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Abstract
The influence of psychosocial factors on the development and progression of cancer has been a
longstanding hypothesis since ancient times. In fact, epidemiological and clinical studies over the
past 30 years have provided strong evidence for links between chronic stress, depression and
social isolation and cancer progression. By contrast, there is only limited evidence for the role of
these behavioral factors in cancer initiation. Recent cellular and molecular studies have identified
specific signaling pathways that impact cancer growth and metastasis. This article provides an
overview of the relationship between psychosocial factors, specifically chronic stress, and cancer
progression.
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The major cause of death from cancer is metastasis that is resistant to conventional therapy
[1]. Primary neoplasms are biologically heterogeneous and the process of metastasis consists
of a series of sequential and selective steps that few cells can successfully complete. The
outcome of cancer metastasis depends on multiple interactions between metastatic cells and
homeostatic mechanisms that are unique to a given organ micro environment [2]. Therefore,
the treatment of metastasis should be targeted not only against cancer cells, but also against
the host factors that contribute to and support the progressive growth and survival of
metastatic cancer cells. Clinical and epidemiological studies over the last 30 years have
identified psychosocial factors including stress, chronic depression and lack of social
support as risk factors for cancer progression [3-6]. Whereas evidence for the role of
psychosocial factors in cancer initiation is limited and some-what contradictory [7-10],
support is stronger for links between psychological factors such as stress, depression and
social isolation and disease progression [11,12]. Chronicity of negative affect, as manifested
by depressed mood or hopelessness, appears to have stronger relationships with outcomes
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than do stressful events, suggesting that sustained activation of negative affective pathways
may provide the strongest links to cancer progression [13-16]. Moderators of stress, such as
social support, have been frequently studied with respect to cancer outcomes. Social support
refers to an individual’s perceived satisfaction with social relationships and is thought to
play a major role in buffering psychological and biological stress responses [17]. Several
studies have linked high levels of social support to improved clinical outcomes in cancer
patients. For example, in breast cancer patients, social support has been related to longer
survival in several large-scale studies [18-20], although negative findings were noted in
some studies [21-23]. Collectively, emerging evidence has shown stress and specific
psychosocial factors to be associated with key elements of the metastatic cascade in both
animal and human models. In this article, we review the biological processes affected by
chronic stress and the related pathways and discuss implications for cancer management.

Stress-mediated neuroendocrine response
Stress & the CNS

Stress is a complex process including environmental and psychosocial factors that initiate a
cascade of information processing in both the peripheral nervous system and CNS [24].
Stress can be acute (short-lived) or chronic (repetitive or occurring over an extended period
of time) [25]. Under chronic stress conditions, the body remains in a constant state of
‘overdrive’, with deleterious downstream effects on regulation of stress response systems, as
well as many organ systems [26]. Both norepinephrine (NE) and epinephrine (E) are known
to be elevated in individuals with acute or chronic stress [27-29]. Furthermore, dopamine
(DA) levels are increased in the brain during acute stress [30]. However, under chronic
stress, DA levels are lower as a consequence of decreased release of DA [31]. A variety of
stressors, including severe trauma, marital discord and bereavement, as well as depression
and social isolation, have been associated with dysregulation or alterations in various
neuroendocrine hormones, particularly catecholamines and cortisol [32-40].

The physiological stress response is thought to be one of the likely mediators of the effects
of psychosocial factors on cancer progression. The overall stress response involves
activation of several body systems including the autonomic nervous system and the
hypothalamic–pituitary–adrenal (HPA) axis. The ‘fight or flight’ response is elicited by the
production of mediators such as NE and E from the sympathetic nervous system (SNS) and
the adrenal medulla. The HPA response includes release of corticotropin -releasing hormone
from the hypothalamus, which induces secretion of adrenocorticotrophic hormone from the
anterior pituitary, resulting in downstream release of glucocorticoids (GCs) such as cortisol
from the adrenal cortex [41]. Additional neuroendocrine factors are also modu lated
following stress, including DA, prolactin, NGF, substance P and oxytocin [42,43].

Role of neuroendocrine mediators in peripheral organs
Neuroendocrine mediators can modulate cellular function in many of the peripheral tissue
sites most relevant to cancer onset and progression. For example, neurotransmitters from the
SNS (i.e., NE and E) play physiologically relevant roles in regulating the microenvironment
of peripheral organs. The ovary provides an example that is highly relevant to cancers of the
reproductive system. Overall concentrations of catecholamines are substantially higher in
the ovaries than in plasma [44]. Moreover, catecholamine levels in the ovaries are known to
be increased in response to stress owing to increased sympathetic activity, which has been
shown to result in the appearance of precystic follicles [45-48]. Similarly, catecholamines
are present at substantially higher levels in the bone marrow microenvironment and are
secreted from both nerve endings and bone marrow cells [49]. Functionally, neuroendocrine
factors can modulate hematopoiesis within the bone marrow microenvironment. With
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respect to catecholamines, the presence of α1B adrenoreceptors has been shown in pre-B-
cells, and their activation by catecholamines results not only in suppressed myelopoiesis in
vitro, but also in protection in vivo against supralethal doses of carboplatin [49].

The effects of catecholamines are mediated through adrenergic receptors (ADRs), which are
the most extensively studied classes of G-protein-coupled receptors. Genomic and/or cDNA
clones for nine types of ADRs have been obtained: two types of α1-ADRs (ADRA1), three
types of α2-ADRs (ADRA2), β1-ADR (ADRB1), β2-ADR (ADRB2), β3-ADR (ADRB3)
and the avian β-receptors [50]. These receptors are coupled to G-proteins, which act as
molecular switches to control downstream pathways. In the G-protein switching mechanism
of control, ADRs can bind the stimulatory G-protein, Gs, or the inhibitory G-protein, Gi.
Binding of Gs mediates activation of the cAMP-dependent PKA system and results in
downstream activation of several pathways, resulting in growth and migration of cells
[51,52], while binding of Gi controls multiple signaling cascades, among them the mitogen-
activated protein kinase pathway, which is frequently overactivated in cancers. Stimulation
of the ADRA1 expressed in cultured cells leads to the activation of phospholipase C,
whereas stimulation of ADRA2 leads to inhibition of adenylyl cyclase and the activation of
phospholipase C. This may be due to either the ability of a receptor to activate more than
one type of G-protein or the ability of the Gs subunit to activate more than one effector
system. The cellular response to stimulation of a specific G-protein-coupled receptor may
also vary in different cells. ADRAs are also expressed in diverse types of cancer cells,
including human colon and prostate cancer cells [53,54]. Doxazosin, a selective ADRA1
antagonist used to treat hypertension, has been shown to inhibit prolif er ation of prostate
and pituitary cancer cells [54].

