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Abstract

Cisplatin is an effective anti-cancer drug which has been successfully utilized in 
the treatment of many cancer types. However, cisplatin has shown only limited efficacy 
in the majority of breast tumors, and is not generally included as a monotherapy in 
this disease. The potential role of hormones in chemoresistance in breast cancer has 
received little attention. This review focuses on two classes of hormones: a) protein 
hormones that include prolactin, growth hormone and leptin, all of which act via class 
1 cytokine receptors and activate the Jak2/stat signaling pathway, and b) steroid 
hormones that include estrogens, xenoestrogens, and glucocorticoids, which generally 
act via ligand-regulated nuclear receptors. Accumulating evidence indicate that 
each of these hormone antagonizes cisplatin cytotoxicity in breast cancer cells by 
a variety of mechanisms. The implications of chemoresistance by these hormones to 
patients with hormone-sensitive breast cancer, and the potential benefits of increasing 
chemosensitivity by using anti-hormone treatment regimens are discussed.  

ABBREVIATIONS
BCC: Breast Cancer Cells; BPA: Bisphenol A; Dex: 

Dexamethasone; E2: 17β Estradiol; Erα: Estrogen Receptor 
Alpha; Erβ: Estrogen Receptor Beta; ERE: Estrogen Response 
Elements; GH: Growth Hormone; GHR: Growth Hormone 
Receptor; GRE: Glucocorticoid Response Element; GPR30: 
G-Protein Coupled Receptor 30 (Also Named GPER); GST: 
Glutathione-S-Transferase; Jak2: Janus Kinase 2; KLF5: Krüppel-
Like Factor 5; MAPK: Mitogen-Activated Protein Kinases; Ob-R; 
Leptin Receptor; PLC: Phospholipase C; PRL: Prolactin; PRLR:    
Prolactin Receptor; ROS: Reactive Oxygen Species; SIRT1: Sirtuin 
1; Tgfα: Transforming Growth Factor Alpha; Tgfβ: Transforming 
Growth Factor Beta; UCP2: Uncoupling Protein 2 

INTRODUCTION
Cisplatin and carboplatin serve as the first line anti-cancer 

treatment in ovarian, testicular, and lung cancers. However, they 
have only limited efficacy in triple-negative breast cancer, and 
are largely ineffective in the majority of breast tumors, which 
are hormone-sensitive [1,2]. Yet, the potential role of hormones 
as contributing factors to cisplatin resistance in this disease has 
received little attention. Poor responsiveness to cisplatin can 
result from several causes, including diminished intracellular 
drug accumulation due to drug efflux or metabolic inactivation, 
increased anti-apoptotic proteins, and enhanced DNA damage 
repair [3]. 

This short review focuses on two classes of hormones that 
antagonize cisplatin cytotoxicity in breast cancer: a) protein 
hormones such as prolactin (PRL), growth hormone (GH) and 

leptin, all of which bind to class 1 cytokinemembrane receptors 
and activate the Jak2/Stat signaling pathway, and b) steroid 
hormones, such as estrogens, xenoestrogens and glucocorticoids, 
all of which bind primarily to nuclear hormone receptors that 
act as transcription factors. Below we outline some features 
of these hormones and their receptors, and review the data 
demonstrating their ability to reduce cisplatin efficacy. We also 
discuss the implications of this resistance to patients with breast 
cancer, and the potential benefits of developing anti-hormonal 
treatment regimens to improve cisplatin efficacy. 

