissue
inflammation, characterized by macrophage infiltration into
the adipose deposit [12]. In addition, large adipose deposits in
obese individuals could have limited blood supply resulting
in adipose tissue hypoxia [91] and induction of hypoxic-
inducible factor 1-𝛼 (HIF-𝛼) expression in adipocytes. HIF1𝛼
in turn stimulates expression ofmonocyte chemotactic factor
1 (MCP1), promoting macrophage recruitment to adipose
deposits. In addition, production of saturated fatty acids
by the breakdown of large fat droplets in large adipocytes
in obese individuals can lead to activation of caspase-
1, interleukin-1 𝛽, and the NF-𝜅B signaling cascade [92].
Together, adipocytes and macrophages in adipose tissue
induce expression of inflammatory cytokines such as TNF-𝛼,
IL-6, and prostaglandin-E2 (PGE2) [90] (Figure 1).

Both TNF𝛼 and PGE2 have been shown to stimulate
expression of aromatase in adipose tissues and increase the
risk of breast cancer, especially in obese postmenopausal
women [93, 94]. Expression of aromatase in fibroblasts or
stromal cells surrounding the adipocytes and mammary
ducts helps to convert circulating androgen into estrogens in
the breast. Examination of aromatase activity and expression
of aromatase in breast tissues from different quadrants
surrounding breast tumors found that aromatase activity and
expression were highest in the quadrant that contained the
tumor and decreased with increasing distance away from
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the tumor [95, 96]. The increase in the aromatase expression
was shown to be largely due to the levels of PGE2 produced
by the tumor, suggesting that inflammatory cytokines were
produced by the adipocytes and tumors of obese women [96].
TNF𝛼 via NF𝜅B signaling stimulates aromatase expression
through CYP19A1 (aromatase) promoter I.4 by stimulating
the binding of c-Fos and c-Jun transcription factors to the
activation protein-1 (AP-1) element upstreamof promoter I.4,
while PGE2 stimulates aromatase expression through pro-
moter II/I.3 of the human CYP19A1 gene [13]. Recent studies
showed the presence of crown-like structures, macrophages
surrounding large lipid-filled adipocytes of obese subjects,
in the breasts of obese women [97]. The presence of these
crown-like structures correlated with an increase in NF𝜅B
expression and elevated aromatase activity [97]. Further
study indicated that the increase in aromatase expression
correlated with an increase in the activity of the CYP19A1
proximal II/I.3 promoter and is associated with an increase
in the cyclooxygenase-2 (COX2) expression and PGE2 levels
in the breasts of obese women [93].

6.1. Molecular Mechanism of ER and PR Crosstalk with NF𝜅B
Inflammatory Signaling Pathway. The NF𝜅B pathways play
crucial roles in the inflammation process in several tissues
including mammary adipose tissues [98]. The influence
of ovarian sex steroids on NF𝜅B signaling has been well
documented. Both ER and PR have been shown to regulate
cellular inflammation through interacting with NF𝜅B sig-
naling pathways [98]. Constitutive activation of NF𝜅B sig-
naling promotes the development of hormone-independent
breast tumors [99]. Obese postmenopausal women have
an increased risk for developing steroid hormone receptor
positive breast cancer [100]. NF𝜅B activation in ER+ post-
menopausal breast cancer is associated with endocrine resis-
tance and a more aggressive phenotype [101]. Studies have
demonstrated that ER interacts with RelA/p65, a member of
the NF𝜅B family, and synergistically regulates expression of a
group of genes that are important in regulating breast cancer
cell survival and chemoresistance. ER interacts with RelA and
enhances binding of both ER and RelA to ERE, resulting in
activation of prostaglandin-E synthase-1 (PGES) gene expres-
sion leading to an increase in PGE2 production [102]. High
levels of PGE promote breast cancer invasiveness, angiogene-
sis, and expression of aromatase in stromal and adipose tissue
in the breast [103, 104]. In addition, ER can crosstalk with
the NF𝜅B pathway through interaction between ER and I𝜅B
Kinase 𝛼 (I𝜅Κ𝛼) at promoters of ER target genes, important
for breast cancer cell-cycle progression including cyclin-D1
and E2F1 [105, 106]. Together these studies demonstrate that
obesity could promote inflammation and the development
of more aggressive, invasive breast cancer phenotypes and
chemo- and endocrine resistant breast cancers.

In some cases, ER has been shown to repress NF𝜅B
activity and may be involved in anti-inflammatory effects of
E2. ER inhibits NF𝜅B signaling through NF𝜅B DNA bind-
ing or NF𝜅B transcriptional activation [107]. ER represses
expression of RelB, a member of the NF𝜅B family, by directly
or indirectly preventing NF𝜅B and AP-1 interaction at the
RelB promoter, resulting in formation of an unfavorableDNA

complex for transcriptional activation [108]. In addition, a
study by Nettles and colleagues suggested that transrepres-
sion ofNF𝜅B activity by ERmay occur through a competition
between ER and NF𝜅B, displacing cAMP response element-
binding protein-binding protein (CBP)/p300 coactivator
from the promoter of NF𝜅B target genes and resulting in
suppression of NF𝜅B target genes [109].

Increasing evidence suggests that PR plays a significant
role in anti-inflammatory responses in breast cancer cells
[110, 111]. Interestingly, lack of PR in ER+ breast cancer is
associated with less differentiated, more aggressive breast
tumors that are resistant to endocrine therapies [112]. A recent
study demonstrated that PR through progestin-dependent
and independent mechanisms decreased expression of aro-
matase, COX-2, and HER-2/neu [111]. PR expression or
progesterone treatment was shown to increase the expression
of the nuclear factor-𝜅B inhibitor (I𝜅B𝛼). Expression of I𝜅B𝛼
positively correlated with PR expression in 28 breast cancer
cell lines [110]. Gene expression analysis in both normal
mammary epithelial and breast cancer cells revealed that
PR inhibited NF𝜅B target genes through interacting with
DNA-bound RelA/p65, resulting in transcription inhibition
of NF𝜅B target genes. PR inhibited transcription of NF-𝜅B
target genes through two different mechanisms: activation
function-2 (AF-2) dependent and AF-2 independent [111].
Agonist-bound PR repressed the AF-2 dependent class of
genes while the AF-2 independent class of genes was equally
sensitive to both PR agonists and antagonists. Together, these
studies suggested that the anti-inflammatory effect of PR is
likely mediated through multiple mechanisms. PR agonists
may inhibit some NF𝜅B target genes but may not affect
others. More studies will be needed to exploit the anti-
inflammatory role of PR and to design specific PR ligands to
selectively inhibit NF𝜅B target genes that are crucial for the
development and progression of breast cancer. Collectively,
these data suggest an association between ER PR expression
and obesity induced inflammation. Chronic inflammation
induced by adipocytes and macrophages in adipose tissue
could be further modulated by ER or PR signaling. Thus,
interfering with ER PR signaling may help reduce obesity
induced inflammation and decrease the incidence of breast
cancer in obese postmenopausal women.

6.2. Possible Role of ER, PR in Obesity-Induced Inflammation
and Postmenopausal Breast Cancer: Clinical Evidences and
In Vivo Models. Systemic analyses of clinical studies have
suggested that obese postmenopausal women have almost a
twofold increase in hormone receptor positive (ER+/PR+)
breast cancer [113]. Data from several in vitro and in vivo stud-
ies indicated that chronic inflammation induced by obesity
causes an increase in inflammatory mediators, leading to an
increase in aromatase activity and expression in adipocytes
and hormone-dependent breast cancer. Extragonadal local
E2 production, induced by chronic inflammation, in the
breast of obese postmenopausal women supplies breast
epithelial cells with E2 and increases the risk for breast cancer
by promoting the growth of hormone receptor positive breast
cancer in these women.
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In vivo models of diet-induced obese animals have pro-
vided further support for obesity and development of breast
cancer in postmenopausal women. In a recent study in a diet-
induced obesity model, Wistar rats were fed with a high fat
diet and were classified into three categories: obese, mid-
weight, and lean [21]. Mammary tumors were induced by a
single injection of 1-methyl-1-nitrourea (MNU) into rats at
about age 52 days. MNU-induced rat mammary tumors are
similar to breast tumors seen in human breasts in term of per-
centage of intraductal tumors and pattern of progression and
steroid receptor positivity [114]. Rats in the obese group were
allowed to gain weight under the obesogenic conditions of
high-fat diet and were restricted to limited physical activity;
and some rats were also ovariectomized (OVX) at 19 weeks
of age (obese-OVX). Tumor numbers were similar in all
groups before OVX. After OVX, obese-OVX group showed
almost a twofold increase in tumor numbers as compared to
pre-OVX values while tumor numbers remained relatively
the same in lean-OVX and mid-weight OVX-rats. Seventy
percent (70%) of tumors in obese-OVX group expressed
high ER𝛼 levels as compared to 30% of mammary tumors
from non-obese-OVX rats, similar to breast tumors seen in
obese postmenopausal women with a high portion of tumors
classified as receptor-positive. It is likely that extragonadal
local E2 production in adipose tissue of OVX-obese animals
fostered the development of ER+ tumors.

An association of obesity and progesterone receptor pos-
itivity in mammary tumors has recently been demonstrated
in an in vivo obesity and overfeeding rat model conducted
in theMacLean laboratory [20]. Rats were classified into four
groups, including obesity-prone (obese) and obesity-resistant
(lean) groups and heaviest and lightest groups. These groups
were further subdivided into low and high energy excess
group based on energy expenditure within the last 48 hour
prior to sacrifice. Mammary tumors from obese animals with
high-energy excess had statistically significantly higher glu-
cose uptake than that of tumors from obese with low-energy
excess and lean rats. While lean animals preferred to deposit
excess nutrients in mammary and peripheral tissues, obese
animals deposited their excess nutrients into their mammary
tumors. Interestingly, tumors from obese animals showed
an increase in PR expression, mainly the PR-A isoform in
preference to the PR-B isoform [20]. Furthermore, elevated
PR expression was positively correlated with expression of
glycolytic and lipogenic enzymes, glucose uptake, and prolif-
eration markers in mammary tumors. Treatment with met-
formin, an antidiabetic drug, during OVX-induced obesity
resulted in tumor regression and a decrease in PR expression
[20]. Consistent with in vivo findings, analysis of expression
microarrays of breast tumors from postmenopausal women
revealed that PR+ tumors had an increase in metabolic
enzymes similar to that of PR+ tumors from the obese-prone
rat model, suggesting that PR+ breast tumors have increased
metabolic activities. Interestingly, PR-A has been shown to
induce inflammatory processes in the mammary gland by
promoting leukocyte recruitment to mammary epithelium
[115]. Data obtained from these animal models are consistent
with increased risk of developing hormone receptor positive
breast cancer among obese postmenopausal women [7].

These studies also suggested that expression of PR-A in
breast tumors enhanced metabolic capacity and induced
proinflammatory responses in breast cancer. Most clinical
studies reported PR positivity in breast tumor specimens
without isoform specification. Therefore, future studies will
be needed to determine the role of PR isoforms in breast
cancer metabolism and aggressiveness.

7. Conclusion and Future Perspectives

How the cessation of ovarian functions and withdrawal
of ovarian steroids, E2 and progesterone, promote post-
menopausal obesity and contribute to the development of
hormone receptor positive breast cancer is summarized
in Figure 1. The lack of estrogen and progesterone after
menopause can cause an imbalance in a woman’s home-
ostasis. The lack of estrogen can bring about a decrease
in insulin sensitivity and glucose uptake and a decrease
in glucose metabolism and mitochondria respiration. The
lack of ovarian steroids, especially estrogen, could lead
to a reduction in cellular metabolism and a reduction in
total energy expenditure. Reduction in energy expenditure
together with lack of physical activities and high fat diet
promote postmenopausal weight gain and obesity [116]. Large
fat deposits in obese women could limit blood and oxygen
supply to the area and can result in tissue hypoxia. A hypoxic
state induces expression of HIF1𝛼 and inflammation by
promoting macrophage recruitment and secretion of inflam-
matory cytokines such as IL-6, IL-1𝛽, PGE2, and TNF𝛼.
In addition, induction of HIF1𝛼 may also cause a shift in
cellular metabolism to favor aerobic glycolysis often found
in actively proliferating or cancer cells. The breakdown of
large lipid droplets in obese women could cause an increase
in saturated fatty acid (FAS) production and activation of
inflammatory signaling pathways such as NF𝜅B activation.
The release of inflammatory cytokines and activation of the
NF𝜅B pathway help activate the CYP19A1 promoter and
increase aromatase gene expression. Aromatase expression in
the adipose tissue helps produce extragonadal estrogen from
androgen in the surrounding tissues. Studies, as described
in this review, suggest that obese women have lower levels
of SHBG. Local extragonadal estrogen production together
with low SHBG makes estrogen readily available to enhance
the growth of ER+ breast cancer cells. Furthermore, obesity
and the lack of ovarian sex steroids could help promote
an insulin-resistant state with high circulating insulin and
IGF-I. Leptin production from adipocytes is increased in
obese individuals and increasing evidence shows a positive
correlation between increasing leptin levels and the risk for
postmenopausal breast cancer [117]. High levels of circulating
IGF-1, insulin, and leptin may help promote the development
and growth of breast cancer cells in postmenopausal women.
Together, these data demonstrate a link between ovarian
sex steroids, obesity, and inflammation with postmenopausal
breast cancer.

While several advances have been made in our under-
standing of the role of ovarian steroids and their receptors
on postmenopausal breast cancer, many important factors
remain unclear and will need to be further explored to
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fully exploit their possible beneficial effects after menopause.
Studies suggested that AF2 of ER𝛼 is required to mediate
E2 beneficial metabolic effects such as insulin sensitivity
and energy expenditure, in an ERE-independent mechanism
[68]. However, a detailed molecular mechanism of how
ER𝛼-AF2 is involved in these effects remains unclear. Better
understanding of this molecular mechanism could help us

develop a specific ligand that could specifically harness
beneficial metabolic effects of ER without its harmful side
effects.

Leptin plays a significant role in breast cancer develop-
ment and progression [117]. Leptin stimulates production of
proinflammatory cytokines and promotes cell proliferation
and angiogenesis in breast cancer [117]. E2/ER stimulates
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leptin production both in human subjects and in in vivo
animal models [118]. However, a detailed molecular mech-
anism of how E2 induces leptin expression and promotes
leptin sensitivity is still to be explored. Better understanding
of how E2/ER increases leptin levels could help devise new
strategies for breast cancer prevention and reduce breast
cancer incidence in obese postmenopausal patients.

How progesterone/PR affects cellular metabolism re-
mains unclear. However, a recent study in an overfeeding
OVX obese rat model for postmenopausal obesity showed
that mammary tumors from obese rats with high energy
excess overexpressed PR, mostly in form of the PR-A isoform
[20].The association between high PR expression and obesity
or overfeeding is an interesting area of study. PR+ tumors
showed an almost 50% increase in glucose uptake and
lower retention of dietary fat as compared to PR− tumors
[20]. Whether PR directly or indirectly influences cellular
metabolism or whether PR-B could exert similar metabolic
effects in breast cancer is under investigation. Future studies
will be required to unravel the association between high PR
expression and glucose metabolism in breast cancer cells. In
addition, it will be interesting to examine how expression of
different PR isoforms affects breast cancer cell metabolism.

Progesterone/PR has an anti-inflammatory role in several
animal models and in breast cancer cells [110, 111, 119]. Since
obesity can induce a state of chronic inflammation [13], it
would be interesting if we could take advantage of PR’s anti-
inflammatory function to reduce inflammation caused by
obesity. Additional studies will be necessary to determine
detailed molecular mechanisms of how PR exerts its anti-
inflammatory function and to enable the design of specific
PR ligands that specifically activate PR’s anti-inflammatory
activity. Metformin, the antidiabetic drug, has been shown to
decrease PR expression and induce regression of mammary
tumors and endometrial cancer [20, 120]. While a recent
study suggested that metformin promotes PR expression
by increasing AMP-activated protein kinase (AMPK) phos-
phorylation and by inhibiting the mTOR pathway [120].
Future studies will be needed to determine the molecular
mechanism of how metformin affects breast cancer growth
and PR expression.

Depletion of ovarian sex steroids, E2 and progesterone, in
combination with limited physical activity and high fat diet
after menopause could cause several metabolic changes that
facilitate weight gain and obesity. Obesity in E2 and proges-
terone deprived states in postmenopausal women may cause
imbalance in homeostasis and changes in epithelial cells,
stromal cells and adipocytes in the breasts that promote the
growth and survival of receptor positive breast cancer cells
(Figure 1). Better understanding of molecular mechanisms
and signaling pathways that mediate these effects will help us
to design better cancer prevention and treatment strategies
for postmenopausal breast cancer.
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Currently, there is renewed interest in elucidating the metabolic characteristics of cancer and how these characteristics may be
exploited as therapeutic targets. Much attention has centered on glucose, glutamine and de novo lipogenesis, yet the metabolism of
fatty acids that arise from extracellular, as well as intracellular, stores as triacylglycerol has received much less attention.This review
focuses on the key pathways of fatty acid metabolism, including uptake, esterification, lipolysis, and mitochondrial oxidation, and
how the regulators of these pathways are altered in cancer. Additionally, we discuss the potential link that fatty acid metabolism
may serve between obesity and changes in cancer progression.

1. Introduction

Obesity has long been known to be associated with the
development of type 2 diabetes and cardiovascular disease
[1]. More recently there is a growing acceptance for a link
between obesity and cancer [2]. However, the nature of this
relationship remains to be fully elucidated. On one hand
obesity increases the risk of many types of cancer, including
esophageal, endometrial, thyroid, colon, renal, liver, and
breast [3, 4].The other aspect is that obesity is also associated
with changes in the progression of many cancers. These
include higher grade disease in prostate and breast cancer
[5, 6] and poorer outcomes in endometrial, kidney, pancreas,
esophageal, and thyroid cancers [7–9].

Obesity is defined by increased adiposemass arising from
energy imbalance. The predominant cell type in adipose
tissue is the adipocyte, which is the professional lipid storage
cell. Alongside the adipocyte there are a number of other
cell types in adipose including preadipocytes, endothelial
cells, and immune cells such as resident macrophages. This
collective results in a highly complex organ that is central
to energy homeostasis and its biology is dramatically altered

in obesity. These changes include altered adipocyte biology,
such as increased efflux of fatty acids andmodified adipokine
profile, which is often accompanied by low-grade inflam-
mation and hyperinsulinemia [10]. Whilst these changes are
common, they are not defining characteristics of the entire
obese population. For example, a significant subpopulation
is metabolically healthy, retains insulin sensitivity, and has
normal lipid and inflammation profiles [11]. Likewise, there
are other populations, including the “metabolically obese,
normal weight” [12, 13] and those with familial lipodystro-
phy [14, 15] that have pathogenic metabolic profiles. These
other populations highlight that inflammatory mediators
and increased growth factor availability (e.g., IGF-1, insulin;
see [16]) are not the only mechanisms linking obesity with
cancer. In this review, we will highlight the evidence that
exists on the role that fatty acid metabolism plays in cancer
biology (Table 1), focusing on pathways of fatty acid uptake,
storage, mobilization, and oxidation (Figure 1). This focus
is based upon the potential link that fatty acid metabolism
may play in the obesity/cancer relationship as excessive
lipid accumulation, particularly in abdominal regions, is a
definitive characteristic of obesity.
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Figure 1: Intracellular fatty acid metabolism. A simplified cartoon of fatty acid metabolism pathways. Fatty acids are transported in the
circulation as triacylglycerol (TAG) in lipoproteins and hydrolyzed by lipoprotein lipase (LPL) or they are bound to albumin and are
transported across the plasma membrane. A CoA is ligated to fatty acid (FA), and the fatty acyl-CoA (FA-CoA) can enter the glycerolipid
synthesis pathway for storage or the mitochondria for oxidation. ACS, acyl-CoA synthase; AGPAT, acyl-CoA: acylglycerol-3-phosphate
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2. Lipoprotein Hydrolysis, Fatty Acid
Transport, and Trafficking

Long-chain fatty acids travel in the circulation either as
free fatty acids that are released from adipocytes bound to

albumin or as triacylglycerol (TAG) contained in very low-
density lipoproteins and chylomicrons. This circulating TAG
is hydrolyzed by lipoprotein lipase (LPL) to free fatty acids
[68] and then taken up into cells (Figure 1). There remains
some controversy as to whether these fatty acids enter the cell
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by passive diffusion or by protein mediated transport. As will
be discussed below, it is clear that the latter process does
contribute to fatty acid uptake.

2.1. Lipoprotein Hydrolysis. Altered expression of LPL has
been reported in many cancers. For example, Narita and
colleagues [17] reported a significant association between
increased hydrolytic activity of LPL due to the LPL polymor-
phism (Ser447stop) and the susceptibility to prostate cancer.
This associationwas even stronger in patients with high grade
tumors or metastasis. Similarly, this pattern was observed
in cervical cancer where LPL is frequently overexpressed
in cervical squamous cell carcinomas and associated with
an increased invasion capacity [18]. LPL activity has been
reported in gastric and rectal cancers, malignant fibrous
histiocytomas, and osteosarcomas,with the high proliferating
outer area of rectal tumors and fibrous histiocytomas having
an enhanced expression of LPL compared with the center
[19]. Interestingly, the increased LPL activity in cancer tissue,
compared with healthy lung tissue, predicts lower overall
survival in non-small-cell lung cancer [20, 21]. The location
of tumor LPL is somewhat controversial as a recent study
observed that increased LPL expression was in a subgroup
of macrophages and not in cancer cells [69]. These studies
mostly report gene expression and therefore future studies
linking functional changes in cancer cell LPL activity driving
FA release from circulating TAG are required, especially as
LPL activity is regulated by a variety of physiological stimuli
(see review [70]).

2.2. Fatty Acid Transport. Several proteins have been iden-
tified to facilitate the uptake of fatty acids into cells. These
include CD36/fatty acid translocase, the fatty acid binding
protein (FABP) family, and the fatty acid transport proteins
(FATP) [71]. Many of these transporters are ubiquitously
expressed, while some display tissue-specific expression [72,
73]. Interestingly, most tissues have coexpression of different
fatty acid transporters [74]. The reason for this remains
unknown. Possibilities may include differences in uptake
capacity and substrate specificity, sensitivity to hormonal
stimuli such as insulin [75], or preferences in partitioning into
downstream pathway, for example, fatty acid esterification
(storage) or oxidation [74].

2.2.1. CD36/Fatty Acid Translocase. CD36, also known as
fatty acid translocase (FAT), is a multifunctional transmem-
brane glycoprotein which is abundantly expressed in cell
types active in fatty acid metabolism, including adipocytes,
skeletal muscles cells, cardiomyocytes, intestinal enterocytes,
monocytes, and hepatocytes [76]. It was originally isolated
from platelet membranes as a thrombospondin receptor [77]
but has also been shown as a receptor for collagen [78],
oxidized lipoproteins [79], and, of greatest interest to this
review, long-chain fatty acids [80].

CD36 has been implicated in contributing to cancer pro-
gression. Low CD36 gene expression correlates with a higher
metastasis grade in colon and ovarian cancers and with
low recurrence-free survival [22]. Conversely, CD36 mRNA
expression in breast cancer is inversely correlated with the

metastatic potential of five breast cancer cell lines [23], where
its expression is relatively higher in less aggressive cell lines
(T47-D and MCF-7) and almost absent in highly aggressive
lines (ZR-75 andMDA-MB-231). This inconsistency between
cancer types may be explained by the multifunctionality of
CD36. While it functions as a fatty acid transporter, CD36
is also involved in collagen adhesion and, therefore, less
CD36may reduce cell adhesion, providing cancer cells with a
higher metastatic potential. That said, the above studies have
reported gene or protein expression and not the rates of fatty
acid uptake.

Fatty acid transporter abundance is not the only factor
regulating FA uptake. An aspect that is often overlooked is
that FA uptake is increased by insulin stimulation [81, 82].
This is thought to bemediated by translocation ofCD36 to the
plasma membrane which has been observed in hepatocytes
of obese Zucker rats [83], skeletal muscle [84, 85], cardiomy-
ocytes [86, 87], and ovary cells [85]. This is analogous to
the translocation of the insulin sensitive glucose transporter
GLUT4 [88, 89].

So far, no studies have investigated the influence of obe-
sity on fatty acid transporters in cancer cells. It is clear from
studies in other model systems that CD36 expression and
fatty acid uptake are influenced by the microenvironment.
For example, CD36 gene expression and protein levels are
increased in steatotic hepatocytes [90] and liver biopsies of
obese patients, correlating with the circulating free fatty acids
levels [91]. In subcutaneous adipose tissue, CD36 protein
expression is upregulated in both obese patients and type 2
diabetics [92]. Furthermore, CD36 mRNA expression levels
are greatly enhanced in liver and adipose tissue of ob/obmice,
a monogenic model of obesity [93]. Interestingly, incubation
of human skeletal muscle cells with adipocyte conditioned
media increased both fatty acid uptake and CD36 protein
levels [94]. Similar changes in CD36 expression by adipocyte
factors, such as adipokines and fatty acids, have been reported
in vascular smooth muscle cells [95], cardiomyocytes [86,
96], and adipocytes [97, 98]. Collectively this suggests that
changes in adipocyte biology, especially in the context of
obesity, can alter CD36 expression in nonadipose cells such
as cancer cells that may influence the inherent role that CD36
plays in cancer biology.

2.2.2. Fatty Acid Transport Protein. Fatty acid transport
proteins form a highly conserved family of six transporters
named FATP1–6 [99]. FATPs are integral membrane proteins
and are differentially expressed in a wide variety of cells
[100]. These transporters are unique as they can express fatty
acyl-CoA synthetase activity [101] as well as an endoplasmic
reticulum localization signal domain, at least for FATP4
[102]. Alongside CD36, FATPs regulate long-chain fatty acid
and very long-chain fatty acid uptake [103] although the
functional differences between CD36 and FATPs are yet to
be resolved. A recent study in Madin-Darby Canine cells
reported that CD36 is 30-fold more effective in fatty acid
uptake compared with FATP4 or the acyl-CoA synthetase
ACSL1 [104]. However, cooverexpression of CD36with either
FATP4 or ACSL1 results in an enhanced fatty acid uptake rate
greater than expected from the combined individual capacity
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suggesting a synergistic relationship between CD36, FATP4,
and ACSL1 to facilitate fatty acid uptake.

To date, only one study has described a possible role
for FATPs in tumor metabolism. In this study, FATP mRNA
expression is increased in rat hepatomas compared with
normal liver tissue which correlated with fatty acid uptake
rates [24]. Similar to CD36, FATP expression is influenced by
themicroenvironment, especially in obesity. FATP expression
is elevated in adipose tissue of obese patients [105, 106] and
in heart [107], skeletal muscle [108], and adipose tissue [109]
of rodent models of obesity. Overall, FATPs are important
players in lipid uptake andmetabolism.However, their role in
cancer, especially in the context of obesity-sensitive cancers,
is far from understood and further research is needed to
elucidate this role.

2.3. Intracellular Trafficking. Fatty acid binding proteins
(FABPs) are a family of transport proteins with high affinity
for long-chain fatty acids, bile acids, and retinoids [110].
Twelve FABP isoforms have been identified, each with its
own tissue and substrate specificity [111]. Although their
physiological functions are not fully understood, they appear
to facilitate the transport of fatty acids intracellularly and
thereby regulate substrate availability for complex lipid syn-
thesis (esterification) and oxidation [112, 113]. Changes in
FABP expression have been associated with various diseases
including several forms of cancer [113] with FABP5 being
the most well characterized FABP isoform in cancer cell
biology. For example, prostate [32], endometrial [34], liver
[35], pancreatic [36], and breast [32] cancers have increased
FABP5 gene or protein expression. However, the observa-
tions in prostate are controversial as other studies report
reduced expression in multiple prostate cancer lines [26,
38]. Despite this, increased expression of FABP5 in prostate
cancer cells increased fatty acid uptake and peroxisome
proliferator-activated receptor gamma (PPAR𝛾) expression
which enhanced tumor progression [37]. Additionally, over-
expression of FABP5 in the benign breast cancer cell line,
Rama 37, increased metastatic capacity in rats [32]. Inter-
estingly, expression is higher in estrogen and progesterone
negative breast cancer cells, with the highest expression found
in triple-negative breast cancer [33]. Furthermore, patients
with higher FABP5 mRNA levels had lower recurrence-free
and overall survival probabilities [33]. Conversely, invasion
capacity and tumor growth were significantly reduced in
prostate cancer cells with reduced FABP5 expression [39].

FABP7 has emerged as another participant of intracellular
FA metabolism that may contribute to cancer cell biology. Its
gene expression is elevated in triple-negative breast cancer
cells [40], primary melanomas [43], and renal cell carci-
nomas [44, 45]. Interestingly and in contrast to FABP5,
FABP7 positive basal-like breast tumors had a significant
lower recurrence rate and improved survival rate [41]. In
cell culture studies, siRNA knockdown of FABP7 reduced
proliferation and invasion in melanoma cells whilst the con-
traobservation was reported with overexpression enhancing
proliferation and invasion [114]. Furthermore, investigations
of the organelle-specific roles of FABP7 demonstrated that
increased nuclear, but not cytoplasmic, FABP7 is associated

with increased proliferation, pleomorphism, and tumor stage
in breast cancer suggesting that nuclear FABP7 drives a
more aggressive phenotype [42]. However, themechanism by
which FABP7 influences gene expression is yet to be resolved.
FABPs may act as coactivators for transcription factors like
PPARs [115] or simply function as transporters to carry FA
into the nucleus to modulate gene expression [116] via the
many intranuclear targets including sterol regulatory binding
protein, PPARs, and liver X receptors [117].

FABP4 has also been implicated in cancer biology. FABP4
mRNA levels are downregulated in breast cancer cells [25].
Conversely, FABP4 expression is inversely correlated with
tumor progression and invasiveness in bladder cancer [26–
29]. FAPB4 is also susceptible to the extracellular milieu as
there is growing evidence that adipocytes increase FABP4
mRNA and protein expression in cancer cells. An ele-
gant study in ovarian cancer demonstrated that coculture
with adipocytes increases FABP4 protein expression and
promotes migration and invasion of ovarian cancer cells,
while FABP4 deficiency ameliorated the adipocyte-derived
metastatic potential [31]. A similar observation of adipocyte-
induced increase in FABP4 expression has been reported
in PC3 prostate cancer cells [30]. The same study also
reported an increased expression of FABP4 in prostate cancer
bone metastasis from high-fat diet mice and prostate cancer
patients [30]. The fact that bone marrow is adipocyte-rich
[118] suggests a role for adipocytes in enhancing FABP4
expression and thereby playing an important role in can-
cer progression. Overall, FABPs are emerging as important
factors in cancer cell lipid metabolism but more research is
needed to fully elucidate the roles of FABPs in healthy tissue
and tumor cells and how these are altered by obesity.

3. Fatty Acid Activation, Esterification,
and Mobilization

Once FAs are taken up by cells, they are activated by the
addition of coenzyme A (CoA) to the fatty acid molecule
by the actions of long-chain acyl-CoA synthetase (ACSL).
From here, evidence suggests that fatty acyl-CoAs can be
partitioned into the esterification pathway in the endoplasmic
reticulum or the mitochondria for oxidation [119]. Recently,
this notion has been challenged by studies in human skeletal
muscle [120] and isolated hepatocytes frommice lacking adi-
pose triglyceride lipase (ATGL) [121]. These studies suggest
that extracellular FAs enter the esterification pathway to be
stored in lipid droplets prior to mitochondrial oxidation.
Irrespective of the precise pathways, fatty acids have a
multitude of intracellular fates, but at themost basic level FAs
can be either oxidized or stored as complex lipids.

3.1. Fatty Acid Activation. ACSLs are a family of enzymes
that catalyze the addition of a CoA to a free fatty acid and
differ in their preference to the chain length of their fatty
acids substrates (short, medium, long, and very long). ACSL1,
ACSL3, ACSL4, ACSL5, and ACSL6 are members of the
long-chain family that vary in both subcellular localization
and substrate specificity [122]. Along with FABPs, individual
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ACSL isoforms have been proposed to channel fatty acids to
specific metabolic pathways.

Significant evidence suggests an important role forACSLs
in cancer biology including increased expression of ACSLs
in many types of cancer such as colon, liver, lung, brain,
and colorectal cancers and estrogen receptor negative breast
tumors and androgen receptor negative prostate tumors [46,
47, 49, 123–125]. More specifically, ACSL5 gene expression
is consistently elevated in the colon cancer tissue compared
to normal colon tissue [49], so are ACSL4 gene expression
and protein levels in colon adenocarcinoma compared with
adjacent normal tissue [47] and in hepatocellular carcinoma
tissues compared to the adjacent noncancerous liver tissue
[48]. Finally, ACSL3 expression is elevated in the highly
tumorigenic U87 human glioblastoma cell line and cells
derived from tumorigenic primary glioblastoma xenografts
(Mayo 22) compared with the less tumorigenic U373 glioma
cells [46].