β-adrenergic receptors (ADRBs) mediate many effects of catecholamines on target cells and
have been identified on several cancer cell types, including breast [55] and ovarian cancer
cells [56]. ADRBs are G-protein-coupled receptors whose primary function is the
transmission of information from the extracellular environment to the interior of the cell
[57]. Three distinct ADRB subtypes have been identified – ADRB1, ADRB2 and ADRB3
[58-60] – and all three can signal by coupling to the stimulatory G-protein Gαs, leading to
activation of adenylyl cyclase and accumulation of the second messenger cAMP. The
ADRB2 subtype is the dominant present ADR and can also bind to Gi [50]. Our group has
recently demonstrated that both NE and E are elevated in a sustained fashion in ovarian and
other peritoneal tissues in preclinical models of chronic stress [61]. These hormonal
increases were related to greater tumor burden, which was mediated by increased
angiogenesis. The ADRB–cAMP signaling pathway was identified as the underlying
signaling pathway to promote angiogenesis in these malignant ovarian tumors (Figure 1).

Glucocorticoids are a class of steroid hormones that bind to the GC receptor (GCR), which
is present in almost every vertebrate animal cell. GCs are part of the feedback mechanism
that modulates immune activity and inflammatory responses. Pharmacologic doses of GCs
are frequently used to treat conditions that are caused by an overactive immune system. GCs
also interfere with various abnormal mechanisms in cancer cells, so they are used in high
doses to treat certain malignancies [62]. GCs and mineralocorticoids are both produced by
the adrenal cortex but differ in their specific receptors, target cells and effects [62]. The
GCR is located in the cytosol and is activated by ligand binding. After binding, the newly
formed receptor–ligand complex translocates itself into the nucleus, where it binds to GC
response elements in the promoter region of the target genes, resulting in the regulation of
gene expression [63]. This process is commonly referred as transactivation. An opposite
mechanism also mediated by GCs is called transrepression. The activated hormone receptor
interacts with specific transcription factors (such as AP1 and NF-κB) and prevents the
transcription of targeted genes. GCs are able to prevent the transcription of proinflammatory
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genes, including interleukins IL-1B, IL-4, IL-6 and IL-8, chemokines, cytokines and TNFA
genes [63]. Through interaction with its GCR, GCs are also able to upregulate the
expression of anti-inflammatory proteins and downregulate the expression of
proinflammatory proteins [64].

Cortisol is the most important human GC. It is essential for life and it regulates a variety of
important cardiovascular, metabolic, immunologic and homeostatic functions [62]. Cortisol
is secreted by the adrenal cortex in response to stress [25,32,65,66]. Social support and
stress reduction are associated with lower cortisol levels [67-69]. A number of studies have
demonstrated that stress can disrupt neuroendocrine circadian rhythms [68] in ways that
favor tumor growth and metastasis. Similarly, nightshift work, which is known to disrupt
endocrine rhythms, is considered a risk factor for breast and colorectal cancers [70]. GCs
may have a bimodal effect on tumor cells. For example, at lower doses, dexamethasone (a
synthetic GC) can stimulate tumor growth, but at higher doses it inhibits tumor growth [71].
In addition, cortisol may act in a synergistic fashion with catecholamines. For example,
cortisol has been shown to potentiate the isoproterenol-induced increase in cAMP
accumulation in lung cancer cells [72].

Animal models for studying the effects of stress
Animal models that mimic the pattern of human disease play an important role in
understanding the effects of stress on cancer and other diseases. Restraint-stress animal
models have been widely used to study the effects of chronic stress on immunity, courses of
infectious diseases and cancer. In some studies, restraint-stressed mice demonstrated
significantly reduced inflammatory responses to influenza virus and depressed antiviral
cellular immunity. In female SKH-1 mice, the effect of stress on cutaneous wound healing
showed that the reduction in inflammation and delayed healing correlated with high levels of
serum corticosterone [73-77]. Physical restraint using 50-ml conical tubes for varying
lengths of time has been shown to result in increased NE, E and corticosterone levels
[73-77]. Restraint systems have also been demonstrated to consistently result in elevations
of IL-6 [78,79]. The length of restraint in different studies has ranged from 1 to 12 h daily
[74-76,78,80-82]. In C57BL/6 mice, within 3 h, there is an almost 50% increase in
corticosterone levels, and at 6 h, the corticosterone levels reach a maximal increase of over
100% [74,76,78,80,82,83]. Furthermore, restraint stress has been demonstrated to raise
catecholamine levels in murine models by two- to five-fold [47,82,84,85]. Restraint stress
has also been shown to reduce the antitumor effects of cyclophosphamide chemotherapy in
C57BL/6 mice bearing Lewis lung carcinoma [80] and to result in metallothionein
induction, which may be responsible for chemotherapy resistance [86].

Other models used for stress studies include swim stress, surgical stress, social confrontation
and hypothermia. These models have been shown to promote lung metastasis from injected
breast cancer cells [87-90]. Most of these models have been utilized in the context of effects
of stress on the immune system. In particular, the hypothermia model under thiopental
anesthesia suppresses natural killer (NK)-cell activity and compromises host resistance to
the formation of metastasis, possibly via adrenergic pathways [91]. Finally, a recent report
described the effects of social isolation in Norway rats [92]. Socially isolated female rats
have a sustained and dysregulated GC response to an acute stressor [93] and dysregulated
cardiovascular responses to the everyday stressors of animal husbandry [94].

