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Abstract

Clinical and experimental studies support the notion that adrenergic stimulation and chronic stress affect inflammation, metab-
olism, and tumor growth. Eicosanoids are also known to heavily influence inflammation while regulating certain stress responses.
However, additional work is needed to understand the full extent of interactions between the stress-related pathways and
eicosanoids. Here, we review the potential influences that stress, inflammation, and metabolic pathways have on each other, in
the context of eicosanoids. Understanding the intricacies of such interactions could provide insights on how systemic metabolic
effects mediated by the stress pathways can be translated into therapies for cancer and other diseases.
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1 Introduction

Psychological stress and environmental factors trigger a cas-
cade of pathways in the central nervous system (CNS) and
periphery, which subsequently activate stress responses in
the autonomic nervous system (ANS) and hypothalamic-
pituitary-adrenal (HPA) axis [1, 2]. Hypothalamic production
of corticotrophin-releasing factor and arginine vasopressin
mediates HPA responses by inducing adrenocorticotropic hor-
mone (ACTH). ACTH mediates downstream release of glu-
cocorticoids by the adrenal cortex, which plays a crucial role
in regulating stress responses [3]. Activation of the sympathet-
ic nervous system (SNS) and downstream release of catechol-
amines from sympathetic neurons and adrenal medulla form
the ANS response cascade to stress. Activation of these
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pathways enable an individual to overcome threat and stress-
ful situations. Stressed individuals are known to have higher
levels of catecholamines along with ANS-associated effects
on their respiratory, vascular, and cardiac systems [3].
However, chronic stress and the associated prolonged expo-
sure to stress mediators (e.g., glucocorticoids and catechol-
amines) can have more profound effects on biological systems
[4]. Epidemiological data show that social characteristics and
chronic stress impact cancer progression. While some studies
suggest that stressful life events and other psychosocial factors
may correlate with increased risk of cancer [5], others have not
found such links [6, 7]. Chronic stress and lack of social sup-
port increases breast cancer incidence by almost ninefold [8].
A meta-analysis of 165 studies concluded that psychosocial fac-
tors may be associated with cancer incidence and survival [9].
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The role of psychosocial factors and stress in affecting dis-
ease outcome is an area of long-standing interest. In 1936, Hans
Selye identified the activating influence of stress on physiolog-
ical systems that not only transiently protect and restore the
body, but also damage it. [10, 11]. Research over the years that
followed has shown that stress impacts multiple biological pro-
cesses, including inflammation, metabolism, and malignant
progression [12]. Clinical and pre-clinical studies in various
malignancies have shown that chronic psychological stress in-
fluences disease progression, relapse, and response to therapy
[13—18]. Sustained adrenergic signaling mediated by increased
norepinephrine levels drives both tumor inflammation and ab-
errant arachidonic acid metabolism in cancer [19]. Stress re-
sponses occurring via the ANS are also known to directly affect
immune cell number and function [20].

Stress mediators and their receptors influence various path-
ways that modulate tumor biology. cAMP responsive
element-binding (CREB) protein is activated by signaling
pathways in response to stress hormones and promotes prolif-
eration, migration, angiogenesis, and apoptosis evasion [21].
Viral infections play a major role in tumor initiation, and ad-
renergic or glucocorticoid-induced signaling activates many
tumor-associated viruses [1]. Phospholipase Cy and protein
kinase Cx upregulation by norepinephrine promotes cell mi-
gration, and in vitro invasiveness of ovarian cancer and naso-
pharyngeal carcinoma also increases in the presence of nor-
epinephrine [22, 23]. Catecholamines activate signal transduc-
er and activator of transcription factor-3 (STAT3), which con-
tributes to tumor growth, progression, angiogenesis, and apo-
ptosis suppression [1, 24]. Neuroendocrine stress also acti-
vates hormones such as prolactin, which is known to promote
tumor growth and cell survival in breast and other cancers [1].

Bioactive lipids have been recognized to promote process-
es associated with malignant progression. For example, up-
regulation of sphingosine kinase 1 (SPHK1) in gastric cancer
patients is associated with poor survival and increased pro-
gression [25]. The eicosanoid PGE, promotes colorectal can-
cer progression and inhibits activity of anti-tumor therapy like
celecoxib in mouse models [26, 27]. Similarly, lipids are also
known to promote chronic inflammation, a process that drives
carcinogenesis. In this review, we discuss the complex inter-
actions between inflammation, stress, and metabolic changes,
with an emphasis on arachidonic acid metabolism and
eicosanoids.

