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Chapter 1
Morphine and Metastasis: From Bench
to Bedside

Marie-Odile Parat

Abstract The possibility that morphine and other opioids may modulate tumour
growth and metastasis has been researched for many years. The recent past has seen
multiple clinical studies attempting to document whether limiting the perioperative
use of morphine is beneficial for cancer surgery patients. Furthermore, a lot of exciting
new data has been generated in vitro, but also in preclinical and clinical studies, that
indirectly shed light on the effect of opioids on cancer. Future directions in the field
may include the role of endogenous morphine in tumour biology, the recent discovery
that genetic polymorphisms of the mu opioid receptor are associated with cancer
survival, the role of microRNAs in opioid receptor regulation and signalling, and
the potential usefulness of peripheral opioid antagonists.

Keywords CancereEndogenousmorphine*Immunosuppression®Methylnaltrexone
* MicroRNA ¢ Morphine glucuronides ® Opioid antagonists ® Opioid receptor * Pain
management ¢ Polymorphism ¢ Surgery ¢ Tolerance * Tumor microenvironment
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M3G morphine-3-glucuronide

M6G morphine-6-glucuronide

MD2 myeloid differentiation protein-2
NO nitric oxide

NOS nitric oxide synthase

NOP nociceptin receptor

PDGFRp platelet-derived growth factor receptor 3
RT-PCR  reverse transcriptase polymerase chain reaction

TLR4 toll-like receptor 4

UTR untranslated region

VEGFR  vascular endothelial growth factor receptor
DOR d opioid receptor

KOR K opioid receptor

1.1 Introduction

A vast research effort is currently being carried out by a variety of scientists and
clinicians to determine whether opioids, and in particular morphine, influence the
growth and metastasis of tumours with obvious clinical implications: morphine is
administered to cancer patients to alleviate their pain, and most often as part of the
perioperative pain management of solid tumour surgical ablation.

Research shows a variety of effects for morphine and other opioids depending on
the complexity of the system studied: cell, tumour and its micro-environment, entire
body. At the cellular level, the various receptors and signalling pathways involved,
the dose responses, the chronicity of exposure and the opioids tested already engender
some discrepancies in the reported effect of opioids on cancer cells, as well as other
cell types important in tumour growth such as endothelial cells or immune cells
(Afsharimani et al. 2011a). Animal studies have tested the impact of morphine in
rodents implanted with tumour cells in the absence of surgical stress, or concomi-
tant with laparotomy, with there again contradicting results (Afsharimani et al.
2011b). It is clear that in the context of pain, the potential growth and metastasis-
promoting effects of morphine are offset by its pain-killing effects — pain being a
much worse tumour-promoting factor (Page et al. 1993, 1998, 2001; Sasamura
et al. 2002). Extrapolation of animal studies to the clinical context is delicate given
the difference in morphine metabolism between mice and humans (Hoskin et al.
1989; Kuo et al. 1991). Lastly, clinical studies testing the effect of morphine on
tumour growth or metastasis in a non-surgical context are inexistent but recently, a
number of retrospective studies and one prospective trial have tested the role of
perioperative anaesthesia and pain management on cancer recurrence or metastasis
in cancer surgery patients (reviewed in Shilling and Tiouririne (2013), Popping
et al. (2013), Shanahan et al. (2013)) — perioperative pain management includes
multiple variable factors, one of which is the use of opioid analgesics. Ultimately,
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research on the effect of opioid on cancer growth, metastasis, and post-surgical
recurrence will serve to establish guidelines regarding the use of opioids in cancer
patients.