Resistance to cisplatin by selected protein hormones 

Prolactin: PRL is a 23 kDa multifunctional protein hormone 
that is produced by the pituitary gland as well as by many extra 
pituitary sites [4]. Within the human breast, PRL is produced by 
both compartments: the epithelium, where tumors developed, 
and the surrounding stroma, composed of PRL-producing 
adipocytes, fibroblasts, endothelial cells, and immune cells. 
Consequently, breast tumors are exposed to PRL from the 
circulation (endocrine regulation), as well as from local sources 
(paracrine and autocrine regulation). The PRL receptor (PRLR) 
is a single-pass membrane protein that belongs to class 1 
cytokinereceptor superfamily. These receptors are characterized 
by a tripartite structure: an extracellular ligand binding domain, 
a short transmembrane domain, and an intracellular domain 
that couples to a variety of signaling molecules [5]. Alternative 
splicing of the PRLR generates long, intermediate, and several 
short isoforms, which differ in the length of their intracellular 
domains. Jak2/Stat5a/b is the main, albeit not the exclusive, 
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signaling pathway that is activated by ligand binding to a 
dimerized long PRLR. 

The involvement of PRL in breast tumorigenesis is well 
established. For example, in rodents, PRL stimulates the growth 
of mammary tumors [6]. In women, elevated serum PRL levels 
increase the risk of developing breast cancer [7]. In cultured 
human breast cancer cells (BCC), PRL increases the proliferation, 
survival, invasiveness, and clonogenic growth [8,9].

Studies from our laboratory revealed that pretreatment 
of several BCC with PRL significantly reduced cytotoxicity by 
cisplatin [10]. This antagonism was ascribed to PRL-induced 
activation of glutathione-S-transferase (GST), a phase II 
detoxification enzyme which conjugates cisplatin to glutathione, 
thereby enabling its expulsion from the cells. This observation was 
indirectly supported by the report that inhibition of glutathione 
synthesis reverses Bcl-2-mediated cisplatin resistance in BCC 
[11]. Indeed, upregulation of the anti-apoptotic protein Bcl-
2 is another mechanism by which PRL enhances resistance to 
cisplatin [12]. In addition to cisplatin, PRL increases resistance 
to chemotherapeutic agents representing different classes, 
including doxorubicin, taxol and vinblastine [10], establishing 
the action of PRL as an anti-apoptotic hormone which provides 
survival advantage to cancer cells. Notably, another study 
reported that autocrine PRL protects T47D and MCF-7 cells 
from cisplatin cytotoxicity [13]. This notion was based on the 
enhancement of cisplatin-induced apoptosis by co-treatment 
with a hPRL antagonist. The mechanism by which the antagonist 
induced apoptosis was attributed to TGFα downregulation, TGFβ 
upregulation, and caspase 3 activation. 

Growth hormone: GH is a 23 kDa pituitary hormone with a 
similar structure to, and some overlapping functions with, PRL. 
Likewise, GH is also expressed in many extrapituitary sites [14]. 
In addition to acting via its cognate receptor (GHR), a class 1 
cytokine receptor, human GH (hGH) binds to and activates the 
hPRLR. Consequently, GH may affect breast cancer by acting 
on GHR, PRLR or both. Several lines of evidence indicate that 
GH contributes to the development and progression of breast 
cancer [15]. As discussed in a recent review, GH increases 
chemoresistance in breast cancer by altering drug efflux, 
oxidative stress response, and apoptosis [16]. Although we found 
no reports that specifically examined the effects of GH on cisplatin, 
in all likelihood its actions resemble those of PRL. Indeed, in 
endometrial adenocarcinoma cells. GH increases resistance to 
cisplatin by markedly blunting the cisplatin-induced activation of 
caspase 3/7 [17].