Collectively, the results from these studies suggest that
expression of ACSLs is related to tumorigenesis and tumor
progression. Cell culture loss and gain of function studies
provide insight into the relationship between altered intracel-
lular fatty acid metabolism and cancer cell biology. In terms
of fatty acidmetabolism, bothACSL3 andACSL5 overexpres-
sion in HepG2 cells increase fatty acid oxidation and reduce
TAG levels [126]. Supporting the gene expression observa-
tions, altered ASCL expression in cancer cells is linked with
survival, proliferation, and chemoresistance. For example,
overexpressed ACSL4 in human epithelial cells reduced the
level of arachidonic acid-induced apoptosis [127], whereas
siRNA-mediated ACSL3 knockdown reduced growth rates of
lung cancer cell lines and colony formation [124]. Similarly,
ACSL4 knockdown inhibited growth rates of the human
hepatocellular carcinoma cell line Hep3B [48]. Addition-
ally, pharmacological inhibition of ACS activity by triacsin-
C induced apoptosis in HEK293 cells [127] and glioma
cells, which was completely suppressed by overexpression of
ACSL5 [128].

The impact of ASCL expression and function in can-
cer biology in the obese setting has not been reported.
Interestingly, ACSL activity and Acsl1 gene expression are
upregulated in liver and adipose tissues in genetic obese
models, including ob/obmice and Zucker fatty rat (fa/fa) [93,
129] and high-fat fed rats [130].This suggests that the elevated
expression reported may be exacerbated in obesity and
therefore may accelerate cancer progression. How changes in
ASCL-mediated fatty acid metabolism are linked to altered
cancer progression is yet to be fully elucidated. However, Cao
and colleagues [127] proposed that changes in proapoptotic
arachidonic acid levels may play a role yet other bioactive
lipids such as sphingolipids, including ceramides, or changes
in fatty acyl-CoA availability for mitochondrial oxidation are
potential contributors.

3.2. Fatty Acid Esterification. FAs are the building blocks
for many complex lipids including phospholipids, sphin-
golipids, and glycerolipids. We will focus on the synthesis
of glycerolipids, such as TAG, as this is a major pool that
is susceptible to the obese environment. The storage of fatty

acids as TAG involves several condensation reactions. The
first step involves esterifying a fatty acyl-CoA with glycerol-
3-phosphate to generate lysophosphatidic acid (LPA) by the
enzyme glycerol-3-phosphate acyltransferase (GPAT). LPA is
then condensed into phosphatidic acid (PA) by 1-acylglyc-
erol-3-phosphate-O-acyltransferase (AGPAT). The subse-
quent reaction is catalyzed by lipin, which dephosphorylates
PA to produce diacylglycerol (DAG). The final step involves
the addition of a third fatty acyl-CoA to DAG by diacylglyc-
erol acyltransferase (DGAT) to generate TAG. This process
occurs in the endoplasmic reticulum where TAG is packaged
into lipid droplets [131]. Alongside the endoplasmic reticulum
pathway, there is evidence that DGAT can also catalyze the
conversion of DAG to TAG at the lipid droplet [132–134].

The lipid intermediates of the esterification pathway are
substrates for the generation of other complex lipids, such as
phospholipids in membrane synthesis, and can also act as
lipid signals that modify membrane structures and promote
gene transcription for cell growth, proliferation, and differen-
tiation [135].

To date, gene or protein expression profiling of GPAT in
cancer cells has not been reported. However, it is known that
four isoforms of GPATs are expressed in mammals; GPAT1
andGPAT2 are localized in themitochondria andGPAT3 and
GPAT4 in the endoplasmic reticulum [136]. As rate-limiting
enzymes of fatty acid esterification, GPATs are key regulators
of TAG synthesis [137, 138].

Similarly, little is known about the expression of lipin and
DGAT in cancer patients. Mammals have three lipin pro-
teins and two isoforms of DGAT that regulate phospholipid
synthesis and lipid storage [139, 140]. Consequently, these
proteins modulate the availability of fatty acid substrates for
lipid signaling and metabolism, which may influence cancer
progression [141].

Themost studied enzyme of lipid esterification in relation
to cancer is 1-acylglycerol-3-phosphate-O-acyltransferase
(AGPAT). There are 11 known isoforms of AGPAT, which
differ by tissue expression and enzymatic activity [137].There
is consistent evidence suggesting a role for AGPATs in cancer
cells. For example, AGPAT2 expression is elevated in ovarian
cancer patients with aggressive ovarian cancers and associ-
ated with reduced overall survival [50–52]. Gene expression
of AGPAT11 is also increased in breast and cervical cancers,
as well as colorectal cancer [53]. Interestingly, transcriptional
expression of AGPAT9, which is highly homologous with
AGPAT11, is upregulated in colorectal cancer, but not in
breast and cervical cancers [54].

Obesity is characterized by increased levels of TAG stored
in tissues such as skeletal muscle, liver, and cardiac muscle
[142], which is a consequence of increased esterification rates
[130, 143–145]. Loss and gain of function studies in various
tissues provide an insight into the complex regulation of
the intracellular lipid environment. For example, AGPAT6
knockout mice have reduced TAG content in brown and
white adipose tissue and interestingly altered fatty acid profile
of complex lipids, such asDAGand phospholipids with a shift
towards the polyunsaturatedmore than themonounsaturated
fatty acids [146]. Similarly, adipose tissue TAG levels are
decreased in mice lacking DGAT [147] and both lipin1 and
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lipin3 [148] and protection fromhigh-fat diet induced obesity
and associated metabolic perturbations [139, 149]. Finally,
GPAT-deficient mice have lower levels of liver and plasma
TAG [150]. On the other hand, overexpressions of GPAT1
[151], GPAT4 [152], AGPAT1 [153], lipin1 [154], and DGAT1
[155] all result in increased TAG levels. From this, it is evident
that enzymes involved in esterification significantly influence
intracellular and extracellular lipid homeostasis. How this
translates to pathogenic changes in cancer cells is yet to be
described.

3.3. Lipolysis. TAGs, along with cholesterol esters, are stored
in lipid droplets to serve as a readily available source of energy
for ATP generation in the mitochondria, as well as providing
building blocks for phospholipids and other complex lipids.
In terms of metabolic energy capacity, an average nonobese
person stores up to 2,500 kJ of metabolic energy in glycogen,
but >500,000 kJ as TAGs [156]. Whilst most of this TAG is
stored in adipocytes, all cells have the capacity to synthesize
and breakdown TAGs. Interestingly, intracellular lipid stores,
or lipid droplet size and/or number, are elevated in various
malignant cells, such as breast [157], prostate [158], cervical
[159], liver [160], and colon cancer cells [161]. Furthermore,
biochemical assessment of lipid droplets in breast cancer cells
has shown that the TAG content is increased [162]. Not only
that, TAG levels are higher in more aggressive breast cancer
cells and are associated with long-term breast cancer cell
survival [157, 162]. These findings suggest that intracellular
TAG may play a critical, yet unexplored, role in supporting
both substrates for complex lipid synthesis [163] as well as
energy production in cancer cells that collectively promote
cell growth and proliferation. To do this, TAGs need to be
broken down to FAs and glycerol by a process called lipolysis.

ATGL, otherwise known as desnutrin [164], is the pre-
dominant TAG lipase that is thought to be rate-limiting [165].
It catalyzes the conversion of TAG to DAG and releases
a free fatty acid from the sn-2 position [166]. Hormone-
sensitive lipase (HSL) catalyzes the hydrolysis of DAG into
monoacylglycerol (MAG) and a fatty acid [167]. HSL has
broad substrate specificity, including TAG, DAG, MAG, and
cholesterol ester lipid classes, but has the highest affinity for
DAG [168]. MAG is then broken down by monoacylglycerol
lipase (MAGL) resulting in the metabolic end-product, glyc-
erol, and the liberation of the final fatty acid. This process
is highly conserved across species and highly regulated with
most insight arising from studies in adipocytes (see review
[169]).

Adipose neutral lipase expression in various cancer
patients has been reported. Compared to normal individuals
without cancer, HSLmRNA expression is elevated in adipose
tissue of colorectal, pancreatic, esophageal, and stomach
cancer patients [57].This was also observed in ovarian cancer
patients, where adipocyte lipid depots which contain TAG
were reduced, while the lipolytic products, MAG and free
fatty acids, were increased, collectively suggesting elevated
lipolytic activity [170]. Similarly, transcriptional and protein
expression of HSL are increased in the adipose tissue of late-
stage cancer patients exhibiting uncontrolled loss of adipose
and muscle tissue, known as cachexia [55]. Interestingly,

upregulated ATGL activity in adipose tissue was found to be
responsible for this tissue-wasting syndrome [56].

MAGL is currently the most well-documented neutral
lipase and its transcriptional expression is altered in sev-
eral different cancers. For example, high mRNA expression
of MAGL has been reported in ovarian [59], colorectal
[58], breast, and melanoma cancer cells and particularly in
aggressive prostate cancer cell lines [59]. Interestingly, in
vitro studies overexpressing MAGL in nonaggressive ovarian
cancer cells raised free FA levels and increased tumor growth
rate, migration, and invasion [171]. Alternatively, pharmaco-
logical inhibition attenuated MAGL-induced aggressiveness
of prostate cancer cells, even in a high-lipid environment
[59, 171]. Similar observations have been made in colorectal
cancer cells [58].

There are conflicting observations regarding the expres-
sion patterns of lipolytic enzymes in obesity [172]. HSL and
ATGL gene expression are reduced in the adipose tissue of
obese humans [173–175] and insulin resistant high-fat fed
rats [176]. Conversely, a study by de Naeyer and colleagues
[172] has reported that HSL and ATGL mRNA expression
are increased in visceral adipose tissue of morbidly obese
men; however, this pattern did not translate to changes in
protein or lipase activity. This is not surprising considering
that these neutral lipases are predominantly regulated by
posttranslational modifications, translocation, and protein-
protein interactions [135]. Interestingly, lipolytic enzyme
expression, particularly ATGL, appears to bemore associated
with insulin sensitivity rather than obesity [177]. In order to
elucidate the role lipolysis plays in cancer cell biology, future
studies need to assess pathway of lipid metabolism and fatty
acid flux, rather than gene expression, and investigate how
these are altered with obesity.

4. Mitochondrial Fatty Acid Oxidation

4.1. Fatty Acid Entry into the Mitochondria. The other major
fate for extracellular fatty acids is oxidation for the gener-
ation of ATP in the mitochondria. Alongside glucose and
glutamine, fatty acids are a major energy source catabolized
through the 𝛽-oxidation pathway to generate acetyl-CoA for
entry into the TCA cycle as well as FADH

2
and NADH

reducing equivalents for use by the electron transport chain
(ETC).

Changes in cancer cell fatty acid oxidation have been
reported.Theprimary example is observed in prostate cancer.
Rather than being secreted as it is in normal prostate cells,
citrate is catabolized in the TCA cycle resulting in fatty acid
oxidation being the dominant bioenergetic pathway [178].
Interestingly, high-fat feeding of the p48-Kras mouse model
of pancreatic cancer accelerated tumor growth and increased
energy expenditure and whole body fatty acid oxidation
through increased gene expression of CPT1A, ACC, andAOX
enzymes, key regulators of fatty acid oxidation [179].

Fewother studies have investigated the effect of obesity on
cancer fatty acid oxidation. Although there is significant con-
troversy as to the effect that obesity has on fatty acid oxidation
in type 2 diabetes, the increased availability of circulating
and intracellular fatty acids is thought to drive an increased
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oxidative capacity. Evidence for this arises from studies in
rodents fed a high-fat diet [124, 180] and obese type II diabetic
patients [181]. Conversely, a number of studies reported a
reduced capacity to oxidize fatty acids in overweight/obese
humans [182, 183]. Considering the high metabolic flexibility
of cancer cells, it is conceivable that cancer cells benefit from
high lipid availability that characterizes obesity through beta-
oxidation either to fulfill increased energy demand or to
prevent the lipotoxic effects of high level of fatty acids.

4.2. Carnitine Palmitoyltransferase 1. Unlike short-chain fatty
acids, which can freely diffuse into mitochondria, long-chain
fatty acids enter themitochondria by the carnitine shuttle sys-
tem. First, carnitine palmitoyltransferase 1 (CPT1) catalyzes
the transfer of the fatty acid moiety from acyl-coenzyme A
(CoA) to a long-chain acyl-carnitine.This is then transported
into the mitochondrial matrix by the carnitine acyl-carnitine
translocase (CACT) [184]. CPT2 then catalyzes the conver-
sion of acyl-carnitine to carnitine and fatty acyl-CoA which
then enters the 𝛽-oxidation pathway. CPT1 is regulated by
a cytosolic pool of malonyl-CoA produced by acetyl-CoA
carboxylase 2 (ACC2) at the mitochondrial membrane [185].

The rate of mitochondrial fatty acid oxidation is regulated
by CPT1, which is an integral membrane protein located on
themitochondrial outermembrane [186]. CPT1 has three iso-
forms with tissue-specific expressions and sensitivity to the
allosteric-inhibitory action of malonyl-CoA: CPT1A (liver),
CPT1B (muscle), and CPT1C (brain) [187, 188]. Changes in
CPT1 expression have been observed in several types of can-
cer including breast, lung, brain, and liver cancers [60, 62, 189,
190]. A study by Linher-Melville and colleagues [60] reported
that CPT1A mRNA levels are significantly elevated in both
MCF-7 and MDA-MB-231 cells compared to 184B5 human
mammary epithelial cells. In another study, CPT1C gene
expression is upregulated in non-small-cell lung carcinoma
tumor tissue comparedwithmatched normal lung tissue [62].
Furthermore, high grade glioblastoma is associated with
increasedmRNA levels of bothCPT1A andCPT1C [61].These
studies clearly show that CPT1 expression levels are related
to not only tumorigenesis but also tumor progression. In
contrast, CPT1 expression has been reported to be higher
in the low metastatic potential, androgen receptor negative
LNCaP prostate cancer cell line compared to the high
metastatic potential, androgen receptor positive PC3 and
DU145 prostate cancer cell lines [59]. Overexpression of
CPT1C in MCF-7 cell line elevated fatty acid oxidation and
ATP production to support resistance to glucose depriva-
tion and siRNA-mediated CPT1C knockdown suppressed
xenograft tumor growth [62]. Further evidence for a role for
CPT1 in cancer biology has been generated from pharma-
cological studies. Inhibition of CPT1 with either genetic or
pharmacological manipulation has been shown to reduce
total ATP levels and the rate of ATP production in PC3
prostate cancer cells [62], Burkitt’s lymphoma cells [191],
and human glioblastoma cells [192] to impair proliferation.
Additionally, etomoxir sensitizes human leukemia cells to
apoptosis [193]. Collectively, these studies suggest a role for
altered CPT1 expression in various cancers but interestingly
CPT1 expression is sensitive to the microenvironment. For

example, CPT1A mRNA expression and fatty acid oxidation
are increased in SKOV3ip1 ovarian cancer cells cocultured
with adipocytes [31]. However, it must be highlighted that
fatty acid oxidation is regulated at a number of levels
including CPT1 gene expression, allosterically by malonyl-
CoA and fatty acid availability.

4.3. Acetyl-CoA Carboxylase. Acetyl-CoA carboxylase is a
biotin-dependent enzyme that catalyzes the conversion of
acetyl-CoA into malonyl-CoA. In mammals, two isoforms
of ACC are expressed: ACC1 (also known as ACC𝛼) and
ACC2 (also known as ACC𝛽) [194]. ACC1 is primarily
expressed in the cytosol of hepatocytes, adipocytes, and other
lipogenic cells, while ACC2 is an enzyme associated with the
outer mitochondrial membrane and is mainly expressed in
cardiomyocytes, skeletal muscles, and hepatocytes [195–198].
Whereas the malonyl-CoA generated by ACC1 is primarily
used for de novo lipogenesis, the malonyl-CoA product
of ACC2 is a potent regulator of fatty acid oxidation by
inhibiting CPT1 [199, 200]. Upstream of ACC2 is AMP-
activated protein kinase (AMPK), which phosphorylates and
inactivates ACC2 to reduce malonyl-CoA levels and thereby
increase fatty acid oxidation.

Upregulation of ACC1 and increased de novo lipogenesis
are observed in several types of cancer including breast [63,
64], prostate [65], lung [66], and liver cancers [67]. Chemical
and genetic inhibition studies have identified a role for ACC1
in cell survival. For example, apoptotic cell death results from
chemical inhibition of ACC1 by TOFA (5-tetradecyloxy-2-
furoic acid) in lung and colon cancer cells [201] and by
soraphen A in prostate cancer cells [202]. In addition, RNA
interference- (RNAi-)mediated knockdown ofACC1 induces
apoptosis in breast [203] and prostate cancer cells [204].

To date, studies have focused on ACC1, yet few studies
have been conducted into the role of ACC2 in cancer devel-
opment or progression. One of these studies demonstrated
that knockdown of ACC2 increased fatty acid oxidation
and inhibited cell death in A549 human lung carcinoma
cells [205]. Similarly, pharmacological inhibition of malonyl-
CoA decarboxylase (MCD), which increased the malonyl-
CoA pool, suppresses human breast cancer cell proliferation
[206]. Therefore, decreasing fatty acid oxidation rates by
the modulation of the malonyl-CoA pool by ACC2 and
MCD suggests a potential role for these enzymes in cancer
metabolism. However, ACC2 functions in other cancer types
remain to be elucidated.

The role of ACC2 in obesity is more established. Skeletal
muscle ACC2 phosphorylation and activity are reduced in
obese patients, as a consequence of reduced AMPK activity
[207, 208]. Additionally, the mRNA levels of ACC2 in
white adipose tissue are lower in Zucker fatty rats than in
lean rats [209]. Interestingly, the AMPK-ACC2-CPT1 axis is
modulated by several adipokines, whose levels are altered
in obesity. These include leptin [210], adiponectin [211], and
CTRP1 [212].Moreover, recent evidence in liver demonstrates
that metformin’s actions to suppress de novo lipogenesis
and increase fatty acid oxidation require AMPK-mediated
phosphorylation of ACC1 and ACC2. Thus, the significant
interest in the clinical use of metformin as the therapeutic in
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many cancers will further contribute to the understanding of
the role that ACC1/2 plays in cancer biology [213].

5. Conclusions

Thecurrent interest in cancermetabolism has the potential to
identify commonperturbations arising fromdiffering genetic
origins that may serve as therapeutic targets. As the current
obesity epidemic continues to grow, there is a need to not
only define cancer metabolism but also investigate how it is
influenced by the obese microenvironment. It is clear that
cancer fatty acid metabolism plays a significant role in cancer
biology and that opportunities exist to further define this role,
especially in the context of obesity-induced changes in cancer
progression.
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[210] A. Janovská, G. Hatzinikolas, V. Staikopoulos, J. McInerney, M.
Mano, and G. A. Wittert, “AMPK and ACC phosphorylation:
effect of leptin, muscle fibre type and obesity,” Molecular and
Cellular Endocrinology, vol. 284, no. 1-2, pp. 1–10, 2008.

[211] K. L. Mullen, J. Pritchard, I. Ritchie et al., “Adiponectin resis-
tance precedes the accumulation of skeletal muscle lipids and
insulin resistance in high-fat-fed rats,” American Journal of
Physiology: Regulatory Integrative and Comparative Physiology,
vol. 296, no. 2, pp. R243–R251, 2009.

[212] J. M. Peterson, S. Aja, Z. Wei, and G. W.Wong, “CTRP1 protein
enhances fatty acid oxidation via AMP-activated protein kinase
(AMPK) activation and acetyl-CoA carboxylase (ACC) inhibi-
tion,” Journal of Biological Chemistry, vol. 287, no. 2, pp. 1576–
1587, 2012.

[213] M. D. Fullerton, S. Galic, K.Marcinko et al., “Single phosphory-
lation sites in Acc1 and Acc2 regulate lipid homeostasis and the
insulin-sensitizing effects of metformin,” Nature Medicine, vol.
19, no. 12, pp. 1649–1654, 2013.



Review Article
Insulin-Like Growth Factor System in Cancer:
Novel Targeted Therapies

Varsha P. Brahmkhatri,1 Chinmayi Prasanna,1 and Hanudatta S. Atreya1,2

1NMR Research Centre, Indian Institute of Science, Bangalore 560012, India
2Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, India

Correspondence should be addressed to Hanudatta S. Atreya; hsatreya@gmail.com

Received 7 July 2014; Revised 13 October 2014; Accepted 20 October 2014

Academic Editor: Eileen M. McGowan

Copyright © 2015 Varsha P. Brahmkhatri et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Insulin-like growth factors (IGFs) are essential for growth and survival that suppress apoptosis and promote cell cycle progression,
angiogenesis, andmetastatic activities in various cancers.The IGFs actions aremediated through the IGF-1 receptor that is involved
in cell transformation induced by tumour. These effects depend on the bioavailability of IGFs, which is regulated by IGF binding
proteins (IGFBPs). We describe here the role of the IGF system in cancer, proposing new strategies targeting this system. We have
attempted to expand the general viewpoint on IGF-1R, its inhibitors, potential limitations of IGF-1R, antibodies and tyrosine kinase
inhibitors, and IGFBP actions.This review discusses the emerging view that blocking IGF via IGFBP is a better option than blocking
IGF receptors. This can lead to the development of novel cancer therapies.

1. Introduction

Insulin-like growth factor (IGF) is a natural growth hormone
and plays crucial role in normal growth and development.
The IGF family is comprised of insulin and two factors similar
to insulin termed IGF-1 and IGF-2.These factors directly reg-
ulate cellular functions by interacting with specific cell sur-
face receptors and activating various intracellular signalling
cascades.The cellular responses to the IGFs are mediated pri-
marily by the IGF-1 receptor.The IGF-1 receptor is a member
of the family of tyrosine kinase growth factor receptors.

IGFs actions are regulated by six soluble IGF binding pro-
teins (IGFBPs) and IGFBP proteases.The IGFBPs comprise a
superfamily of six proteins (IGFBP-1-6) that bind to IGFswith
high affinity and specificity and a family of IGFBP-related
proteins (IGFBP-rPs), which are structurally similar to the
IGFBPs but bind IGFs with much lower affinity.

IGF-1 circulates in relatively high concentrations in
plasma, approximately 150–400 ng per mL, where it mostly
exists as the protein-bound form. The free ligand concentra-
tion is very little that is less than 1% [1]. IGFs in circulation
are protected from degradation by forming a complex with

a family of high affinity IGF binding proteins (IGFBPs) [2].
IGFBP-3 is the most abundant IGF binding protein in the
blood stream followed by IGFBP-2, which is produced in the
liver. Most of the circulating IGF-1 and IGF-2 are associated
with a high molecular weight complex ∼150 kDa consisting
of IGFBP-3 and the acid labile subunit (ALS) [2]. Once
the ternary complex dissociates, the binary complexes of
IGFBP-IGF are removed from the circulation and cross the
endothelium to reach the target tissues and to interact with
cell surface receptors (Figure 1). In the tissues, IGFBPs may
inhibit the interaction of the IGFs with their receptors, as the
IGFBPs have a higher affinity for the IGFs than the receptors.
In some cases, IGFBPs can enhance IGF action in the local
microenvironment by acting as a reservoir that can slowly
release the ligands. In addition, some IGFBPs can have IGF-
independent effects on cells [2].

The IGFs are signalling proteins (∼7.5 kDa) whose actions
are mediated by the IGF-1R, and access to the receptor is
regulated by the IGFBPs, which vary in size (∼22–31 kDa) and
share overall sequence and structural homology with each
other.The IGFBPs bind strongly to IGFs (𝐾D ∼ 300–700 pM)
and inhibit the action of IGFs by blocking their access to
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Figure 1: The IGF axis: circulating IGFs are protected from
degradation by forming complex with IGFBPs. IGFs, apart from
their local functioning in an autocrine or a paracrine manner, enter
the bloodstream, where they exist as binary complexes with each
IGFBP. In addition, ternary complex also exists when the binary
complexes with IGFBP-3 or IGFBP-5 interact with the acid labile
subunit (ALS). After dissociation of ternary complex, the binary
complexes of IGFBP-IGF are removed from the circulation and cross
the endothelium to reach the target tissues and to interact with cell
surface receptors.

the receptors. Proteolysis of the IGFBPs dissociates IGFs from
the complex, enabling them to bind and activate the cell
surface receptors. Deregulation of IGF-1R signalling has been
noted to contribute to a variety of diseases including diabetic
retinopathy [3], diabetic nephropathy [4], age-related macu-
lar degeneration [5], cardiovascular disease, and aging and in
a variety of cancers [5].

IGF system is gaining tremendous interest over the last
decade because it plays an important role in cancer. The cur-
rent treatment options for cancer have shifted more towards
the targeted therapies [6, 7] rather than the traditional
chemotherapy. Many strategies have been exploited to target
tumours. The most commonly used strategy is engineered
antibodies or antibody fragments [8]. Though monoclonal
antibodies are very selective, poor penetration inside the
tumours and high production cost hinder their usage as
therapeutic agents [9]. Current therapeutics targeting the
IGF-signalling pathways focus on blocking IGF-1R, directly,
and/or its downstream effectors [10]. However, a potential
drawback of such approaches is the resulting adverse side
effects or toxicities due to its interference with the insulin
pathway. As a more efficacious alternative, we propose that
IGFBPs can be developed as IGF-antagonist based cancer
therapeutics serving to block the IGF-1R, mediated tumour
progression. Notably, the IGFBPs do not bind insulin and
thus do not interfere with insulin-insulin receptor interac-
tions.

In the current paper, we will provide a brief overview on
IGF systemanddiscuss some literature and experimental data
reported to demonstrate the role of IGF system in cancer and
development of new targeted anticancer therapies. Because it

is not possible to provide a complete coverage of all published
papers dealing with IGF system, we have mainly focused
on different strategies targeting IGF system in cancer and
attempted to provide an overview on IGF system including
IGF-1R, its inhibitors and potential limitations of IGF-1R,
antibodies and tyrosine kinase inhibitors, IGFBP actions,
and blocking IGF via IGFBP (which is better option than
blocking IGF receptors) leading to development of novel
cancer therapies.

2. Discovery/History of IGF System

The first member of IGF family to be identified was insulin,
with subsequent investigation resulting in the elucidation
of its role in glucose metabolism and its implication in the
aetiology of diabetes mellitus. This discovery effected an
explosion in the investigation of the structure, function, and
mechanisms of action of insulin. The enormous interest in
this molecule resulted in the concession of three Nobel Prizes
for the investigation of insulin: in 1923 for the discovery of
its capacity to treat diabetes by Frederick Banting and J. J.
Macleod [11], in 1958 for the first sequence of a protein by
Frederick Sanger [12], and in 1963 for the first determination
of the three-dimensional structure of a protein by Dorothy
Hodgkin [13]. Hence, the investigation of insulin has been
a pioneer in many scientific fields. Later, the IGFs were
discovered and found to be intricately involved in embryonic
development and postnatal growth.

The existence of the IGFs was first proposed by Salmon
and Daughaday in 1957, on the basis of studies indicat-
ing that growth hormone (GH) did not directly stimulate
the incorporation of sulfate into cartilage but rather acted
through a serum factor [14]. In the original study by Salmon
and Daughaday, 35S-labeled amino acid was incorporated
into cartilage explants and was used as a surrogate for
growth. The serum of normal rats induced 35S-amino acid
incorporation into cartilage, but not serum fromhypophysec-
tomized rats. However, serum from hypophysectomized rats
treated with GH yielded serum that allowed for 35S-amino
acid incorporation, indicating that a second messenger was
necessary forGH signalling.This factorwas originally termed
sulfation factor, then somatomedin, and, ultimately, insulin-
like growth factor-1 and insulin-like growth factor-2. IGF-
1 was not purified and characterized until more than two
decades later [15]. The terminology “insulin-like” was used
because these factors are able to stimulate glucose uptake into
fat cells and muscle, and, indeed, both IGF-1 and IGF-2 show
approximately 50% homology with insulin [15, 16].

Subsequent investigation demonstrated that GH, after
binding to its transmembrane receptor, initiates a signalling
cascade leading to transcriptional regulation of IGF-1 and
related genes. It was originally thought that systemic growth
was promoted by GH acting mainly on the liver to stimulate
IGF-1 production, which then reached target tissues via
the circulation to activate mechanisms involved in tissue
proliferation, growth, and metabolism. It is now evident that
not only does GH have independent actions that do not
involve IGF-1 production [17], but IGF-1 synthesis occurs
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Figure 2: Growth hormone-releasing hormone (GHRH) is a
hormone, produced by the hypothalamus which stimulates the
pituitary gland to produce GH. Somatostatin secreted by the cells
of hypothalamus and also by the cells of stomach, intestine, and
pancreas that inhibits GH production. When pituitary secretes GH
into the bloodstream, it results in the production of IGF-1 in the liver.
IGF-1 is the factor that actually causes the growth of bones and other
tissues of the body. It also plays an important role in signalling the
pituitary to reduce GH production.

in many tissues under the control of a variety of local and
circulating factors, whichmay ormaynot includeGH[18–21].
Furthermore, this local production of IGF-1 may be directly
responsible for the growth promoting effects of GH, rather
than the circulating growth factor [22].

2.1. IGF-1 Synthesis and Secretion. IGF functions as both a
circulating hormone and as a tissue growth factor. Liver is
the production house for the most circulating IGFs that are
subject to both hormonal and nutritional factors. Growth
hormone (GH), which is produced in the pituitary gland
under the control of the hypothalamic factors, stimulates
IGF-1 production (Figure 2).

The insulin like growth factor binding proteins (IGFBPs)
are also synthesized in the liver. The IGF ligands in addition
to the IGFBPs are delivered in an endocrine manner through
the circulation from the liver to act in IGF-responsive tissues.
IGFs and IGFBPs are also produced in other organs where
autocrine or paracrine mechanisms take place, frequently
involving interactions between stromal and epithelial cell
populations [23].

2.2. Autocrine and Paracrine Actions of IGF. The insulin-like
growth factors play a major role in regulating cell prolifera-
tion and inhibiting apoptosis. The IGFs are expressed ubiq-
uitously and act in an autocrine/paracrine manner through
binding to the IGF-1 receptor (IGF-1R). The bioavailability
of IGF in tissues is determined by both local and systemic
factors. The local factors include the levels of receptors
that are expressed, various IGF binding proteins (IGFBPs),
and IGFBP proteases. The systemic factors involved are
mainly those that regulate the circulating levels of IGFs, such

as growth hormone (GH) and various nutritional factors.
Studies in cultured cells have demonstrated that the IGF-1R
is frequently overexpressed in cancer cell lines.

The IGFs are not stored within cells of a specific tissue
but are present at very high levels throughout the body. They
circulate at total concentrations approximately 1000 times
higher than those of most peptide hormones and although
tissue levels are somewhat lower, they are still present in
vast excess compared to that required for maximal cellular
stimulation. These high levels are maintained due to their
association with the IGFBPs, which dramatically slow their
clearance. The IGFBPs bind the IGFs with greater affinity
than their cell surface receptors, enabling them to tightly
control tissue activity. The IGFBP proteases modify the
IGFBPs, lowering the affinity with which they bind IGFs. In
the tissues, the IGFs are regulators of cell survival, growth,
metabolism, and differentiated function; the complex system
confers specificity on these actions.

2.3. Evidence for Paracrine/Autocrine IGF-1 Actions from Stud-
ies of TransgenicMice. Themost convincing evidence of local
IGF-1 actions comes from lines of transgenic (Tg) mice made
to overexpress IGF-1 in specific tissues, for example, brain,
mammary gland, andmuscle. Each of these Tgmousemodels
exhibits specific overgrowth in the organ or tissue of IGF-1
overexpression, and none has an alteration in circulating IGF-
1 levels. Reports of such mouse models are summarized in
Table 1. In every model studied biologic actions in the organ
of IGF-1 transgene expression have been demonstrated. IGF-
1, therefore, can exert local in vivo actions.

Other experiments that address IGF-1 local actions are
the generation of Tgmice that overexpress IGFBPs in specific
tissues. Here, the expectation is that these IGFBPs will inhibit
the actions of locally expressed IGF-I. Such studies have
yielded results consistent with those obtained from studies
of site-specific IGF-1 overexpression. An example is the
overexpression of rat IGFBP-4 in smooth muscle driven by
the regulatory region of the 𝛼-actin gene [24]. Transgene
IGFBP-4 expression results in smooth muscle hypoplasia.
The lack of any change in circulating IGFBP-4 or IGF-1
and the restriction of hypoplasia to smooth muscle argue
for the inhibition of IGF-1 growth promoting effects on
smooth muscle. Alternative, but unlikely, interpretations are
that IGFBP-4 inhibited the actions of IGF-1 derived from
the circulation and/or that IGFBP-4 inhibits growth by
mechanisms independent of IGF-I. Other Tg mouse models
have yielded consistent results. For example, a number of
lines of IGFBP-1 Tg mice exhibit organ growth retardation
that appears due to the capacity of IGFBP-1 to inhibit IGF
activity in specific tissues, for example, in brain [25–27].