Effects of stress on cancer metastasis
Metastasis is a complex process that requires several steps to be successful, including
angiogenesis, proliferation, invasion, embolization and evasion of immune system
surveillance (Figure 2) [95-98]. Growth of a tumor beyond 1 mm in size requires
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vascularization of the tumor, which also provides a method for dissemination of metastatic
cells [99]. Moreover, a tumor cell must gain the ability to break off from the main tumor,
invade through the basement membrane and embolize into the bloodstream. The cell then
arrests in capillary beds and must be able to extravasate from the bloodstream and adhere to
parenchymal tissues. The cell must also evade immune system surveillance. Once settled,
the metastatic cell interacts with its new microenvironment to grow and ultimately develop
its own blood supply. Cells that fail to acquire any one of these characteristics cannot
metastasize and the cascade is aborted [100]. Increasing evidence shows that the stress
response can affect many parts of this cascade. Here, we examine cellular and molecular
findings relating stress to processes implicated in cancer progression and metastasis.

Stress & angiogenesis
Angiogenesis is a complex and highly regulated process that is crucial for tumor growth and
metastasis. The process of tumor neovascularization or angiogenesis involves the release of
proangiogenic factors (e.g., VEGF, IL-6, TGF-α and -β and TNF-α [101,102]) by tumor
cells to cause endothelial activation, blood vessel growth and subsequent tumor expansion
[102]. Angiogenesis can also be stimulated by a disruption in the balance between pro- and
anti-angiogenic factors.

VEGF is a direct angiogenic molecule that plays an essential role in embryogenesis,
physiologic angiogenesis and neovascularization of malignancy [103]. VEGF stimulates
endothelial cell migration, proliferation and proteolytic activity [104]. Hormones associated
with SNS activation may favor angiogenic mechanisms in human tumors. NE has been
shown to upregulate VEGF in adipose tissue through the ADRB–cAMP–PKA pathway
[105]. Similar findings have been noted in ovarian cancer cell lines [56], and these effects
were abolished by a β-blocker, propranolol, and mimicked by isoproterenol [105].
Furthermore, NE-driven increases in VEGF synthesis have been demonstrated in several
human multiple myeloma cell lines (e.g., NCI-H929, MM-M1 and FLAM-76) and act via
ADRB1 and ADRB2 [106].

Clinical studies have shown links between higher levels of social support and lower levels of
VEGF levels in sera [107] and in tumor tissues [108] in ovarian cancer patients. In addition,
depression and quality of life have been related to VEGF in colorectal cancer [109].
Whereas higher levels of preoperative depression were correlated with higher preoperative
and postoperative VEGF levels (6–8 weeks following surgery), better global quality of life
was related to higher levels of post-operative VEGF. Thus, various psychosocial factors
have been associated with VEGF in clinical cancer settings. Furthermore, social support has
been linked to lower levels of IL-6, another proangiogenic factor, both in peripheral blood
and in ascites from patients with advanced ovarian cancer [110]. IL-6 serves as a major
regulatory cytokine in the human body [111]. Moreover, solid tumor cells secrete high levels
of IL-6, which in turn promotes fundamental processes in cancer growth and metastasis
including angiogenesis, proliferation, attachment and invasion [112-114]. Increased
synthesis and release of IL-6 in human ovarian tumor cell lines (e.g., SKOV3ip1, Hey-A8
and EG) was observed following treatment with NE in vitro. Furthermore, a significant
increase in IL-6 mRNA synthesis and its promoter activity has been observed in these
malignant ovarian cells following NE treatment [115]. Abrogation of this effect by ADRB
antagonists confirmed that NE regulates IL-6 gene transcription (Figure 1) [114]. This
signaling pathway also implicated Src activation in mediating the increased IL-6 mRNA
synthesis through enhanced IL-6 promoter activity [15]. Since Src activation also induces
other proangiogenic molecules such as VEGF and IL-8, NE and E may be responsible for
regulating the synthesis of these proangiogenic molecules of ovarian cancer cells [114].
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The effects of stress on tumor angiogenesis have also been examined using in vivo models.
In an orthotopic mouse model of ovarian cancer, Thaker and colleagues demonstrated that
chronic stress induced by daily periods of immobilization results in higher levels of tissue
catecholamines, greater tumor burden and a more invasive pattern of disease [61].
Angiogenesis, as reflected by microvessel density counts, was significantly increased in
tumors from stressed compared with control mice. Furthermore, VEGF mRNA and protein
levels were significantly elevated in the tumor samples from mice exposed to daily stress.
Continuous infusion of propranolol (a nonselective β-blocker) ameliorated the effects of
stress on tumor burden and pattern of disease, thereby confirming the importance of ADRBs
on ovarian cancer cells in an in vivo model. The mechanism of the NE- and E-mediated
increased tumor angiogenesis has been attributed to increased VEGF synthesis [56,61] and
overexpression of matrix metalloproteinase (MMP)-2 and MMP-9 [116]. The underlying
signaling pathways that promote angiogenesis in these malignant ovarian tumors are
summarized in Figure 1. Similar results have been found in the human nasopharyngeal
carcinoma cell line HONE-1, in which NE, by acting through ADRB2, stimulated VEGF
synthesis and increased production of MMP-2 and MMP-9 [116]. In addition, NE-driven
increases in VEGF synthesis have now been demonstrated in several human multiple
myeloma cell lines (e.g., NCI-H929, MM-M1 and FLAM-76) by acting through ADRB1
and ADRB2 [106]. Recent studies have also shown the involvement of signal transducer and
activator of transcription factor (STAT)-3 in promoting stress-mediated tumor-associated
angiogenesis. STAT-3 is involved in many protumorigenic pathways by activating
downstream targets to promote proliferation and inhibit apoptosis. Although STAT-3 can be
activated by growth factors and cytokines such as VEGF and IL-6, stress hormones such as
NE and E can activate STAT-3 independent of IL-6, leading to its translocation to the
nucleus and subsequent binding to DNA in order to promote transcription of genes
associated with cell survival, angiogenesis and proliferation [117]. There are limited data
regarding the effects of cortisol on angio genesis. In a rat glioma model, dexamethasone (a
synthetic GC) treatment of cancer cells resulted in 50–60% downregulation of VEGF
mRNA and this effect was dependent on GCR function [118]. However, this inhibitory
effect was markedly reduced by hypoxia, which is a potent VEGF inducer. In ovarian cancer
cell lines, cortisol alone had some stimulatory effects on VEGF production in vitro at lower
doses, but inhibitory effects at pharmacologic doses [56]. Because stress often involves
elevations in both cortisol and catecholamines, costimulation experiments were also
performed. While priming with cortisol blunted NE-induced VEGF production, significant
increases were still noted [56]. These findings suggest that catecholamine-induced effects
are dominant in the context of angiogenic cytokine production.