1.2 Morphine and Tumour Growth and Metastasis
at the Cell Level

In addition to their ability to control pain via centrally mediated pathways, opioids
can act peripherally, on cells that can directly influence tumour growth or metastasis
especially cancer cells, endothelial cells, and immune cells. While mostly attributed
to opioid actions on the p, k, 6 opioid classical receptors (MOR, KOR, DOR,
respectively), some of the effects of opioids on tumour or cancer-associated cells
are hypothesized to be non opioid receptor-mediated when they are experimentally
not reversed — or only partially — by pharmacological antagonists or by molecular
receptor ablation (Afsharimani et al. 2011a). In some cases, direct actions of opioids
on non-opioid receptors have been identified. Naloxone competes with 173-estra-
diol for binding to the estrogen receptor and acts as an antagonist of estrogen receptor
activity, with obvious therapeutic implications in estrogen-dependent tumours
(Farooqui et al. 2006; Johnson et al. 2013). In other cases, opioids can transactivate,
via action through opioid receptors, growth factor receptors relevant to cancer
growth: morphine-induced phosphorylation of the epidermal growth factor receptor
(EGFR) occurs via opioid receptors and the coactivation of EGFR by opioid receptors
can be antagonized by naloxone (Fujioka et al. 2011). Opioid receptors also trans-
activate platelet-derived growth factor receptor f (PDGFRp) (Chen et al. 2006;
Wang et al. 2012d) and vascular endothelial growth factor receptors (VEGFR)
(Singleton et al. 2006; Chen et al. 2006) and the downstream signalling and func-
tional consequences of growth factor receptor transactivation can be inhibited by
opioid receptor antagonism (Singleton et al. 2006).

Other receptors may be of relevance to the effect of opioids on tumour growth
and metastasis. Morphine has been shown to stimulate nitric oxide (NO) release by
constitutive nitric oxide synthase (NOS) in macrophages and endothelial cells —
important players of the tumour microenvironment — and this is proposed to occur
via a novel alternatively spliced variant of the MOR named p3 (Stefano et al. 1995;
Cadet et al. 2004). The expression of this receptor has been evidenced in cancer
tissue via binding and reverse transcriptase polymerase chain reaction (RT-PCR)
assays (Fimianietal. 1999). Moreover, morphine is proposed to activate inflammation
via activation of the Toll-like receptor 4 (TLR4) through binding of the TLR4-
associated protein myeloid differentiation protein-2 (MD2) on central nervous
system endothelial and microglial cells (Wang et al. 2012c). Actions of opioids on
TRLA4 of tumour cells (Hassan et al. 2006; Molteni et al. 2006; Tang et al. 2010) or
surrounding endothelial cells or macrophages can be hypothesized to similarly
modulate the tumour microenvironment. Therefore, in addition to affecting cellular
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responses such as proliferation, apoptosis, migration and invasion, opioids have the
potential to modulate angiogenesis (Gupta 2013), inflammation, vascular integrity
(Lennon and Singleton 2013), the immune response (Koodie and Roy 2013), and
thus determine the tumour microenvironment.

Little is known about opioids in the tumour microenvironment — Opioids may be
able to modulate the cross talk between cancer and non-cancer cells within the
tumour (Fuggetta et al. 2005). The MOR expression is increased in some tumour
cell lines and in tumour samples (Mathew et al. 2011). Morphine has been shown to
down-regulate basic fibroblast growth factor (bFGF) production in human mono-
cyte-derived macrophages (Dave and Khalili 2010). Moreover, the endogenous
opioid production by immune cells, providing analgesia at sites of inflammation
(Cabot et al. 1997), is likely to be relevant to immune cells in the tumour microen-
vironment but this has not been explored in a cancer-specific setting.

1.3 At the Animal Level

Many studies have shown discrepant results when testing the effect of opioids on
rodent tumour models, ranging from a net tumour-promoting effect (Ishikawa et al.
1993; Gupta et al. 2002) to inhibition of tumour growth (Yeager and Colacchio
1991; Sasamura et al. 2002; Koodie et al. 2010). Mouse studies need to be examined
keeping in mind that many genetic variations in the p-opioid receptor gene between
wild-derived mouse strains are associated with differences in opioid sensitivity
(Shigeta et al. 2008). Similarly, genetic variation between mouse strains can be
hypothesized to explain — at least in part — the variations in the effect of opioids on
tumour growth or angiogenesis between different research groups and published
studies. Additional variability between studies can be attributed to differences in
experimental conditions as reviewed elsewhere (Afsharimani et al. 2011a). When
rodents are subjected to pain or surgical stress in addition to being inoculated with
tumour cells, morphine is protective against tumour growth and/or metastasis (Page
et al. 1993, 1994, 1998; Bar-Yosef et al. 2001; Sasamura et al. 2002). Therefore,
providing the best possible pain relief to cancer patients may influence disease
outcome.