3. IGF Receptors (IGF-Rs)

The IGF system comprises two main receptors (IGF-1R and
IGF-2R). Both IGFIR and IGF-2R are transmembrane glyco-
proteins that differ completely in their structure and function
[19–21, 28–31]. IGF-1R is a tetramer which comprised two
equal 𝛼-subunits and two equal 𝛽-subunits [28, 29, 32]. IGF-
1R resembles the insulin receptor at structural level, with 60%
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Table 1: IGF-1 transgenic mice with tissue-specific IGF-1 overexpression.

Organs IGF-1 action Promoter Reference
Brain Increased brain size, characterized by increased neuron number. M IGF-2 5󸀠 flanking region [35, 36, 181, 182]
Bone Increased trabecular bone. Bovine osteocalcin [37]
Heart Increased myocyte proliferation. r 𝛼myosin heavy chain [38]
Muscle: skeletal Stimulates differentiation and myofibril hypertrophy. Avian skeletal 𝛼 actin [39]

Muscle: smooth

Smooth muscle hyperplasia in many flanking fragments
organs/tissues.
Increased vascular contractility.
Enhanced neointimal formation after injury.

r smooth muscle 𝛼 actin (mSMA) [183–185]

Ovary Increased testosterone and cyst. m LH receptor [186]
Prostate Epithelial neoplasia. Bovine keratin-5 [187]

Thyroid When the IGF-1R is also overexpressed, there is a decreased
TSH requirement and goiter. Bovine thyroglobulin [188]

homology. IGFs and insulin are proficient to cross-bind to
each other’s receptor, although with much weaker binding
affinity than that for the preferred ligand [33, 34]. IGF-1R and
IR can hybridize to form a heterodimer composed of one 𝛼-
subunit and one 𝛽-subunit of each receptor [28, 30] as shown
in Figure 3. The amount of insulin/IGF-1 hybrid receptor
varies significantly from tissue to tissue. Since its binding
affinity for IGF-1 is higher than that for insulin, the receptor
is thought to function principally as an IGF-1 receptor, but its
biologic significance remains mostly unidentified.

The postreceptor signal transduction events include
phosphorylation of insulin receptor substrate (IRS) family of
proteins and activation of phosphatidylinositol-3 (PI-3) and
mitogen-activated protein kinases (MAPK) [19, 35]. This will
result in a myriad of events, including the upregulation of
cyclin D1 leading to the phosphorylation of retinoblastoma
protein and expression of downstream target genes such as
cyclin E [36, 37]. Moreover, IGF-1R activation downregulates
the cell-cycle suppressors like PTEN [38, 39], indicating that
multiple pathways are involved in producing its mitogenic
effect. Activated IRSs trigger the activation of two intracellu-
lar signaling networks: Ras/Raf/Mek/Erk and PI3K pathways.
The first one is mainly involved in mediating the mitogenic
effect of insulin and IGFs, while the PI3K pathway, via Akt,
mediates both metabolic and cell growth responses.The Akt-
mediated metabolic effects are induced by the activation
of enzymes involved in gluconeogenesis, glucose uptake,
protein synthesis, and lipogenesis, whereas the cell growth
responses are mainly induced by the mTOR pathway.

IGF-2R is monomeric [29, 40–42], the largest transmem-
brane receptor that is completely unrelated to the IGF-1R,
and insulin receptor (IR). In the extracellular domain of
the receptor, three ligand-binding regions are found one for
IGF-2 binding and two for proteins containing mannose-
6-phosphate (M6P) and the dormant form of transforming
growth factor- (TGF-) 𝛽 [30]. Binding of IGF-2R, to TGF-
𝛽, activates the latter [40, 43]. IGF-2R is also called the
IGF-II/M6P receptor as it can bind both IGF-2 and M6P-
containing Molecules. The expression of IGF-1R is regulated
by steroid hormones and growth factors [29, 32]. Since high
IGF-1 levels result in a low levels of IGF-1R, IGFs may act as

negative feedback signals to suppress expression of IGF-1R
[44, 45]. In contradiction of the effect of IGFs, other growth
factors, including basic FGF, PDGF, and EGF, stimulate
IGF-1R expression [32, 46, 47]. The expression of IGF-1R
is also stimulated by estrogens, glucocorticoids, GH, FSH,
luteinizing hormone, and thyroid hormones [28, 32]. On
the other hand, tumour suppressor gene products, such as
wild type p53 protein and WT1 (Wilms’ tumour protein),
inhibit expression of IGF-1R [11, 48–50]. IGF-1R levels are also
affected by nutrition [13, 51, 52]. Not much is known about
the regulation of IGF-2R expression, although some studies
[29, 30, 53, 54] have suggested that insulin, IGFs, EGF, and
M6P may increase the level of IGF-2R, in the cell membrane.
Binding of IGFs to IGF-1R activates the receptor’s tyrosine
kinase activity, which starts a cascade of reactions among
a number of molecules involved in the signal transduction
pathway (Figure 3).

IGF-2R acts as a scavenger for circulating IGF-2 uniquely.
The extracellular domain of the receptor disassociates upon
proteolytic cleavage, from the cell membrane as a soluble
fragment, circulating in the blood with the ability to bind to
IGF-2 and facilitate its degradation [55–60].These receptors,
additionally to the IGFBPs, provide an extra control on the
circulating levels of IGF-II.

4. Insulin-Like Growth Factor Binding
Proteins (IGFBPs)

The insulin-like growth factor binding proteins (IGFBPs)
were originally discovered while purifying IGF-1 from serum
[61, 62]. The insulin-like growth factors (IGFs) are present
in extracellular fluids bound to high affinity carrier pro-
teins (Table 2). Six forms of IGF binding proteins (IGFBPs)
have been cloned and their complete sequences have been
obtained [63].

IGFBPs have three domains. Human IGFBPs 1–6 each
contain 216–289 amino acids organized into three domains
of approximately equal size, with the conserved N- and C-
domains being joined by a “linker” L-domain [2, 64]. IGFBPs
1–5 have 18 conserved cysteines, whereas IGFBP-6 has 16
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Table 2: Human insulin-like growth factor binding proteins.

IGFBPs Mass (kDa) Source of purification Relative binding
affinity for IGFs

IGFBP1 25.0 Amniotic fluid, placenta IGFI = IGFII
IGFBP-2 31.3 BRL-3A and MDBK cells, human serum IGFII > IGFI
IGFBP-3 28.7 Plasma IGFI = IGFII
IGFBP-4 25.9 Human osteosarcomas, prostatic carcinoma, colon carcinoma, and glioblastoma IGFI = IGFII
IGFBP-5 28.5 C2 myoblasts conditioned media, human bone IGFI = IGFII
IGFBP-6 22.8 Cerebrospinal fluid, human serum IGFII > IGFI

Ins

IGF-2

IGF-1

Survival Proliferation Metastasis Metabolism

IR-B IR-A IRA/ IRB/ IGF-1R IGF-2R
IGF-1RIGF-1R

Figure 3: IGF receptor signalling: IGF-1R is a tetramer of two
identical 𝛼-subunits and two identical 𝛽-subunits. IGF-1R and IR
can hybridize to form a heterodimer composed of one 𝛼-subunit
and one 𝛽-subunit of each receptor. Formation of hybrid receptors is
explainedwith different colour code scheme. IGF-IIR, themannose-
6-phosphate (M6P) receptor, has high affinity for binding the IGF-II
ligand but is a nonsignalling receptor.The biological activities of the
IGF ligands are mediated by IGF-IR, but the IGF-IIR is considered
to function as a “sink” that controls the local bioavailability of IGF
ligands for binding to the IGF-IR.

[2, 65]. The N-domains of IGFBPs 1–5 contain six disulfides
and share a conserved GCGCC motif; IGFBP-6 shares all
of these except the two adjacent cysteines in this motif.
Therefore, the first three N-terminal disulfide linkages of
IGFBP-6 differ from those of IGFBP-1 and, by implication,
the other IGFBPs [65]. By contrast, the remaining N-domain
disulfides and all three C-domain disulfides are probably
conserved in all IGFBPs.

The sequence alignment of IGFBPs 1–6 is depicted in
Figure 4, where the N-domains of IGFBP 1–5 contain six
disulfides and share a conserved GCGCC motif; IGFBP-
6 shares all of these except the two adjacent cysteines in
this motif. The C-domains are known to share the highly
conserved CWCV motif. But the central domains do not
contain any cysteines and exhibit little homology.

The six IGF binding proteins are unrelated to the cell
surface receptors but are structurally very closely related to
each other, although they are each products of distinct genes
and they all have very distinct functional properties. Table 3

summarizes the results of inhibiting IGFBPs activity and their
role in cancer.

4.1. IGFBP Proteases. Ever since the discovery of IGFBP-3
protease in seminal plasma [66] andhumanpregnancy serum
[67], IGFBP proteases have been known to be present in
various body fluids [68]. IGFBP proteases belong to a super-
family of proteases with specificity towards IGFBPs, thereby
regulating the action of IGFBPs. These proteases are prime
factors in modulating the levels of IGFBPs and ultimately the
bioactivity and downstream actions of IGFs [69].

IGFBP proteases broadly fall into three major super
families—serine proteinases (kallikrein-like serine protease),
matrix metalloproteinases (MMPs), and cathepsins [70, 71].
The work of Cohen et al. demonstrating the significance of
IGFBP proteases and a descriptive review by Fowlkes talk
miles about their classification [70, 71]. Table 4 summarizes
different IGFBP proteases and their target substrates with
target sequence specificity.

Prostate specific antigen (PSA), the first IGFBP protease
to be discovered in seminal plasma [66] and later on in
pregnancy serum [72], is a serine proteinase produced by
the prostate gland and is known to degrade IGFBP-3 [66].
𝛾-nerve growth factor (NGF), homologous to PSA, is also
known to degrade IGFBP-3 and IGFBPs 4, 5, and 6, thereby
enhancing IGF actions. Epidermal growth factor binding
protein (EGFBP), human plasma kallikrein (hPK), and renin
are relatively poor IGFBP proteases [71].

Matrix metalloproteinases are calcium-dependent zinc-
containing endopeptidases, with the capability of degrading
several extracellular matrix molecules including collagens,
elastins, gelatin, matrix glycoproteins, and proteoglycan
[71, 73–75]. These extracellular degrading enzymes are also
known to be active against IGFBPs [74]. They were first
discovered as IGFBP-3 proteinases in human dermal fibrob-
lasts [74, 76]. These MMPs are known to contribute to the
degradation of IGFBPs 1, 2, 3, 4, and 5 known from various
scientific studies including a study showing the proteolytic
cleavage of IGFPB-1 and IGFBP-2 by MMP-1 in smooth
muscle airway cells. [71, 73, 76–78]. Research has shown that
MMP-3 andMMP-9 can cleave IGFBP-1.MMP-1 andMMP-3
degraded rhIGFBP-3 to much greater extent than MMP-2 in
vitro [74]. ADAM-12, a disintegrin metalloproteinase, is also
known to have proteolytic activity against IGFBP-3 [77].

Cathepsins belong to a family of lysosomal proteinases
with optimal activity in acidic conditions discovered by their
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Figure 4: Amino acid sequence alignment of human IGFBP-1 to IGFBP-6. Alignment was performed using the ClustalW program. Small
gaps were introduced to optimize alignment.
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Table 3: Consequences of inhibiting IGFBP activity and cancer.

IGFBPs Expression Results of inhibiting IGFBP activity Reference

IGFBP-1 Liver
It can induce or inhibit the IGF actions in many types of cells.
As an example of the inhibiting activity of IGFBP-1, it inhibited
IGF-I-induced growth in MCF-7 breast cancer cells.

[30, 157]

IGFBP-2 Liver, adipocytes, reproductive system,
and central nervous system

IGFBP-2 level changes were associated with the development of
different types of cancer including breast and prostate cancer. In
prostate cancer, high level of serum IGFBP-2 was associated
with low grade prostate cancer.

[189, 190]

IGFBP-3 Circulating carrier protein, expressed
in many tissues

IGFBP-3 plays important role in different types of human
cancers. IGFBP-3 can induce apoptosis by increasing the ratio of
proapoptotic to antiapoptotic proteins in breast cancer cells.

[191]

IGFBP-4 Liver, bone tissue, and muscles

IGFBP-4 showed a strong inhibitory effect on IGF-1 by
preventing the activation of the IGF-1R, when the IGFBP-4 is
found in the tissue. Conversely, intravenous administration of
IGFBP-4, in the presence of a protease, will promote cellular
proliferation.

[79, 192–195]

IGFBP-5 Mammary glands In breast cancer, IGFBP-5 induced apoptosis and inhibited
cellular differentiation in an IGF-dependent manner. [196, 197]

IGFBP-6 Epithelial layer of human bronchial
organ

It can inhibit IGF-2 activity mediated through the IGF-1R,
including proliferation, differentiation, migration, and survival
in different cell lines.

[198, 199]

Table 4: Summary of IGFBP proteases and their proteolytic cleavage sites.

Proteolytic cleavage sites IGFBP protease Reference
IGFBP-2

Met166-Gly167, Lys168-Gly169, Tyr103-Gly104, Leu152-Ala153, Arg156-Glu157,
Gln165-Met166, Thr205-Met206, Arg287-Met288 Unknown protease in hemofiltrate [80]

Leu3-Phe4, Lys168-Gly169, Lys181-Leu182 Unknown in milk [200]
Arg164-Gln165 Human kallikrein-2 [201]
Leu152, Gly175-Leu176, Lys181-Leu182 Matrix metalloproteinase-7 [202]
Gln165-Met166 PAPP-A [203]
His165-Arg166 Calpain [204]

IGFBP-3
Arg97-Ala98, Lys160-Val161 Plasmin [205]
Arg95-Leu96, Lys160-Val16 Plasmin [206]
Arg97-Ala98, Arg206-Gly207 Thrombin [205]
Arg97-Ala98, Lys149-Lys150, Lys150-Gly151, Lys154-Asp155 Serum [205]
Arg97-Ala98, Arg132-Val133, Tyr159-Lys160, Phe173-Ser174, Arg179-Glu180 Seminal plasma PSA [157]
Arg97-Ala98, His131-Arg132, Tyr159-Lys160 Urinary PSA [207]
Arg97-Ala98 Cysteine protease fromMCF-7 cells [208]
Tyr99-Leu100, Leu96-Arg97, Leu141-His142 MMP-1, MMP-2 [176]
Tyr99-Leu100, Asn109-Ala110, Glu176-Ser177 MMP-3 [176]

IGFBP-4

Lys120-His121 Calcium-dependent serine protease
from smooth muscle cells [193, 209, 210]

Met135-Lys136 PAPP-A [211, 212]
IGFBP-5

Arg138-Arg139 Serine protease from smooth
muscle cells [213]

Ser143-Lys144 (secondary cleavage site), Ser143-Lys144 PAPP-A2 [214]
Gln142-Ser-143 PAPPA [214]
Lys120-His121, Arg156-Ile157, Arg192-Ala193 Thrombin [215]
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proteolytic activity on IGFBP-3 [70, 71]. Cathepsin D is
a well-known IGFBP protease shown to have proteolytic
activity against IGFBPs 1–5 in acidified condition [70, 79].
In neutral conditions, their proteolytic activity seems to be
unclear.

The central linker domain which is the least conserved
region has not been cited to be a part of the IGF binding
site for any IGFBPs but is reported to have four major
protease cleavage sites in IGFBP-2, determined to be between
Tyr103 and Gly104, Leu152 and Ala153, Arg156 and Glu157,
and Gln165 and Met166 [80]. A study involving mutation
of selected residues of the linker domain of IGFBP-4 led
to protease resistivity of IGFBP-4 [81]. This leads to the
conclusion that the proteolysis of IGFBPs occurs at specific
sites by proteases in unstimulated, homeostatic conditions
(e.g., PAPP-A activity in normal cell lines). As the reports
suggest the linker domain to be most proteolysis susceptible
among the N-, C-, and the linker domain, it acts as the
determinant in the release of IGF from IGFBPs. Thus, a
detailed understanding of the interaction of L-IGFBP-2 with
IGF at atomic level is important. This may help to determine
the changes which can be brought about in the linker domain
for careful modulation of IGF release, which could in turn
prevent unwanted IGF-1R, signalling controlling abnormal
cellular growth and proliferation. Alternatively, in conditions
where cellular proliferation is desired (e.g., wound healing),
control on release of IGFmay facilitate IGFmediated cellular
growth and proliferation. Thus, a study of the structure of
linker domain (L-IGFBP-2) and its interaction with IGF-1
together with the change in dynamics in presence of IGF-1
was studied in our laboratory.

4.2. Significance of IGFBP Proteases in Cancer. IGFBP pro-
teases are known to target and degrade IGFBPs to smaller
fragments and thus bring down the affinity of IGFBPs to
IGFs. This results in IGFs binding to their respective IGF
receptors resulting in signalling cell proliferation, growth,
and cell migration. Kallikreins have also been employed
as biomarkers in cancer [82]. Apart from the significance
of proteolysis in regulating the bioavailability of IGFs in
tissues and increasing the affinities of IGFs to IGF receptors,
this seems to play a significant role in tumour progression
and tumour cell survival considering the autocrine-paracrine
actions in the IGF axis.Thus, IGFBP proteases have potential
clinical implications in cancer research.

A novel approach in this regard is development of mutant
IGFBPs lacking the IGFBP protease cleavage sites, rendering
them protease resistant.This serves as a potential therapeutic
agent as it inhibits IGF signally through IGF receptors. Such
studies reported a decade ago where a protease resistant
IGFBP-4 was designed and in vivo studies of this pro-
tease resistant IGFBP-4 [81] were explored confirming the
complete resistance to IGFBP-4 protease indicating that the
mutant IGFBP-4 resulted in greater growth inhibition than
equivalent levels of native IGFBP-4 demonstrating a role for
IGFBP-4 proteolysis in the regulation of IGF-1 action and a
potential implication in cancer [81]. In yet another similar
in vivo study, protease resistant IGFBP-4 has been shown to
block IGF activity, tumour growth, and angiogenesis [83].

In another such recent study, a novel approach has
been used to develop protease resistant (PR) and protease
resistant/non-matrix-binding (PR/NMB) variants of IGFBP-
2 as potential tumour growth inhibitors [84]. They hypoth-
esized that lack of protease and matrix-binding sites render
the IGFBP-2 devoid of the ability to promote IGF-dependent
action (through release of IGFs to the receptors) and IGF-
independent action (through ECMbinding).The in vitro and
in vivo studies indicate that the mutant IGFBP-2 (lacking a
large portion of the central linker domain) is able to inhibit
tumour growth possibly by inhibition of angiogenesis. Their
studies promise to open up new avenues for better targeting
strategies for the effectiveness of cancer treatment in the near
future.

4.3. IGFBP-Related Proteins (IGFBP-rPs). The IGFBP super-
family includes 6 members (IGFBP-1 to IGFBP-6) with high
affinity for IGF-1 and IGF-2 and 10 IGFBP-related pro-
teins (IGFBP-rP1 to IGFBP-rP10) with low affinity for these
ligands. Remarkably, IGFBP-related protein 1 (IGFBP-rP1),
also known as insulin-like growth factor binding protein-
7 (IGFBP-7) [85], is identified as a secretory and low-
affinity IGFBPs. It is distinct from other low-affinity IGFBP-
rPs in that it can bind strongly to insulin [86], suggesting
that IGFBP-7 is likely to have distinct biological functions
from other IGFBPs. IGFBP-related protein 1 (or IGFBP-7)
has been found to have an important role in the female
reproductive system. It was implicated in human endometrial
receptivity, folliculogenesis as well as growth, development,
and regression of the corpus luteum in higher mammals [87–
89]. Other studies showed that it could induce apoptosis in
M12 prostate cancer cell line [90].

Rupp et al. demonstrated that, adding to IGFBP-7 tumour
suppressor function, it can promote anchorage-independent
growth of malignant mesenchymal cells and of epithelial
cells with an EMT-phenotype when IGFBP-7 is expressed
by the tumour cells themselves [91]. Expression of IGFBP-
7 in tumour-associated fibroblasts can also promote colony
formation when epithelial tumour cells are cocultured with
IGFBP-7-expressing cancer-associated fibroblasts (CAFs) by
secondary paracrine tumour-stroma interactions. Zhu et al.
recently reviewed role of insulin-like growth factor binding
protein-related protein 1, IGFBP-rP1, in cancer [92]. In
many cancers, IGFBP-rP1 acts as a tumour suppressor gene
by suppressing proliferation and inducing apoptosis and
senescence. However, there are some contradictory data and
different opinions; for example, IGFBP-rP1 has been reported
as promoting glioma cell growth and migration [93]. It has
been recently reported that IGFBP-rP1 could bind to the IGF-
1R and block its activation [94].

4.4. IGFBP Structure. The structural features of IGFBPs,
which carry IGFs in the circulation, are very important for
understanding their role in normal growth and develop-
ment as well as in diseases. The insulin-like growth factor
binding protein-2, the second most abundant IGFBP in
circulation and known to form binary complexes with IGF, is
32 kDa (289 amino acid residues) in size with three distinct
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Figure 5: Structures of C-terminal domains of IGFBP-1, IGFBP-2, and IGFBP-6 represented as CBP-1 (1ZT5), CBP-2 (2H7T), and CBP-6
(1RMJ), respectively.

regions: the highly conserved N-terminal region (IGFBP
homolog domain), the highly conserved C-terminal region
with thyroglobulin type 1 repeat [95], and the mid-region
known as the linker domain of IGFBP-2 with multiple cleav-
age sites. The structures of C-terminal domains of IGFBP-1,
IGFBP-2, and IGFBP-6 are shown in Figure 5.

Notably, the C-terminal domain contains an arginine-
glycine-aspartic acid (RGD) motif which can bind to inte-
grins and take part in cell mediated signaling. The N- and C-
terminal domains are cysteine rich and are structured, with
both of them having IGF binding properties capable of mod-
ulating the IGF/IGF receptor interactions [96]. While some
reports have emphasized the importance of the binding of N-
terminal domain to IGFbymutagenesis experiments [97] and
by iodination protection study [98], others have described
the C-terminal region of IGFBP-2 as playing important role
in the binding to IGFs by mutagenesis experiments [99, 100]
and by nuclear magnetic resonance spectroscopy [101]. Some
others emphasize the cooperative role which the N-terminal
and the C-terminal domain play in the binding to IGF-1
[102]. The structural aspects of IGFBPs have been recently
reviewed by Forbes et al. [103]. The important structural
features for interaction of IGFBPs with extracellular matrix
and integrins were described. Further, they highlighted the
important structural features for bindingwith IGFs and other
partners also.

4.5. Structural Studies of Human IGFBP-2 Binding by NMR.
While the biological actions of IGF-1-IGFBP-IGF-1R axis
have been extensively studied, a complete understanding of
IGF-IGFBP interactions on a structural level is lacking. Our
objective was to elucidate the mechanistic aspects of IGF-
IGFBP interactions at the atomic level in order to develop
IGFBPs as cancer therapeutics.

A critical challenge in the structural characterization
of full-length IGFBPs has been the difficulty in expressing
large amounts of these proteins for NMR/X-ray crystal-
lography analysis. We have developed a method for high-
yield expression of full-length recombinant human IGFBP-2
(hIGFBP-2) in E. coli [104]. Using a single step purification

protocol, we obtain hIGFBP-2 with >95% purity. The protein
exists as a monomer at the high concentrations (up to
30mg/mL) required for structural studies in a single confor-
mation exhibiting a unique intramolecular disulfide-bonding
pattern. We have thus, for the first time, obtained high-
yield expression of wild type recombinant human IGFBP-
2 in E. coli and initiated structural characterization of a
full-length IGFBP. We are currently studying the molecular
interactions of the different domains of hIGFBP-2 with IGF-
1, in particular the central flexible domain which is known
to play a pivotal role in the protein function and regulation.
These are described in the proceeding section.

4.5.1. Study of Nanotubular Structures Formed by a Fragment
of IGFBP-2. We recently discovered that the C-terminal
fragment of hIGFBP-2 (residues 249–289) self-assembles
spontaneously and reversibly into nanotubular structures
under nonreducing conditions and remains as a monomer
under reducing condition.These nanotubular structures were
studied extensively by transmission electron microscopy
(TEM), NMR spectroscopy (Figures 6(a) and 6(b)), and
circular dichroism (CD) and amechanism for their formation
has been worked out [105].

4.5.2. Biomedical Applications of IGFBP-2 Nanotubes. The
presence of an RGDmotif in this polypeptide fragment offers
avenues for novel biomedical applications. The RGDmotif is
known to be recognized by integrins.The design of such self-
assembling polypeptide fragments containing an RGD motif
can be utilized to enhance the efficacy of cancer therapeutics.
We have explored the possibility of using these nanotubes for
cancer cell imaging. This is based on the idea that, in many
cancers, integrins are expressed in large quantities on the cell
surface. Thus, IGFBP-2

249−289
nanotubes can be developed

to identify the location of cancer cells through their binding
to integrins via the RGD motif. Towards this end, we have
carried out cell-adhesion and cell-proliferation assays which
have helped to characterize the binding of the nanotubes to
integrin via the RGD motif.
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Figure 6: (a) 2D [15N-1H] HSQC spectrum of purified full-length hIGFBP-2 (1.0mM; nondeuterated) recorded at a 1H resonance frequency
of 800MHz at 285K. (b) TEM images of (hollow) nanotubular structures formed by the C-terminal fragment of human IGFBP-2.

5. Therapeutic Strategies Targeting IGF
System in Cancer

Therapeutic strategies targeting various components of the
IGF system, with varying degree of success, have been devel-
oped for treatment of different types of cancer. Description
and challenges of each targeting strategy will be enlightened
in this section.

5.1. Targeting IGF-R: Therapeutic Potential of IGF-Rs in
Cancer. IGF-1R activation by tyrosine phosphorylation of 𝛽
subunit results in activation of PI3K/AKT and RAS/MAPK
pathways [106, 107] which in turn regulate cell survival and
proliferation. IGF axis is tightly regulated under normal
physiological conditions maintaining cell homeostasis and
growth. Genetic alterations of IGF-1R leading to varying lev-
els of their expression are found to have a link in cancer [108].
These receptors maybe activated in the tumour cells in an
unregulatedmanner. (mutation, chromosomal translocation,
abnormal stimulation, and loss of genomic imprinting).

IGF-1R does not solely drive tumour cell proliferation;
however, most oncogenes are required in mediating anchor-
age independent growth given its property to mediate prolif-
eration and cell survival. This is one of the key processes to
achieve metastasis among tumour cells [107, 109].

High levels of IGF-1 have been reported in several cases
of breast and prostate cancers [110] and since IGF-2 is mater-
nally imprinted [111, 112], loss of this imprinting results in
biallelic expression, resulting in increased IGF-2 production
and a suspected mechanism of cancer development and
progression in many conditions [111, 113–115]. These higher
levels of IGF-1 and IGF-2 promote IGF-1R signalling and

the consequently activated downstream pathways. Increases
in IGF-1R have been shown in different types of cancer,
melanoma, and carcinomas [116–118]. Considering disease
prognosis, therapeutic approaches based on targeting IGFRs
seem to be promising in cancer research.

Another aspect of IGF-R is the formation of IGF-1R/IR
hybrids by random association of insulin half-receptor (IR-
A) with an IGF half-receptor adding further complexity
in receptor targeting strategy [119]. IR isoform (IR-A) is
overexpressed in cancer and it is the fetal isoform of IR
(while other half is IR-B involved in regulating glucose
uptake) and IGF-1R is also overexpressed in cancer. With
the overexpression of these receptors, formation of IGF-
1R/IR hybrid receptors is expected.These have broad binding
specificity as they bind IGF-1, IGF-2, and also insulin [119].
Targeting these hybrid receptors becomes one of the several
strategies.

There are several approaches of targeting IGF-R till date,
namely, small molecule tyrosine kinase inhibitors (TKIs),
anti-IGF-1R antibodies, and molecular agents such as anti-
sense and small interfering RNAs (si-RNAs) [107, 120]
(Figure 7).

While a lot is known on targeting IGF-Rs through TKIs
and anti-IGF-1R antibodies and there are detailed multiple
reviews on their targeting strategies [108, 120–129], little is
known on targeting the former using antisense technology
and si-RNAs. Tables 5 and 6 summarize few of the several
different TKIs and anti-IGF-1Rs studied.

Recent advancements in this approach show us that it is
possible to genetically target IGF-Rs. Adenoviruses express-
ing antisense IGF-1R and truncated IGF-1R, nonviral vectors
expressing truncated IGF-1R, were used to successfully block
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Table 5: Few examples of small molecule TKIs (tyrosine kinase inhibitors) directed against IGF receptors.

Small molecule inhibitor Mode of action Effects Reference
NVP-AEW541
NVP-AEW54 in combination
with gemcitabine

Kinase inhibition Antineoplastic, tumour regression and inhibition of
metastasis [216, 217]

Picropodophyllin
(PPP)

Against autophosphorylation at
the substrate level Inhibition and downregulation of IGF-1R [218–221]

BMS-554417 ATP-competitive, dual kinase
inhibition Antiproliferative activity [222]

INSM-18 Reversible
ATP-competitive

Inhibitor of transcription
(blocking also cdc2, survivin, and VEGF) [223]

OSI-906 Reversible
ATP-competitive Derived from compound-1, also known as PQIP [223]

XL-228 (XL-2280) Inhibits bcr-abl, scr, and IGF-1R [224]
BVP-51004 Biovitrum
(Cyclolignan PPP) Non-ATP-competitive Causes IGF-1R downregulation, probably through the

induction of ubiquitination. [223]

TKIs

Anti-IGF-IR
antibodies

Tyrosine kinase 
inhibitors (TKIs)

Gene silencing 
antisense technology,

siRNAs

Truncated 
IFG-IR

Anti-IGF-IR
MAbs

Figure 7: Various strategic approaches to targeting IGF-1R recep-
tors. Small-molecule TKIs, inactivating anti-IGF-1R antibodies,
reduction or elimination of IGF-1R, protein expression by blocking
IGF-1R, transcription (with triple helix) or translation (antisense
technology and siRNA), IGF-1R, and mutants lacking beta-subunits
(dominant-negative receptors).

IGF-1R, thereby suppressing tumorigenicity in vitro and in
vivo, and also effectively blocked both IGF-1- and IGF-2-
induced activation of Akt-1.

Studies in which small interfering RNAs (siRNAs) induce
potent IGF-1R gene silencing without affecting the insulin
receptor demonstrate that siRNAs block IGF signalling,
thereby enhancing radio and chemosensitivity and paving
yet another way of therapeutic potential, and may in future
generate nucleic-acid-based therapeutics [125, 130]. The effi-
cacy of IGF-1R targeting in the clinics depends on major
factors such as the role of IFGR in itself in the tumours,
inhibition potential of siRNAs and antisense therapies in vivo,
and compensation of other signalling pathways due to IGFR
loss [130].

These studies also prove the potential genetic blockade
studies of IGF-1R and its efficacy and prognosis in several

malignancies, lung, colon, and pancreatic carcinoma [131,
132]. Such antisense and dominant negative strategies (trun-
cated) also enhance tumour cell chemosensitivity (effective
chemo- and radiotherapy induced apoptosis). One more
prominent feature is the immune protection induced by
tumour cells killed in vivo by IGF-1R-antisense technique.
Major drawback is that antisense agents cause adequate IGF-
1R downregulation and also affect insulin receptor.

Cotargeting IGF-Rs along with other tumour promot-
ing pathways is yet another way to effectively overcome
the limitations of resistance to conventional chemo- and
endocrine therapy to single agent targets discussed in previ-
ous sections as cross talk between IFG-R and RTKs/steroid
hormones is known to promote tumorigenesis. IGF-1R is
known to interact with several pathways and molecules,
receptor tyrosine kinases (RTKs), including insulin receptor
(IR), epidermal growth factor receptor (EGFR), vascular
endothelial growth factor receptor (VEGFR), mesenchymal-
epithelial transition factor (MET), platelet-derived growth
factor receptor (PDGFR), and fibroblast growth factor recep-
tor (FGFR), and steroid hormones, including estrogen recep-
tors alpha and beta, androgen receptor (AR), and proges-
terone receptor (PR). This novel approach pertains to cross
talk cotargeting [133]. Examples of such a targeting strategy
include monoclonal antibodies and small molecule tyrosine
kinase inhibitors, in combination or cotargeting IGF-1R and
EGFR receptors [123, 134, 135], where simultaneously both
receptors are targeted making it a promising novel approach.
In a recent study, cotargeting the IGF system and HIF-1
(hypoxia-inducible factor-1) has been shown to inhibit the
migration and invasion by breast cancer cells [136], indicating
that ligand-targeting compounds, or coinhibition of the IGF
and HIF-1 systems, may prevent activation of compensatory
signalling (due to cross talks), thereby providing a valuable
and novel addition to IGF-1R inhibitor-based therapies [136].

IGF-2R deserves a mention since studies implicate
that the mannose 6-phosphate/insulin-like growth factor-
II receptor (M6P/IGF-2R) functions in the intracellular
trafficking of lysosomal enzymes, the activation of the potent
growth inhibition transforming growth factor beta 2, and the
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Table 6: Few examples of anti-IGF-RI monoclonal antibodies (MAbs) [223].