Proliferation & growth of primary tumors & metastases
Tumor growth at the primary site initially depends on nutrient and oxygen diffusion.
Subsequently, at metastatic sites, signals from autocrine, paracrine and/or endocrine
pathways influence tumor cell proliferation, with growth dependent on the net balance of
positive and negative signals [119]. There are limited data regarding the direct effects of
stress hormones on cell proliferation. Most data suggest that catecholamines suppress
proliferation of normal cells such as keratinocytes [120], which may contribute to impaired
wound healing in the context of stress. The effects of stress-related hormones on cancer cell
proliferation may depend on the type of substance and tumor type. In mammary tumors,
activation of ADRBs has been related to accelerated tumor growth [55,121,122]. The cAMP
responsive element-binding (CREB) protein is an important transcription factor activated by
multiple signal transduction pathways in response to external stimuli, including stress
hormones [123,124]. Several studies have revealed a role for the CREB family of proteins in
tumor cell proliferation, migration, angiogenesis and inhibition of apoptosis [123-125].
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However, in other models, catecholamines appear to inhibit tumor cell proliferation, a
process that may be mediated by ADRAs [126].

Pifl and colleagues found that NE inhibited neuroblastoma cell growth, primarily in cells
expressing the DA transporter [127]. In cells with DA uptake, the share of G0/G1
populations of cells was significantly increased after treatment with NE. In prostate
carcinoma, treatment with agents that induce cAMP, such as E, isoproterenol, forskolin and
dibutyryl cAMP, result in acquisition of neuroendocrine characteristics by epithelial prostate
cancer cells [128]. The neuroendocrine characteristics were manifested by dense core
granules in the cytoplasm, the extension of neuron-like processes, loss of mitogenic activity
and expression of multiple neuroendocrine markers. The presence of these neuroendocrine
cells has been linked to poor prognosis in prostate cancer patients [129,130]. Interestingly,
the neuroendocrine cells have minimal proliferative activity, but these cells provide
paracrine stimuli for the proliferation of surrounding cancer cells [131]. Among epithelial
tumors, some decrease in proliferation may be reflective of a more invasive phenotype.

Effects of GC hormones on cancer cell proliferation have also been reported. Zhao and
colleagues observed that cortisol and its metabolite cortisone stimulated the growth of
prostate cancer cells in the absence of androgens and increased the secretion of prostate-
specific antigen [132]. These cells had a mutated androgen receptor, indicating that cortisol
promoted androgen-independent growth of prostate cancer cells. Simon and coworkers
examined the effects of several steroid hormones on human mammary carcinoma cells and
found that physiological concentrations of GCs enhanced proliferation by nearly twofold
[133]. The role of GC hormones in the context of other neuroendocrine hormones remains to
be studied with regard to its effects on proliferation.

Adhesion
Tumor cell adhesion to the extracellular matrix within tissues greatly influences the ability
of a malignant cell to invade and metastasize to other tissues [134]. The proteins of the extra
cellular matrix consist of type I and IV collagens, laminins, heparin sulfate proteoglycan,
fibronectin and other noncollagenous glycoproteins [135]. Cell adhesion to these proteins is
mediated in part by a group of heterodimeric transmembrane proteins called integrins, which
are composed of a noncovalently associated α- and β-subunit that defines the integrin–ligand
specificity [136]. The upstream factors that regulate adhesion to matrix components are not
completely understood, although cAMP has been demonstrated to regulate the small
GTPases, RhoA and Rac in a PKA-dependent manner [137]. cAMP is a common secondary
messenger that regulates many cellular processes. Previously, PKA was thought to be the
main target of cAMP in eukaryotic cells. However, Epac, a widely expressed exchange
factor for the small GTPases Rap1 and Rap2, has also been shown to be a downstream
signaling partner for cAMP [138,139]. Importantly, Epac controls a number of cellular
processes previously attributed to PKA. cAMP controls cell adhesion in many cell types,
and recently a link between cAMP, Epac–Rap1 and regulation of cell adhesion has been
established [140]. Enserink and colleagues have demonstrated that isoproterenol promotes
ovarian cancer cell spreading and adhesion via laminin-5, independent of PKA, but
dependent on Epac1 [141]. Similarly, isoproterenol stimulated adhesion to fibronectin in a
cAMP-mediated Epac–Rap1 pathway [140]. Treatment with isoproterenol induced both
activation of Rap1 and phosphorylation of CREB. Isoproterenol-induced adhesion was
insensitive to pretreatment with a PKA inhibitor. Thus, stress hormones may promote cell–
matrix attachment of cancer cells. Such a mechanism would be particularly relevant for
ovarian cancer, where cancer cells slough off the primary tumor and then implant at multiple
peritoneal sites.
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Migration & invasion
Another crucial step in the metastatic cascade is the ability of a tumor cell to separate from
the main tumor, invade through the basement membrane and enter the bloodstream. NE and
E can affect these processes by increasing MMP production [142,143] by tumor cells, as
well as by acting as a chemoattractant to induce cell migration [144-146]. Sood and
colleagues have examined the direct effects of NE, E and cortisol on the invasive potential
(i.e., the capacity of tumor cells to penetrate the extracellular matrix) of ovarian cancer cells
[147]. To measure the in vitro invasive potential of these cells, a membrane invasion culture
system was used. Briefly, a polycarbonate membrane (10 μmol/l pores), uniformly coated
with a defined basement membrane matrix (human laminin/type IV collagen/gelatin) was
used as the intervening barrier to invasion [147]. Invasiveness was calculated as the
percentage of cells that had successfully invaded through the matrix-coated membrane to the
lower wells relative to the total number of cells seeded into the upper wells. Stress levels of
NE increased the in vitro invasiveness of ovarian cancer cells by 89–198% [147]. E also
induced significant increases in invasion of ovarian cancer cells ranging from 64 to 76%, but
cortisol did not significantly affect the invasive potential of cancer cells. The β-adrenergic
antagonist propranolol completely blocked the NE-induced increase in invasiveness. These
findings provide direct experimental evidence that stress hormones can enhance the invasive
potential of ovarian cancer cells in vitro. Additional in vivo and in vitro studies demonstrated
that NE and E significantly increased production of MMP-2 and MMP-9 by ovarian cancer
cells through activation of the ADRB pathway (Figure 1) [147]. Other studies have reported
similar findings in several other tumor types including colon and head and neck cancers
[116,142,145,148].