1.4 At the Bedside

One of the problems in extending findings from preclinical studies to humans is the
fact that there are wide species differences in morphine glucuronidation and in par-
ticular, between humans and rodents: humans metabolise morphine into morphine-
6-glucuronide (M6G) which is a more potent analgesic than morphine, and is found
in the circulation in concentrations exceeding those of morphine itself after parenteral
or oral administration (Osborne et al. 1988, 1990), and morphine-3-glucuronide
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(M3G) which loses analgesic effect (Shimomura et al. 1971). In contrast, mice and rats
produce mostly M3G. This was determined through urinary excretion of metabolites,
and ratios of the metabolising enzyme uridine diphosphate-glucuronyltransferase
activities towards the —3 and —6 hydroxyl groups of morphine in liver microsomes
(Kuo et al. 1991), although production of M6G in rat brain tissue seems higher
(Nagano et al. 2000). As a consequence of this difference in metabolism, rodents
require doses in mg/kg that are much higher than humans and “clinically relevant”
doses of morphine employed in rodents should take into account the concentrations
and pharmacokinetics of active morphine metabolites. Furthermore, the contribution
of morphine and its metabolites to the modulation of tumour growth and metastasis
has not often been dissected out. In a study documenting the pro-angiogenic effect
of opioids in vitro, activation of endothelial cell migration was demonstrated for
morphine and M6G but not M3G (Singleton et al. 2006). It has been suggested that
morphine metabolites M6G and M3G modulate immune responses in cancer patients,
although the study did not elucidate whether the metabolites acted on humoral and
cellular immunity or whether they were just areflection of morphine intake (Hashiguchi
et al. 2005). In contrast, in rats administered with exogenous M6G, suppression of
immune function was demonstrated and suggested to be centrally mediated (Carrigan
and Lysle 2001).

A second issue in determining from clinical studies whether opioids actually
modulate tumour growth, metastasis or recurrence in patients undergoing tumour
resection is the complexity of the perioperative factors, difficult to control for.
In prospective or retrospective studies comparing regional analgesia to opioid-based
analgesia, opioid intake is not the only factor that differs between groups (Exadaktylos
et al. 2006; Biki et al. 2008; Sessler et al. 2008; Tsui et al. 2010; Wuethrich et al.
2010; Myles et al. 2011, De Oliveira et al. 2011, Forget et al. 2011, Cummings et al.
2012, Day et al. 2012). Indirect approaches may therefore be necessary to shed light
on the role of opioids in tumour growth and metastasis, for example by studying the
association between genetic polymorphisms influencing opioid function and cancer
survival (Bortsov et al. 2012, 2013).

1.5 Additional Factors That Engender Variability

Additional factors that may be responsible for variability in published data about the
effect of opioid on tumour growth and metastasis include the acute versus chronic
exposure to opioids. In cell culture studies, morphine is mostly applied for a maxi-
mum of a few days before measurement of the endpoint. In animals, osmotic pumps,
morphine-releasing pellets or repeated subcutaneous or intraperitoneal injections
every 12 h have been used over very different periods of time. In the clinical setting,
perioperative pain and chronic pain of cancer patients are managed differently. It is
known that chronic use of morphine and other opioids produces tolerance and
dependence via adaptations in the nervous system and peripheral tissues at multiple
levels (compensatory changes in signal transduction leading to alterations in gene
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transcription, levels of second messengers and neurotransmitters). These adaptive
changes have been proposed to be initiated through endocytic trafficking of activated
receptors (Martini and Whistler 2007). Research in this area has mostly targeted
central nervous system cell types. To which extent the effects of opioids on tumour
growth and metastasis can be modulated by chronic versus acute use is largely
unknown. Most animal studies assessing the effects of opioid administration on
immune function (which is thought to mediate some of the effects of opioids on
tumour growth and metastasis) have employed acute or subacute (not sufficient to
induce marked dependence or tolerance) administration (Eisenstein et al. 2006).
In this context, opioids are mostly immunosuppressive. However, some studies have
shown that long term exposure to opioids can lead to tolerance to some (including
NK cell activity), but not all, parameters of immune suppression, i.e. some immune
parameters that are suppressed during acute exposure to opioids return to normal as
the time of exposure increases (Eisenstein et al. 1998). This may translate into a
different effect in cancer patients treated with perioperative or chronic morphine.
Interestingly, opioid withdrawal in dependent animals or long term opioid users is
associated with suppressed immunity (Eisenstein et al. 1998).