Monoclonal antibody Class Clinical information

CP-751,871 Fully human
IgG2 mab

Ewing’s sarcoma family of tumours,
breast cancer, single agent in metastatic CRC

IMC-A12 Fully human
IgG1 mab

Ewing’s sarcoma family of tumours CRC and H&N
cancer

R1507 Fully human
IgG1 mab previously known as RO4858696 Pediatric patients and sarcomas.

AMG-479 Fully human mab Ewing’s sarcoma family of tumours,
pancreatic cancer

SCH-717454 Fully human mab
previously known as 19D12 (Medarex) Colorectal cancer (CRC)

AVE-1642 Humanized mab Previously known as EM164 (ImmunoGen)

MK-0646

Fabre
Humanized mab
Previously known as A2CHM, F50035, 7C10, or
7H2HM

Colorectal cancer (CRC)

BIIB022
Fully human
nonglycosylated
IgG4.P antibody

Devoid of Fc-effector function to eliminate potential Fc
mediated toxicity to the normal vital organs.

degradation of IGF2 (which are overexpressed in tumours).
Studies have shown that M6P/IGF-2R gene functions as a
tumour suppressor in human liver carcinogenesis [137].

5.2. Targeting IGFs: Therapeutic Potential of IGFs in Cancer.
The insulin-like growth factors (IGFs), IGF-1 and IGF-2, are
ligands that bind to IGF receptor (IGF-1R,) and regulate can-
cer cell proliferation, survival, and metastasis. Since IGF axis
is involved in regulating cell metastasis, the pathway plays a
significant role in cancer cell metastasis and proliferation and
many studies over a couple of decades have tried to establish
the relationship between serum IGF levels and cancer risk.

Many experiments demonstrate the increase in neoplastic
cell proliferation with increasing IGF-1 concentration [138].
Various human epidemiological studies describe the correla-
tion between circulating levels of IGF-1 coupled with IGFBPs
and the risk of developing various cancers, lung, colon,
breast, and prostrate [139–143]. Circulating IGF-1 levels play
a significant role as a risk factor in the onset and development
of mammary tumours in breast cancer [144]. In vivo studies
suggest that carcinogenesis and cancer progression are influ-
enced by germ line variation of genes encoding signalling
molecules in theGH-IGF-1 axis and thesemutations are often
associated with genetic manipulations [144] and low IGF-1
levels; thus, tumour growth is influenced by IGF-1 physiology
[145]. Yet the connection between circulating IGF-1 levels and
cancer risk remains inadequately hidden. Two contradictory
hypotheses on relationship between IGF-1 and cancer risk are
underlined by Pollak [146].

Firstly, if a cell at risk is considered (e.g., somatic cell
mutations lead to accumulating DNA damage), IGF bioac-
tivity in the cellular microenvironment influences the fate
of the cell survival and evolves to malignant cell lineage or
apoptosis in early carcinogenesis. To balance apoptotic cell
death and survival of damaged cells might be slightly inclined

towards survival in an environment with high IGF levels, and
this would favour the appearance of a malignant clone. The
fate of such millions of DNA damaged cells is determined
every hour, and even a modest influence of higher IGF-1
level on survival probability might lead to an association
of circulating level with cancer risk [146]. Secondly, the
influence of IGF-1 level on cancer risk is somewhat related to
early carcinogenesis. Higher IGF-1 levels facilitate the more
rapid proliferation of early cancers to the stage at which they
can be clinically detected. Such lesions would be common in
all adults, and cancer diagnosis would reflect the probability
of these lesions progressing toward a detectable and clinically
significant size, with this latter process being influenced by
IGF-1 level [146].

Findings in the case of prostate cancer may be consistent
with this second hypothesis. This is consistent with the view
that the IGF-1 level is more related to the probability of
progression of early lesions than to the actual process of
early carcinogenesis. According to Pollak, both hypotheses
are plausible and are not mutually exclusive; also there is
no definitive mechanistic evidence to support either of them
[146].

IGF-2 is also a ligand for the IGF-1 receptor and is present
in serumat concentrations that are generally higher than IGF-
I. IGF-2R serves as a sink to IGF-2R and does not allow the
signal transduction of the latter and has the characteristics of
a tumour suppressor which is discussed in previous section
on targeting IGF-Rs [137].

Several drug candidates that target IGF-1 signalling were
found to have antineoplastic activity by using in vitro studies
and in vivo models, both as single agents and in combination
with currently approved drugs. Several high-affinity antibod-
ies are developed which cross-react with both IGF-1 and IGF-
2 and these are at their early developmental stage. MEDI-573
is one such human antibody (fully human) that neutralizes
both IGF-1 and IGF-2, thus inhibiting IGF signalling through
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both the IGF-1R and IR-A pathways. Studies also show that
MEDI-573 inhibited the in vivo growth of IGF-I- or IGF-II-
driven tumours [147]. Hypophysectomy is also thought to be
one of the IGF-1 ligand lowering strategies which was also
successfully employed in patients with hormone-responsive
breast cancer [148]. Advantage of antiligand approach is that
it has the potential to block the action of IGF-2 at the insulin
isoform A, without interfering with insulin action. This
finding is in view of various cancers where IGF-2 production
is autocrine [126].

5.3. Targeting IGFBPs: Therapeutic Potential of IGFBPs in
Cancer. There is accumulating evidence in the literature
stating that IGFBPs can also cause apoptosis in an IGF-
independent manner [149] and they can show inhibitory
effects towards tumour growth and cancer [150].

Although IGFBPs can prevent IGF from binding to IGF-
1R, because of their higher affinity to IGF than the IGF-1R, it
can also induce tumour growth and progression in situations
where the IGFBP proteases levels are high and/or when IGF-
BPs interact with ECM. Thus, modifying IGFBP depends on
the targeted tissue and the disease state. For example, IGFBP-
3 has shown proapoptotic, antiproliferative, and antiangio-
genic functions in in vitro tumour models [69, 151]. On the
other side, IGFBPs can promote tumour progression in the
presence of proteases. IGFBP-2 and IGFBP-5 upregulation in
CRPC are a good example of that. In the presence of PSA
and other factors affecting the IGF-I/IGFBP-2 and IGFBP-5
binding, it will result in the delivery of the IGFs to the IGF-
1R and activation of the downstream signalling 21 pathway,
thus helping the progression to castration resistant disease
[152, 153]. Recently, Baxter et al. reviewed IGFBPs and their
cellular actions beyond their endocrine role in IGF transport
[154]. They suggest that IGFBPs can also function in their
pericellular and intracellular sections to regulate cell growth
and survival. Further they interact with many other proteins
including their canonical ligands IGF-1 and IGF-II. Also they
have shown that the intracellular functions of IGFBPs in
transcriptional regulation, induction of apoptosis, and DNA
damage repair which also point to their friendly participation
in tumour development, progression, and resistance to treat-
ment.

5.3.1. Cancer Stimulatory/Inhibitory Effects of IGFBPs

IGFBP-1. IGFBP-1 has higher IGF-1 binding affinity in various
phosphorylated forms than the unphosphorylated protein
and is inhibitory to IGF action [155]. An interesting study
using IGFBP-1 deficient mice demonstrated that IGFBP-1
can function as a cell survival factor by repressing TGF𝛽
activation [156], but the relevance of this effort for cancer cell
survival is not understood. On the whole there is no specific
confirmation that IGFBP-1 stimulates tumour growth or it is
extensively a tumour growth inhibitor [157].

IGFBP-2. IGFBP-2 overexpression in mice is found to inhibit
development of colorectal adenomas by reducing the tumor
growth by inhibition of cell proliferation [158]. Further there
is significant evidence for a growth promoting effect of

IGFBP-2 in many tumour systems, by sequestering IGFs
[159]. IGFBP-2 contains an Arg-Gly-Asp motif, but substi-
tution of these amino acid residues did not affect the cell
binding of IGFBP-2 [160]. Additionally, this motif interacts
with 𝛼5 integrin and is found to be involved in regulating
the effect of IGFBP-2 on glioma cell migration and invasion
[161, 162].

IGFBP-3. IGFBP-3 can function as a cancer suppressor and
is downregulated in some cancer tissues. However, growth
promotion by IGFBP-3 has been described by several mech-
anisms, which involve its overlap with other cell signaling
systems. Potentiation of IGF-I dependent proliferation by
IGFBP-3 that was first described in human skin fibroblasts in
1988 [163], has also been revealed in breast cancer and some
other cell types [68, 164–166]. Further in some cases, IGFBP-3
was shown to stimulate IGF-1 action, even for IGF derivatives
that have negligible interaction with the binding protein
[167], so the consequence is unlikely to involve IGFBP-3
somehow presenting IGFs to their receptor.

In patients with NSCLC, the greatest activation of IGF-
1R was observed in tumours that expressed high levels of
IGFBP-3 [168], although it is not clear whether this activation
was ligand dependent. The high expression levels of both
EGFR and IGFBP-3 are seen in tumour tissue compared with
normal tissue in case of oesophageal cancer [72].

IGFBP-4. Cancer inhibitory effects of IGFBP-4 are generally
accepted. IGFBP-4 is found to inhibit tumour progression by
sequestering IGFs [66], but some reports demonstrate that,
in some circumstances, it might suppress cell death [72] or
stimulate cell migration. In epithelial ovarian cancer, IGFBP-
4 mRNA is found to be highly expressed [170] but has not
been shown to be significant for prognosis.

IGFBP-5. In breast cancer models, IGFBP-5 overexpres-
sion was strongly tumour inhibitory in vitro and in vivo
[171], whereas the opposite effects were observed in some
other cancer models, in which IGFBP-5 can stimulate IGF-
dependent and IGF-independent cell survival and prolifer-
ation [172–175]. In noncancer cell lines, similar effects have
been reported [176, 177]. In prostate cancer cells, down
regulation of IGFBP-5 inhibited IGF-dependent growth in
vitro and in vivo and castration induced upregulation of
IGFBP-5 in mice accelerated the development of androgen
independence [178].

IGFBP-6.As recently reviewed [82], IGFBP-6 is also known to
have inhibitory effects in cancer by blocking IGF signalling,
extraordinarily IGFII, but there is evidence where in some
circumstances it may have oncogenic actions stimulating
migration [179] and proliferation [70] which is mechanisti-
cally stronger than for IGFBP-4. The IGFBP-6 was shown
to be involved in cell surface interaction with prohibitin 2,
a protein found in the mitochondria and nucleus, as well as
in the plasma membrane; thus, it stimulates rhabdomyosar-
coma cell migration. IGFBP-6 ligation results in tyrosine-
phosphorylation of Prohibitin 2 [180]. Primarily, IGFBP-6
is tumour suppressive [82], but an ultimate link between its
activity in vivo remains to be established.
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Figure 8: Targeting IGFBPs, a novel strategy in cancer therapeutics.
The cancer therapeutics targeting the IGF-signalling pathway focus
on blocking IGF-1R, directly, and/or its downstream effect. Draw-
back of such approaches is the adverse side effects or toxicities due
to its interference with the insulin pathway. The more efficacious
alternatives, IGFBPs, as IGF-antagonist based cancer therapeutics
also contribute to block the IGF-1R, mediated tumour progression.
As IGFBPs do not bind insulin, they do not interfere with insulin-
insulin receptor interactions.

It is now clear that the IGFBPs have many effects on
cell death, via both IGF-dependent and IGF-independent
actions. Although the mechanisms underlying these latter
actions are only beginning to be understood, it is already
clear that they may provide very specific strategies for
fine-tuning therapeutic interventions. Current therapeutics
targeting the IGF-signalling pathway focus on blocking IGF-
1R, directly, and/or its downstream effect. Potential drawback
of such approaches is the resulting adverse side effects or
toxicities due to its interference with the insulin pathway. As
a more efficacious alternative, we propose that IGFBPs can
be developed as IGF-antagonist based cancer therapeutics
serving to block the IGF-1R mediated tumour progression
(Figure 8). The IGFBPs do not bind insulin and thus do not
interfere with insulin-insulin receptor interactions.

6. Natural Products: Targeting IGF
Signalling Pathways

Natural products are known to have medicinal benefits from
ancient history. They have been used for the treatment of
various diseases and are gaining tremendous importance in
the area of drug discovery. These natural product derived
phytochemicals have been extensively studied and have
exhibited anticarcinogenic activities by interfering at various
stages of cancer through various mechanisms including
cellular proliferation, differentiation, apoptosis, angiogenesis,
and metastasis [230]. We have a rich historical record from
ancient physicians about the use of natural productmedicines
alone and in combination, which might provide important
hints for inventing new drugs. Nowadays, many anticancer

drugs available in themarket are natural product phytochem-
icals or their derivatives [231] and some are under clinical
trials [232].

The natural products including curcumin (3,3󸀠-diindol-
ylmethane (DIM)), isoflavone genistein (indole-3-carbinol
(I3C)), epigallocatechin-3-gallate (EGCG), resveratrol, lyco-
pene, and apigenin have been recognized as cancer chemo-
preventive agents (Figure 9) because of their anticarcino-
genic activity [233, 234]. The in vitro and in vivo stud-
ies have demonstrated that these natural products have
inhibitory effects on various human and animal cancers
[235–239]; therefore, many researchers have focused on
interpreting the molecular mechanisms and identifying the
targets of action of these natural products. The various
natural products perturbing IGF signalling pathways and
theirmechanism of actions have been summarised in Table 7.
The understanding of molecular mechanism of natural prod-
uct derived phytochemical against a specific cancer type will
lead to the development of novel anticancer drugs.

7. Future Perspectives: Challenges and
Opportunities for Novel IGF Therapies

The success of targeted therapies for cancer is undisputed;
strong preclinical evidence and on-going clinical trials of
some of the drugs chemical molecules, antibodies, antisense
technology, si-RNA therapy against members of the IGF-
axis-IGF ligands, IGFBPs, and IGF-Rs have resulted in the
approval of several new agents for cancer treatment. Not only
targeting of these by single substances but also the approaches
of cotargeting strategies seem to be a very promising avenue
withmore andmore studies directed in this approach to solve
the complications which come across while targeting specific
molecules involved in cancer pathways.

Targeting IGF ligands seems to be problematic since the
IGF mediated signalling has important roles in regulating
cellular proliferation and apoptosis (role as circulating hor-
mone and a tissue growth factor) apart from their increased
levels in various cancers. Another important factor to bear
in mind is that higher levels of IGFBPs might increase IGF-1
concentration by increasing its circulating half-life, and this
may not possibly lead to increase in receptor activation at
the tissue level and the link between higher IGF levels and
neoplasm seems to be unclear here.

Another approach is to target IGFBPs in a way which
sequesters more and more IGFs, thereby downregulating the
IGFmediated signalling in cancer pathway. Since IGFBPs are
further regulated by IGFBP proteases, developing mutants
which lack proteolytic cleavage sites for these proteases can
pave a way for strong interaction between IGF and IGFBPs.
A recent study in this regard showed that novel, modified
IGFBP-2 proteins (protease resistant alone or also lacked
the ability to bind extracellular matrix) sequestered both
the IGFs and thereby was able to inhibit tumour growth.
These modified IGFBPs were found to do so by inhibition
of angiogenesis both in vitro and in vivo [84]. Apart from
IGF-dependent (proteolysis) activities, IGFBPs also have
IGF-independent activities in relation to cancer; mutants
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Table 7: Natural products perturbing IGF signalling pathways.

Active phytochemicals Natural source Mode of action Molecular target

Curcumin [225, 226] Curcuma longa (turmeric powder) Antiproliferation, anticarcinogenesis, cell
cycle arrest, apoptosis, and antiangiogenesis IGF-1R

Genistein [226]
Soybeans and soy products, red clover
(Trifolium pratense), and sicilian pistachio
(Pistacia vera)

Antioxidant, antiproliferation,
antiproliferation, anticarcinogenesis, cell
cycle arrest, apoptosis, antiangiogenesis, and
anti-inflammation

IGF-1R

Lycopene [226]
Tomatoes, guava, rosehip, watermelon,
papaya, apricot, and pink grapefruit; most
abundant in red tomatoes

Antioxidant, antiproliferation (growth
inhibition, cell cycle arrest, and apoptosis),
antiangiogenesis, anti-inflammation, and
immunomodulator

IGFBP-3

Apigenin [227]

Fruits and vegetables, including oranges,
grapefruits, parsley, celery, onions, wheat
sprouts, cereals of millet and wheat, and in
some seasonings, such as coriander,
marjoram, oregano, rosemary, tarragon, and
chamomile tea

Inhibit cellular proliferation, suppress
tumorigenesis and angiogenesis, and induce
apoptosis

IGF axis and its
intracellular
signalling in
prostate cancer

Quercetin [228] Fruits, vegetables, leaves, and grains Inhibits the proliferation and induces
apoptosis of cancer cells IGFIR

Epigallocatechin-3-
gallate
[229]

Green tea Inhibits angiogenesis
Inhibitory effects
on IGF-I-induced
VEGF expression

Resveratrol [225] Grapes (mainly in the skin), mulberries,
peanuts, vines, and pines

Antioxidant, antiproliferation,
anticarcinogenesis, cell cycle arrest,
apoptosis, antiangiogenesis, and
anti-inflammation

Suppression of
IGF-1R/Akt/Wnt
signalling
pathways
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lacking both proteolysis andmatrix-binding activitiesmay be
effective for the treatment of cancers in the future.

While IGF receptors seem to be themost favourite targets
in the IGF-axis in relation to cancer, the drawbacks and
challenges in achieving this seem to add further complexity
because of the cross talks between IGF-R mediated path-
ways and other growth mediated pathways in cells. Though
various TKIs against IGF-1Rs seem to be in clinical trial,
specificity and concentrations can be well documented in
vitro while their extent of in vivo roles seems to be a question
mark considering the variation in concentration among
different tissues and toxicity could be another issue. Anti-
IGFR antibodies are advantageous over TKIs in this regard
while blockage of IGFRs may pressurize the tumour cells
to compensate for blockade by increased signalling through
alternate receptors (e.g., EGFRs). In some instances, IGF-2
action via the IR-A also promotes resistance to anti-IGF-1R
inhibitors. Thus, specific therapeutic combinations can be an
answer to this problem.
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[160] V. C. Russo, B. S. Schütt, E. Andaloro et al., “Insulin-like growth
factor binding protein-2 binding to extracellular matrix plays a
critical role in neuroblastoma cell proliferation, migration, and
invasion,” Endocrinology, vol. 146, no. 10, pp. 4445–4455, 2005.

[161] S. W. Song, G. N. Fuller, A. Khan et al., “IIp45, an insulin-
like growth factor binding protein 2 (IGFBP-2) binding protein,
antagonizes IGFBP-2 stimulation of glioma cell invasion,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 100, no. 2, pp. 13970–13975, 2003.

[162] G. K. Wang, L. Hu, G. N. Fuller, and W. Zhang, “An interaction
between insulin-like growth factor-binding protein 2 (IGFBP2)
and integrin 𝛼5 is essential for IGFBP2-induced cell mobility,”
The Journal of Biological Chemistry, vol. 281, no. 20, pp. 14085–
14091, 2006.

[163] J. S. M. de Mellow and R. C. Baxter, “Growth hormone-
dependent insulin-like growth factor (IGF) binding protein
both inhibits and potentiates IGF-I-stimulated DNA synthe-
sis in human skin fibroblasts,” Biochemical and Biophysical
Research Communications, vol. 156, no. 1, pp. 199–204, 1988.

[164] W. F. Blum, E. W. Jenne, F. Reppin, K. Kietzmann, M. B.
Ranke, and J. R. Bierich, “Insulin-like growth factor I (IGF-I)-
binding protein complex is a better mitogen than free IGF-I,”
Endocrinology, vol. 125, no. 2, pp. 766–772, 1989.

[165] J. L. Martin, M. Z. Lin, E. M. McGowan, and R. C. Baxter,
“Potentiation of growth factor signaling by insulin-like growth
factor-binding protein-3 in breast epithelial cells requires sphin-
gosine kinase activity,”The Journal of Biological Chemistry, vol.
284, no. 38, pp. 25542–25552, 2009.

[166] S. Y. Heazlewood, R. J. Neaves, B. Williams, D. N. Haylock, T.
E. Adams, and S. K. Nilsson, “Megakaryocytes co-localise with
hemopoietic stem cells and release cytokines that up-regulate
stem cell proliferation,” StemCell Research, vol. 11, no. 2, pp. 782–
792, 2013.

[167] C. A. Conover, “Potentiation of insulin-like growth factor
(IGF) action by IGF-binding protein-3: studies of underlying
mechanism,” Endocrinology, vol. 130, no. 6, pp. 3191–3199, 1992.

[168] W.-Y. Kim, M.-J. Kim, H. Moon et al., “Differential impacts
of insulin-like growth factor-binding protein-3 (IGFBP-3) in
epithelial IGF-induced lung cancer development,” Endocrinol-
ogy, vol. 152, no. 6, pp. 2164–2173, 2011.

[169] B. Bartling, A. Koch, A. Simm, R. Scheubel, R. E. Silber, and
A. N. Santos, “Insulin-like growth factor binding proteins-
2 and -4 enhance the migration of human CD34-/CD133+
hematopoietic stem and progenitor cells,” International Journal
of Molecular Medicine, vol. 25, no. 1, pp. 89–96, 2010.

[170] R. A. Mosig, M. Lobl, E. Senturk et al., “IGFBP-4 tumor and
serum levels are increased across all stages of epithelial ovarian
cancer,” Journal of Ovarian Research, vol. 5, no. 1, article 3, 2012.

[171] A. J. Butt, K. A. Dickson, F. McDougall, and R. C. Bax-
ter, “Insulin-like growth factor-binding protein-5 inhibits the
growth of human breast cancer cells in vitro and in vivo,” The
Journal of Biological Chemistry, vol. 278, no. 32, pp. 29676–
29685, 2003.



22 BioMed Research International

[172] B. Tanno, V. Cesi, R. Vitali et al., “Silencing of endogenous
IGFBP-5 bymicro RNA interference affects proliferation, apop-
tosis and differentiation of neuroblastoma cells,” Cell Death and
Differentiation, vol. 12, no. 3, pp. 213–223, 2005.

[173] C. McCaig, C. M. Perks, and J. M. P. Holly, “Intrinsic actions
of IGFBP-3 and IGFBP-5 on Hs578T breast cancer epithelial
cells: inhibition or accentuation of attachment and survival is
dependent upon the presence of fibronectin,” Journal of Cell
Science, vol. 115, no. 22, pp. 4293–4303, 2002.

[174] S. K. Johnson and R. S. Haun, “Insulin-like growth factor
binding protein-5 influences pancreatic cancer cell growth,”
World Journal of Gastroenterology, vol. 15, no. 27, pp. 3355–3366,
2009.

[175] X. L. Xu, T. C. Lee, N. Offor et al., “Tumor-associated retinal
astrocytes promote retinoblastoma cell proliferation through
production of IGFBP-5,”TheAmerican Journal of Pathology, vol.
177, no. 1, pp. 424–435, 2010.

[176] A. Sokolović, M. Sokolović, W. Boers, R. P. O. Elferink, and P. J.
Bosma, “Insulin-like growth factor binding protein 5 enhances
survival of LX2 human hepatic stellate cells,” Fibrogenesis and
Tissue Repair, vol. 3, article 3, 2010.

[177] L. J. Cobb, D. A. M. Salih, I. Gonzalez et al., “Partitioning
of IGFBP-5 actions in myogenesis: IGF-independent anti-
apoptotic function,” Journal of Cell Science, vol. 117, part 9, pp.
1737–1746, 2004.

[178] H. Miyake, M. Pollak, and M. E. Gleave, “Castration-induced
up-regulation of insulin-like growth factor binding protein-5
potentiates insulin-like growth factor-I activity and accelerates
progression to androgen independence in prostate cancer
models,” Cancer Research, vol. 60, no. 11, pp. 3058–3064, 2000.

[179] P. Fu, J. A.Thompson, and L. A. Bach, “Promotion of cancer cell
migration: An insulin-like growth factor (IGF)-independent
action of IGF-binding protein-6,” Journal of Biological Chem-
istry, vol. 282, no. 31, pp. 22298–22306, 2007.

[180] P. Fu, Z. Yang, and L. A. Bach, “Prohibitin-2 binding mod-
ulates insulin-like growth factor-binding protein-6 (IGFBP-
6)-induced rhabdomyosarcoma cell migration,” The Journal of
Biological Chemistry, vol. 288, no. 41, pp. 29890–29900, 2013.

[181] P. Ye, Y. Xing, Z. Dai, and A. J. D’Ercole, “In vivo actions of
insulin-like growth factor-I (IGF-I) on cerebellumdevelopment
in transgenic mice: evidence that IGF-I increases proliferation
of granule cell progenitors,” Developmental Brain Research, vol.
95, no. 1, pp. 44–54, 1996.

[182] P. Ye and J. D’Ercole, “Insulin-like growth factor I (IGF-I)
regulates IGF binding protein-5 gene expression in the brain,”
Endocrinology, vol. 139, no. 1, pp. 65–71, 1998.

[183] J. Wang, W. Niu, Y. Nikiforov et al., “Targeted overexpression of
IGF-I evokes distinct patterns of organ remodeling in smooth
muscle cell tissue beds of transgenic mice,” The Journal of
Clinical Investigation, vol. 100, no. 6, pp. 1425–1439, 1997.

[184] G. Zhao, R. L. Sutliff, C. S. Weber et al., “Smooth muscle-
targeted overexpression of insulin-like growth factor I results
in enhanced vascular contractility,” Endocrinology, vol. 142, no.
2, pp. 623–632, 2001.

[185] B. Zhu, G. Zhao, D. P. Witte, D. Y. Hui, and J. A. Fagin,
“Targeted overexpression of IGF-I in smooth muscle cells
of transgenic mice enhances neointimal formation through
increased proliferation and cell migration after intraarterial
injury,” Endocrinology, vol. 142, no. 8, pp. 3598–3606, 2001.

[186] M. K. Dyck, A. F. Parlow, J.-F. Sénéchal, M.-A. Sirard, and
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Thiazolidinediones (TZDs) are synthetic ligands of Peroxisome-Proliferator-Activated Receptor gamma (PPAR𝛾). Troglitazone,
rosiglitazone, and pioglitazone have been approved for treatment of diabetes mellitus type II. All three compounds, together with
the first TZD ciglitazone, also showed an antitumor effect in preclinical studies and a beneficial effect in some clinical trials. This
review summarizes hypotheses on the role of PPAR𝛾 in tumors, on cellular targets of TZDs, antitumor effects of monotherapy and
of TZDs in combination with other compounds, with a focus on their role in the treatment of differentiated thyroid carcinoma.
The results of chemopreventive effects of TZDs are also considered. Existing data suggest that the action of TZDs is highly complex
and that actions do not correlate with cellular PPAR𝛾 expression status. Effects are cell-, species-, and compound-specific and
concentration-dependent. Data from human trials suggest the efficacy of TZDs as monotherapy in prostate cancer and glioma and
as chemopreventive agent in colon, lung, and breast cancer. TZDs in combination with other therapies might increase antitumor
effects in thyroid cancer, soft tissue sarcoma, and melanoma.

1. Introduction

Glitazones, also called thiazolidinediones (TZDs), are five-
membered carbon ring molecules containing two het-
eroatoms (nitrogen and sulfur). One carbonyl group in the
thiazole at position 4 and another at position 2 make the
heterocyclic compound a thiazolidine-2,4-dione [1]. TZDs
are ligands of the Peroxisome Proliferator Activated Receptor
gamma (PPAR𝛾), a nuclear receptor inducing upregulation
of specific genes that decrease insulin resistance, inflamma-
tion, VEGF-induced angiogenesis, proliferation, and leptin
levels, inducing differentiation of adipocytes, and increasing
adiponectin levels. This spectrum of actions led to the
approval of TZDs for treatment of diabetes mellitus type II.
TZDs differ according to the substitution at C5 (Figure 1).

Ciglitazone (CIGLI) is the prototype of all TZDs but
has never been approved for medication of diabetes mellitus
because its clinical activity was too weak. Troglitazone (TRO)
was the first TZD approved for treatment of diabetes mellitus
in 1997 [2]. The compound showed beneficial effects on

glucose levels, insulin sensitivity, and free fatty acid con-
centration but was withdrawn from the market in 2000
due to severe hepatotoxicity. The second TZD, rosiglitazone
(ROSI), has been banned in Europe and restricted in the USA
because of increased cardiovascularmorbidity. Also the use of
pioglitazone (PIO) as the third TZD with antidiabetic action
is restricted due to concerns about a potential facilitation of
bladder cancer development. The fourth substance with an
antidiabetic profile, rivoglitazone, is still under investigation
[3]. Reasons for the troubled history of antidiabetic TZDs are
manifold and appear to be due to the highly pleiotropic action
of these PPAR𝛾 agonists and crosstalk of PPAR𝛾 with other
signaling pathways.

In addition to diabetes mellitus treatment, ligands to
PPAR𝛾 could also be exploited for treating other diseases,
for instance, in cancer treatment. This idea originated from
the finding that PPAR𝛾 is involved in cell proliferation and
PPAR𝛾 expression levels change from normal to transformed
tissues. Effects of PPAR𝛾 activation are ligand-specific.
TZDs with potent PPAR𝛾 agonist activity can display, like
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Figure 1: Chemical formulae of the most common TZDs with antitumor action.

rivoglitazone, strong antidiabetic activity, or, like efatuta-
zone (EFA), predominantly antitumor effects. TZDs, such
as netoglitazone, can also activate other PPARs and cause
antitumor effects [4]. This review will focus on the effects of
selective PPAR𝛾 TZDs in tumors.

2. Role of PPAR𝛾 Expression in Neoplasms

PPAR𝛾 expression compared to normal tissue tends to be
increased in precursor lesions and differentiated tumors and
decreased in the poorly differentiated cancers. This pattern
has been reported for instance for gastric, ureteric, and
breast cancer [5–7]. In ovarian cancer, however, PPAR𝛾 levels
independent from tumor differentiation are increased [8].
Upregulation of PPAR𝛾 may be an early event in tumori-
genesis and a marker for differentiated cancer lesions [9].
Methylation (silencing) of the PPAR𝛾 promotor, which is
detected in 30% of colorectal tumors, however, correlated
with poor prognosis [10]. Studies linking tumor prognosis
and PPAR𝛾 expression were mainly based on immuno-
histochemical detection of the PPAR𝛾 antigen in paraffin-
embedded tissue. Since antigenicity is low and may decrease
during storage of the paraffin samples, the absence of PPAR𝛾
staining in archival tissues may be a false negative due to
methodological problems [11].

Identification of the contribution of PPAR𝛾 to tumor
development and progression is further complicated by
crosstalk with other pathways. Akt phosphorylation in the
endometrium, for instance, is directly regulated by PPAR𝛾
and indirectly through induction of PTEN by PPAR𝛾, where
PTEN decreases p-Akt via inhibition of PI3K [12].

3. Mechanism of Antitumor Action by TZDs

Although all TZDs are PPAR𝛾 ligands, the observed anti-
tumor effects can only be explained in part by genomic
PPAR𝛾 activation. Genomic activation is defined as the
binding of a nuclear receptor to a response element, which
activates the transcription of certain genes. The process is
also termed transactivation. Another DNA-mediated effect is
transrepression, which describes the binding of receptors to
transcription factors (e.g., nuclear factor kappa B (NF𝜅B) or
activator protein 1 (AP-1)).

PPAR𝛾 ligands trigger a conformational change of the
PPAR𝛾 receptor that attracts transcriptional coactivators of
the steroid receptor coactivator family. Once activated by
ligand binding, the PPAR𝛾 receptor forms heterodimers with
the retinoid X-receptor and transcription is initiated. Tran-
scriptional activation may result in decreased proliferation,
migration and inflammation and increased differentiation
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and apoptosis (Figure 2). Inflammatory effects are usually
mediated by transrepression [13].

Figure 2 illustrates the variety of pathways influenced
by genomic activation of PPAR𝛾 by TZDs, resulting in
downregulation of migration, proliferation, inflammation,
and invasion and in upregulation of apoptosis. Common
mechanisms involve influence on EGF signaling, cyclins, Ki-
67, c-myc, cyclin-dependent kinases, p53 and PTEN expres-
sion, adhesion proteins, metalloproteinases, and cytokines
[14–19].

Hormone-dependent cancers react through different
mechanisms to TZDs depending on the hormone recep-
tor status. In androgen-dependent prostate carcinoma, for
instance, CIGLI downregulated aromatase activity, while
in androgen-independent tumors proliferation was reduced
[20].

Different TZDs may act by different mechanisms; while
CIGLI downregulated cyclin D1 and upregulated p21 by
PPAR𝛾 independent pathways, ROSI used PPAR𝛾 signaling
to induce these effects in androgen-independent prostate
carcinoma cells [21].

The description of all mechanisms of TZDs is beyond
the scope of this review but one important signaling path-
way for tumor cells and for surrounding tissue (tumor
microenvironment) each illustrates the variety of PPAR𝛾
effects. Tumor biology is not only determined by tumor

cells but to a high extent by properties of stromal cells
in the tumor microenvironment. Among the diverse cells
in the tumor stroma (endothelial cells, cancer-associated
fibroblasts, leukocytes, myofibroblasts, and mesenchymal
stem cells), tumor-associated macrophages play the most
decisive role in tumor progression [22].