Clinically, both depression and stress have been related to MMP-9 secretion by tumor
associated macrophages (TAMs) in ovarian cancer patients. As TAMs are now known to
promote a proinflammatory tumor microenvironment, downregulate cellular immunity and
enhance tumor growth and progression [149,150], effects of stress on TAMs have important
implications for tumor progression [108].

Cell survival
The endurance of the metastatic process depends, in part, on the ability of tumor cells to
survive and avoid apoptosis [100]. With respect to catecholamines, it has been reported that
NE and DA trigger apoptosis via a G-protein-mediated signaling pathway in neuroblastoma
cells. This catecholamine-induced cell death appears to be specific to neuronal cells, as
demonstrated by the inability of catecholamines to trigger apoptosis in A549 lung carcinoma
cells and Cos-7 kidney fibroblasts [151]. E can reduce the ability of breast and prostate
tumor cell lines to undergo apoptosis by interacting with ADRB2 receptors, followed by
PKA-dependent Bcl-2-associated death promoter phosphorylation [152]. Bcl-2-associated
death promoter is involved in initiating apoptosis in its unphosphorylated form, but becomes
inactive upon phosphorylation, thereby releasing Bcl-2 and Bcl-xl, which inhibit apoptosis.

Studies examining the effects of stress hormones on tumor cell survival have focused on GC
hormones. As noted earlier, GCs regulate a wide variety of cellular processes through GCR-
mediated activation or repression of target genes. Recent studies have demonstrated that
while GC hormones induce apoptosis in lymphocytes [153], these hormones also activate
survival genes that protect cancer cells from the effects of chemotherapy [154,155]. These
hormones also activate survival genes that protect cancer cells from the effects of
chemotherapy [154,155]. Clinically, GCs are frequently administered with cytotoxic agents
to reduce the risk of emesis and other potential acute toxicities. However, concerns have
been raised about this combination since some studies suggest that GCs may reduce the
efficacy of chemotherapy [156]. These hormones are well-established inducers of apoptosis
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in lymphoblastic leukemia cells, which has been exploited in the therapy of malignant
lymphoproliferative disorders. However, in solid tumors, their effects are quite different
[157]. Herr and colleagues examined the effects of the GC dexamethasone on human
cervical and lung carcinoma cells and found downregulation of proapoptotic elements of the
death receptor and mitochondrial apoptosis pathways [154]. Similarly, Wu and associates
found that dexamethasone pretreatment of breast cancer cell lines inhibits chemotherapy-
induced apoptosis in a GCR-dependent manner and is associated with the transcriptional
induction of serum and GC-inducible protein kinase-1 and mitogen-activated protein kinase
phosphatase-1 [155]. Specific inhibition of these two proteins reversed the antiapoptotic
effects of GC treatment [155]. In addition, it has been demonstrated that dexamethasone
reduces sensitivity of hepatocellular and colorectal tumors toward cytotoxic therapy [158].
Dexamethasone therapy has also been demonstrated to promote the growth of cisplatin or 5-
fluorouracil-treated breast cancer, cervical cancer, melanoma or neuroblastoma cell lines
[159]. In 140 out of 157 analyzed tumors, dexamethasone inhibited 5-fluorouracil-induced
apoptosis and promoted cell viability and cell cycle progression of most of the cancer cells
examined. All these effects were reversible after suspension of dexamethasone therapy
[160,161], but raised concerns regarding the application of steroids in nonhematological
malignancies.

Glucocorticoids such as cortisol may also act in a synergistic fashion with catecholamines to
facilitate cancer growth. For example, cortisol potentiated the isoproterenol-induced increase
in cAMP accumulation, increased ADRB density and markedly increased the effects of
IL-1α, IL-1β and TNF-α in lung carcinoma cells [72]. Thus, it is plausible that stressful
situations characterized by both elevated catecholamine and cortisol levels (e.g.,
uncontrollable stress) may have the greatest impact on cancer-related processes.

Anoikis is a cell process by which normal cells enter apoptosis when separated from the
extracellular matrix and neighboring cells. Recently, our group has demonstrated that
catecholamines can protect ovarian cancer cells from anoikis [162]. These effects are
mediated by focal adhesion kinase (FAK) phosphorylation through ADRB2-dependent
activation of Src kinase. Parallel results were observed in ovarian carcinoma patients,
linking increased levels of stress/depression to increased FAK activation and demonstrating
accelerated cancer progression in patients with high levels of FAK activity.

Other stress mediators
Besides NE, E and cortisol, which are considered to be the major stress hormones, other
hormones such as DA, prolactin, oxytocin and substance P are affected by stress [163-165].

Dopamine, the third member of the catecholamine family and precursor in the synthesis of
NE and E, is one of the major neurotransmitters in the brain and also has important roles in
the periphery [166-168]. DA has the opposite effect compared with NE and E with regard to
the effects on tumor angiogenesis, growth and development of ascites [169,170]. In vivo and
in vitro studies have shown that DA, via its speci fic DR2 receptors, inhibits tumor growth
by suppressing the actions of VEGF on both tumor endothelial cells and bone marrow-
derived endothelial progenitor cells (Figure 1) [171]. DA inhibits VEGF-induced
angiogenesis by suppressing VEGFR-2 phosphorylation [172-174] and inhibits mitogen-
activated protein kinase and FAK activation [174]. DA can also inhibit mobilization of
endothelial progenitor cells from the bone marrow (Figure 1) [175]. It is known that DA
levels are increased in the brain during acute stress [30]. By contrast, under chronic stress,
DA levels are lower as a consequence of decreased release of DA [31]). However, it is not
known whether DA levels are depleted in the tumor microenvironment in response to
chronic stress. Moreno-Smith and colleagues have recently demonstrated that DA treatment
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can counteract the stimulatory effects of NE on tumor growth in two ovarian stress-cancer
mice models [176]. These findings implicate DA as a potential therapeutic strategy for
blocking the deleterious effects of chronic stress.