2 Stress and metabolism

Arachidonic acid is an essential dietary fatty acid and its deriv-
atives have an important influence on cancer and inflamma-
tion. Arachidonic acid metabolism via cyclooxygenase (COX),
lipoxygenase (LOX), and P450 epoxygenase pathways pro-
duces eicosanoids, including prostanoids, leukotrienes, and
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thromboxanes [28] (Fig. 1). Cyclooxygenase exists in two iso-
forms, namely COX-1 and COX-2. While COX-1 is a consti-
tutive enzyme in most cells in basal state, COX-2 is present in
insignificant amounts which is inducible by cytokines and oth-
er inflammatory stimuli [28]. Importantly, COX-2 overexpres-
sion led to spontaneous development of pancreatic ductal ade-
nocarcinoma in mice, which regressed completely upon COX-
2 selective inhibitor (celecoxib) treatment [29].

Non-steroidal anti-inflammatory drugs (NSAIDs) are ef-
fective inhibitors of the COX pathway, with most NSAIDs
being non-selective COX-1 and COX-2 inhibitors. LOX path-
way mainly operates in the lung, white blood cells, and plate-
lets; its most significant metabolites are leukotrienes [30].
Epidemiological and clinical evidence implicates COX and
LOX pathways in chronic inflammation and carcinogenesis
caused by aberrant arachidonic acid metabolism [31, 32].
Many population-based epidemiological studies, focused
mainly on colorectal cancer, showed a lower incidence upon
long-term NSAID use [33, 34]. A comprehensive meta-
analysis of published work from 1980 to 2008 showed an
inverse correlation between long-term NSAID use and inci-
dence of colon, breast, prostate, and lung cancers [35, 36].
Detailed analysis showed that regular intake of NSAIDs
caused risk reductions of up to 43% in colon cancer, 28% in
lung cancer, 27% in prostate cancer, and 25% in breast cancer
[35]. Among the various arachidonic acid metabolites, pros-
taglandin E, (PGE,) is the most widely investigated, especial-
ly in the context of the chronic stress. It is a bioactive arachi-
donic acid-derivative cyclooxygenase metabolite which exerts
its activity via four G-protein-coupled receptors (EP1, EP2,
EP3, and EP4) and produced abundantly in the brain in re-
sponse to stress and COX-2 dysregulation. Studies have
shown that PGE, regulates stress responses, immunity, and
inflammatory pathways [37, 38].

2.1 Glucocorticoid influences

Studies have shown glucocorticoids to have a suppressive
effect on eicosanoid synthesis. Therapeutic doses of the corti-
costeroid drug prednisone suppress eicosanoids synthesized
by both COX and LOX, including PGE,, PGF,, LTB4, and
TXB2 in human macrophage-enriched bronchoalveolar la-
vage cells but not in other cells which express steroid recep-
tors [39]. Endogenous glucocorticoids typically do not affect
constitutive COX expression but inhibit inducible COX which
is expressed only in the context of inflammation. This sug-
gests that there is a balance between glucocorticoids and COX
levels in basal state and any disruptions to this balance could
result in inflammation [40]. Similar effects are seen in glial
cells and with the corticosteroid drug dexamethasone in hu-
man blood monocytes [41, 42]. Abrogation of inflammatory
response by glucocorticoids is also observed in zebrafish in
response to stress caused by tail vein amputation along with
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Fig. 1 Biosynthesis of eicosanoids. Arachidonic acid metabolism is
initiated by phospholipase A which is activated by various chemical and
mechanical stimuli, leading to arachidonic acid generation. Free
arachidonic acid is metabolized by two main enzymes,
cyclooxygenases (COX), and lipoxygenases (LOX). COX enzymes

decrease in leukotriene B4 (LTB4) synthesis, an effect that is
also seen upon treatment with the synthetic glucocorticoid
beclomethasone [43]. Proteasome and eicosanoid profiling
of human fibroblasts show that inflammation upregulates a
number of eicosanoids synthesized by COX and LOX, such
as PGEIL, PGE2, TXB2, 11-HETE, and 12-HETE. The upreg-
ulated eicosanoid biosynthesis is inhibited by dexamethasone
in both fibroblasts and human mesenchymal stem cells [44].
These findings suggest that certain stress mediators activated
by components of the CNS suppress eicosanoid production in
a pro-inflammatory environment.