For tumor cells, signaling by Epidermal Growth Factor
receptor (EGF-receptor, Figure 2) is highly relevant. The sig-
naling cascade of the EGF-receptor involves the ERK cascade,
consisting of Ras-Raf-MEK1/MEK2-ERK1/ERK2 and is seen
in several cancer types [23]. ERK may phosphorylate PPAR𝛾
and reduce its genomic activity. This effect occurs in cancer
cell lines and a variety of normal cells alike [24]. TRO, for
example, was reported to bind to the EGF receptor and trigger
its internalization in EGF-receptor transfected endothelial
cells [25]. This action is an example of nongenomic effects
of TZDs since no ligand binding to response element
occurred.

Normal macrophages can transform into tumor-
associated macrophages under stimulation of PPAR𝛾 ligands
[26]. ROSI decreased activation of macrophages and
thereby reduced inflammation in nondiabetic patients with
symptomatic carotid artery stenosis [27]. In murine macro-
phages, these effects are mediated by interaction of PPAR𝛾
with Nf𝜅B [28]. In these effects, transrepression appears to
be the main mechanism.
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Finally, MEK1 action by ROSI may lead to nuclear export
and cytoplasmic retention of PPAR𝛾 and off-DNA interaction
with proteins in MEK1-GFP and PPAR𝛾 (wild-type and
mutant) cotransfected HEK-293 cells [29]. In this effect no
genomic action of TZDs was involved.

4. Therapeutic Efficacy of TZDs
in Specific Cancers

Decrease of cell proliferation, cytotoxicity, and proapoptotic
effects induced by CIGLI, TRO, ROSI, and PIO has been
reported in a variety of cell lines (sarcoma, melanoma,
glioblastoma, breast carcinoma, colorectal cancer, gastric
cancer, pancreatic cancer, prostate, bladder cancer, hepatic
cancer, thyroid cancer, ovarian cancer, endometrial cancer,
and lung cancer cells), which will not be listed in detail. Based
on promising cellular action, animal experiments and clinical
trials have been conducted in several common cancers.

EFA, which was developed as a chemostatic rather than
an antidiabetic drug, has also been studied in some of these
cancers. EFA is 500x more potent an activator of PPAR𝛾
than TRO and 50x stronger than ROSI. EFA was studied
in a preclinical murine model for breast cancer based on
BRCA1 (BReast CAncer 1) deficiency. In the MMTV-Cr
BRCA1flox/flox p53+/− model, exon 11 of the BRCA1 gene
is deleted by Mouse Mammary Tumor Virus (MMTV)-
Cre transgene. The deletion is accompanied by loss of one
germline copy of TP53. EFA reduced the incidence of non-
invasive and well-differentiated tumors in this model [30].

Cell proliferation and xenograft size of pancreatic,
anaplastic thyroid, and colorectal cancer were reduced by
EFA administration [31].

Based on these promising preclinical effects, phase I
trials were initiated either as monotherapy or in combina-
tion with other compounds. After monotherapy with EFA,
stable disease was induced in 10/22 patients with advanced
liposarcoma [14]. A phase 1 study evaluating the combination
of bexarotene with EFA in solid tumors is currently recruiting
patients (NCT01504490).

The first trial of antitumor effects of the antidiabetic
TZDs was conducted in three liposarcoma patients, where
decrease of proliferation with TRO has been reported [32].
No beneficial effects, however, were obtained in a trial with
ROSI in 9 liposarcoma patients [33]. Despite the negative out-
come of this trial, another phase II trial on ROSI is ongoing
(NCT00004180; http://www.cancer.gov/clinicaltrials/).

TZDs showed variable efficacy in studies of common
cancers using xenograft and transgenicmousemodels, in case
studies and clinical trials (an overview is provided in Table 1).

4.1. Colorectal Cancer. Studies on human tumor samples
support the hypothesis that PPAR𝛾 expression has protective
effects in colorectal cancer [34]; patients with PPAR𝛾 expres-
sion usually showed a better prognosis [11]. Accordingly,
reduction of 𝛽-catenin and PPAR𝛾 was associated with high
numbers of tumor-associatedmacrophages, increasedmetas-
tasis, and poor survival [35]. On the other hand, loss of func-
tion point mutations of the PPAR𝛾 gene and polymorphisms

in PPAR𝛾 genes were encountered in 8% of colorectal
carcinoma patients, but some studies on PPAR𝛾 expression
in colorectal samples did not find any relation of PPAR𝛾
immunoreactivity and tumor parameters [36, 37]. The role
of PPAR𝛾 activation in the progression of malignant lesions
is questioned by the fact that heterozygous and homozygous
intestinal-specific PPAR𝛾 deficiency promoted tumor forma-
tion [38]. This suggests that murine models might not be
representative for the study of TZDs in colorectal cancer.

Consistent with the unclear role of PPAR𝛾 in tumor
samples, TZDs showed variable effects in vivo. PPAR𝛾 activa-
tion inhibited xenograft growth in mice and PPAR𝛾 agonists
reduced the number of aberrant cryptal foci in chemically
induced inflammatory bowel disease in mice [39, 40]. On
the other hand, PIO induced increased polyp numbers
in mice with APC mutation, prone to developing colon
adenoma (APCmin), not in wild-type mice, suggesting that,
under certain genetic conditions, TZDs could also promote
colon cancer development [41]. The disparate results might
be explained by in vitro studies in colon cancer cell lines
showing that the level of PPAR𝛾 expression correlated to cells’
sensitivity to proliferation inhibition [42].

A phase II trial with TRO did not increase progression-
free survival in 25 colorectal cancer patients [43].

4.2. Lung Cancer. PPAR𝛾 expression in well-differentiated
lung adenocarcinoma was higher than in poorly differenti-
ated tumors, suggesting that it promotes tumor formation
but is not a marker for aggressive growth [44]. In another
study, expression was linked to poor prognosis, showing
the opposite trend [45]. ROSI decreased progression of
chemically induced murine cancer model [46].

4.3. Breast Cancer. In breast cancer PPAR𝛾mRNA levels did
not correlate with nodal involvement and tumor grade but
significantly lower PPAR𝛾 levels were seen in large metastatic
tumors, patients with local recurrence and poor survival
[47]. Despite the fact that samples of aggressive tumors
showed increased PPAR𝛾 expression, TZDs displayed mod-
erate positive effects in breast cancer models. ROSI reduced
tumor growth in a chemically induced rat and in a syngenic
murine tumormodel [48, 49]. Both in patients with advanced
breast carcinoma and in patients with early mammary cancer
treatment with TZDs did not cause therapeutic effects [50,
51].

4.4. Prostate Cancer. In the majority of prostate cancers
(73%), immunoreactivity and expression of PPAR𝛾 correlated
inversely with tumor size and PSA levels [52]. Data obtained
in prostate cancer xenografts as well as results from a phase II
trial and a case report showed efficacy of PIO and TRO [53–
55].

4.5. Glioblastoma. No correlation of PPAR𝛾 expression has
been established with glioma [56]. Diabetes mellitus patients
under TZD medication, however, showed lower incidence of
high-grade glioma than the control group (patients with hip
fractures), while survival of patients with glioma was similar
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Table 1: Relationship between protective role of PPAR𝛾 expression and efficacy of TZDs in therapy.

Cancer type Role of
PPAR𝛾 TZD Experimental model Result Reference

PIO Xenograft (HT-29) in mice with
APC mutation, sc Increased tumor growth [41]

Colon ⇓/⇑
Azoxymethane-induced murine
tumors Reduced tumor growth [39]

TRO HT-29 xenografts, sc Reduced tumor growth and
metastasis [40]

Metastatic colon cancer, 25 patients All progressive disease [43]
Lung ⇓/⇑ ROSI Chemically-induced mouse model Decrease in adenoma formation [46]

ROSI LMM3 injection into mice, sc Decreased tumor growth [48]

Breast ⇓
Chemically induced rat model Decreased tumor growth and

incidence [49]

TRO Advanced chemotherapy breast
refractory cancer, 22 patients No CR or PR, 3 SD [50]

ROSI Early stage breast cancer, 38 patients No decrease in proliferation [51]
PIO PC3 xenografts, sc. Decrease of bone-invasive potential [53]

Prostate ⇓ TRO Advanced prostate carcinoma, 41
patients Stabilization of PSA levels [54]

ROSI Recurrent prostate carcinoma, 1
patient Delayed increase of PSA levels [55]

Glioma ⇐⇒
PIO LN229 orthotopic xenografts Reduced tumor volume, invasion [58]

Chemorefractory glioma, 14
patients Disease stabilization (29%) [59]

Melanoma ⇐⇒ CIGLI A375 xenografts, sc. Growth inhibition, pro-apoptotic
effects [62]

PIO Transgenic mouse model (PPAR
fusion protein/PTEN deletion)

Decreased tumor growth and
metastasis [106]

Thyroid ⇓ ROSI Transgenic mouse model (Thyroid
hormone receptor-𝛽 negative) Delayed progression [107]

Metastatic thyroid cancer, 1 patient Decrease in metastasis size [109]
PPAR𝛾 expression on tumor progression: promotion: ⇑; protection: ⇓; no effect: ⇐⇒; CR: complete response; PR: partial response; SD: stable disease;
sc: subcutaneous implantation of tumor cells.

in both groups [57]. Efficacy of PIO has been shown in glioma
xenografts and in a phase II trial [58, 59].

4.6. Melanoma. No correlation of PPAR𝛾 expression and
melanoma prognosis was seen [60]. In a cohort study of dia-
betes mellitus patients under PIO medication, an increased
hazard ratio for melanoma (1.3) was reported [61]. It is not
clear whether these data represent an increased incidence of
tumors because the maximum duration of follow-up was <6
years after the initiation of PIO. Studies onmonotherapywith
TZDs in melanoma are limited: only CIGLI was reported to
inhibit growth of melanoma xenografts [62].

Higher mRNA or protein expression in well-differenti-
ated tumors compared to poorly differentiated tumors and
tumors with poor prognosis is interpreted as protective
effect of PPAR𝛾 in tumor development. In prostate cancer
patients, protective effects of PPAR𝛾 and therapeutic effect
of TZDs were in line (Table 1). In glioma samples, PPAR𝛾
expression was not linked to good prognosis but TZDs
showed therapeutic efficacy.

5. Role of TZDs in Chemoprevention

While therapeutic efficacy of monotherapy with TZDs was
relatively low, data obtained from meta-analysis of diabetes
studies as well as in vitro data suggested that TZDs could be
efficient in chemoprevention (Table 2).

5.1. Data from Diabetes Trials. Medication with TZDs for >1
year decreased the incidence of head andneck cancers by 40%
and lung cancer by 33% in diabetes mellitus patients [63].
The reduction of lung cancer reached 75% in the African-
American population. The reduction was specific for lung
cancer, as prostate and colorectal cancer incidence was not
changed. Of note, in this study, patients with preexisting
malignancies were excluded. The largest meta-analysis on
cancer incidence and cancer mortality included data of 46
trials. The number of malignancies was disclosed in 28/33
trials with ROSI and in 18/33 trials with PIO [64]. This meta-
analysis reported less cancer cases (342 versus 457) in patients
treated with TZDs compared to other medications. Overall,
treatmentwithTZDswas associatedwith a significantly lower
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Table 2: Summary of data on chemopreventive effects of TZDs in animal and human epidemiological studies.

Cancer type
Role of
PPAR𝛾
expression

TZD Experimental model Result Reference

PIO Chemically-induced rat cancer model Reduction of tumor incidence [121]

Colon ⇓/⇑
Transgenic murine cancer model (nonsense
mutation in the adenomatous polyposis coli) Increase of tumor incidence [122]

TRO Chemically-induced rat cancer model Reduction of tumor incidence [123]

ROSI Meta-analysis of diabetes trials Reduced colon cancer incidence [64]

Lung ⇓/⇑ PIO Chemically induced murine cancer model Reduction of tumor incidence [72]

PIO Observational study Reduced lung cancer incidence [63]

Breast ⇓ PIO Meta-analysis of diabetes trials Reduced breast cancer incidence [64]

Liver ⇓ PIO Chemically induced rat cancer model Reduced tumor incidence [73]

Endometrium ⇓ ROSI Transgenic murine cancer model Reduced tumor incidence [12]

Oral (squamous cancer) ⇓ PIO Transgenic rat cancer model Reduced tumor incidence [77]

TRO Chemically induced rat cancer model Reduced tumor incidence [78]
PPAR𝛾 expression on tumor progression: promotion: ⇑; protection: ⇓.

incidence of cancer cases (Mantel-Haenszel odds ratio (MH-
OR) 0.85; 𝑃 = 0.027). For ROSI this effect was significant for
colorectal cancer (MH-OR 0.63; 𝑃 = 0.03). PIO treatment
significantly reduced the incidence of breast cancer (MH-
OR 0.28; 𝑃 = 0.004). An increase in the incidence of
bladder cancer by PIO treatment was not seen (MH-OR
2.05; 𝑃 = 0.12), but cancer mortality was increased upon
TZD treatment. Since this mortality most probably is due to
preexisting cancers, the question remains whether treatment
with TZDs could promote the growth of already existing
malignant lesions.

5.2. In Vitro Differentiation Studies. Morphological differen-
tiation (duct formation in collagen gels) increased in pan-
creatic carcinoma cells treated with TRO [65] and increases
of villin and mucin mRNA were observed in colon cancer
cell lines [66]. ROSI induced PTEN expression in Caco-2
cells and restored glandular morphogenesis [67]. It increased
tyrosinase expression, an indication for differentiation, in
a melanoma cell line [68]. ROSI also caused reversal of
epithelial-mesenchymal transition in anaplastic thyroid can-
cer cell lines and increased expression of thyroglobulin,
TSH receptor, sodium-iodide symporter, and thyroperox-
idase mRNA [69]. CIGLI induced brain tumor stem cell
differentiation [70]. In cultures of metaplastic urothelial cells,
differentiation markers were increased after treatment with
TRO [71].

5.3. TZD Effects in Animal Studies. PIO prevented lung
tumor development in carcinogen-induced mouse mod-
els [72]. In a similar manner, PIO protected rats against
chemically-induced (diethylnitrosamine and acetylaminoflu-
orene) hepatocarcinogenesis [73]. PPAR𝛾 could play a tumor-
promoting role in hepatoma, because expression is sig-
nificantly reduced in hepatocellular carcinoma with poor
prognosis [74]. A similar situation is seen in endometrium

carcinoma, where benign lesions show strong PPAR𝛾
immunoreactivity butmalignant lesions low to absent PPAR𝛾
expression [12]. Chemoprevention of endometrial cancer
by ROSI was observed in PTEN heterozygous mice [75].
Increased PPAR𝛾 expression was predominantly seen in less
invasive oral squamous cancer [76]. Chemically-induced oral
squamous carcinoma in rats was reduced by 40% through
administration of PIO [77] and tongue carcinoma formation
was reduced by 40% by TRO [78].

On the other hand, tumor-promoting effects of PIO were
observed in the APCmin murine colon cancer model [41].
Because tumor-promoting effects were not seen in all cancer
models, a model-specific effect cannot be excluded. The
complex and, in part, opposing effects of TZDs on cancer
development and progression can be explained by their cell-
specific and species-specific action (tumor cells versus tumor
environment). Effects of TZDs on immune cells may be the
reason for the tumor-promoting effect of PIO in the APCmin

mouse model and the reduced tumor growth in immune-
compromisedmice and in the azoxymethane-induced tumor
model [79]. While PPAR𝛾 activation may decrease prolif-
eration of tumor cells, it may increase macrophage polar-
ization towards the M2 phenotype (TAM) and induce anti-
inflammatory effects, alsomediated by PPAR𝛾 activation (see
Section 3)

5.4. Human Data. One phase II trial on prevention of
lung, head, and neck carcinoma in 21 patients with oral
leukoplakia using PIO has been completed. Fifteen patients
showed partial responses, 2 stable disease and 4 patients had
progressive disease (NCT00099021; http://www.cancer.gov/
clinicaltrials/). Based on these promising results, another
trial on prevention of lung cancer is recruiting patients
(NCT00780234; http://www.cancer.gov/clinicaltrials/).

In human trials, no general correlation of the protective
effect of PPAR𝛾 expression against tumor progression and
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chemopreventive effects of TZDs was obvious. While a
protective role of PPAR𝛾 expression was postulated in breast
tumors and TZDs also acted preventive on the development
of breast cancer in humans, the chemopreventive effect on
colon cancer was not consistent with a protective role of
PPAR𝛾 expression in tumor samples.

6. Combined Treatments of TZDs with
Other Drug Compounds

6.1. In Vitro Studies. Several studies evaluated the effect of
combined therapies with TZDs and other agents. A large vari-
ety of combinations of TZDs have been evaluated in vitro.The
observed antitumor effects include cytotoxicity/decrease of
cell viability, growth inhibition, and apoptosis (for overview
see Table 3).

In combination treatment with RXR-𝛼 ligands, increased
cellular differentiation was reported [80, 81]. Some combined
therapies take advantage of the cross-talk of PPAR𝛾 with
other signaling pathways. For instance, the upregulation of
PTEN by ROSI rendered hepatoma cells more sensitive to
the action of 5-fluorouracil [82]. Based on the idea of cross-
talk between the ERK and PPAR𝛾 pathways, combinations
of ERK inhibitors and PPAR𝛾 agonists could be useful in
tumors with deleterious elevation of PPAR𝛾. Experimental
data corroborate such an idea: gefitinib and ROSI increased
growth inhibition of lung cancer cells and increased PPAR𝛾
and PTEN expression [83]. Herceptin, an antibody against
the EGF-receptor HER2, sensitized breast cancer cells for the
differentiating action of TRO [84].

6.2. Animal Studies. The following examples show that
improved antitumor responses were also obtained in vivo:
growth of lung carcinoma xenografts and of chemically-
induced breast tumors was inhibited by a combination of
ROSI and platinum-based compounds [85, 86]. ROSI in
combination with suberoylanilidehydroxamic acid (SAHA)
decreased progression of preinvasive lung cancer in a
murine model by 77% [46]. Similarly, a combination of
TRO and platinum-based compounds increased survival of
mesothelioma-xenografted mice [87]. The combination of
EFA and paclitaxel reduced the size of anaplasic thyroid
carcinoma xenografts [88]. Progression of ovarian carcinoma
xenografts was slower when a combination of CIGLI and
cisplatin was administered. Synergistic effects were reduction
of angiogenesis and increased proapoptotic effects [89].
Aerosolized budesonide and oral PIO decreased lung cancer
mass by 90% in a benz(a)pyrene-inducedmurine lung cancer
model [90].

6.3. Human Data. Phase II trials of combination with the
COX-2 inhibitor rofecoxib and PIO were able to induce
complete response, partial responses, or stable disease in 5/5
angiosarcoma, 1/1 hemangioendothelioma, 4/19 metastatic
melanoma, 10/40 soft tissue sarcoma, and 4/14 glioma
patients [59, 91, 92]. Combination of PIO with other chemo-
static drugs induced one complete response and prolonged
disease-free survival in 2 of 19 patients with advanced

melanoma enrolled in this phase II trial [91]. These data
suggest potential efficacy of TZDs combined with other
compounds in melanoma. For further evaluation of comed-
ication with TZDs in patients, a prospective phase I/II trial
of PIO combined with lenalidomide, dexamethasone, and
treosulfan (NCT01614301) is currently recruiting patients
(http://www.cancer.gov/clinicaltrials/).

According to human trials, only soft tissue sarcoma and
melanoma might be sensitive to combinations of TZDs and
COX-2 inhibitors and TZDs in polytherapy, respectively.

7. Specific Role of TZDs in Differentiated
Thyroid Carcinoma (DTC)

PPAR𝛾 has a specific role in thyroid cancer because follicular
thyroid cancer is the only known neoplasm to be associated
with a PPAR𝛾 fusion gene product [93]. PAX8/PPAR𝛾 is
expressed in 30–35% of follicular thyroid carcinoma and 2–
13% of follicular adenomas [94]. This chimeric protein is
the result of a genetic translocation between chromosomes
2 and 3 and can activate the PPAR𝛾 response element and
induce proliferation. The mutation acts both as a gain and
loss of function mutant in thyroid cancer and determines
thyroid tumor differentiation; inmore aggressive tumors gain
of function predominates [93].

Thyroid cancer incidence in the United States has
increased in the last thirty years not only apparently because
of enhanced detection but probably also as a true increase
[95]. DTC is the most common type of thyroid carcinoma,
mainly in the form of papillary thyroid carcinoma, account-
ing for 80–90% of all thyroid cancer cases. The second-
most common form of DTC is follicular thyroid cancer with
10–15% incidence. The prognosis of DTC is generally good,
with a 10-year survival rate of 85% [96]. A total of 10–20%
of patients develops distant metastases [97]. In this group,
the 10-year survival rate drops to 40%. Recurrence in DTC,
however, occurs in up to a third of patients and only 30%
of patients with distant metastases respond to radioiodine
(RAI) therapy with complete remission [98, 99]. First-line
treatment of DTC is by total or near total removal of the
thyroid and if necessary lymph node dissection (Figure 3).
This is generally followed by RAI treatment for thyroid
remnant ablation and elimination of metastases. In case of
insufficient efficacy of this treatment, doxorubicin is initiated
[100]. Because doxorubicin treatment is not highly efficient,
it is expected that, in the future, differentiating therapies will
play a prominent role in cancer treatment. Redifferentiating
compounds include retinoids, histone deacetylase inhibitors,
DNA methyltransferase inhibitors, and TZDs. Somatostatin
analogues such as 68Ga-DOTATOCare additional options for
RAI-negative thyroid cancer [101].

PIO and CIGLI did not increase differentiation in a
study on the human papillary carcinoma cell line NPA [102].
In another, TRO, ROSI, and PIO showed antiproliferative,
proapoptotic, and differentiating effects on DTC cells [103];
TRO could increase expression of sodium-iodide symporter
in DTC lines [104] and restore radioiodine-uptake in vitro
[105].
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Table 3: Results of therapies combining TZDs with other antitumor treatments.

TZD Additional compound Model Effect Reference

Gamma-radiation Lung carcinoma cell lines (A549, H460) DNA damage, apoptosis [124]

RXR-𝛼 ligands (SR11237,
6-OH-11-O-
hydroxyphenanthrene)

Breast carcinoma cell line (MDA-MB231), lung
carcinoma cell line (Calu-3), glioblastoma cell line
(U87MG), melanoma cell line (G361)

Growth inhibition;
apoptosis

[125–127]

CIGLI TNF-𝛼-related apoptosis
inducing ligand Ovarian cancer cell line (HEY) Decrease of proliferation [128]

Lovastatin
Pancreatic carcinoma cell lines (Panc02, MIA,
PACa-2), breast carcinoma cell lines (EMT6,
MDA-MB-316), colon cancer cell line (C26)

Decrease of cell viability;
decrease of proliferation

[129]

Phenylbutyrate Lung carcinoma cell lines (A549, H157) Growth inhibition [130]

9-cis retinoic acid Gastric carcinoma cell line (SGC7901) Apoptosis [131]

Cisplatin Lung cancer cell lines (A549, H522); mesotheloma
cell line (EHMES-10) Growth inhibition [87, 132]

Paclitaxel Lung carcinoma cell lines (A549, H522) Growth inhibition [132]

RXR-𝛼 ligands (bexarotene,
all-trans retinoic acid) Breast cancer cell lines (MCF-7, T-47D, ZR-75-1) Growth inhibition [133]

TRO Cell signalling molecules
(TRAIL, heregulin)

Ovarian cancer cell line (HEY); breast cancer cell
lines (MCF-7, SKBR-3, MDA-MB-453)

Decrease of cell number;
apoptosis

[128, 134]

Lovastatin Glioblastoma cell line (DBTRG05MG), lung
cancer cell line (CL1-0)

Cell cycle inhibitor
expression

[135]

Aspirin Lung cancer cell lines (CL1-0, A549) Decrease of proliferation [136]

Tamoxifen Breast cancer cell line (MCF-7) Growth inhibition [137]

X-rays Cervix cancer cell lines (HeLa, Me180) Decrease of cell viability [138]

Platinium-based
compounds (cisplatin,
carboplatin)

Ovarian cancer cell lines (OVCA420, OVCA429,
ES), lung cancer cell lines (A549, Calu-1, H23,
H596, H1650)

Growth inhibition [85]

5-Fluorouracil Hepatoma cell lines (BEL7402, Huh-7); colon
cancer cell line (HT-29)

Decrease of cell viability,
apoptosis

[82, 139]

RXR-𝛼 ligands (bexarotene,
9-cis retinoic acid)

Breast cancer cell lines (MCF-7TR1, SKBR-3,
T47D), colon cancer cell line (Moser)

Increase of differentiation,
growth inhibition; decrease
of cell viability

[80, 140]

ROSI

Cell signalling molecules
(TNF-𝛼, anti-Fas IgM,
Seliciclib)

Breast cancer cell line (MDA-MB-231) Growth inhibition [141]

Gemcitabine Pancreas cancer cell lines (PANC-1, Panc02) Decrease of cell viability,
growth inhibition

[142]

Gefitinib Lung cancer cell line (A549) Growth inhibition [83]

Herceptin Breast cancer cell line (MCF-7) Growth inhibition [84]

Bortezomib Melanoma cell lines (MV3, FemX-1, G361) Growth inhibition [143]

Paclitaxel Lung cancer cell lines (A549, H522) Growth inhibition [132]

RXR-𝛼 ligands (LG268) Liposarcoma cells (primary) Increase of differentiation [81]

PIO Statins (Simvastin,
lovastatin)

Glioblastoma cell lines (U87, U138, LN405, RGII);
meningeoma cell lines (IOMM-Lee, KT21-MG1) Decrease of cell viability [144, 145]

Gemcitabine Pancreas cancer cell line (PANC-1) Decrease of cell viability [142]

2-Deoxyglucose Prostate cancer cell lines (PC-3, LNCaP) Decrease in tumor spheroid
formation

[146]

EFA Paclitaxel Anaplastic thyroid carcinoma cell lines (DRO,
BHT-101, ARO) Growth inhibition [88]
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Figure 3: Overview of treatment options for DTC. Scheme of
thyroid tumor (upper left) and scintigraphy with 123Iodide showing
lack of uptake in the lower part of the right lobe (upper right).

7.1. Animal Studies. PIO was effective in reducing metastatic
disease in a tumor model where the effect of PAX8/PPAR𝛾
fusion protein is mimicked [106]. ROSI was also able to
reduce thyrocyte growth by 40% in amurine knock-inmodel
of thyroid hormone receptor 𝛽 [107].

7.2. Human Data. In a small cohort of 5 patients treated
with PIO for 6 months, no increase in RAI-uptake was
seen [108]. Two case reports described successful induction
of RAI-uptake after treatment with ROSI in a patient with
noniodide avid metastases of DTC [109, 110]. Decreased
thyroglobulin levels and tumor size indicated partial success
of this treatment. Evidence for increased RAI-uptake upon
treatment with ROSI was obtained in one of five patients
enrolled in a pilot study [111]. In another pilot study, ROSI
treatment resulted in positive RAI scans in 4/10 patients and
a clinical trial showed increased RAI-uptake in therapeutic
131I scans in 5/23 patients [112, 113]. Despite reinduction of
RAI-uptake in 5/20 patients of another phase II trial, none
had a complete or partial response to ROSI after 3 months
[114] by RECIST criteria [115]. The status of a current trial
(NCT00098852) with ROSI for reinduction of radioiodine-
uptake is not yet known (http://www.clinicaltrial.gov/). Also
the redifferentiating action of PIO is being reassessed in a
trial focused on follicular variants of PTC (NCT01655719;
http://www.clinicaltrial.gov/). Interpretation of the results is
complicated by limited accuracy of the technique of 131I
scans and unknown status of receptor expression of the
treated tumors, too low levels of expression by the target
cells, inhomogeneity of RAI-uptake into the tumor, and the
generally poor correlation between RAI-uptake and clinical
remission, all of which may be reasons for lack of efficacy. In
addition, observation time of less than one year may not be
enough to monitor effects in slow-growing DTC.

8. Conclusion

Current data do not suggest a correlation of clinical efficacy
and high PPAR𝛾 expression according to mRNA and protein
expression in tumor samples. This lack of relation could be
due to methodical problems of PPAR𝛾 detection in archived
tumor samples and in the complexity of TZD action. First,
TZDs show a variety of genomic and nongenomic effects and
several antitumor effects occur independent of PPAR𝛾. This
is particularly obvious in experiments where combination
of PPAR𝛾 agonists and antagonists act synergistically on
inhibition of proliferation [116]. Cell specific effects of TZDs
are particularly important in cancer because their action on
immune cells may antagonize their effects on tumor cells.
This suggests that administration of TZDs after tumor initia-
tion may be inefficient or even deleterious and could explain
why cancer mortality was increased in the meta-analysis of
cancer incidence in patients with TZD treatment. Species-
specific action was reported between human and murine
endothelial cells where increase of proliferation was seen in
the mouse cells and an antiproliferative effect in human cells
[117]. Furthermore, TZDs show compound-specificity. TRO
and CIGLI acted as antiproliferatives on ovarian cancer cell
lines, while ROSI and PIO did not. This could be due to
additional targets and/or PPAR𝛾 independent effects; TRO
for instance has stronger Akt/mTOR activity than the other
TZDs. Finally, the effect of TZDs is concentration-dependent.
Low concentrations of TZDs induced cell cycle arrest, while
higher doses (>100 𝜇M) caused apoptosis. Effects at higher
concentrations can be explained by transactivation of PPAR𝛾
by cross-talk between signaling pathways where one receptor
activates a receptor for a different ligand. Alternatively, TZDs
may activate a specific subunit within a receptor oligomer
[118]. As to the concentration, other coactivators may be
involved in the effect and different downstream processes
may be activated. PPAR𝛾 agonists can also change the cell’s
expression of PPAR𝛾 to different extents.

Against the background of limitations of traditional as
well as new (transgenic) mouse models [119, 120] for human
cancer, only efficacy in human trials is included in our final
assessment. Use of TZDs in cancer might be therapeutic in
prostate cancer and glioma, chemopreventive in colon, lung,
and breast cancer, and increase therapeutic efficacy combined
with other therapies in thyroid cancer, soft tissue sarcoma,
and melanoma.
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[49] B. Bojková, M. Garajová, K. Kajo et al., “Pioglitazone in
chemically inducedmammary carcinogenesis in rats,”European
Journal of Cancer Prevention, vol. 19, no. 5, pp. 379–384, 2010.

[50] H. J. Burstein, G. D. Demetri, E.Mueller, P. Sarraf, B.M. Spiegel-
man, and E. P. Winer, “Use of the peroxisome proliferator-
activated receptor (PPAR) 𝛾 ligand troglitazone as treatment
for refractory breast cancer: a phase II study,” Breast Cancer
Research and Treatment, vol. 79, no. 3, pp. 391–397, 2003.

[51] L. D. Yee, N.Williams, P.Wen et al., “Pilot study of rosiglitazone
therapy in women with breast cancer: effects of short-term
therapy on tumor tissue and serum markers,” Clinical Cancer
Research, vol. 13, no. 1, pp. 246–252, 2007.

[52] Y. Nakamura, T. Suzuki, A. Sugawara, Y. Arai, and H. Sasano,
“Peroxisome proliferator-activated receptor gamma in human
prostate carcinoma,” Pathology International, vol. 59, no. 5, pp.
288–293, 2009.

[53] J.-S. Annicotte, I. Iankova, S. Miard et al., “Peroxisome
proliferator-activated receptor 𝛾 regulates E-cadherin expres-
sion and inhibits growth and invasion of prostate cancer,”
Molecular and Cellular Biology, vol. 26, no. 20, pp. 7561–7574,
2006.

[54] E. Mueller, M. Smith, P. Sarraf et al., “Effects of ligand activa-
tion of peroxisome proliferator-activated receptor 𝛾 in human
prostate cancer,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 97, no. 20, pp. 10990–10995,
2000.

[55] J. I. Hisatake, T. Ikezoe, M. Carey, S. Holden, S. Tomoyasu, and
H. P. Koeffler, “Down-regulation of prostate-specific antigen
expression by ligands for peroxisome proliferator-activated
receptor 𝛾 in human prostate cancer,” Cancer Research, vol. 60,
no. 19, pp. 5494–5498, 2000.

[56] M. Kato, T. Nagaya, M. Fujieda, K. Saito, J. Yoshida, and H.
Seo, “Expression of PPAR𝛾 and its ligand-dependent growth
inhibition in human brain tumor cell lines,” Japanese Journal of
Cancer Research, vol. 93, no. 6, pp. 660–666, 2002.

[57] C. Grommes, D. S. Conway, A. Alshekhlee, and J. S. Barnholtz-
Sloan, “Inverse association of PPAR𝛾 agonists use and high
grade gliomadevelopment,” Journal ofNeuro-Oncology, vol. 100,
no. 2, pp. 233–239, 2010.