Prolactin plays a functional role in tumor cell growth and promotes survival of breast and
other cancer cells [177,178]. A number of epidemiological studies have demonstrated a
consistent correlation between prolactin levels and well-confirmed breast cancer risk factors
such as parity and age at menarche [177]. Most breast cancer cell lines express the prolactin
receptor, and exogenously added prolactin has modest trophic effects on human tumor
tissues and cells in vitro [179]. Prolactin has been demonstrated to stimulate proliferation in
prostate and endometrial cancer cells as well [178]. In addition to stimulation of
proliferation, prolactin may also actively inhibit apoptosis of mammary tumor cells via
stimulation of the Akt pathway [180,181]. Furthermore, prolactin can act as a
chemoattractant to increase cell motility through activation of the Ras signaling cascade
[182]. DA is the primary negative regulator of prolactin secretion [183], and the inter-
relationships between these two hormones in the context of chronic stress remain to be
determined.

Oxytocin is thought to play an important role in mediating social responses, and a positive
correlation has been found between high social support and oxytocin levels [184]. It is also
capable of ameliorating symptoms caused by stress, such as anxiety, by exerting anxiolytic
effects in certain regions of the brain [185]. Similarly to DA, oxytocin levels increase in
acute stress [186] and decrease during chronic stress [165]. Oxytocin inhibits the growth of
some epithelial cell tumors (e.g., breast and endometrial tumors) and those of nervous or
bone origin, but the hormone has a growth-stimulating effect in trophoblast and other tumors
(e.g., small-cell lung tumors, Kaposi’s sarcoma and endothelial tumors) [187,188]. The
presence of oxytocin receptors has been described in breast [189,190], ovarian [191] and
prostate cancer cells [192].

Subtance P is a peptide in the neurokinin family, is found in both central and peripheral
nervous systems and plays a role in stress reactions, anxiety, depression and pain [193,194].
Substance P promotes the migration of colon and breast carcinoma cell lines and is a
chemoattractant for squamous cell lung cancer cells [195]. Recently, substance P has been
shown to mediate the increase in macrophage cytokine production under stressful
circumstances (acute stress) [196].

Stress effects on the immune response
It is known that the CNS, the endocrine system and the immune system interact with each
other, and thus changes in any one system may have downstream effects in the other
systems. The CNS modulates immunity both through release of GCs via the HPA axis as
well as via the release of catecholamines through the autonomic nervous system. Several
factors involved in the stress response are involved in activating or blunting the immune
response, which may play a role in allowing tumor cells to escape detection and immune cell
elimination. In contrast to chronic/long-term stress that suppresses/dysreg ulates immune
function, an acute/short-term fight or fight stress can enhance innate immunity. A recent
report has described that short-term stress enhances cellular immunity and increases early
resistance to squamous cell carcinoma [197]. Therefore, the physiological fight or fight
response and its adjuvant-like immunoenhancing effects may provide a novel mechanism to
promote or increase immune system-mediated tumor detection/elimination [197].

T helper (Th) cells are crucial for the development of an immune response by activating
antigen-specific effector cells and recruiting cells of the innate immune system, such as
macrophages and mast cells. There are two predominant Th-cell subtypes: Th1 and Th2.
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While Th1 cells directly kill tumor cells via release of cytokines that activate death receptors
on the tumor cell surface [198], Th2 cells favor a predominantly humoral response. Th2
immunity may be enhanced by stress hormones (catecholamines and GCs) increasing a shift
from predominantly Th1 to Th2 cells. This shift is thought to better enable tumor cells to
evade immune surveillance [199,200].

T helper 17 cells play an active role in inflammatory and autoimmune diseases [201];
however, recent studies suggest a potential impact of Th17 on tumors. Kryczek and
colleagues have shown that the levels of Th17 cells were significantly increased in
peripheral blood, ascite fluid and tumor tissues in human ovarian, renal and pancreatic
carcinomas [201]. Similarly, the proportion of Th17 cells in peripheral blood of gastric
cancer patients was significantly higher than in healthy donors (6.7 ± 3.7 vs 1.8 ± 1.1%; p <
0.01). Moreover, patients with advanced disease had an even higher percentage of Th17
cells than patients with lower-stage disease or healthy controls [202]. It is known that CD4+,
CD25+, FoxP3+ and other additional regulatory T cells (Tregs) are elevated in cancers [203].
Tregs play a crucial role in tumor immune pathogenesis and tumor immune therapeutic
efficacy [201]. Recent human cancer trials suggest that depleting Tregs may be clinically
beneficial [203].

Glucocorticoids & immune response
Glucocorticoids are essential for the regulation of immune and inflammatory responses.
Physiological concentrations of GCs in the range of 350–950 nmol/l, as occur during
physical or psychological stress, result in modulation of transcription of genes involved in
the inflammatory response, whereas pharmacological doses (higher concentrations than are
physio logical [>1 μmol/l]) result in a suppression of the inflammatory response [199].
Similarly, during chronic stress situations, elevated levels of GCs have been shown to be
immunosuppressive, leading to an enhanced susceptibility to viral infection, prolonged
wound healing or decreased antibody production after vaccination [204,205]. Breast cancer
patients with higher mean diurnal cortisol concentrations also showed suppressed immunity
against commonly encountered antigens, suggesting blunting of the cellular immune
response. Within the immune system, T and B cells, neutrophils, monocytes and
macrophages all carry GCRs, allowing for GC regulation of both the cellular and humoral
immune responses [206,207]. In addition, GCs can induce apoptosis in monocytes,
macrophages and T lymphocytes [208], providing further evidence of their ability to
regulate normal immune function.