2.2 Activation of HPA axis

Excessive/prolonged physical or psychological strain (stress)
induced by various stimuli (e.g., physical, mental, or emotion-
al) can manifest itself physically by illness-associated stress
responses such as fever, lethargy, anorexia, hyperalgesia, and
glucocorticoid secretion [45]. The primary physical stimuli for
illness-associated responses is stress induced systemic inflam-
mation, which can be efficiently replicated in various animal
models. Many stress stimuli at the end culminate in PGE,
synthesis. Experimental findings support the involvement of
the PGE,-synthesizing COX2 enzyme in response to illness as
well as the upregulation of this enzyme by illness-associated
stimuli [46, 47]. Studies in mice have shown that COX1 is
involved in early responses to illness-related stress, particular-
ly in HPA axis activation [46, 48, 49]. Systemic NSAID ad-
ministration blocks HPA activation by illness-induced stress,
substantiating the fact that HPA activation is associated with a
COX-dependent pathway [50]. Injection of COX1 inhibitor
SC-560 into the CNS abrogates initial (ACTH) release in

5-Lipooxygenase
(5-LOX)
—
LEUKOTRIENES
15-Lipooxygenase LTA,

(15-LOX) LTB,
LTC,
LTD,

15-HETE LTE,
5-HETE

(COX-1 and COX-2) catalyze the formation of PGH2, which is further
converted to various prostanoids (prostaglandins, prostacyclins, and
thromboxanes). LOX enzymes (5-LOX, 12-LOX, and 15-LOX)
mediate the synthesis of leukotrienes, hydroxyeicosatetraecnoic acid
(HETE) and lipoxins

response to stress, suggesting the presence of a synergistic
relationship between arachidonic acid metabolism and pitui-
tary function [49]. Additionally, EP1 and EP3 deficient mice
have impaired ACTH release, thereby establishing the impor-
tance of prostaglandins in HPA-mediated stress response [51].
EP3 is also expressed in catecholaminergic neuron groups and
these sites are thought to be involved in illness-induced HPA
activation [52]. These findings collectively suggest that cer-
tain CNS responses to illness-induced stress are governed by
eicosanoid-dependent mechanisms [45].

2.3 Psychological stress response

Under psychological stress, PGE, signaling via its receptor
EP1 plays an important role in regulating impulsive behavior
in vivo, with EP1 deficiency resulting in impulsive aggression
and deficits in social behavior in response to psychological
stress. Some of these aggressive responses can be mimicked
by administering EP1 antagonists to wild-type mice [53].
COX2 expression in cortical pyramidal neurons increases un-
der psychological stressors like restraint and forced-swim
stress [54, 55]. Increase in the catecholamine norepinephrine
caused by psychosocial stress enhances PGE, synthesis via
PTGS2 upregulation, which promotes formation of a pro-
inflammatory and pro-metastatic microenvironment in ovari-
an cancer [19]. These studies indicate the presence of a direct
relationship between psychological stress and prostaglandin
synthesis; the underlying mechanisms remain elusive but are
being investigated. Similarly, high levels of PGE, correlate
with poor prognosis in many malignancies including colon,
lung, and breast cancer [56-58].
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3 Stress, inflammation, and the role
of eicosanoids