[58] C. Grommes, J. C. Karlo, A. Caprariello, D. Blankenship, A.
Dechant, and G. E. Landreth, “The PPAR𝛾 agonist pioglitazone
crosses the blood-brain barrier and reduces tumor growth in a
human xenograft model,” Cancer Chemotherapy and Pharma-
cology, vol. 71, no. 4, pp. 929–936, 2013.

[59] P. Hau, L. Kunz-Schughart, U. Bogdahn et al., “Low-dose
chemotherapy in combination with COX-2 inhibitors and
PPAR-gamma agonists in recurrent high-grade gliomas—a
phase II study,” Oncology, vol. 73, no. 1-2, pp. 21–25, 2007.



12 BioMed Research International

[60] S. Meyer, T. Vogt, M. Landthaler et al., “Research arti-
cle: Cyclooxygenase 2 (COX2) and peroxisome proliferator-
activated receptor gamma (PPARG) are stage-dependent prog-
nostic markers of malignant melanoma,” PPAR Research, vol.
2010, Article ID 848645, 10 pages, 2010.

[61] A. Ferrara, J. D. Lewis, C. P. Quesenberry Jr. et al., “Cohort study
of pioglitazone and cancer incidence in patients with diabetes,”
Diabetes Care, vol. 34, no. 4, pp. 923–929, 2011.

[62] T. Botton, A. Puissant, P. Bahadoran et al., “In vitro and in vivo
anti-melanoma effects of ciglitazone,” Journal of Investigative
Dermatology, vol. 129, no. 5, pp. 1208–1218, 2009.

[63] R. Govindarajan, L. Ratnasinghe, D. L. Simmons et al., “Thia-
zolidinediones and the risk of lung, prostate, and colon cancer
in patients with diabetes,” Journal of Clinical Oncology, vol. 25,
no. 12, pp. 1476–1481, 2007.

[64] M. Monami, I. Dicembrini, and E. Mannucci, “Thiazolidine-
diones and cancer: results of a meta-analysis of randomized
clinical trials,” Acta Diabetologica, vol. 51, no. 1, pp. 91–101, 2014.

[65] S. Kawa, T. Nikaido, H. Unno, N. Usuda, K. Nakayama, and K.
Kiyosawa, “Growth inhibition and differentiation of pancreatic
cancer cell lines by PPAR𝛾 ligand troglitazone,” Pancreas, vol.
24, no. 1, pp. 1–7, 2002.

[66] M. Kato, T. Kusumi, S. Tsuchida, M. Tanaka, M. Sasaki,
and H. Kudo, “Induction of differentiation and peroxisome
proliferator-activated receptor 𝛾 expression in colon cancer cell
lines by troglitazone,” Journal of Cancer Research and Clinical
Oncology, vol. 130, no. 2, pp. 73–79, 2004.

[67] I. Jagan, A. Fatehullah, R. K. Deevi, V. Bingham, and F. C.
Campbell, “Rescue of glandular dysmorphogenesis in PTEN-
deficient colorectal cancer epithelium by PPAR𝛾-targeted ther-
apy,” Oncogene, vol. 32, no. 10, pp. 1305–1315, 2013.

[68] Y. Li, Y. Meng, H. Li et al., “Growth inhibition and differen-
tiation induced by peroxisome proliferator activated receptor
gamma ligand rosiglitazone in human melanoma cell line
A375,”Medical Oncology, vol. 23, no. 3, pp. 393–402, 2006.

[69] A. Aiello, G. Pandini, F. Frasca et al., “Peroxisomal proliferator-
activated receptor-𝛾 agonists induce partial reversion of
epithelial-mesenchymal transition in anaplastic thyroid cancer
cells,” Endocrinology, vol. 147, no. 9, pp. 4463–4475, 2006.

[70] E. Pestereva, S. Kanakasabai, and J. J. Bright, “PPAR𝛾 agonists
regulate the expression of stemness and differentiation genes in
brain tumour stem cells,” British Journal of Cancer, vol. 106, no.
10, pp. 1702–1712, 2012.

[71] C. L. Varley, J. Stahlschmidt, B. Smith, M. Stower, and J. South-
gate, “Activation of peroxisome proliferator-activated receptor-
gamma reverses squamous metaplasia and induces transitional
differentiation in normal human urothelial cells,”TheAmerican
Journal of Pathology, vol. 164, no. 5, pp. 1789–1798, 2004.

[72] M.-Y. Li, A. W. Y. Kong, H. Yuan et al., “Pioglitazone pre-
vents smoking carcinogen-induced lung tumor development in
mice,” Current Cancer Drug Targets, vol. 12, no. 6, pp. 597–606,
2012.

[73] I. Borbath, I. Leclercq, P. Moulin, C. Sempoux, and Y. Hors-
mans, “The PPARgamma agonist pioglitazone inhibits early
neoplastic occurrence in the rat liver,” European Journal of
Cancer, vol. 43, no. 11, pp. 1755–1763, 2007.

[74] J. Yu, L. Qiao, L. Zimmermann et al., “Troglitazone inhibits
tumor growth in hepatocellular carcinoma in vitro and in vivo,”
Hepatology, vol. 43, no. 1, pp. 134–143, 2006.

[75] W. Wu, J. Celestino, M. R. Milam et al., “Primary chemo-
prevention of endometrial hyperplasia with the peroxisome

proliferator-activated receptor gamma agonist rosiglitazone in
the PTEN heterozygote murine model,” International Journal of
Gynecological Cancer, vol. 18, no. 2, pp. 329–338, 2008.

[76] S. Theocharis, J. Klijanienko, C. Giaginis et al., “Peroxisome
proliferator-activated receptor-𝛾 in mobile tongue squamous
cell carcinoma: associations with clinicopathological param-
eters and patients survival,” Journal of Cancer Research and
Clinical Oncology, vol. 137, no. 2, pp. 251–259, 2011.

[77] R. Suzuki, H. Kohno, M. Suzui et al., “An animal model
for the rapid induction of tongue neoplasms in human c-
Ha-ras proto-oncogene transgenic rats by 4-nitroquinoline 1-
oxide: its potential use for preclinical chemoprevention studies,”
Carcinogenesis, vol. 27, no. 3, pp. 619–630, 2006.

[78] K. Yoshida, Y. Hirose, T. Tanaka et al., “Inhibitory effects
of troglitazone, a peroxisome proliferator-activated recep-
tor 𝛾 ligand, in rat tongue carcinogenesis initiated with 4-
nitroquinoline 1-oxide,” Cancer Science, vol. 94, no. 4, pp. 365–
371, 2003.

[79] H. Li, A. L. Sorenson, J. Poczobutt et al., “Activation of PPAR𝛾 in
myeloid cells promotes lung cancer progression andmetastasis,”
PLoS ONE, vol. 6, no. 12, Article ID e28133, 2011.

[80] D. Bonofiglio, E. Cione, H. Qi et al., “Combined low doses
of PPAR𝛾 and RXR ligands trigger an intrinsic apoptotic
pathway in human breast cancer cells,” The American Journal
of Pathology, vol. 175, no. 3, pp. 1270–1280, 2009.

[81] P. Tontonoz, S. Singer, B. M. Forman et al., “Terminal differ-
entiation of human liposarcoma cells induced by ligands for
peroxisome proliferator-activated receptor 𝛾 and the retinoid X
receptor,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 94, no. 1, pp. 237–241, 1997.

[82] L. Q. Cao, X. L. Wang, Q. Wang et al., “Rosiglitazone sensitizes
hepatocellular carcinoma cell lines to 5-fluorouracil antitumor
activity through activation of the PPAR𝛾 signaling pathway,”
Acta Pharmacologica Sinica, vol. 30, no. 9, pp. 1316–1322, 2009.

[83] S. Y. Lee, G. Y. Hur, K. H. Jung et al., “PPAR-𝛾 agonist increase
gefitinib’s antitumor activity through PTEN expression,” Lung
Cancer, vol. 51, no. 3, pp. 297–301, 2006.

[84] Z. Yang, R. Bagheri-Yarmand, S. Balasenthil et al., “HER2 regu-
lation of peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾)
expression and sensitivity of breast cancer cells to PPAR𝛾 ligand
therapy,” Clinical Cancer Research, vol. 9, no. 8, pp. 3198–3203,
2003.

[85] G. D. Girnun, E. Naseri, S. B. Vafai et al., “Synergy between
PPAR𝛾 ligands and platinum-based drugs in cancer,” Cancer
Cell, vol. 11, no. 5, pp. 395–406, 2007.

[86] K. Tikoo, P. Kumar, and J. Gupta, “Rosiglitazone synergizes
anticancer activity of cisplatin and reduces its nephrotoxicity in
7, 12-dimethyl benzaanthracene (DMBA) induced breast cancer
rats,” BMC Cancer, vol. 9, article 107, 2009.

[87] N. Hamaguchi, H. Hamada, S. Miyoshi et al., “In vitro and in
vivo therapeutic efficacy of the PPAR-𝛾 agonist troglitazone in
combination with cisplatin against malignant pleural mesothe-
lioma cell growth,” Cancer Science, vol. 101, no. 9, pp. 1955–1964,
2010.

[88] J. A. Copland, L. A. Marlow, S. Kurakata et al., “Novel high-
affinity PPAR𝛾 agonist alone and in combinationwith paclitaxel
inhibits human anaplastic thyroid carcinoma tumor growth via
p21WAF1/CIP1,” Oncogene, vol. 25, no. 16, pp. 2304–2317, 2006.

[89] Y. Yokoyama, B. Xin, T. Shigeto, and H. Mizunuma, “Combina-
tion of ciglitazone, a peroxisome proliferator-activated receptor
gamma ligand, and cisplatin enhances the inhibition of growth



BioMed Research International 13

of human ovarian cancers,” Journal of Cancer Research and
Clinical Oncology, vol. 137, no. 8, pp. 1219–1228, 2011.

[90] H. Fu, J. Zhang, J. Pan et al., “Chemoprevention of lung
carcinogenesis by the combination of aerosolized budesonide
and oral pioglitazone in A/J mice,” Molecular Carcinogenesis,
vol. 50, no. 12, pp. 913–921, 2011.

[91] A. Reichle, K. Bross, T. Vogt et al., “Pioglitazone and rofecoxib
combined with angiostatically scheduled trofosfamide in the
treatment of far-advanced melanoma and soft tissue sarcoma,”
Cancer, vol. 101, no. 10, pp. 2247–2256, 2004.

[92] T. Vogt, C. Hafner, K. Bross et al., “Antiangiogenetic therapy
with pioglitazone, rofecoxib, and metronomic trofosfamide in
patients with advancedmalignant vascular tumors,”Cancer, vol.
98, no. 10, pp. 2251–2256, 2003.

[93] F. Ondrey, “Peroxisome proliferator-activated receptor 𝛾 path-
way targeting in carcinogenesis: implications For Chemopre-
vention,” Clinical Cancer Research, vol. 15, no. 1, pp. 2–8, 2009.

[94] O. Omur and Y. Baran, “An update on molecular biology of
thyroid cancers,” Critical Reviews in Oncology/Hematology, vol.
90, no. 3, pp. 233–252, 2014.

[95] N. Li, X. L. Du, L. R. Reitzel, L. Xu, and E. M. Sturgis,
“Impact of enhanced detection on the increase in thyroid cancer
incidence in the United States: review of incidence trends by
socioeconomic status within the surveillance, epidemiology,
and end results registry, 1980–2008,” Thyroid, vol. 23, no. 1, pp.
103–110, 2013.

[96] C. F. A. Eustatia-Rutten, E. P. M. Corssmit, N. R. Biermasz, A.
M. Pereira, J. A. Romijn, and J. W. Smit, “Survival and death
causes in differentiated thyroid carcinoma,” Journal of Clinical
Endocrinology and Metabolism, vol. 91, no. 1, pp. 313–319, 2006.

[97] C. Durante, N. Haddy, E. Baudin et al., “Long-term outcome
of 444 patients with distant metastases from papillary and
follicular thyroid carcinoma: Benefits and limits of radioiodine
therapy,” Journal of Clinical Endocrinology and Metabolism, vol.
91, no. 8, pp. 2892–2899, 2006.

[98] O. Dohán, A. De La Vieja, V. Paroder et al., “The sodium/iodide
symporter (NIS): characterization, regulation, and medical
significance,” Endocrine Reviews, vol. 24, no. 1, pp. 48–77, 2003.

[99] M. J. Schlumberger, “Diagnostic follow-up ofwell-differentiated
thyroid carcinoma: historical perspective and current status,”
Journal of Endocrinological Investigation, vol. 22, no. 11, pp. 3–
7, 1999.

[100] T. Carling and R. Udelsman, Eds., Thyroid Tumors, Lippincott
Williams &Wilkins, Philadelphia, Pa, USA, 9th edition, 2011.

[101] A. Versari, M. Sollini, A. Frasoldati et al., “Differentiated thy-
roid cancer: a new perspective with radiolabeled somatostatin
analogues for imaging and treatment of patients,” Thyroid, vol.
24, no. 4, pp. 715–726, 2014.

[102] M. L. Martelli, R. Iuliano, I. Le Pera et al., “Inhibitory effects
of peroxisome proliferator-activated receptor 𝛾 on thyroid
carcinoma cell growth,” Journal of Clinical Endocrinology and
Metabolism, vol. 87, no. 10, pp. 4728–4735, 2002.
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Type 2 diabetes mellitus (T2DM), a chronic disease increasing rapidly worldwide, is well established as an important risk factor
for various types of cancer. Although many factors impact the development of T2DM and cancer including sex, age, ethnicity,
obesity, diet, physical activity levels, and environmental exposure, many epidemiological and experimental studies are gradually
contributing to knowledge regarding the interrelationship between DM and cancer. The insulin resistance, hyperinsulinemia,
and chronic inflammation associated with diabetes mellitus are all associated strongly with cancer. The changes in bioavailable
ovarian steroid hormone that occur in diabetes mellitus (the increasing levels of estrogen and androgen and the decreasing level
of progesterone) are also considered potentially carcinogenic conditions for the breast, endometrium, and ovaries in women. In
addition, the interaction among insulin, insulin-like growth factors (IGFs), and ovarian steroid hormones, such as estrogen and
progesterone, could act synergistically during cancer development. Here, we review the cancer-related mechanisms in T2DM, the
epidemiological evidence linking T2DM and cancers in women, and the role of antidiabetic medication in these cancers.

1. Introduction

Diabetes mellitus (DM), mostly type 2 diabetes mellitus
(T2DM), is one of the most common chronic diseases char-
acterized by hyperglycemia. The World Health Organization
(WHO) announced that the worldwide prevalence of DM
in 2000 was 171 million and would reach approximately 366
million by 2030 [1]. However, the worldwide prevalence of
DM has already reached 346 million as of 2010 [2].The expo-
nential growth and future burden of the high DM prevalence
are responsible for most of the mortality and morbidity rates
worldwide [3, 4]. Therefore, many studies have investigated
the association and effects between DM and DM-related dis-
ease extensively, particularly the relationship between T2DM
and cancer [5–8]. The recent consensus report sponsored
by the American Association of Clinical Endocrinologists

and the American College of Endocrinology (AACE/ACE
Consensus Statement) highlighted that large and systemic
studies are needed to investigate the relationship between
T2DM and cancer [9].

The association between T2DM and cancer was reported
more than 100 years ago [10]. Most epidemiological studies
have suggested that cancers, particularly hepatic, pancreatic,
colorectal, bladder, endometrial, and breast cancers, appear
to be associatedwith T2DM, increasing the risk andmortality
rates [1, 3, 6, 11–20]. Each value of the estimated riskmay differ
because of the impact of variable and intermingling factors,
such as ethnic differences—including genetic susceptibility,
life-style behavior, and environmental exposure—across pop-
ulations [21]. However, recent studies have suggested that
variable biological effects of diabetes may act synergistically
with other definite cancer risk factors, particularly with

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 920618, 12 pages
http://dx.doi.org/10.1155/2015/920618

http://dx.doi.org/10.1155/2015/920618


2 BioMed Research International

ovarian steroid hormones [21–25]. Although the different
impacts of ovarian steroid hormones and biological differ-
ences between males and females may lead to variations in
cancer incidence, prognosis, and clinical outcomes, dedicated
research on the effects of T2DM and cancer in females is
limited.

In the present review, we will discuss the epidemiological
evidence and possible mechanisms behind the relationship
between T2DM and cancer in women, as well as the effect
of diabetes treatments on cancer incidence and comorbidity.

2. Mechanisms of Carcinogenesis in
Diabetes Mellitus

Carcinogenesis is a multistep process that undergoes various
genetic “hits,” and diabetes may influence these processes by
several mechanisms, particularly in females. DM and cancer
share several common mechanisms, including increased
insulin and insulin-like growth factor (IGF) signaling, dys-
regulation of ovarian steroid hormones, and chronic inflam-
mation.

2.1. Insulin/IGF Signaling. Insulin and IGFs are well known
for their involvement in cell survival and proliferation, as well
as carbohydrate metabolism [26]. Unlike epidermal growth
factor (EGF) and platelet-derived growth factor, which play
roles at the cellular or tissue level as autocrine or paracrine
factors, insulin and IGFs play important systemic regulatory
roles at the whole organism level as a hormone [27–29].
Insulin and IGFs show hormonal effects through the insulin
receptor (IR) and IGF receptors (IGFRs), which are widely
expressed in normal tissues [30, 31]. Both types of receptors
are membrane receptors with the tyrosine kinase domain
located inside the cell membrane [32]. In terms of biological
activity, these receptors form a holoreceptor characterized by
two “half receptors,” which comprise an extracellular 𝛼-chain
and an intracellular 𝛽-chain [32]. Half receptors of insulin
exist as two splice variant isoforms, “A” and “B.” While the
“B” [33] isoform recognizes only insulin, the “A” isoform
recognizes both insulin and IGF-2 and is expressed most
commonly by cancer cells [34]. The half IR and half IGF-1
receptor (IGF1R) can interact and form tetrameric structures
known as “hybrid receptors,” which exert similar, but not
identical, downstream signaling to that of IR or IGF1R [34–
36]. Autoregulated or ligand-recognized IRs activate insulin
receptor substrates (IRS) through tyrosine phosphorylation,
thereby activating the phosphatidylinositol 3-kinase (PI3K)
pathway and Ras/mitogen-activated protein kinase (MAPK)
pathway known as mitogenic signaling by insulin [34].

Many epidemiological studies have suggested that insulin
and IGF-1 play important roles in the regulation of cancer.
An increased insulin or IGF-1 level, which presents in T2DM,
obesity, and acromegaly, is strongly associated with increased
cancer risk and mortality [37–41]. Some studies have shown
evidence that the rates of insulin secretion among individuals
may influence the risk and progression of cancer [42, 43].
Additionally, the insulin and IGF-1 levels in cancer patients
are proportional to cancer-related mortality [26, 44]. Many

in vitro and in vivo studies have shown evidence support-
ing epidemiological studies. For example, insulin or IGF-1
increased cell proliferation and reduced apoptosis in cancer
cells, even at physiologically relevant concentrations [45, 46].
On the other hand, insulin signaling deficiency caused by the
downregulation of IRs was shown to inhibit the proliferation
and metastasis of cancer cells in vitro and in vivo [47, 48].
Insulin has direct access to its receptors, but most circulating
IGFs are bound to IGF binding proteins (IGFBPs) and
thereby demonstrate limited and attenuated IGFR-mediated
bioactivity [49].Therefore, the biological activity of IGFsmay
be determined by the level of IGFBPs, which are influenced by
various conditions associated with insulin resistance such as
T2DM and obesity [50–52]. Insulin resistance and increased
insulin levels are associated with increased risk andmortality
in women with cancer, particularly breast, endometrial, and
ovarian cancers [53–55].

Althoughmainstream studies have suggested that insulin
and IGFs are associated strongly with cancer development,
each study showed a different degree of cancer risk associated
with insulin and IGFs [33]. The latter view may be due to
the following reasons. First, the functional differences in
receptors may be due to the various types of tyrosine kinases,
leading to phosphorylation of different IRS members. There-
fore, insulin and IGFs may lead to various effects depending
on the combination of half receptors in cancer cells. Second,
the insulin and IGF cancer-related signaling pathways have
adapted from those of normal cells, particularly from insulin-
sensitive tissues such as the liver, muscle, and adipose tissue.
However, the internal signals of a cancer cell are very
different from those of normal cells because of the changes in
genetic and/or epigenetic factors, thereby stimulating another
signaling pathway in response to insulin and IGF. Therefore,
insulin and IGFs may induce a cancer cell-specific signaling
pathway aberrant from that of normal cells [26, 56].

2.2. Ovarian Steroid Hormone/Sex Hormone-Binding Glob-
ulin Regulation. The ovarian steroid hormones are some
of the most common types of hormones related to cancer
generation and/or progression. The predominating theories
suggest that the ovarian steroid hormones estrogen and
progesterone have a strong association with endometrial,
breast, and ovarian cancers [57–59]. Enhanced signaling by
estrogen in particular has been considered a risk factor
for females with cancer. This is based on the observation
that the estrogen increase and endometrial proliferation rate
during the follicular phase of themenstrual cycle drive ductal
elongation in mammary gland development during puberty
[60–62].

Epidemiological studies have demonstrated that post-
menopausal women are at an increased risk of cancers
from exogenous estrogen replacement without progesterone
[63–69]. Other studies have shown that polycystic ovarian
syndrome (PCOS) in premenopausal women is very closely
related to increased cancer risk and results from increased
androgen and decreased progesterone levels [70–74].The sex
hormone-binding globulin (SHBG) level is one of the most
important factors in cancer generation and/or development
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in postmenopausal women because its reduction leads to an
increase in free ovarian steroid hormones [75–82].

Estrogen in cancer cells may trigger proliferation and
cellular growth through the activation of estrogen receptor
alpha (ER𝛼) following the activation of PI3K and MAPK
pathways [83, 84]. The role of estrogen is important because
ovarian steroid hormone-sensitive tissues responding to
ovarian steroid hormones exhibit increased levels of bioactive
IGF-1 and gene expression of IGF1R, IRS-1, and IRS-2 [85–
87]. In addition, activation of IR and IGF1R induces the
phosphorylation of ER𝛼, thereby potentiating ER𝛼 signaling
[88, 89]. Therefore, cancer cells expressing higher levels of IR
and/or IGF1R would result in resistance to antiestrogen ther-
apy such as tamoxifen [89–91]. Although the role of androgen
in promoting carcinogenesis and cell proliferation is well
known in prostate cancer, in vitro studies have suggested that
androgen could affect cell viability and proliferation through
the regulation of inflammatory andNotch signaling pathways
[92, 93].

Interestingly, hyperinsulinemia and/or insulin resistance,
particularly in postmenopausal females with T2DM, result
in increased bioavailable ovarian steroid hormone levels
through suppressed hepatic SHBG production and induced
ovarian steroid hormone production [23, 85, 94–97]. Addi-
tionally, the increased insulin and IGF-1 levels in females with
T2DM potentiate ER𝛼 signaling by IR and/or IGF1R. Such
observation and prediction suggest that diabetes, particularly
T2DM, may involve cancer generation and/or development
mechanisms through abnormal sex hormone signaling.

2.3. Chronic Inflammation. Most of our current knowledge
indicates that the net effect of inflammation is the triggering
of cancer development and progression [98–102]. Media-
tors of inflammatory pathways such as interleukin-6 (IL-6),
tumor necrosis factor alpha (TNF𝛼), and cyclooxygenase-
2 (COX-2) are involved in cancer-related mechanisms that
diminish tumor suppressor function, stimulate oncogene
expression, and increase cell cycling [103]. Conversely, inhi-
bition of inflammatory signaling such as that by nuclear
factor kappa-light-chain-enhancer of activated B cell (NF-
𝜅B) reduces cancer incidence [104, 105]. Additionally, many
studies concerning the association of inflammation and
cancer in females suggest that the inflammatory pathways
activated through NF-𝜅B signaling play an important role in
the development and progression of cancers such as breast,
endometrial, and ovarian cancers [106–109].

Insulin resistance and hyperinsulinemia in T2DM pro-
mote subclinical or low-grade chronic inflammation that
aggravates insulin resistance [110, 111]. Ovarian steroid hor-
mones, particularly estrogen, can activate NF-𝜅B signaling,
which induces the gene expression of inflammatory medi-
ators such as IL-1, TNF𝛼, and metalloproteinases (MMPs),
thereby facilitating inflammatory processes [108, 112, 113].
As noted above, females with T2DM-increased bioavailable
ovarian steroid hormones show more enhanced inflamma-
tory effects. Therefore, a chronic inflammatory state in these
patients may be the main mechanism associated with cancer
development and progression.

3. The Link between Diabetes Mellitus and
Cancer in Women

The risk of cancers in the female reproductive organs is
increased in T2DM. Both breast and endometrial cancer
risks are increased in diabetic females. Several biological
mechanisms may be involved, mostly regarding ovarian
steroid hormone abnormalities.

3.1. Breast Cancer. T2DM and breast cancer are both serious
life-threatening diseases globally. Breast cancer, the most
common cancer and second leading cause of cancer-related
death in women, shares some risk factors with diabetes, such
as age and obesity [114, 115]. Female diabetic patients were
more likely to have increased risk of andmortality frombreast
cancer [3, 116–118]. A meta-analysis of 20 studies (five case-
control and 15 cohort studies between 1966 and February
2007) indicated that females diabetics had an increased risk of
breast cancer with a relative risk (RR) of 1.20 [95% confidence
interval (CI): 1.12–1.28] [11]. A recently conducted meta-
analysis of 12 studies (five case-control and seven cohort
studies between 2000 and March 2010) showed a similar
result in which women with diabetes have a significantly
increased risk of breast cancer with a summary RR of 1.72
(95% CI: 1.47–2.00). Additionally, among postmenopausal
or postmenopausal-age females, a strong relationship was
demonstrated between diabetes and breast cancer with a
summary RR of 1.25 (95% CI: 1.20–1.29) [119]. The Cancer
Prevention Study II demonstrated that the incidence of
diabetes in females was associated significantly with a 16%
increased mortality from breast cancer with an age-adjusted
RR of 1.24 (95% CI: 1.11–1.39) and multivariable-adjusted RR
of 1.16 (95% CI: 1.03–1.29) [3]. These findings are similar
to those of two retrospective cohort studies in the United
Kingdom (UK) and Taiwan. Data in the UK study showed
a reduced survival time for women with both diabetes and
breast cancer (nondiabetes versus diabetes, 14.3 versus 10.4
years, resp.) [117]. In the Taiwan study, breast cancer patients
with diabetes had a significantly increased mortality with a
hazard ratio (HR) of 1.57 (95% CI: 1.15–2.15) [118].

In breast cancer, insulin and IGFs play important roles
as mitogens. Breast cancer tissues showed increased levels of
the “A” isoform of the IR (IR-A) activated by insulin and IGF
[120]. PI3K and/or Ras/MAPKpathways induced through IR-
A activation resulted in mitosis of breast cancer cells in vitro
[53]. In vivo studies using nonobese, insulin-resistant, and
hyperinsulinemic transgenic MKR mouse models showed
that hyperinsulinemia results in mammary ductal hyperpla-
sia and IR-expressing carcinoma [121]. Women with diabetes
displayed hormonal changes resulting from increased pro-
duction of estrogen and androgen with decreased liver pro-
duction of SHBG [122]. These hormonal changes were also
strongly associatedwith breast cancer risk in postmenopausal
females [69]. Increased bioavailable estrogen stimulated
the proliferation of ER-positive and/or estrogen-dependent
breast cancer [123]. Hyperinsulinemia in T2DM induced the
expression and increased the binding capacity of ER [124,
125]. The activation of ER can also enhance insulin mito-
genicity by promoting IRS-1 function and activating PI3K
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andRas/MAPK signaling [126].The inflammatorymediators,
TNF𝛼 and IL-6, which are associated with insulin resistance
in T2DM, enhanced estrogen production in both normal and
breast cancer cells and could be expected to result in the
development and proliferation of breast cancer cells [127].

3.2. Endometrial Cancer. Endometrial cancer is the most
common gynecological cancer and is closely associated with
endometrial hyperplasia, unopposed estrogen exposure, and
genetic alterations [128, 129]. This cancer has been associated
strongly with T2DM in most epidemiological studies [13, 15,
117, 118, 130–132]. Many studies have suggested that T2DM
and endometrial cancer share characteristics regarding the
major modifiable determinates, such as low physical activity
and obesity [133–135]. A meta-analysis of 16 studies (13 case-
control and three cohort studies between 1956 and June 2005)
indicated that T2DM had a significantly increased risk and
comorbidity with endometrial cancer with a summary RR
of 2.10 (95% CI: 1.75–2.53). The risk was particularly strong
among studies with age-adjusted estimates (RR 2.74; 95% CI:
1.87–4.00) [13]. Also, a recent population-based and retro-
spective cohort study demonstrated that endometrial cancer
and diabeteswere strongly associated, with anHRof 1.81 (95%
CI: 1.37–2.41), and had an increased relationship, with an age-
adjusted HR of 1.85 (95% CI: 1.36–2.50) [15]. Although some
studies have shown that endometrial cancer and diabetes
had no significant statistical association with mortality [117],
most studies have indicated that diabetes is associatedwith an
increased risk of death from endometrial cancer; for example,
a prospective study reported a multivariable-adjusted RR of
1.33 (95% CI: 1.08–1.65) and an age-adjusted RR of 1.72 (95%
CI: 1.40–2.12) [3].

Similar to breast cancer cells, in vitro studies have shown
that endometrial cancer cell lines increased proliferation by
activation of insulin, IGF-1, and ovarian steroid hormone
signaling pathways, such as estrogen and androgen signaling
pathways [54]. Although endometrial cancer has no direct
correlation with insulin or IGF levels, additional factors such
as ovarian steroid hormones and/or inflammatory cytokines
may make it difficult to confirm a single effect of insulin or
IGF activation through insulin or IGF serum levels. Estrogen
can activate IGF1R on endometrial cancer cells, thereby
enhancing cellular proliferation through PI3K signaling,
a link to IGF1R activation [136]. The androgen receptor
(AR) activated by the binding of androgen could enhance
the proliferation of endometrial cancer cells by the Notch
signaling pathway [93]. C-reactive protein (CRP), which is an
inflammatory biomarker induced by IL-6, was increased by
insulin resistance andwas associatedwith an increased risk of
endometrial cancer in postmenopausal women [137]. There-
fore, endometrial cancer may be associated with chronic
inflammation in T2DM.

3.3. Ovarian Cancer. Although ovarian cancer is the ninth
most common cancer and represents the fifth leading cause
of death in women worldwide [138], studies concerning the
relationship between ovarian cancer and T2DM are limited.
One reason could be due to well-known and very important
factors such as familial history, genetic mutations, menstrual

cycles, and usage of oral contraceptives [139, 140]. However,
some incidences in which the ovary displays insulin sensitiv-
ity and steroidogenesis induced by insulin and IGFs suggest
that T2DMmaybe an important risk factor for ovarian cancer
[141, 142]. Although small-scale epidemiological studies have
demonstrated inconsistent results regarding the relationship
between ovarian cancer and T2DM, a recent meta-analysis
of 19 studies (six case-case control, one nested case-control,
and 12 cohort studies between 1976 and 2007) indicated that
women with diabetes had an increased risk of ovarian cancer
with a summary RR of 1.17 (95% CI: 1.02–1.33) [3, 5, 117,
118, 143–146]. Many epidemiological studies have shown that
ovarian cancer is associated with increased serum androgen
levels and decreased serum progesterone levels rather than
altered serum estrogen levels [79, 147]. These hormonal
changes appear in diabetes and may be one reason for the
increased risk of ovarian cancer in T2DM.

Although there is no experimental evidence for the
positive association between insulin and ovarian cancer,
some studies have shown that the increased serum levels of
IGF-1, IGF-1R, and IGFBP-2 were associated positively in
patients with ovarian cancer [55]. One study demonstrated
that IGF-1 in human ovarian OVCAR-3 cells enhanced the
expression of KCl cotransport (KCC) andwas associatedwith
proliferation and invasiveness of ovarian cancer cells [148].
Other studies have also shown that IGF-1 and IGFBP-2 in
human ovarian cancer cell lines resulted in the induction of
proliferation and invasion through phosphorylation of AKT
and ERK1/2 [149, 150]. The significance of inflammation in
ovarian carcinogenesis stems from the relationship between
increased ovulation and ovarian cancer risk [151]. The role
of androgen in stimulating the proliferation of ovarian
cancer cells may also be associated with increased IL-6 and
decreased transforming growth factor beta (TGF𝛽), which
were included in the proinflammatory network [92, 152].

4. The Role of Diabetes Medications in Cancer
Development in Women

The potential effects of antidiabetic medications on cancer
have sparked recent discussion and concern among the
epidemiological and experimental studies related to the
potential underlying mechanisms. In this section, we discuss
the relationship between cancer risk and antidiabetic medi-
cation, including insulin and insulin analogs, metformin, and
thiazolidinediones.