Catecholamines & immune response
Sympathetic nervous system innervation of primary and secondary lymphoid organs and the
presence of ADRBs on cells of the immune system provide the means for noradrenergic
signaling of lymphocytes and macrophages from sympathetic nerves [209]. Lymphocytes
have been shown to express high-affinity ADRBs, mainly of the ADRB2 subclass
[210-213]. ADRAs have not been identified in rodent lymphocytes, although ADRA
expression has been characterized in human and guinea pig lymphocytes [214-216].
Activated rodent macrophages express ADRA2 and ADRBs [217,218]. Other hematopoietic
cells involved in inflammation, including neutrophils, basophils and eosinophils, also
express ADRBs [219,220].

Based on early in vitro studies, a simple functional distinction was made between ADRA -
and ADRB-mediated effects on cells of the immune system. ADRB stimulation inhibited
such activities as lymphocyte proliferation, antibody secretion and production of
proinflammatory factors [221-223], whereas ADRA stimulation had the opposite effects
[221]. Subsequently, in vitro studies have shown that the effect of ADR stimulation on
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lymphocyte activity cannot be categorized as a simple inhibition or enhancement. Rather,
several factors must be taken into account, including involved cell type(s), subtype of
stimulated ADR, the immune stimulus and the timing of agonist exposure. Thus, if a β-
agonist is present during the activation phase of the response, then enhancement may occur,
depending on the immune stimulus. If ADRB stimulation occurs late in a response, then
inhibition of effector functions, such as antibody secretion or lytic activity, is possible. It is
also apparent that catecholamines are most effective when cells are activated by antigens,
mitogens or cytokines. This implies a synergistic, regulatory or modulatory role for
catecholamines; they do not initiate or completely suppress a response on their own at any
single step [209].

The study of SNS–immune system interactions in vivo adds a level of complexity that is not
present in vitro. SNS modulation of immune reactivity may occur directly, via interactions
of NE with ADRs on cells of the immune system, or indirectly, through interactions of
catecholamines with other cell types, such as reticular cells, endothelial cells or smooth
muscle cells associated with the vasculature. These interactions may alter a wide variety of
functions, such as antigen presentation, lymphocyte proliferation, differentiation, expression
of specific receptors, lymphokine production or cell trafficking. For example, peripheral
infusion of NE and E in rodents results in the reduction of lymphocyte proliferation and
lymphocyte migration [224-226]. Thus, changes in immune reactivity following
administration of catecholamines in vivo may reflect changes in lymphocyte redistribution
and trafficking, as well as changes in lymphocyte responsiveness to various stimuli [209].

The cellular immune response has been a central focus of much biobehavioral oncology
research owing to of its role in immunosurveillance and lysis of tumor cells [227].
Experimental studies with animal models have demonstrated that tumor incidence and
progression may be aggravated by chronic stress and surgical stress by suppressing Th1
cytokines and cytotoxic activities of T cells and NK cells, impairing antigen presentation
and increasing Tregs [87,88,228,229]. Depression is also known to downregulate the cellular
immune response [230-232], largely via adrenergic and GC signaling pathways. Stress has
been associated with decrements in a broad range of markers of cellular immunity in breast
cancer patients following surgery, including lower T-cell production of Th1 versus Th2
cytokines [233], decreases in T-cell responses to mitogen stimulation and impaired NK-cell
cytotoxicity [234,235].

Immune, endocrine and behavioral parameters have been explored during the period of
tumor growth that precedes the clinical detection of breast cancer recurrence [236].
Thornton and colleagues reported that breast cancer patients who ultimately recurred
exhibited higher counts of white blood cells, neutrophils, lymphocytes and NK cells relative
to disease-free patients in the 17 months prior to detection of recurrence. Patients with
recurrence also showed higher cortisol and worse physical functioning, fatigue and quality
of life [236]. The results from this study indicate that patients with eventual disease
recurrence demonstrated reliable biobehavioral alterations more than a year prior to their
diagnosis. This finding suggests the possibility of identifying metastatic disease months or
even years earlier than is currently possible [236]. Among advanced breast cancer patients,
depression has been related to a reduction in cellular immune response to a variety of
specific antigens [237]. Distress among ovarian cancer patients at the time of surgery has
been associated with poorer NK-cell activity in tumor-infiltrating lymphocytes (TILs) and
lower T-cell production of Th1 versus Th2 cytokines in peripheral blood and TILs, whereas
social support was related to greater NK-cell activity in both peripheral blood and TILs
[238,239]. Taken together, these findings suggest psychosocial modulation of immune
factors relevant to cancer detection and control.
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Recent animal studies have demonstrated that paracrine and neuroendocrine stress responses
may be considered risk factors for cancer recurrence. C57BL/6J mice inoculated in their
footpad with syngeneic B16F10.9 melanoma or Lewis lung carcinoma were exposed to
perioperative blockade of catecholamines and prostaglandins [240]. The combination of
propranolol (β-adrenergic antagonist) and etodolac (COX-2 inhibitor) significantly and
markedly improved survival rates in both tumor models. Monotherapy with these agents was
not as effective. Surgery markedly reduced NK-cell cytotoxicity and NK-cell expression of
Fas ligand and CD11a, reduced all circulating lymphocyte-subtype concentrations and
increased corticosterone levels. Propranolol and etodolac administration counteracted these
perturbations [240]. This study provides a rationale for clinical testing of a new approach for
reducing long-term cancer recurrence in humans.

Dopamine can have a direct or indirect effect on the immune response. T cells express DA
receptors [241], suggesting a possible role for DA in immune regulation. Moreover, in vivo
studies using a dopaminergic neurotoxin have shown that DA depletion decreases T-cell
responses and promotes tumor growth in mice [242].

Parkinson’s disease, which is associated with damaged dopaminergic neurons, results in
decreased dopaminergic activity in the CNS; it has also been associated with decreased
immune response [243-245]. By contrast, shizophrenia is associated with
hyperdopaminergic activity, as well as increased immune function [246,247]. However,
these findings remain contradictory owing to the immunosuppressive effects of the
neuroleptics used to treat this disorder [248]. Interestingly, the incidence of cancer in
patients with schizophrenia has been reported to be lower than in the general population
[249-252]. Whether this reduced incidence is related to a hyperactive dopaminergic system
is not known.