Apart from the well-studied stress-induced tumor angiogene-
sis program, another area of interest is the role of tumor infil-
tration of autonomous nervous system projections (tumor in-
nervation) in tumor growth. The role of stress mediators and
adrenergic signaling in inflammation has been widely studied,
especially in the context of tumor angiogenesis. In addition to
enhanced tumor angiogenesis, tumor innervation might fur-
ther enhance tumorigenesis by enriching the tumor microen-
vironment with catecholamines released by the newly formed
nerve endings. We and others have found that in response to
catecholamines, tumor cells release neurotrophins (BDNF/
NGF), which leads to increased tumor innervation and growth
in restraint stress tumor models [59, 60]. There is evidence to
show that behavioral stress contributes to an increase in cate-
cholaminergic nerve fibers within lymphoid organs in pri-
mates, an indication of a long-term regulatory influence of
stress on immune responses [61]. Norepinephrine, the ANS
stress response mediator, possesses potent pro-inflammatory
properties. High concentration of norepinephrine in circula-
tion caused by cutaneous injury and skin damage leads to
sustained inflammation and impaired wound healing [62,
63]. Post-ganglionic neurons innervate all primary and sec-
ondary lymphoid organs where norepinephrine is stored with-
in the nerve terminals [64, 65]. In response to CNS activation
by psychological stress, norepinephrine is released from the
nerve terminals and interacts with immune cells via adrenergic
receptors (AR) present on the immune cells. The level of
receptor expression varies with immune cell type, activation
state, and cytokines [20], which could explain the heterogene-
ity in response of different immune cells to stress mediators.
Stress-induced upregulation of catecholamines and glucocorti-
coids in general impairs antigen presentation, T cell proliferation,
and attenuate humoral and cell-mediated immunity [2]. However,
the actions of stress mediators on individual components of the
immune system are quite varied. Norepinephrine increases den-
dritic cell migration in stress-induced CD8+ T cell response but
antigen-presenting ability and delayed-type hypersensitivity are
greatly reduced [66—68]. Adrenergic receptor stimulation of den-
dritic cells promotes Th2-associated inflammation and Th17 dif-
ferentiation [69, 70]. In vitro exposure to norepinephrine or
ADRB2 agonists decreases IL-2 secretion from naive murine
CD4+ T cells. Under Th1-promoting culture conditions and path-
ogens, norepinephrine induces naive T cells to differentiate into
Th1 cells which in turn produce high IFNvy levels in response to
norepinephrine [71, 72]. Suppressive phenotype of Treg and
Th17 cells is enhanced by ADRB2 agonists and norepinephrine
by upregulating CTLA-4, leading to decrease in IL-2 and inflam-
matory response [73, 74]. The effect of stress mediators on activ-
ity of CD&+ T cells remains unclear; however, psychological
stress is known to upregulate CD8+ T cell number in humans
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[75, 76]. In macrophages, exposure to catecholamines and sym-
pathomimetic molecules via [3-adrenergic receptor 2 (ADRB2)
abrogates production of pro-inflammatory TNF-« [77-80],
whereas TNF-o production is greatly increased by stimulation
of a-adrenergic receptors [81-83].

Various studies have shown that stress promotes recruitment
of tumor-associated macrophages which produce pro-
inflammatory and pro-angiogenic factors in large quantities in-
cluding vascular endothelial growth factor and matrix metallo-
proteinases [84, 85]. Stress can also activate immune suppres-
sor cells like myeloid-derived suppressor cells (MDSCs) which
can greatly hinder CD8+ T cell function [86—89]. Besides psy-
chological stress, other forms of stress also adversely affect the
immune system. For example, forced swim and surgical stress
suppress NK cell activity in syngeneic F344 rat models of
leukemia, mammary, and colon carcinomas while causing
leukemia-related mortality and mammary carcinoma metastasis
[90]. Excessive prostaglandin and catecholamine levels have
been shown to contribute to postoperative immune suppres-
sion, suggesting the presence of an interaction between CNS
activity and eicosanoid metabolism. Perioperative combination
treatment with COX-2 inhibitors and (3-blockers reduces lung
tumor retention in mammary carcinoma models, while {3-
blockade prevents NK cell attenuation [91]. Studies on 38
early-stage breast cancer patients found that perioperative treat-
ment with the ADRB2 antagonist propranolol and the COX-2
inhibitor etodolac inhibits metastasis-associated molecular
pathways as well as recurrence of disease [92].