4.1. Insulin/Insulin Analogues. As noted above, because exc-
essive insulin and IGF-1 signaling by hyperinsulinemia may
be one of the most important causes of the development
and proliferation of cancer, exogenous insulin is a suspected
powerful carcinogenetic factor in diabetes patients. Increased
circulating insulin levels over endogenous insulin secretion
occur frequentlywith subcutaneous insulin injection, thereby
making possible the association between insulin therapy and
cancer [21, 153, 154]. Nevertheless, all patients with type 1
DM (T1DM) and approximately 40∼80% of patients with
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T2DM are considered for insulin therapy to maintain proper
glycemic control [155].

A significant number of epidemiological studies have
suggested that insulin use and daily doses, particularly of
the long-acting insulin analog glargine, may be responsible
for the association with and strong increase in the risk of
cancer [156–160]. A recent meta-analysis of 15 studies (five
case-control and 10 cohort studies) demonstrated that insulin
treatment was associated significantly with an increased risk
of overall cancer with a summary RR of 1.39 (95% CI:
1.14–1.70), particularly in case-control studies that evaluated
T1DM,with a higher summary RR of 1.83 (95%CI; 0.99–3.38)
[161]. Some studies showed a strong relationship between
insulin glargine and breast cancer, particularly in T2DM
patients treated with insulin for more than 5 years [162, 163].
Only a few studies with large-scale patient databases exist,
such as the ORIGIN trial which enrolled 12,537 patients
and followed them for 6.2 years (interquartile range, 5.8–
6.7 years) and showed no statistically significant association
between cancer risk and insulin glargine use; however, these
results may be due to very well-controlled glucose levels,
as well as the inclusion of prediabetic patients [9, 164].
Therefore, optional selection between insulin treatment and
proper glucose control may be needed for patients with
diabetes, particularly T2DM.

4.2. Metformin. Metformin is an oral antidiabetic drug clas-
sified as an insulin sensitizer and is the most widely used
drug, prescribed as the initial or in combination therapy, for
T2DM [165]. Metformin reduces serum glucose and insulin
levels in diabetic patients via improved insulin sensitivity,
which reduces glucose production in the liver and increases
glucose uptake in the muscles [166, 167]. Another feature
of metformin that attracts special attention is its anticancer
effects supported by evidence from epidemiologic, in vitro,
and in vivo model studies [3, 168–175].

In in vitro studies, metformin inhibits complex I of
the mitochondrial respiratory chain, resulting in ATP/AMP
imbalance, thereby activating AMP-activated protein kinase
(AMPK) [176]. Activated AMPK inhibits mTOR signaling
and interferes with the roles of cyclin D1 and p53. The latter
two proteins not only alter glucose metabolism but also
reduce cell proliferation through cell cycle interference [177–
181].

The anticancer effects of metformin have been shown to
reduce spontaneousmammary tumor development in rodent
animalmodels [182, 183]. However, some studies usingmouse
models found that metformin induced insulin resistance and
hyperinsulinemia, which suggested that the anticancer effect
of metformin may be mediated by reduced serum insulin
levels [184]. In other words, the insulin-lowering effect of
metformin was associated with its anticancer effect, thereby
having less of an impact on cancer in patients with normal or
lower insulin levels.

Most epidemiological studies have suggested that met-
formin used for T2DM reduces the risk, progression, and
mortality of overall cancer [169, 171, 185–189]. Although
those studies were limited in their assessment of a detailed
relationship between metformin and specific cancer types,

a recent meta-analysis of 28 studies showed that metformin
has a significant inverse association with cancer mortality,
including endometrial and ovarian cancers [187].

4.3. Thiazolidinediones. Thiazolidinediones (TZDs) are ins-
ulin-sensitizing antidiabetic drugs belonging to the perox-
isome proliferator-activated receptor (PPAR) agonist class
that induce the transcription of genes associated with glucose
and lipid metabolism through activation of PPAR𝛾, a nuclear
receptor, to reduce insulin resistance [190]. The effects of
TZDs in reducing insulin resistancemay be expected to result
in anticancer activities similar to those of metformin. Some
studies have indicated antiangiogenic and anti-inflammatory
effects of TZDs, as well as anticancer effects, such as the
inhibition of proliferation and induction of apoptosis and
differentiation [191]. However, unlike metformin, the effects
of TZDs are inconsistent between in vitro and in vivo studies
and depend on parameters such as the animal model (rodent
versus nonrodent andnonhumanprimate versus human) and
cancer type [192–197]. Some studies in rodents have suggested
that TZDs can even potentiate tumorigenesis as multispecies
and multisex carcinogens [192, 198–200].

Epidemiological studies evaluating the relationship bet-
ween TZDs and cancer risk are limited and have shown
inconsistent results [201–205]. Onemeta-analysis of random-
ized clinical trials concerning rosiglitazone and cancer risk
indicated that rosiglitazone did not alter the risk of cancer,
including breast and female genital tract cancers [206]. A
recent meta-analysis indicated that pioglitazone, but not
rosiglitazone, was associated significantly with a decreased
risk of breast cancer (Mantel-Haenszel odds ratio (MH-OR):
0.28 [0.09–0.93]; 𝑃 = 0.038), but neither pioglitazone nor
rosiglitazone altered the risk of uterine cancer (MH-OR: 0.77
[0.34–1.73]; 𝑃 = 0.52) [207].

5. Conclusion

The incidence and prevalence of gynecologic cancers are
increased in patients with T2DM. Similar to other cancers,
gynecologic cancers have several common mechanisms with
T2DM, including increased insulin and IGF signaling and
chronic inflammation. Unlike other cancers, dysregulation of
ovarian steroid hormones is another commonly associated
mechanism between T2DM and gynecologic cancer. Insulin
resistance could induce or aggravate ovarian steroid hormone
dysregulation and chronic inflammation in diabetic women.
Most epidemiological studies have suggested that cancer in
diabetic women can be modulated by insulin sensitizers
such as metformin and TZDs. The management of insulin
resistance is a main factor in controlling blood glucose and
preventing cancer in female diabetic patients.

Thus, clinicians should recommend life-style changes
such as weight-loss diets and exercise to overcome insulin
resistance in women with T2DM. Additionally, clinicians
should attend to and perform screening tests for gynecologic
cancers according to currently established routines until
screening protocols are developed for each specific gyneco-
logic cancer in women with T2DM.



6 BioMed Research International

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors thank Amanda Sterling for paper preparation.
This work was supported by the National Research Foun-
dation of Korea Grant (NRF-2013R1A1A2004719) funded by
the Korean Government (to Bon Jeong Ku), Grant NIH R01
HD057873, and American Cancer Society Research Grant
RSG-12-084-01-TBG (to Jae-Wook Jeong).

References

[1] W. Rathmann, G. Giani, S. H. Wild et al., “Global prevalence of
diabetes: estimates for the year 2000 and projections for 2030,”
Diabetes Care, vol. 27, no. 10, pp. 2568–2569, 2004.

[2] P. Zhang, X. Zhang, J. Brown et al., “Global healthcare expen-
diture on diabetes for 2010 and 2030,” Diabetes Research and
Clinical Practice, vol. 87, no. 3, pp. 293–301, 2030.

[3] P. T. Campbell, E. J. Jacobs, C. C. Newton, S. M. Gapstur, and A.
V. Patel, “Diabetes and cause-specific mortality in a prospective
cohort of one million U.S. adults,” Diabetes Care, vol. 35, no. 9,
pp. 1835–1844, 2012.

[4] S. R. Seshasai, S. Kaptoge, A. Thompson et al., “Diabetes
mellitus, fasting glucose, and risk of cause-specific death,” The
New England Journal of Medicine, vol. 364, no. 9, pp. 829–841,
2011.

[5] S. S. Coughlin, E. E. Calle, L. R. Teras, J. Petrelli, andM. J.Thun,
“Diabetes mellitus as a predictor of cancer mortality in a large
cohort of US adults,”American Journal of Epidemiology, vol. 159,
no. 12, pp. 1160–1167, 2004.

[6] S. D. Nath, S. L. Habib, H. E. Abboud et al., “Fasting serum
glucose level and cancer risk in Korean men and women,”
Journal of the AmericanMedical Association, vol. 293, no. 18, pp.
2210–2211, 2005.

[7] G.Chodick,A.D.Heymann, L. Rosenmann et al., “Diabetes and
risk of incident cancer: a large population-based cohort study
in Israel,” Cancer Causes and Control, vol. 21, no. 6, pp. 879–887,
2010.

[8] E. K. K. Lam, G. D. Batty, R. R. Huxley et al., “Associations of
diabetes mellitus with site-specific cancer mortality in the Asia-
Pacific region,” Annals of Oncology, vol. 22, no. 3, pp. 730–738,
2011.

[9] Y. Handelsman, D. Leroith, Z. T. Bloomgarden et al., “Diabetes
and cancer—an AACE/ACE consensus statement,” Endocrine
Practice, vol. 19, no. 4, pp. 675–693, 2013.

[10] A. Czyzyk and Z. Szczepanik, “Diabetes mellitus and cancer,”
European Journal of Internal Medicine, vol. 11, no. 5, pp. 245–
252, 2000.

[11] S. C. Larsson, C. S. Mantzoros, and A. Wolk, “Diabetes mellitus
and risk of breast cancer: a meta-analysis,” International Journal
of Cancer, vol. 121, no. 4, pp. 856–862, 2007.

[12] S. C. Larsson, N. Orsini, and A. Wolk, “Diabetes mellitus
and risk of colorectal cancer: a meta-analysis,” Journal of the
National Cancer Institute, vol. 97, no. 22, pp. 1679–1687, 2005.

[13] E. Friberg, N. Orsini, C. S. Mantzoros, and A. Wolk, “Diabetes
mellitus and risk of endometrial cancer: a meta-analysis,”
Diabetologia, vol. 50, no. 7, pp. 1365–1374, 2007.

[14] E. M. Ko, P. Walter, L. Clark et al., “The complex triad of
obesity, diabetes and race in Type I and II endometrial cancers:
prevalence and prognostic significance,” Gynecologic Oncology,
vol. 133, no. 1, pp. 28–32, 2014.

[15] H.-F. Chen, M.-D. Liu, P. Chen et al., “Risks of breast and
endometrial cancer in women with diabetes: a population-
based cohort study,” PLoS ONE, vol. 8, no. 6, Article ID e67420,
2013.

[16] R. Huxley, A. Ansary-Moghaddam, A. Berrington de González,
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There is substantial epidemiological evidence pointing to an increased incidence of breast cancer and morbidity in obese,
prediabetic, and diabetic patients. In vitro studies strongly support metformin, a diabetic medication, in breast cancer therapy.
Although metformin has been heralded as an exciting new breast cancer treatment, the principal consideration is whether
metformin can be used as a generic treatment for all breast cancer types. Importantly, will metformin be useful as an inexpensive
therapy for patientswith comorbidity of diabetes and breast cancer? In general,meta-analyses of clinical trial data from retrospective
studies in whichmetformin treatment has been used for patients with diabetes and breast cancer have a positive trend; nevertheless,
the supporting clinical data outcomes remain inconclusive. The heterogeneity of breast cancer, confounded by comorbidity of
disease in the elderly population, makes it difficult to determine the actual benefits of metformin therapy. Despite the questionable
evidence available from observational clinical studies and meta-analyses, randomized phases I–III clinical trials are ongoing to test
the efficacy of metformin for breast cancer. This special issue review will focus on recent research, highlighting in vitro research
and retrospective observational clinical studies and current clinical trials on metformin action in breast cancer.

1. Introduction

Cancer and diabetes are two of the most common chronic
diseases worldwide [1] with a strong association between
the two diseases [2, 3]. Substantial evidence exists indicating
that the risk of developing and dying from breast cancer is
higher in diabetic patients compared to nondiabetic patients,
excluding all other diseases [2]. Metformin, a biguanide
oral antidiabetic drug, commonly used to treat type 2
diabetes mellitus has aroused much interest in comorbidity
(diabetes/cancer) treatment, and emerging evidence from in
vitro and epidemiological studies suggests that metformin
improves the overall survival for cancer/diabetic comorbidity
patients [2, 3]. In vitro experimentation supports metformin
as a strong candidate for treatment of breast cancer, where it
has been shown to increase breast cancer cell death. However,
the use of metformin as a comorbidity treatment, or breast
cancer preventative therapy, in retrospective clinical meta-
analyses studies is controversial.Metformin, on the one hand,

has been shown to decrease cancer incidence and increase
survival [3–6], while on the other hand no such association
has been observed in other studies [7].

This special issue review brings together recent in vitro
research supporting metformin as a wide-ranging treatment
for most breast cancer subtypes, including the hard to treat
triple negative subtype. Importantly, this paper will provide
an overview of the recent contradicting meta-analyses and
retrospective observational clinical studies focusing on met-
formin as a therapeutic agent for breast cancer.

1.1. Changing Metabolism Linking Diabetes and Cancer. For
over a century, disturbances in cellular metabolism intrinsi-
cally linking diabetes and cancer have been recognized [8, 9].
One of the hallmarks of cancer is the reprogramming of
energy metabolism to fuel cancer cell growth and division
[10]. First proposed by Otto Warburg in 1924, cancer cells
hijack cellular metabolism to favour aerobic glycolysis (high
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glucose demand) for energy needs in preference to mito-
chondrial oxidative phosphorylation [11]. Although aerobic
glycosylation is an inefficient energy process, the bioenergetic
demands of a cancer cell favour fast nutrients in the form
of excess glucose for fast bursts of energy to fuel all the
molecular components for DNA replication and cell divi-
sion. Simplistically, prediabetes is inefficient processing of
intracellular glucose, which leads to insulin resistant cells,
hyperinsulinemia (increased insulin), and hyperglycemia
(increased blood glucose levels). Elevated insulin levels have
been shown to have mitogenic effects and constitute an
increased risk factor for breast cancer [12]. An excessive
supply of glucose in the bloodstream, as evidenced in diabetic
patients, may provide the necessary nutrients to feed cancer
cells; hence, the proposal that diabetic treatments reduce
glucose in the bloodstream may prove beneficial for cancer
prevention and patient therapy [13]. Metformin is commonly
used in the treatment of type 2 diabetes mellitus to combat
insulin resistance by reducing the amount of available glucose
in the blood, as aptly described by Jalving and colleagues [13]
“taking away the candy.” The antidiabetic drug metformin is
emerging as a potential, efficient, preventative, and adjuvant
therapy for many cancer types [14–17].

1.2. Safety of Metformin in Diabetic Treatment. For over than
50 years, metformin has been one of the most effective,
well tolerated, antidiabetic treatments prescribed worldwide
[18]. Metformin taken alone is a relatively safe drug for
clinical use with only mild side effects documented including
gastrointestinal disturbances (diarrhea, nausea, and irritation
of the abdomen) [19]. The major toxicity reported is lactic
acidosis, though this is very rare (9 per 100,000) [20]. A recent
report suggests metformin is associated with impairment
of cognitive function and these studies are ongoing [21].
The overall safety of metformin with minimal and rare side
effects adds to its attractiveness as a potential breast cancer or
comorbidity treatment for cancer patients with diabetes.

1.3. Diabetes and Breast Cancer. Evidence from epidemio-
logical studies strongly supports that prediabetes, preexisting
diabetes mellitus, and obesity are risk factors for cancer with
a poorer outcome reported for breast cancers occurring in
diabetic patients compared to nondiabetic patients [2, 22–
26]. A meta-analysis of twenty clinical trials involving more
than 1.9 million cancer patients with or without diabetes
supported a significant increase in combined incidence and
death from breast cancer [2]. This mega-study agreed with
previous findings by Peairs and colleagues who reported
comorbidity of breast cancer and diabetes was associated
with a 49% increased risk of death from any cause and
increased adverse effects in response to chemotherapy [24].
Prediabetes and hyperinsulinemia in breast cancer patients
have also been associated with higher mortality rates [27–
29]. Interestingly, a meta-analysis by Boyle and colleagues
showed that the association between diabetes and breast
cancer was restricted to diabetesmellitus type 2 (not type 1) in
postmenopausal women and no such association was evident
between diabetes and prediabetic conditions and breast

cancer in premenopausal women [30]. The link between the
onset of prediabetes, type 2 diabetes mellitus, and a higher
risk of breast cancer diagnosis comes with new insights into
how diabetic treatments influence breast cancer outcomes
[2, 17, 24, 30]. Metformin, a well-tolerated insulin-sensitizer,
has shown promise in reducing cancer risk or has no negative
effect [29, 31–33]. Recently, mining of over 100,000 electronic
medical records from Vanderbilt University Medical Center
and Mayo Clinic by Xu and colleagues showed that the use
of metformin significantly reduced cancer risk, including
breast cancer, compared to patients who are not using
metformin and are independent of diabetes status [6], thus
providing additional support for metformin use in future
cancer treatment regimens. Consequently, there has been
much interest in understanding themechanism ofmetformin
action and exploring its efficacy in breast cancer therapy.
Equally, there are a number of studies that do not support the
observation of a reduction in breast cancer risk in diabetic
and nondiabetic patients being treated with metformin and
these findings are discussed.

In contrast, diabetic treatments, such as sulfonylureas,
have been shown to increasemortality in patients with cancer
and type 2 diabetes and insulin replacement has been shown
to increase mortality due to its mitogenic effects [34–40].
However, it is noted that, in one meta-analysis retrospective
study, data extracted from the Hong Kong Diabetes Registry
reported that insulin replacement therapy reduced cancer
risk [41]. An increase in body mass index (BMI) or obesity
is associated with cancer risk and this study did not account
for BMI [42]. Given the lowBMI in theAsian population, this
may contribute to the differences in the results [43].

2. Mechanism of Metformin Action to
Inhibit Cancer

The exact molecular mechanism of metformin action is not
clearly understood and has been hotly debated [44, 45]. Nev-
ertheless, metformin action undisputedly has been shown
to increase insulin sensitivity in vivo, resulting in reduced
plasma glucose concentrations, increased glucose uptake, and
decreased gluconeogenesis [46, 47]. High insulin levels are
associated with increased breast cancer risk and poor patient
survival outcome [17, 48]; therefore, metformin directly and
indirectly reduces cancer cell proliferation through reduction
of insulin levels and blood glucose levels. In the context of
breast cancer risk, metformin has been shown to decrease
circulating hormones such as androgen and estrogen where
elevated levels are linked with postmenopausal breast cancer
development [49, 50]. Thus metformin treatment may serve
as a contributory factor in decreasing breast cancer risk.

The concept that cancer cells undergo metabolic repro-
gramming in favour of glycolysis is generally accepted.
Metformin acts by interfering with cellular processes that
facilitate insulin signalling and glucose synthesis. Some of
these proposed signalling pathways are described in this
section and illustrated in Figure 1.

There is general consensus that the organic cation trans-
porter (OCT1) plays a major role in mediating the first
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Figure 1: Mechanisms of metformin action to inhibit cancer. Metformin disrupts circulating glucose and insulin levels and reduces
inflammation. The organic cation transporter (OCT1) mediates the first step in metformin cellular response [51–53]. (1) Metformin activates
the AMPK-P pathway through inhibition of Complex 1 of the mitochondrial respiratory chain [54, 55]. This leads to the inhibition of mTOR
and thus loss of cell proliferation and inhibition of glucose synthesis [56–59]. (2) LKB1 may act as an intermediatory of AMPK activation
[60, 61]. (3) Metformin blocks cAMP and PKA, which in turn antagonizes glucagon action [62]. (4) Metformin acts as an antifolate hindering
DNA replication [63]. (5)Metformin induces an anti-inflammatory response via the Src-mediatedNF-𝜅Β pathway [64]. (6)Metformin action
is implicated in both AMPK dependent and independent inhibition of the angiogenesis process [65].

step in metformin cellular response [51–53]. Shu and col-
leagues demonstrated that genetic variation in theOCT1 gene
reduced hepatic uptake of metformin and altered the efficacy
of metformin suggesting that patients with reduced response
to metformin may be screened for OCT1 mutations [51]. The
most widely accepted mechanism of metformin action is, by
indirect activation of the central energy sensor, adenosine
monophosphate-activated protein kinase (AMPK), which
also plays a key role in insulin signalling [54, 55]. Activa-
tion of AMPK has been shown to inhibit the mammalian
target of rapamycin (mTOR) and therefore inhibit patholog-
ical cell proliferation in different cancer cell lines [56–59]
(Figure 1(1)). Phosphorylation of AMPK by serine-threonine
kinase 11/liver kinase B1 (STK11/LKB1) has also been reported
to be an upstream event in metformin action [60, 61] despite
more recent evidence questions whether LKB1 is required for
metformin action [58, 66] (Figure 1(2)). Whereas the focus
of metformin action has been directed towards reduction of
glucose synthesis through the AMPK pathway (Figure 1(1)),
Miller and colleagues showed that metformin antagonism of
glucagon action was responsible for reducing fasting glucose
levels [62] (Figure 1(3)).

2.1. Metformin, Cancer, and the Mitochondria Conundrum.
Upstream of AMPK-activation both mitochondria-
dependent and -independent mechanisms have been
described as precursors of AMPK activation. Metformin
has been described as a “mitochondrial poison” through

inhibition of Complex 1 of the mitochondrial respiratory
chain leading to AMPK activation and reduction of glucose
synthesis [54, 55] (Figure 1(1)). Based on the premise that
metformin is a weak “poison,” Salem and colleagues proposed
that metformin could be useful as an anticancer therapy
targeting mitochondrial metabolism [67]. Metformin also
affects the mitochondrial redox state through inhibition
of mitochondrial glycerophosphate dehydrogenase, which
leads to suppression of gluconeogenesis [68]. These studies
were confirmed in mouse and rat models using metformin
treatment doses that achieved similar plasma concentrations
to those observed in type 2 diabetes patients treated with
metformin [68].

Alternatively, mitochondrial-independent AMPK activa-
tion has been described whereby metformin acts in a similar
manner to an antifolate, a member of the antimetabolite class
of chemotherapy drugs, and inhibitsDNA replication and cell
proliferation [63] (Figure 1(4)).

Hirsch and colleagues implicated metformin in blocking
the inflammatory response through inhibition of a step(s) in
the Src-mediated-nuclear factor kappa B (NF-𝜅Β) signaling
pathway [64] (Figure 1(5)). These findings are especially rele-
vant as a preventative measure in obesity-associated inflam-
mation and cancer progression. Others have shown that
metformin may be associated with inhibition of the angio-
genesis process, as shown in endothelial cells, via AMPK-
dependent and -independent pathways [65] (Figure 1(6)). As
new vascular formation is essential for tumour growth, this
effect would assist in the prevention of cancer development.
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In summary, metformin has been reported to have
both direct and indirect effects on a number of metabolic
pathways. Whilst the majority of laboratory research has
focused on the mitochondrial-AMPK signalling pathway,
new research has elucidated new mechanisms of metformin
action, some of which are highlighted in Figure 1. Nonethe-
less, the mode of metformin action is still unclear and
under investigation.The consensus is that themost important
therapeutic endpoints of metformin are reduction in blood
glucose level, and action as an insulin sensitizer, which is
beneficial to patients with diabetes and/or potentially reduces
the risk of most cancers including breast cancer.

3. Metformin and Breast Cancer
In Vitro Studies

Since the benefits of metformin treatment for breast cancer
patients were reported in 2005 [32], an increasing number
of articles assessing its anticancer properties have been pub-
lished. Highlighted here are some of the important findings
from the in vitro studies linking metformin treatment and
breast cancer outcome.

3.1. Breast Cancer Classification. Breast cancer is heteroge-
neous and, as such, different breast cancer subtypes are
known to have distinct molecular profiles [69–74] and
variable responses to different treatments. Based on the
differential expression of various genes, breast cancer has
been categorised into five major distinct molecular sub-
types with prognostic significance: luminal A; luminal B;
overexpression of HER2; also known as ErbB2; breast-like;
and basal-like/triple negative [69]. Triple negative breast
cancers have been further classified into six distinct subtypes:
immunomodulatory, mesenchymal, mesenchymal stem-like,
luminal androgen receptor, basal-like 1, and basal-like 2 [75].
In addition, there are at least seventeen rare subtypes defined
[76]. Response to therapy is dependent on the pathology and
classification of the breast tumour. The most predominant
subtype, luminal A, is known to have the best prognosis with
HER2 and the basal-like triple negative subtype has the worst
outcome [77]. Nevertheless, many breast cancers recur and
acquire resistance to conventional treatments. Metformin is
being investigated in vitro in different breast cancer cell types,
reviewed below, and an understanding of the mode of action
in diverse breast cancer cell types is providing some insights
into drug resistance. One of the leading questions is can
metformin be used as a generic therapy for all breast cancer
subtypes?

3.2. Metformin as Mono- or CombinationalTherapy for Breast
Cancer. There are enormous differences in clinical response
to metformin monotherapy in diabetic and cancer patients;
hence, the drug is generally used in combination with other
treatments. The current challenge is to understand why this
drug has reduced efficacy in some patients and to modify
drug therapy for better outcome for individual patients.There
have been a number of recent reports showing synergistic or
enhanced effects on endpoints such as increased apoptosis

and cell death in breast cancer cell lines when metformin
is used in combination with chemotherapeutic drugs and
with targeted therapies, providing a strong rationale for the
use of metformin in clinical treatment regimens [78–80].
Metformin monotherapy has been shown to promote cell
cycle arrest in both ER+ and ER− breast cancer cell lines
[78, 80]. Metformin was reported to markedly suppress, but
not completely abrogate, proliferation of breast cancer and
cancer stem cells whilst being less toxic to normal stem cells
[81]. These findings are important as a small proportion of
breast cancer stem cells are believed to be the source of cancer
recurrence [64]. Interestingly, cell cycle inhibition in a study
by Lee and colleagues was significantly enhanced when the
temperaturewas increased to 42∘Csuggesting thatmetformin
may be more toxic to breast cancer patients with elevated
body temperature [81]. In these experiments, metformin
cytotoxicity appeared to be mediated through AMPK/mTOR
activation [81].

3.3. Metformin Effects on Basal-Like/Triple Negative Breast
Cancers. Triple negative breast cancers occur in a minority
of breast cancer patients and such patients have a very poor
prognosis [82]. These types of tumours are very aggressive
and are associated with high morbidity and mortality due to
their fast proliferation and propensity for metastasis. Their
failure to express ER/PR and HER2 makes them resistant to
antihormonal therapies and herceptin. Many triple negative
breast tumours demonstrate epithelial mesenchymal transi-
tion (EMT) and stem cell-like properties and may lie dor-
mant making them extremely difficult to treat with current
chemotherapy treatments. Metformin has been shown to be
a promising adjuvant treatment for triple negative breast
cancers [58, 67, 78, 82–87] where Stat3 has been shown to
be a critical regulator of metformin action [87], and it has
also been shown to directly inhibit the enzymatic function
of hexokinase I and hexokinase II [86]. However, not all
studies have shown thatmetformin induces apoptosis and cell
cycle arrest in the triple negative cell model, MDA-MB-231,
and it has been suggested that this is a function of glucose
homeostasis [58, 85].

3.4. Metformin Efficacy Is Dependent on Glucose Homeostasis.
Circulating glucose levels may prove to be an important
factor in response to metformin treatment in cancer patients.
Menendez and colleagues reported that metformin lethality
was enhanced in breast cancer cells that had undergone
glucose deprivation [88]. Their studies showed metformin
was protective in normal cells in the presence of physiological
amounts of glucose, whereas it caused cell cycle arrest
in breast cancer cells. Conversely, withdrawal of glucose
induced breast cancer cell death independent of the following
subtypes: ER+, HER2+, and triple negative [88]. Further
studies have also confirmed that the failure to maintain glu-
cose homeostasis results in a more aggressive triple negative
breast cancer phenotype [85]. Moreover, in hyperglycemic
conditions, Zordoky and colleagues showed that a surplus
of glucose supply rescued the triple negative MDA-MD-
231 cells from metformin induced cell death and suggested
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that the bypass was due to the generation of enough energy
for proliferation through aerobic glycolysis using the excess
glucose [58]. Based on the laboratory evidence, it has been
advocated that glucose monitoring of breast cancer patients
may provide some insight into patient response tometformin
and that pharmacological deprivation of glucose combined
with metformin treatment may benefit patients with high
glucose levels [88].

3.5. Use of Metformin to OvercomeMultidrug and Chemother-
apy Resistance in Breast Cancer Cells. The emergence of
multidrug/chemotherapy resistant cells within a tumour
population is a major obstacle for many cancer patients.
There is now compelling evidence to suggest that metformin
resensitizes cells and cooperates with some anticancer drugs
to improve efficacy through reprogramming of the metabolic
cellular pathways [89, 90]. A recent study showed the rever-
sal of multidrug resistance in breast cancer cells through
activation of AMPK/mTOR by metformin [90]. In addition,
metformin promoted 5-FU-induced apoptosis, consistent
with its proposed role as a pseudo metabolite, and reversed
epithelial mesenchymal transition (EMT), a critical pheno-
typic switch associated with enhanced capacity of cells for
invasion, metastasis, and chemoresistance [90]. Metformin
sensitisation to chemotherapy has also been demonstrated
in breast cancer cells overexpressing aldehyde dehydrogenase
(ALDH), an enzyme linked to chemoresistance in breast
cancer cells that also feature an EMT phenotype [91]. Poten-
tially, small doses of metformin could be used as an adjuvant
therapy to prevent some chemotherapy resistant phenotypes
and prevent EMT transition.

ErbB2-positive (HER2/neu) breast cancer cells are usu-
ally treated with lapatinib (a dual inhibitor of the EGRF
and ERBB2/HER2 tyrosine kinase inhibitor) as a first
line monotherapy [92–94]. Short-lived clinical responses
in ErbB+ breast cancers are due to acquired resistance
to lapatinib. Komurov and colleagues showed that forcing
ErbB2 drug-sensitive cells into glucose-deprivation made
themmore resistant to lapatinib [95]. In linewith the glucose-
deprivation concept described above, metformin counter-
acted lapatinib-induced toxicity [95]. Combinational therapy
of metformin and conventional chemotherapy treatment,
such as carboplatin, doxorubicin, and paclitaxel, were shown
to contribute to synergistic inhibition of cell proliferation
in most breast cancer cell types [78]. The use of metformin
to counteract or prevent tamoxifen resistance has also been
explored in breast cancer cell lines with positive results. The
combination of tamoxifen and metformin has been shown to
augment the apoptotic effect of tamoxifen alone [79, 96]. As
demonstrated, metformin-induced alteration in cancer cell
metabolism appears to be an effective adjuvant therapy for
many different types of chemoresistant breast tumours.

3.6. Metformin Failure in Prevention and Treatment of Breast
Cancer. Resistance to treatment is inherent in breast cancer
and metformin is proving to be no exception. TheMenendez
group used chronic metformin exposure to establish met-
formin resistant cells [97]. Acquired metformin resistance

triggered a transcriptome reprogramming event in breast
cancer cells and the cells developed a highly metastatic
stem-like expression profile making these cancer cells more
difficult to treat [97]. Metformin efficacy was also reduced
in breast cancers overexpressing BCA2, a gene associated
with an AMPK-suppressive function [98]. The BCA2 gene
is overexpressed in >50% of breast cancer patients mak-
ing it a potential target/adjuvant therapy for metformin
resistant breast cancer cells [98]. These studies advocate an
individualized genetic approach targeting specific genetic
mutations, such as BCA2, with combinational treatment to
reduce acquired resistance to metformin.

In summary, the heterogeneous nature of breast cancer
makes the disease difficult to treat. However, in vitro studies
strongly support a role for metformin, which is one of the
most commonly used diabetic medications, as a generic ther-
apy for most, if not all, breast cancer subtypes. Furthermore,
the potential to use metformin as a dual treatment for cancer
and diabetes is an important consideration with the increas-
ing incidence of comorbidity worldwide. As highlighted in
these in vitro studies, the mechanism of metformin action
is still unclear and affects more than one cellular signaling
pathway. Breast cancer is inherent and acquired resistance to
metformin is still to be explored.

4. Breast Cancer Retrospective Observational
Clinical Studies

In vitro studies examining the use of metformin as a breast
cancer therapy for most breast cancer subtypes have been
very promising; however, translating these positive findings
into reduced breast cancer incidence and improved clinical
outcomes with metformin use has come with very mixed
and contradictory reviews. Table 1 summarises the important
points arising from the recentmeta-analyses as highlighted in
this section.

The subtype of breast cancer, the presence or absence
of hormones and hormone receptors; the age of the patient
(pre- or postmenopausal); comorbidities, such as prediabetes,
diabetes, and other diseases; and comorbidity treatments
all impact on the efficacy of relapse-free survival (RDFS),
metastasis-free survival (MDFS), and patient overall disease-
free survival (OS). The majority of breast cancers are present
in postmenopausal women where there is a higher risk of
comorbidity with diabetes, obesity, and other age-related
diseases. A number of meta-analyses of clinical study data
support the use of metformin as a breast cancer adjuvant
treatmentwith improved patient outcome in postmenopausal
women [22, 23, 99, 114]. A study by Currie and colleagues
showed that mortality increased in elderly breast cancer
patients with diabetes, and metformin treatment improved
survival rates in comparison with other diabetic treatments
(sulfonylureas and insulin) and compared to a nondiabetic
patient cohort [29]. In agreement with these findings, a
study by Kiderlen and colleagues showed that metformin
increased the RDFS in elderly breast cancer patients with
diabetes compared to nondiabetic patients, with no difference
between patients with other comorbidity diseases [100]. In
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a retrospective clinical meta-analysis of 28 separate studies
by Zhang and Li, they found that, in breast cancer patients
with existing diabetes, metformin reduced the mortality of
breast cancer and reduced the risk of breast cancer by 6%
[3]. In addition, elderly nondiabetic breast cancer patients
had similar survival rates to diabetic breast cancer patients
using metformin with elderly diabetic patients treated with
metformin having a higher RFS period [100]. Metformin
was also associated with reduced incidence of invasive breast
cancer in postmenopausal women [99].