Conclusion
In modern lifestyle societies, chronic stress has been associated with the pathogenesis of
many diseases, including cancer. Chronic stress results in the activation of specific signaling
pathways in cancer cells and the tumor microenvironment, leading to tumor growth and
progression. Elucidation of these pathways is essential for the development of novel
approaches to block the deleterious effects of stress biology on cancer growth and
metastasis.

Future perspective
Contemporary lifestyles and the environment of modern societies appear to be particularly
inducive of stress-related disorders. With respect to cancer pathogenesis, there is growing
and compelling mechanistic evidence for biological and clinical implications of
psychosocial and biobehavioral influences [253]. However, despite significant progress in
the past decade, further research is needed in order to understand how stress hormones
modulate the interplay between tumor and stromal cells in the tumor microenvironment,
resulting in regulation of signaling pathways with important implications for cancer
progression. These studies may offer new alternatives for treatments based on behavioral
and pharmacological approaches. β-blockers have been shown to block many of the
deleterious effects of stress. While some clinical studies have demonstrated lower cancer
incidence among patients treated with β-blockers [254,255], in others, the cancer risk was
neutral [256-258]. Other potential targets in the tumor microenvironment are STAT-3 and
VEGF, since these factors are differentially increased in tumors.

Since stress mediators not only affect tumor growth but also many related physiological
processes, it will be important to identify additional pathways that could alter the efficacy of
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chemo- or immuno-modulatory therapy. The role of environmental factors on cancer
progression remains poorly defined. Interestingly, a recent report described that an enriched
environment in mice was able to decrease tumor growth and also to increase cancer
remission. In this mouse model, hypothalamic brain-derived neurotrophic factor was
selectively upregulated by the enriched environment, suggesting that genetic or
environmental activation of this brain-derived neurotrophic factor–leptin axis may have
therapeutic significance for cancer [259].

Similarly, the role of stress-related immuno-suppression in promoting tumor immune escape
mechanisms has been poorly studied and represents an exciting new area of investigation
[260,261]. Finally, the complex interplay between biobehavioral pathways and
socioeconomic and cultural stressors merits further study in diverse populations. As cancer
therapy moves towards being more patient specific, it will be crucial to define the behavioral
and/or pharmacological interventions that are most likely to benefit individual patients.

Executive summary

■ Collective evidence points to a prominent role for chronic stress in cancer growth
and metastasis.

■ Sympathetic nervous system and hypothalamic–pituitary–adrenal axis activation,
along with related hormones, have functionally and biologically significant
impacts on the tumor microenvironment.

■ β-adrenergic receptor signaling pathways directly affect cancer cells. Stress
hormones (e.g., norepinephrine and epinephrine) stimulate angiogenesis, cell
migration and invasion, leading to increased tumor growth and progression.

■ Dopamine retards tumor growth by inhibiting angiogenesis.

■ Glucocorticoids inhibit chemotherapy-induced cancer cell apoptosis and promote
cancer cell survival.

■ Integrated pharmacological and biobehavioral interventions are being developed
to target neuroendocrine dynamics in the tumor microenvironment and create
more successful cancer therapies.
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Figure 1. Norepinephrine-, dopamine- and glucocorticoid-mediated signaling pathways in
tumor, endothelial and endothelial progenitor cells
(A) In ovarian cancer cells, NE acting through ADRBs induces synthesis and release of the
proangiogenic cytokines IL-6, IL-8 and VEGF. NE also induces synthesis of MMPs and
stimulates migration and invasion of ovarian, colon and head and neck cancer cells; in
breast, cervical and lung cancer cells, GCs acting through the GC receptor inhibit
chemotherapy-induced apoptosis and promote cancer cell survival. (B) DA acting through
DR2 receptors in tumor endothelial cells inhibits proliferation of these cells by inhibiting
phosphorylation of VEGFR-2, MAPK and FAK. (C) DA decreases ERK1/ERK2-mediated
MMP-9 synthesis and release by endothelial progenitor cells and thereby inhibits their
mobilization from the bone marrow. Thus, DA prevents the participation of EPCs in tumor
neovascularization.
ADRB: β-adrenergic receptor; DA: Dopamine; EC: Endothelial cell; EPC: Endothelial
progenitor cell; FAK: Focal adhesion kinase; GC: Glucocorticoid; GCR: Glucocorticoid
receptor; MAPK: Mitogen-activated protein kinase; MMP: Matrix metalloproteinase; NE:
Norepinephrine; VEGFR: VEGF receptor.
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Figure 2. Main steps in the formation of a metastasis
The process of cancer metastasis consists of sequential selective steps. The outcome of each
step is influenced by the interaction of metastatic cells with homeostatic factors. Failure of a
tumor cell to complete any step effectively terminates the process. Therefore, the formation
of clinically relevant metastases represents the survival and growth of unique subpopulations
of cells that pre-exist in primary tumors. (A) Cellular transformation and tumor growth. (B)
Extensive vascularization must occur if a tumor mass exceeds 1–2 mm in diameter. The
synthesis and secretion of angiogenic factors establish a capillary network from the
surrounding host tissue. (C) Migration and invasion of the host stroma by some tumor cells
occurs by several parallel mechanisms. Lymphatic channels offer very little resistance to
penetration by tumor cells and provide the most common route for tumor cell entry into the
circulation. (D) Next, detachment and embolization of single tumor cells or aggregates
occurs; most circulating tumor cells are rapidly destroyed. (E) After cancer cells have
survived the circulation, they become trapped in the capillary beds of distant organs by
adhering either to capillary endothelial cells or to the subendothelial basement membrane.
(F) Extravasation then occurs, probably by mechanisms similar to those that operate during
invasion. (G) Proliferation within the organ parenchyma completes the metastatic process.
To continue growing, the micrometastasis must develop a vascular network and evade
destruction by host defenses. The cells can then invade blood vessels, enter the circulation
and produce additional metastases.
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