Leptin: Leptin is a 16kDa protein hormone synthesized 
in white adipose tissue, and serves as a key regulator of the 
nutritional status and energy metabolism. Leptin acts through 
the leptin receptor (Ob-R), a class 1 cytokine receptor with a 
prototypical tripartite structure but a more complex extracellular 
moiety. The receptor exists as six isoforms that differ in the length 
of the intracellular domains [18]. Similar to PRL and GH, leptin 
signals primarily through the Jak2/Stat pathway. In obesity, 
elevated serum leptin levels play significant roles in breast 
tumor initiation, growth, invasion, and metastatic progression 
[19]. Chronic treatment of MCF-7 cells with leptin counteracted 
cisplatin-induced cytotoxicity [20]. The antagonistic effect of 

leptin was attributed to a reduction in cisplatin-induced ROS 
(reactive oxygen species) generation, resulting from decreased 
activity of mitochondrial uncoupling protein 2 (UCP-2), which 
prevents ROS production, and increased activity of SIRT1, which 
is involved in the adaptive response against oxidative stress. 
Others reported that treatment of BCC with a leptin antagonist 
coupled to nanoparticles augmented the apoptotic effects of 
cisplatin, indicating that leptin is a survival factor in these cells 
[21]. 

Resistance to cisplatin by steroid hormones

Estrogens are physiologically defined by their ability to 
develop and maintain the female reproductive system. This 
category includes naturally occurring steroids i.e., 17β estradiol 
(E2), estrone and estriol, as well as a variety of non-steroidal 
compounds from the environment, which mimic the effects of 
estrogens and are termed xenoestrogens or endocrine disruptors. 

Natural estrogens: The breast is exposed to natural 
estrogens from two sources: the circulation and local 
production. Both breast tumors and the surrounding fat express 
sex-steroid synthesizing enzymes that include aromatase, 
17β-hydroxysteroid dehydrogenase, and steroid sulfatase [22]. 
Estrogens bind to several receptors of diverse structure that 
are localized in the membrane, cytoplasm and nucleus. The two 
‘classical’ receptors, ERα and ERβ, are the products of distinct 
genes and differ primarily in their ligand binding domains [23]. 
Following ligand binding, the ERs dimerize, translocate to the 
nucleus and bind to estrogen response elements (EREs) in the 
promoters of target genes. In many cell types, a subpopulation 
of ERα is tethered to the cell membrane through palmitoylation. 
Activation of the membrane-associated ERs by estrogens results 
in rapid, non-genomic actions. Another class of estrogen-
binding receptors is represented by GPR30 (or GPER), a seven-
transmembrane domain receptor that signals through G-proteins 
[24]. Binding of estradiol to GPR30 stimulates the cAMP pathway, 
but directly or indirectly also activate other pathways such as 
MAPK, PI3K and PLC. 

Studies from our laboratory revealed that estradiol abrogated 
cisplatin toxicity in several BCC by increasing cell proliferation 
and by decreasing apoptosis [25]. Such protection by estrogen 
occurred in the presence of ERα and ERβ antagonists, in ERα-
negative cells, and in cells with ERβ knockdown, suggesting an 
action that is independent of classical ERs. Unlike PRL, E2 does 
not reduce cisplatin entry into the nucleus, indicating that it acts 
downstream of DNA damage. E2 increases the expression of Bcl-2 
in T47D cells, both in the presence and absence of cisplatin. Given 
that a potent Bcl-2 inhibitor only partially abrogated protection 
by E2, other mediators may be involved [25].

Xenoestrogens: A wide variety of industrial chemicals, 
pesticides, pharmaceuticals, and plant-derived compounds 
(phytoestrogens) mimic or antagonize endogenous estrogens 
[26]. Human exposure to these compounds occurs through the 
food and water supply, household goods, some dental composites 
and medical devices. One of the best studied endocrine disruptors 
is bisphenol A (BPA), a component of polycarbonate plastics and 
epoxy resins, which are prevalent in many consumer products. 
In BCC, BPA affects cell proliferation and activates certain sets 
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of genes, not all of which also respond to estradiol [27]. In 
addition, BPA rapidly activates non-genomic signaling, causing 
phosphorylation of MAPK and Akt within 10 min of exposure. 