Can Metformin Be Used as a Generic Therapy for All Breast
Cancer Sub-Types? Xiao and colleagues looked at specific
breast cancer subtypes and found that the nondiabetic
metformin group of patients with Luminal A (ER+/PR+),
Luminal B (high ki67), and luminal B (HER-2/NUE+) had
better prognosis compared to the nondiabetic group not
treated with metformin. However, in diabetic groups, only
luminal A and luminal B (HER-2/NUE+) metformin treated
patients had better prognosis than nonmetformin group
[101]. Concurring with these findings, in independent studies
metformin showed decreased cell proliferation in insulin
resistant, luminal B subtype breast cancer patients although
overall metformin did not significantly alter cell proliferation
in this patient cohort [102] and diabetic patients with HER2+
subtype had a better prognosis with metformin [115]. In
contrast, looking at patients’ data from 2005 to 2011, Besic and
colleagues indicated that the long-term use of metformin in
diabetic breast cancer patients does not associate with breast
cancer subtype distribution [103]. Berstein and colleagues
showed that postmenopausal diabetic breast cancer patients
treated with metformin as a monotherapy or metformin and
sulfonylureawere found to have higher progesterone receptor
(PR) tumours than patients treated with other antidiabetic
therapies leading to better response of these breast cancer
patients to hormone therapy [104]. In contrast, Besic’s group
found that there was no change in the rate of PR between
metformin and nonmetformin groups [103]. In this study,
253 patients (both pre- and postmenopausal patients) were
reviewed.

Although the studies described showed metformin to
have tantalizing promise as a comorbidity treatment for
cancer patients with diabetes and treatment for breast cancer
subtypes, most of these studies were inconclusive.

Not all meta-analyses reports showed a positive cor-
relation with improved patient mortality and metformin
treatment. Five recent reports, one comprised of a meta-
analysis of twenty-one observational studies subgrouped
by cancer type, did not show any significant reduction
in mortality in breast cancer patients [105–107, 116, 117].
Although there have been very promising in vitro studies
for the use of metformin in triple negative breast cancer
therapy, these reports have not been confirmed in clinical
observational studies where no significant impact on survival
outcome has been observed, even though there was a trend
towards reduced distant metastasis in these cohorts [108].
There are a number of examples where in vitro data did
not correlate with clinical observations. Samarajeewa and
colleagues found metformin specifically inhibited aromatase

expression in vitro [118], whereas Bershtein’s group found that
this did not translate to clinical samples where they observed
that metformin did not inhibit aromatase expression in
tumour samples from diabetic breast cancer patients [119]. As
metformin is a well-tolerated drug for diabetes with very few
side effects, the important question is that can we continue
to use this drug in combination with traditional cancer
therapies for comorbidity patients? One study by Ferro and
colleagues showed that metformin caused radiotoxicity in
breast cancer patients with diabetes compared to nondiabetic
patients and diabetic patients receiving alternative medica-
tions [109]. With the increasing comorbidity of breast cancer
with diabetes and other diseases in postmenopausal women,
combination comorbidity medication studies are imperative
to determine metformin interactive efficacy.

4.1. Metformin as a Breast Cancer Treatment Independent
of Diabetes. Despite the benefits of metformin to reduce
breast cancer risk in diabetic patients metformin is still
debatable; metformin is coming into prominence in its own
right as a breast cancer adjuvant treatment independent of
diabetes. As mentioned earlier, in addition to metformin’s
properties to reduce glucose and insulin in the bloodstream,
it has also been shown to reduce circulating androgen and
estrogen levels, which have well established mitogenic effects
in breast cancer [49, 50]. Endocrine resistant breast cancer in
obese postmenopausal women is partly mediated by insulin
resistance and changes in estrogen metabolism metformin
may also play a crucial role in preventing endocrine resis-
tant tumours. However, early Phase I clinical trials with a
combination of metformin with exemestane, an aromatase
inhibitor, in a cohort of obese nondiabetic postmenopausal
women, though well tolerated, showed no improved outcome
[120]. A prospective phase II clinical trial to test neoadjuvant
metformin with the aromatase inhibitor letrozole in ER+
postmenopausal nondiabetic women has been initiated to
evaluate the direct antitumour effects of metformin [110]
and it will be some time before the long-term benefits of
metformin use is realised.

4.2. Metformin Presurgical Trials in Breast Cancer Patients
without Diabetes. Four presurgical metformin clinical trials
to determine if metformin was able to modulate breast
tumour proliferation were conducted with mixed results.
Three clinical trials showed no significant difference in apop-
tosis when metformin was given before the surgery [102, 111];
conversely, one trial indicated a potential benefit according to
insulin-resistant status [112] and one trial provided support
for antiproliferative effects with metformin [113]. The major
limitation to of all these studies was the small sample size.

Despite the controversial retrospective meta-analyses
studies reported, currently there are at least 20 recruiting and
completed clinical trials, registered by the National Institute
of Health (NIH) USA, addressing the use of metformin with
combinational cancer therapies (https://clinicaltrials.gov/ct2/
results?term=breast+cancer+and+metformin&Search=Search)
. To date, the results of one study have been posted on the
NIH clinical trials site; however, due to the low numbers



BioMed Research International 9

in the patient cohorts, no meaningful results have been
recorded.

5. Conclusion

Overwhelming evidence supporting that type 2 diabetes
increases breast cancer risk makes the idea of using the
diabetic drug metformin as a preventative drug for cancer a
very exciting prospect. Still there are a number of unresolved
issues in metformin use for breast cancer treatment outlined
as follows.

Summary. Metformin Use for Breast Cancer Treatment. There
is strong epidemiological evidence to support an increase in
breast cancer incidence and death in prediabetic and diabetic
patients.

There is mounting evidence to suggest that diabetic
patients treated with metformin have reduced breast cancer
risk supporting metformin use as a preventative medication
for breast cancer.

In vitro studies strongly support the role for metformin
in treatment for most of, if not all of, the subtypes of breast
cancer, especially the hard to treat triple negative breast
cancers.

To date, meta-analyses of retrospective clinical trial data
on the use of metformin as a mono- or combined therapy
for comorbidity (patients with diabetes and cancer) are
equivocal supporting positive or no difference in survival
outcomes. Most studies are inconclusive and recommend
further confirmation.

Phase I clinical trials with a combination of metformin
with exemestane in a cohort of obese, nondiabetic post-
menopausal women, although well tolerated, showed no
improved outcome.

The majority of breast cancers patients are postmeno-
pausal women where there is increasing incidence of comor-
bidity, diabetes, and cancer. The heterogeneity of breast
cancer, confounded by comorbidity of disease in the elderly
population, makes it difficult to determine the actual benefits
of metformin as a mono- or adjuvant therapy for breast
cancer.

Prospective controlled clinical trial outcomes will be
important to provide more definitive answers regarding the
efficacy of metformin use in prevention and treatment for a
breast cancer. Ongoing clinical trials are open for metformin
as an adjuvant therapy for breast cancer.

The biology and mechanism of metformin action under-
pinning its use as an antidiabetic and antibreast can-
cer comorbidity treatment are likewise very compelling.
Although the mechanism of metformin action is not fully
understood, the in vitro evidence shows that metformin
is an effective inhibitor of cell proliferation and an acti-
vator of apoptosis in breast cancer cells and supports the
use of metformin as a mono- and/or adjuvant therapy
for breast cancer with some limitations as discussed. Data
from the retrospective meta-analyses investigating the use
of metformin in breast cancer have suffered from a number
of limitations and flawed assumptions. The meta-analyses
are retrospective observational studies only and were not

designed to specifically analyse the effects of metformin
as a preventative or adjuvant treatment in defined breast
cancer patient cohorts. Patient numbers and confounding
comorbidities limitedmany of the studies.Themajority of the
studies report a significant increase in breast cancer incidence
in postmenopausal type 2 diabetic, prediabetic, and obese
patients with higher prevalence of other comorbidities such
as cardiovascular disease. Retrospective studies to investigate
if the use of metformin as a preferred diabetic medication
actually reduced the incidence of breast cancer in these
population studies have been contentious and divided into
somemeta-analyses showing a decreased risk of breast cancer
incidence and others showing no effect. Other aspects that
can alter patient outcome after metformin treatment include
other medications taken, the different administration times
of taking the drugs, and the drug dosage. These need to be
taken into account in future studies. To date, metformin is
not approved for clinical use in breast cancer treatment by the
Food andDrugsAdministration (FDA) and is still considered
investigational. Even so, metformin is well established as an
inexpensive, relatively safe, and effective drug for diabetes,
prediabetes, and obesity and to extend this into breast cancer
treatment regimens may have both economic and clinical
benefits. Two important issues that are still to be resolved
are the safety of metformin in comorbidity treatments for
breast cancer and diabetes and the suitability of metformin
as a breast cancer therapy independent of diabetes. The
persuasive in vitro evidence and the optimistic retrospective
observational clinical meta-analyses studies on metformin
treatment for breast cancer have led to ongoing phases I–III
clinical trials. These studies are important for clarification of
the use of metformin in breast cancer prevention and breast
cancer treatment, particularly as it is a commonly used FDA
approved drug for diabetes. Prospective controlled clinical
trial outcomes will be important to provide more definitive
answers regarding the efficacy ofmetforminuse in prevention
and treatment for a breast cancer patients as well as its efficacy
in comorbidity treatments for diabetes, breast cancer, and
other diseases.
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Cancer and diabetes are among the most common diseases in western societies. Epidemiological studies have shown that diabetic
patients have a significantly higher risk of developing a number of different types of cancers and that individuals with comorbidity
(cancer and diabetes/prediabetes) have a poorer prognosis relative to nondiabetic cancer patients. The increasing frequency of
comorbidity of cancer and diabetes mellitus, mainly type 2 diabetes, has driven the development of therapeutic interventions that
target both disease states. There is strong evidence to suggest that balancing the sphingolipid rheostat, ceramide—sphingosine—
sphingosine-1-phosphate (S1P) is crucial in the prevention of diabetes and cancer and sphingosine kinase/S1P modulators are
currently under development for the treatment of cancer and diabetes. This paper will highlight some of the complexities inherent
in the use of the emerging sphingosine kinase/S1P modulators in the treatment of comorbidity of diabetes and cancer.

1. Introduction

Cancer and diabetes mellitus are two of the most prevalent
diseases worldwide. An estimated 347 million people world-
wide suffer from diabetes [1].TheWorldHealth Organization
(WHO) projects this disease to become the 7th leading cause
of death by 2030 [2]. Cancer is the 2ndmost prevalent disease
worldwide [3, 4]. Whilst there is an increasing awareness
of a strong association between the two diseases, both for
cancer incidence and prognosis, the biologic links between
diabetes and cancer risk are not well defined [5–7]. Type 2
diabetic patients have a greater propensity to develop cancer,
and cancer and diabetes share many risk factors [8]. Some
epidemiological studies suggest increasedmortality in cancer
patients with preexisting diabetes [9]. With the increasing
likelihood of comorbidity of cancer and diabetes and the
potential of increased mortality in these patients [9–11],

understanding the aetiology underlying both diseases will aid
in the development of more efficacious treatments.

Sphingosine kinase (SphK) is an important signalling
enzyme that catalyses the phosphorylation of the lipid sphin-
gosine to form sphingosine-1-phosphate (S1P) and has been
implicated in the pathology of both diabetes and cancer
[7, 12–17]. SphK plays a critical role in balancing the relative
levels of the two signalling molecules controlling cellular
metabolic processes such as cell proliferation, survival, apop-
tosis, adhesion, and migration [18–20]. Hence there is a
strong motivation for the development of SphK/S1P mod-
ulators for therapeutic interventions to target patients with
comorbidity of diabetes and cancer. This paper, as part of the
special issue on “Hijacking themetabolic regulation in cancer
and diabetes,” aims to highlight the complications arising
from targeting the SphK1/S1P rheostat, by the S1P modula-
tors, for cancer therapy in patients with prediabetes/diabetes.
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2. Type 1 and Type 2 Diabetes

Type 1 and type 2 diabetes are complex diseases characterised
by progressive failure of the insulin producing pancreatic
𝛽-cells [21]. The mechanisms of pancreatic 𝛽-cell death in
type 1 and type 2 diabetes have very few similarities [22].
Type 1 diabetes is caused by an autoimmune attack resulting
in the loss of the insulin producing 𝛽-cells and loss of
insulin secretion whereas type 2 diabetes is characterised
by insulin resistance, which can lead to a relative state of
hyperinsulinaemia (overproduction of insulin) to maintain
normal glycaemia and eventually results in 𝛽-cell failure.
Approximately 10% of diabetic patients have type 1 diabetes
(usually starting in childhood or younger age), and these
patients have an absolute requirement for insulin therapy
requiring daily dosage of insulin. Type 2 diabetes is the most
common, making up approximately 90% of all cases. In most
instances these patients are noninsulin dependent; however,
over time, they may require insulin to maintain glycaemic
control.The onset of type 2 diabetes is usually later in life and
is associated with obesity and a sedentary lifestyle. Saturated
fatty acids associated with obesity, such as palmitate, are
lipotoxic towards the pancreatic𝛽-cells, exerting a double hit:
insulin resistance and reduced pancreatic 𝛽-cell survival [23,
24]. Skeletal muscle also plays a major role in the pathology
of insulin resistance as this tissue is important for whole body
insulin-stimulated glucose removal [25]. Thus perturbation
of insulin signalling in skeletal muscle is a key factor in type
2 diabetes development. Complications of both type 1 and
type 2 diabetes include cardiovascular disease, neuropathy,
retinopathy, and kidney failure [21].

3. Obesity, Diabetes, and Cancer

Obesity is a common risk factor linking type 2 diabetes and
cancer and is covered extensively in a recent review [6]. Type
2 diabetes and obesity have been associated independently,
and in common, with increased cancer risk [8]. This risk
may be attributed to underlying metabolic conditions such
as insulin resistance, hyperinsulinaemia, hyperglycaemia,
and inflammation, which all influence the development
and progression of neoplasia [26]. Treatment of diabetes
with glucose-lowering therapies, such as metformin, has
been reviewed extensively and, in general, the treatment of
diabetic patients with metformin has been shown to lead to
a reduced cancer risk and results in a better overall survival
[5, 10, 11, 27]. The effects of cancer drugs on coexisting
diabetes have been less well studied and in some cases cancer
therapies may cause increased risk of diabetes development
[27, 28]. A signalling pathway crucial to the onset/progression
of cancer and diabetes is the phosphatidylinositol-3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR) path-
way [29]. Hyperactivation of this pathway is known to
result in increased cell proliferation, decreased apoptosis,
and cancer [28]. Inhibitors of this pathway are used for
cancer therapy but such drugs may result in impaired insulin
responses and insulin resistance leading to the development
of type 2 diabetes [28]. Cancer chemotherapy with drugs
such as 5-fluorouracil, androgen-deprivation therapy, and

carboplatin has been reported to be associated with drug-
induced diabetes or the worsening of preexisting diabetes
and is reviewed in [6]. More recently, manipulation of
the sphingosine kinase/sphingosine-1-phosphate (SphK/S1P)
signalling pathway using generic and specific inhibitors has
been investigated as a potential cancer therapy [13–15, 30–
34]. However, there is a fine balance between swinging the
ceramide-SphK/S1P pendulum in favour of cancer preven-
tion/treatment and the onset of diabetes (Figure 1). This
conundrum is discussed in more detail below.

4. Sphingosine Kinase

There are two major isoforms of SphK (SphK1 and SphK2)
with diverse and compensatory actions [35]. SphK mediates
the balance between the proapoptotic effects of ceramide
and sphingosine substrates and the antiapoptotic effects
of sphingosine-1-phosphate (S1P), a phosphorylation bal-
ance system more aptly named “the sphingolipid rheo-
stat” [18, 36, 37]. SphK phosphorylates sphingosine to pro-
duce sphingosine-1-phosphate (S1P) andmodulates autocrine
(intracellular) and paracrine (extracellular) functions. S1P
binds mainly to five specific G-protein-coupled receptors
(GPCRs), S1P

1−5
[38]. One or more of the five S1P receptor

subtypes are found on the surface of most cells [38]. S1P
activation and function is cell type and S1P receptor type
specific. In skeletal muscle cells, S1P has been shown to
increase glucose uptake through the transactivation of the
insulin receptor [39] whereas in epithelial cells S1P inhibits
AKT activity and interrupts insulin signalling and cell prolif-
eration through the S1P

2
receptor subtype [40]. The SphK1

isoform has two major subtypes, SphK1a and SphK1b, and
emerging evidence indicates that SphK1a and SphK1b have
common and differing interacting partners [41] and, through
such interactions, each subtype is able to influence diverse
downstream signalling pathways [42]. Tipping the balance in
favour of ceramide accumulation has been shown to cause
insulin resistance whereas SphK1 prevents ceramide accumu-
lation by promoting its metabolism to S1P and augmenting
insulin action [16, 43, 44]. In contrast, overexpression of
SphK1 is associated with increased cancer risk [7, 12]. As
mentioned previously, inhibitors of SphK1 are currently
being explored for cancer treatment; however, with the high
probability of comorbidity of cancer and diabetes [5, 6], the
possibility of cancer treatments such as SphK1 inhibitors
promoting insulin resistance may have dire consequences for
cancer survivors.

5. SphK and S1P Inhibitors and
Diabetes/Obesity Complications

The drive towards the use of SphK/S1P pharmaceutical
inhibitors for cancer treatment has key significance for
diabetic patients. The “sphingolipid rheostat” is implicated
in controlling the balance between cell proliferation and
apoptosis. As such, activation of S1P has been shown to be
critical in protecting pancreatic𝛽-cells (the cells that produce,
store, and release insulin) from apoptosis and preventing
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Figure 1: The swinging pendulum. Overexpression of SphK1 activates S1P and favours cell proliferation and survival. S1P overexpression is
associated with cancer progression, type 2 diabetes complications such as inflammation, metabolic dysfunction, cardiovascular problems,
nephropathy, retinopathy, and neuropathy. Loss of S1P can affect pancreatic 𝛽-cell proliferation and is associated with the progression of both
type 1 and type 2 diabetes. Therapeutic intervention involving binding to specific S1P receptors may swing the pendulum in favour of more
promising comorbidity treatments. Cer: ceramide, Sph: sphingosine, SphK1: sphingosine kinase 1, S1P: sphingosine-1-phosphate.

the development of diabetes in obese mice [43]. Abnormal
islet function is central to the development of type 1 and type 2
diabetes [45]; therefore the danger of SphK/S1P inhibitors for
cancer therapy is that they may increase the risk of diabetes
development. In support of S1P activation in diabetic control,
S1P has been shown to be important for insulin synthesis and
secretion in a rat insulinoma cell line [46], muscle insulin
resistance [16], and adiponectin action (increased sensitivity,
decreased inflammation, and prosurvival) [47, 48]. The dia-
betic mouse model, KK/Ay, demonstrates a morbidly obese
phenotype with metabolic abnormalities that are common
in diabetic patients [49]. Overexpression of SphK1 in KK/Ay
diabetic mice has been shown to significantly reduce blood
glucose levels and improve the overall health of the animals
whilst having no effect on normal animals [17].

There is a strong risk of cardiovascular diseases and
heart failure in diabetic patients [50–55]. Several studies and
reviews have emphasised the importance of SphK1/S1P in car-
dioprotection [17, 56–58]. A typical feature of the phenotype
of animal models of diabetes is an increased accumulation of
glycogen in the myocardium which leads to cardiomyopathy
[59]. Such glycogen accumulation, which is typical of KK/Ay
diabetic mice, was absent after adenoviral mediated (Ad-
SphK1) overexpression of SphK1, potentially improving the
function of the heart [17]. Moreover, impairment of liver and
kidney function associated with the diabetic phenotype was
also reversed in the Ad-SphK1 diabetic mice [17].

Atherosclerosis, the hardening of the arteries eventually
leading to heart attacks and peripheral vascular disease, is
accelerated in type 1 and type 2 diabetic patients [60–62].
Interactions between monocytes and endothelial cells are
critical early events in the development of atherosclerosis
[63]. In the nonobese diabetic mouse model (NOD/LtJ), a
mouse model of spontaneous type 1 diabetes development
(autoimmune destruction of the pancreatic islet cells), S1P

minimises the monocyte/endothelial interaction that occurs
in elevated glucose environments [64, 65].

Silent myocardial ischaemia is frequently presented in
diabetic patients and this is reviewed in [66]. Activation
of SphK1 has been shown to protect isolated mouse hearts
against ischaemia/reperfusion injury [67], to have a cardio-
protective effect of ischaemic preconditioning in mice and
ischaemia/reperfusion injury [67–69] and to play a role in
recovery of haemodynamic function after ischaemic injury
[69]. In addition, SphK1 is important in the maintenance
of blood vessel integrity and mice depleted of SphK1 have
increased vascular leakiness [70]. Wound healing is also
problematic in diabetic patients; however, SphK1/S1P activa-
tion has recently shown promise in the improvement of the
wound healing process in diabetic rats [71].

Prevention of diabetes and improved pancreatic islet
transplantation outcomes through pharmacological manip-
ulation of the sphingolipid rheostat in favour of SphK1 has
been shown to (i) promote insulin release, (ii) promote
establishment and maintenance of intraislet vasculature,
(iii) improve glucose sensing, and (iv) play a role in the
prevention/treatment of the immune-mediated attack [45].
SphK1/S1P also plays a prosurvival role in primary hepato-
cytes and protects against liver injury [72].

On the other hand, S1P activation is not all positive for
diabetic patients. S1P has been shown to be significantly
increased in the blood of obese humans and mice and
elevated S1P levels in humans have been correlated with
metabolic dysfunction, cardiovascular problems, high body
mass index (BMI), and large waist circumference, all fac-
tors associated with obesity [73]. Complications associated
with obesity are also linked to cancer risk [10]. Wang
and colleagues demonstrated that SphK1 overexpression
was associated with adipose proinflammatory responses and
insulin resistance in diet-induced obese mice and obese
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diabetic humans [74]. In agreement with these findings
Tous and colleagues demonstrated that activation of SphK1
in adipocytes (fat cells) triggered a cytokine inflammatory
response whereas suppression of SphK1 activation lowered
the expression of proinflammatory cytokines in adipose
tissue of Zucker diabetic fatty rats [75]. In these experimental
scenarios, inhibition of SphK1 was suggested as a therapeutic
tool for the prevention and treatment of inflammation asso-
ciated with obesity and type 2 diabetes [75]. Although there
are several studies and reviews emphasising the importance
of SphK1/S1P in cardioprotection (as mentioned above),
elevated SphK1/S1P levels have also been associated with
the negative effects of cardiovascular diseases linked to
diabetes. For example, in one study SphK1 inhibition ame-
liorated angiotensin II-induced acute hypertension [76] and
in another study deregulation of specific S1Ps played a role
in cardiac microvascular dysfunction [77]. A growing list of
adverse diabetic complications is believed to be involved with
high levels of SphK1/S1P expression including neuropathy
[36, 78, 79], retinopathy [80–84], nephropathy [85], and
cancer [5, 6, 8]. The complexities of insulin resistance, with
reference to the onset of diabetes and the modulation of S1P
signalling, are discussed comprehensively in recent articles
by Fayyaz and colleagues [86, 87]. In summary, the major
apparent hurdle is that therapies targeting the SphK/S1P
rheostat in cancer patients (for cancer therapy) may prove
to be a double-edged sword where predisposing conditions
such as obesity and diabetes are also presented. In addition,
complications associatedwith the use of SphK1/S1P inhibitors
may be that cancer patients are more susceptible to diabetes
development. The multifaceted nature of SphK complicates
the generation of SphK/S1P inhibitors as therapies for cancer.

6. SphK and S1P Inhibitors:
Obesity/Diabetes/Cancer Conundrum

The development of treatment regimes to avoid complica-
tions arising from the presence of combined disease states,
such as cancer and diabetes, is a major challenge: in this
case, to balance cancer cell apoptosis and reduce disease
complications whilst protecting pancreatic 𝛽-cell prolifera-
tion, it is becoming increasingly apparent that balancing the
sphingosine rheostat is crucial in the development of many
types of cancer and also diabetes; however, the opposing
effects of SphK/S1P inhibitors on diabetes and cancer are a
conundrum. It is unknown whether S1P activation influences
both type 1 and type 2 diabetes outcomes such as mechanism
of 𝛽-cell death or insulin resistance in skeletal muscle. Fur-
thermore, obese cancer patients could be at heightened risk of
diabetes if treated with SphK/S1P inhibitors and this concept
needs to be considered in future research in SphK/S1P
inhibitor design and treatment. S1P agonists and functional
antagonists (S1P receptor modulators) are in development to
target specific S1P receptor subtypes to maximise therapeutic
efficacy [88, 89]. FTY720 (fingolimod) is a first generation
S1P modulator under consideration for the treatment of
cancer and diabetes, however not necessarily for comorbidity
therapy. FTY720 is a S1P analogue that mimics S1P as

an agonist of all the S1P receptors except S1P
2
[90–92].

Despite this, it also acts as a functional S1P
1
receptor antag-

onist, reviewed in [93]. The fact that FTY720 does not bind
to S1P

2
has created much interest for diabetes/cancer therapy

advocates. There are mixed results reported to date with the
use of FTY720 for cancer treatment. Recent advances have
shown the use of FTY720 and its derivatives to be promising
potential therapies for cancers such as intestinal and colorec-
tal cancer [94–97], leukaemia [95, 98, 99], ovarian cancer
[100], triple-negative breast cancers [101], and increased
sensitivity to radiation of breast cancer cells [102]. Moreover,
FTY720 inhibits melanoma growth and invasion in 3D
culture in vitro (NKH, unpublished results). On the other
hand, FTY720 decreased sensitivity of breast cancer cells
overexpressing the oncogene pp32r1 [103] andHER2 targeted
therapy with lapatinib [104] potentially compromising the
efficacy of FTY720 in some breast cancer clinical cotreatment
regimes.

SphK1/S1P inhibitors as therapies for diabetes are also
problematic. The effect of FTY720 in various animal models
of type 1 diabetes is summarised by Jessup and colleagues
[45]. The efficacy of FTY720 ranges from complete preven-
tion of diabetes, short-term prevention, and—depending on
the disease stage and time point of drug administration—
diminished efficacy from 20–100% [45]. In recent studies,
FTY720 has been shown to inhibit the development of obesity
in high fat fed mice, by modulation of adipogenesis and
lipolysis [105], and to attenuate the accumulation of ceramide
in muscles, associated with a high fat diet, resulting in
improved whole body glucose homeostasis [106] and amelio-
ration of prediabetic type 2 disposition. Previous reports also
provided promising results with complete reversal of diabetes
(6/11 mice) in obese mice with continuous administration
of FTY720 [107]. In addition, the recent study by Moon
and colleagues demonstrated that FTY720 increased 𝛽-cell
survival and restored 𝛽-cell function with improved glucose
tolerance in a diabetic (db/db) mouse model [108]. Not all
groups have found FTY720 beneficial in the prevention or
cure of diabetes [86, 109]. Fayyaz and colleagues demon-
strated FTY720 was unable to modulate S1Pmediated insulin
signalling in human and rat hepatocytes [86]. As mentioned,
FTY720 does not bind the S1P

2
receptor. The importance

of the S1P
2
receptor in insulin resistance was demonstrated

by blocking the receptor using a specific antagonist (JTE-
013), thereby increasing hepatic insulin signalling [86, 109].
Hence specific S1P

2
receptor antagonists such as JTE-013

have been suggested as targets for diabetes treatments
(Figure 2).

The controversial function of current S1P agonists and
functional antagonists has been associated with binding of
differing S1P receptor transmembrane expression, such as
demonstrated for FTY720. As discussed above, SphK1/S1P
inhibitors can have positive and negative impact for dia-
betic patients depending on the patient’s specific con-
dition. Current second generation S1P receptor agonists
hold much promise for comorbidity cancer/diabetes treat-
ments and are reviewed in [88, 89]. A comparison of
fingolimod (FTY720) and the most advanced next gen-
eration S1P modulators (siponimod, ponesimod, KRP-203,
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ONO-4641, RPC1063, CS-0777, and GSK2018682), each
modulator targeting common and different S1P receptors, are
illustrated in Figure 3 [88, 93]. Comparative selectivity of S1P
modulator activation of specific S1P receptors is shown in
Table 1. Knowledge of specific S1P receptor function provides
some insight into how S1P receptor modulators may be
targeted for comorbidity treatments.

7. The SphK1/S1P Rheostat
Therapeutic Challenge

Targeting the sphingolipid rheostat for diabetes and cancer
therapy holds great promise; however, the treatment for
comorbidity will be the greatest hurdle to overcome. As
portrayed in Figure 1, the challenge will be to balance cancer
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Table 1: Comparative selectivity of the S1P modulators (adapted
from [88]).

S1P
1

S1P
2

S1P
3

S1P
4

S1P
5

FTY720 ++++ − + ++ +++
CS-0777 +++ − + − ++
Ponesimod +++ − + − ++
RPC0163 ++++ +/− +/− +/− ++
ONO-4641 ++ − − + ++
Siponimod ++ − − + ++
GSK2018682 ++ − − − +
KRP-203 +++ − − ++ −

JTE-013 − +++ − − −

+ indicates comparative selectivity of S1P modulators binding to individual
receptors.

cell apoptosis on the one hand and promote 𝛽-cell survival
for insulin production on the other hand; it is a swinging
pendulum (Figure 1). A greater understanding of the actions
of SphK1/S1P in the context of diabetes, especially the onset of
type 2 diabetes and cancer, is required if we are to switch the
sphingolipid rheostat in the treatment of diabetes and cancer
comorbidity from a problem to an advantage.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] G. Danaei, M.M. Finucane, Y. Lu et al., “National, regional, and
global trends in fasting plasma glucose and diabetes prevalence
since 1980: systematic analysis of health examination surveys
and epidemiological studies with 370 country-years and 2⋅7
million participants,” The Lancet, vol. 378, no. 9785, pp. 31–40,
2011.

[2] WHO,Global Status Report onNoncommunicable Diseases 2010,
WHO, Geneva, Switzerland, 2011.

[3] J. Ferlay, I. Soerjomataram, M. Ervik et al., GLOBOCAN 2012
v1.0, IARC Cancer Base No. 11, Cancer Incidence and Mortality
Worldwide, 2012.

[4] F. Bray, J.-S. Ren, E. Masuyer, and J. Ferlay, “Global estimates of
cancer prevalence for 27 sites in the adult population in 2008,”
International Journal of Cancer, vol. 132, no. 5, pp. 1133–1145,
2013.

[5] S. Sen, Y. He, D. Koya, and K. Kanasaki, “Cancer biology in
diabetes,” Journal of Diabetes Investigation, vol. 5, no. 3, pp. 251–
264, 2014.

[6] S. K. Garg, H. Maurer, K. Reed, and R. Selagamsetty, “Diabetes
and cancer: two diseases with obesity as a common risk factor,”
Diabetes, Obesity andMetabolism, vol. 16, no. 2, pp. 97–110, 2014.

[7] M. J. Khandekar, P. Cohen, and B. M. Spiegelman, “Molecular
mechanisms of cancer development in obesity,” Nature Reviews
Cancer, vol. 11, no. 12, pp. 886–895, 2011.

[8] E. Giovannucci, D. M. Harlan, M. C. Archer et al., “Diabetes
and cancer: a consensus report,”Diabetes Care, vol. 33, no. 7, pp.
1674–1685, 2010.

[9] B. B. Barone, H.-C. Yeh, C. F. Snyder et al., “Long-term all-
cause mortality in cancer patients with preexisting diabetes
mellitus: a systematic review and meta-analysis,”The Journal of
the American Medical Association, vol. 300, no. 23, pp. 2754–
2764, 2008.

[10] H. Noto, A. Goto, T. Tsujimoto, K. Osame, andM.Noda, “Latest
insights into the risk of cancer in diabetes,” Journal of Diabetes
Investigation, vol. 4, no. 3, pp. 225–232, 2013.

[11] M. Jalving, J. A. Gietema, J. D. Lefrandt et al., “Metformin:
taking away the candy for cancer?” European Journal of Cancer,
vol. 46, no. 13, pp. 2369–2380, 2010.

[12] M. Maceyka, K. B. Harikumar, S. Milstien, and S. Spiegel,
“Sphingosine-1-phosphate signaling and its role in disease,”
Trends in Cell Biology, vol. 22, no. 1, pp. 50–60, 2012.
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