There is growing evidence to demonstrate that eicosanoids,
mainly prostanoids and leukotrienes, are involved in cross-
talk between immune components and epithelial cells in can-
cer. Under conditions of chronic inflammation, normal or
transformed epithelial cells and resident immune cells secrete
pro-inflammatory eicosanoids and cytokines which recruit ad-
ditional leukocytes to the site. This leads to increased infiltra-
tion of dysregulated immune cells, loss of epithelial integrity,
and upregulation of inflammatory mediators [93]. PGE, and
elevated COX2 levels are known to increase neutrophil infil-
tration and exacerbate inflammation in inflammatory bowel
disease (IBD), thereby increasing the risk for colon carcino-
genesis. In IBD, inflammatory Th17 expansion is enhanced
by PGE, via 1L-23 derived from dendritic cells [94]. IL-23
derived from peripheral blood mononuclear cells and naive T
cells promotes Th17 expansion in IBD, a process that is
strongly mediated by PGE, [95, 96]. PGE, is also elevated
in blood and tumor tissues of colon cancer patients, indicating
arole for prostaglandins in inflammation-induced malignancy
[97]. Murine colon cancer models with COX2 knockout or
treated with COX2 inhibitors exhibit reduced carcinogenesis,
suggesting that the COX2-PGE2 pathway could serve as a
therapeutic target [98]. In line with this, the positive feedback
between COX-2 and PGE2 is essential for expression of
CXCR4 in cancer-associated MDSCs and the production of
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its ligand of CXCL2 in ovarian cancer [99]. Similarly, aspirin-
PC inhibits cell proliferation, angiogenesis, and increased ap-
optosis in ovarian cancer cells and mouse models [100]. PGE,
also functions as an immunosuppressive factor and contribut-
ed to the microenvironment of ovarian cancer by compromis-
ing the Toll-like receptor-mediated dendritic cell activation
[101]. In animal models of chronic inflammation, PGE2 pro-
motes inflammation via Th1 and Th17cells, thereby aggravat-
ing inflammation [102]. While most research on the involve-
ment of eicosanoids in inflammation, immune system, and
cancer is focused on COX-2-mediated pathways, LOXs and
their metabolites also appear to play a role in inflammation,
immune modulation, and associated cancer. The leukotriene
LTB4 is also a potent attractant of neutrophils, eosinophils, T
cells, and macrophages to sites of inflammation, via Rac-Erk
signaling [103—106]. In BALB/c mouse models of asthma,
leukotrienes are known to mediate airway inflammation by
increasing eosinophil infiltration [107]. Low affinity LTB4
receptor (BLT2) and LTB4 can also contribute to the
chemoresistance; co-treatment with a BLT?2 inhibitor substan-
tially reduced resistance to cisplatin in the SKOV-3 cell tumor
model [108]. Expression of 5-LOX was much higher in the
human ovarian tumor tissues with highly infiltrated tumor-
associated macrophages and macrophages treated with 5-
LOX metabolites led to increased expression of MMP-7
through the p38 pathway [109].

There is considerable evidence to demonstrate the therapeu-
tic potential of targeting the interaction between nerves with
immune cells to improve immunity, particularly in cancer.
Use of host cell-targeted immune therapies such as CTLA-4
and PD-1 blockade heavily rely on the presence of functional
T cells, establishing the need for therapies which prevent im-
mune suppression in the microenvironment. As described
above, there is extensive experimental data to suggest that use
of 3-blockers could be an effective strategy to improve host
immune responses. Similarly, NSAIDs that target COX and
LOX pathways could be included in the therapeutic regimen
to treat tumor-associated inflammation. Despite the seemingly
independent pro-inflammatory actions of biobehavioral path-
ways and eicosanoids, there could be an underlying synergism
between these processes in inducing inflammation, an interac-
tion that has not been fully characterized yet due to biological
complexity. Continued research in these areas is expected to
uncover some of the mechanisms of interactions between
CNS responses and eicosanoids in promoting inflammation.

4 Discussion

Multiple pre-clinical and clinical studies have shown that psy-
chosocial factors, depression, and stress in humans affect
many biological processes. Many of these studies specifically
link SNS activation to malignant progression, metabolism

Fig. 2 Stress and eicosanoids directly influence inflammation. However,
the relationship between stress and eicosanoids is not well established.
Eicosanoids activate certain components of CNS-mediated stress
response pathway, while stress mediators are known to influence
synthesis of certain eicosanoids. It is possible that stress mediators and
eicosanoid-synthesizing enzymes influence each other, should their basal
levels be disrupted. However, additional research is needed to elucidate
the exact pathways and mediators involved in this interaction

dysregulation, and inflammation. Stress-inducible metabolic
factors, such as COX2, modulate stress responses in illness
and are also involved in activation of components of the CNS
under stress. Stress mediators such as norepinephrine directly
influence immune cell number and activity at a site, subse-
quently affecting inflammation. The studies outlined in this
review show that stress can shape the immune environment
and metabolism of tumors and normal cells, highlighting the
importance of deeper understanding of the interactions be-
tween these processes in driving disease (Fig. 2).

While the effects of adrenergic signaling and stress on cru-
cial tumor metabolic pathways have been extensively investi-
gated [110, 111], interactions between stress and eicosanoids
are not fully understood. Arachidonic acid pathway and eicos-
anoids respond to different types of stress stimuli and there
could be responses to adrenergic signaling and psychological
stress. It is important to uncover the underlying interactions
between these processes in order to expand the understanding
of disease development and progression.
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