1.6 Future Directions

1.6.1 Endogenous Morphine

In addition to exogenously administered morphine, the study of morphine in relation
to tumour growth and metastasis should take into account the increasingly recog-
nized existence of endogenous morphine, the biological and physio-pathological
implications of which are still not fully understood (Stefano et al. 2012). Animal
and human cells are now known to be able to produce low concentrations of endog-
enous, genuine morphine (Poeaknapo et al. 2004; Boettcher et al. 2005). A biological
role for endogenous morphine is supported by the existence of u3 and p4 opioid
receptors, which respond to opiate alkaloids such as morphine but not to the previ-
ously recognized endogenous opioid peptides (Stefano et al. 2012). The production
of endogenous morphine is not restricted to neuronal cells. Some of the cells tested
so far and shown to produce morphine in vitro include immune cells (Zhu et al.
2005; Glattard et al. 2010) and various cancer cell lines (Poeaknapo et al. 2004;
Muller et al. 2008).

At this stage a potential role for endogenous morphine in modulating cancer
growth and metastasis is entirely speculative and comes from the juxtaposition of (i)
knowledge of the existence of endogenous morphine and (ii) data on the effect of
exogenous morphine on cancer. Whether cancer cells or non-cancer stroma cells
produce and respond to endogenous morphine, with the potential for autocrine or
paracrine signalling within the tumour micro-environment is unanswered. Clinical
data on circulating levels of endogenous morphine in cancer patients are lacking.
In an early study, Munjal et al. determined that normal lung tissue and non-cancerous
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lung cell lines produced endogenous morphine whereas lung cancer cell lines (both
small cell and non-small cell lines) did not, therefore hypothesizing that endogenous
morphine could prevent cell proliferation in the context of lung cancer (Munjal
et al. 1995).

Of interest to our topic, endogenous morphine production is elicited in humans
by surgery and is proposed to be part of the surgical stress response. Plasma
morphine concentrations were shown to be significantly elevated from postoperative
days 1-5 following coronary artery bypass grafting (CABG) surgery in patients
receiving no exogenous morphine (Brix-Christensen et al. 1997). Cardiopulmonary
bypass in itself was shown to elicit postoperative morphine production in neonatal
pigs, while sham operated animals, undergoing sternotomy without cardiopulmonary
bypass, had no detectable endogenous morphine (Brix-Christensen et al. 2000).
The involvement of surgical stress in the increased endogenous morphine production
was demonstrated by comparing laparoscopic procedures to open laparotomy: in
two studies of cholecystectomy and colectomy, respectively, open surgery resulted
in significantly higher endogenous morphine concentrations than laparoscopic
surgery (Yoshida et al. 2000; Madbouly et al. 2010). It has been proposed, based on
the immunosuppressive effects shown for exogenous morphine, that endogenous
morphine may be part of the body anti-inflammatory response to the trauma of
surgery (Brix-Christensen et al. 1997).