Studies from our laboratory found that similar to the actions 
of PRL and E2, BPA antagonizes multiple anti-cancer drugs, 
showing equimolar potency with estradiol in opposing cisplatin 
toxicity [25]. BPA alone or in combination with doxorubicin [25], 
or cisplatin [28], increased Bcl-2 expression. Treatment with a 
Bcl-2 inhibitor completely blocks the BPA-induced antagonism 
of cisplatin, but only partially abrogates protection by E2. 
This suggests that BPA and estrogen exert protection against 
drug cytotoxicity by somewhat different mechanisms. Indeed, 
analysis of BrdU incorporation showed that BPA alone increases 
cell survival while estrogen alone increased cell proliferation 
[28]. Whether BPA binds to classical ERs or activates as yet an 
unidentified receptor remains to be determined. This notion is 
not unprecedented, as exemplified by opioid and cannabinoid 
receptors which were discovered many years after the 
bioactivity of their exogenous ligands was recognized. There are 
still hundreds of membranes, cytoplasmic and nuclear receptors 
without an identified endogenous ligand.  

Glucocorticoids: Cortisol, produced and secreted by the 
adrenal cortex, is the most abundant glucocorticoid in humans. 
Cortisol is essential for life, and it regulates or supports 
cardiovascular, metabolic, immunologic and homeostatic 
functions. Synthetic glucocorticoids are widely utilized in medical 
practice as replacement therapy in glucocorticoid deficiency, or 
to suppress the immune system. The glucocorticoid receptors 
(GR) are members of the nuclear receptor superfamily. These are 
typical hormone-dependent transcription factors that regulate 
gene transcription by binding to GREs (glucocorticoid response 
element) in target genes. Dexamethasone (Dex), a potent 
glucocorticoid analog, is used in the pretreatment of cancer 
patients undergoing chemotherapy to prevent allergic reactions, 
to alleviate chemotherapy-induced nausea and vomiting, and to 
improve appetite. Krüppel-like factor 5 (KLF5) is a transcription 
factor that is highly expressed in triple-negative breast cancer 
and promotes cell proliferation, survival, tumorigenesis and 
chemoresistance. Acting by increasing KLF5 transcription, Dex 
antagonized the apoptotic effects of both docetaxel and cisplatin 
in vitro and in vivo [29]. 

CONCLUSIONS AND CLINICAL IMPLICATIONS
Only few studies have focused on the potential roles of 

hormones in cisplatin resistance in breast cancer. One reason for 
this oversight is the multiple sites of origin of these hormones, 
which reach breast tumors from the circulation, from the adjacent 
stroma, and from cancer cells themselves. Consequently, analysis 
of blood levels of lactogens or estrogens does not reveal the full 
extent of tumor exposure to these hormones. Unfortunately, 
logistical problems limit the clinical ability to assess the true 
exposure level of breast tumors to these hormones within 
the microenvironment of the intact human breast. A second 
confounding issue is receptor promiscuity, with estrogen 
receptors capable of binding both steroidal and non-steroidal 
compounds, while the prolactin receptor capable of binding two 
distinct hormones, PRL and GH, which are classified as lactogens. 
This is further complicated by the presence of multiple receptor 

isoforms, with estrogens binding to both nuclear and membrane 
receptors, and lactogens binding to different PRLR isoforms 
that are coupled to several signaling pathways. Another issue is 
the inability to assess the extent of exposure to xenoestrogens 
which likely contribute to cisplatin resistance. Leptin, whose 
circulating levels are in direct proportion to adipose tissue 
mass, represent the contributions of obesity to chemoresistance. 
Dexamethasone, a synthetic glucocorticoid which is prescribed to 
patients undergoing chemotherapy to alleviate unpleasant side 
effects, may also impact on chemoresistance. Addressing some 
of the above issues by basic researchers would require non-
conventional thinking. In addition, clinicians should consider 
implementation of combinatorial treatments, i.e., anti-lactogens 
and anti-estrogens, as a means for improving cisplatin efficacy, as 
well as finding substitutes for synthetic glucocorticoids.  
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