1.6.2 Opioid Receptor Polymorphisms

Over 700 genetic polymorphisms of the mu opioid receptor gene (OPRM1) have
been identified in humans, and shown to be associated with opioid sensitivity, sub-
stance dependence and susceptibility to other disorders (Kasai and Ikeda 2011).
The most abundantly studied OPRM1 SNP, A118G, results for G-allele carriers in
a decreased sensitivity to opioid analgesia — and subsequent decrease in pain relief,
increase in morphine requirement, and increased opioid consumption, demonstrated
both in post-operative pain and cancer pain studies (reviewed in (Kasai and Ikeda
2011). Disorders that have been associated with the A118G polymorphism of the
OPRMI1 gene include epilepsy and schizophrenia, where the G-allele may be a risk,
and diabetes and obesity, where the G-allele may be protective (reviewed in (Kasai
and Ikeda 2011). Recently, exciting data has been generated indicating that genetic
polymorphisms of the p opioid receptor and thus presumably variations in opioid
signalling may be involved in cancer. Bortsov et al. have studied the association of
A118G with breast cancer survival and showed that women with one or more copies
of the G-allele had decreased breast cancer-specific mortality (Bortsov et al. 2012,
2013). Opioid intake — which can be hypothesized to be higher in carriers of the
G-allele (Klepstad et al. 2004; Chou et al. 2006; Campa et al. 2007; Sia et al. 2008) —
was no reported in that study. Studying the same SNP, Wang et al. further demon-
strated that carrying the G-allele was associated with a significantly reduced risk for
esophageal squamous cell carcinoma (Wang et al. 2012a). Whether these associations
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are directly linked to the effect of opioid signalling on tumour biology, or influence
cancer indirectly via other disorders (such as obesity) or risk factors (such as tobacco
dependence) will no doubt be researched in the coming years. Given that prospec-
tive trials directly studying whether opioids affect cancer may not be feasible, this
field may provide useful, indirect answers about the role of opioids on cancer
outcome.

1.6.3 Opioid Receptor Antagonists

Being able to antagonize the potentially harmful peripheral effects of morphine on
tumour growth and metastasis while preserving central pain relief which is known
to inhibit tumour growth and metastasis has been proposed as a course of action to
manage cancer pain while optimizing side effects of opioid agonists. Indeed,
peripheral-specific antagonists have been shown to be of benefit regarding unwanted
peripheral side effects such as constipation (Yuan et al. 1996) without altering the
central analgesia obtained with morphine treatment. It is thus interesting to hypoth-
esize that in models where morphine promotes tumour growth or metastasis, the
concomitant administration of a peripheral opioid antagonist will provide protection.
In fact, cancer growth and metastasis have been shown to be prevented by MOR
antagonism in an animal tumour model independent from morphine administration
(Mathew et al. 2011).

1.6.4 Exploring the Role of MicroRNAs in Morphine
Effect on Cancer

Micro ribonucleic acids (miRNAs) are small non-coding RNA molecules involved
in post transcriptional regulation of gene expression via binding to partially comple-
mentary sequences in the 3’ untranslated region (UTR) of target mRNA transcripts,
resulting in decreased polypeptide synthesis. Alterations in miRNA expression are
known to modulate tumorigenesis, tumour aggressiveness, invasion, metastasis, and
tumour sensitivity to treatment (Schoof et al. 2012). Interestingly, morphine and
other mu opioid agonists regulate miRNA expression in neuronal (Zheng et al.
2010) and non-neuronal (Dave and Khalili 2010) cells. The morphine-induced
increase in miRNA-15b expression in human monocyte-derived macrophages was
shown to result in decreased expression of the essential pro-angiogenic growth
factor bFGF (Dave and Khalili 2010). Morphine further increased miRNAs of
the Let-7 family in the neuronal SH-SYSY neuronal cell line but also in vivo in a
mouse model (He et al. 2010). Let-7 miRNAs are down-regulated in many cancers
and have been generally found to be tumour suppressors, inhibiting cell prolifera-
tion and survival by affecting a number of oncogenes, cell cycle regulators, cell
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differentiation and apoptotic pathways mediators, such that let-7 upregulation is
proposed to be an effective therapeutic target in cancer (Thornton and Gregory
2012; Boyerinas et al. 2010; Wang et al. 2012b). Whether morphine-induced upreg-
ulation of Let-7 may result in altered growth of tumour cells is unexplored at present.

Conversely, expression of the MOR is regulated by miRNAs. An in silico search
for miRNAs that may interact with the 3’UTR of the MOR mRNA identified the
let-7 family of miRNAs as top candidates (He and Wang 2012). Knock-down exper-
iments confirmed that MOR expression is controlled by let-7. Therefore, morphine
induces let-7 expression which in turn down-regulates the expression of the MOR.
This has been shown to result in opioid tolerance in neuronal cells and in mice (He
et al. 2010). Whether a similar mechanism may regulate tumour cell response to
opioids is entirely unknown.

1.7 Concluding Remarks

Optimal pain management of cancer patients is of the utmost importance, and may
influence disease outcome. Current investigations and cross talk between basic
science and clinical trials will refine our understanding of the multiple levels of
actions of morphine and other opioids on tumour growth and metastasis, and result
in improved guidelines for patient care.
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Chapter 2
Interaction of Naloxone and Estrogen Receptor
in Breast Cancer

Katherine N.H. Johnson, Nurulain Zaveri, and Kalpna Gupta

Abstract Majority of breast cancers are estrogen receptor (ER) positive. Due to
resistance to known ER-based therapies, novel treatment targets and drugs are
required to effectively treat ER-positive breast cancer. Opioids are often used to treat
pain in breast cancer and promote tumor growth and metastases in rodent studies.
Opioid receptor (OR) antagonists, such as naloxone, naltrexone and methylnaltrex-
one inhibit cancer progression and metastases. All three antagonists share structural
similarities with the estrogen, 17B-estradiol (E2), and are therefore capable of
binding to ER. Naloxone inhibits E2-induced human MCEF-7 breast cancer cell
proliferation and MAPK/ERK signaling. Additionally, naloxone also attenuates the
activation of membrane bound/cytoplasmic ER and phosphorylation of the epidermal
growth factor receptor. Naloxone blocks the E2-induced ER activation by precluding
its binding to the co-activator and by directly competing with E2 for binding to ER.
In addition to these direct interactions with ER, naloxone prevents the cross-talk
of ER with mu opioid receptor (MOR), suggesting that activation of MOR may
contribute to E2-induced ER activation. Since naloxone and structurally similar
OR antagonists inhibit cancer progression and metastases, OR antagonists can be
potentially developed for breast cancer treatment.
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Abbreviations
E2 17B-estradiol
AF1 activation-function 1

AF2 activation-function 2

Al aromatase inhibitor

cAMP cyclic adenosine monophosphate
EGFR epidermal growth factor receptor
ER estrogen receptor

ERE estrogen response element

Gi-GPCRs inhibitory regulated-G protein coupled receptors
LBD ligand-binding domain

MNTX methylnaltrexone

MAPK/ERK  mitogen activated protein kinase/extracellular signal-regulated kinase
Nal naloxone

NTX naltrexone

NOP nociceptin/orphanin FQ receptor

OR opioid receptor

PI3K phosphatidylinositol 3-kinase

Akt protein kinase B

SERMs selective ER modulators

VEGFR2 vascular endothelial growth factor receptor 2
DOR  opioid receptor

KOR K opioid receptor

MOR . opioid receptor

2.1 Interaction of Naloxone and Estrogen Receptor
in Breast Cancer

In the developed world breast cancer is the most common malignancy amongst
women. It is estimated that in the United States (US) alone, about 12% of women,
which amounts to one out of eight women, will develop invasive breast cancer in
their life-time (www.breastcancer.org). An alarming number of new cases of inva-
sive and non-invasive breast cancer (230,480 and 57,650, respectively) were to be
diagnosed in women and 39,520 women were expected to die of breast cancer in
2011 in the US. In spite of a slow decline in the breast cancer incidence, (about 2%)
due to increased awareness, early detection and treatment, breast cancer remains
the second most common malignancy in women in the US. About 80% of breast
cancers are estrogen-receptor positive. Therefore, strategies to attenuate estrogen
receptor (ER) activity are critical to cure breast cancer.
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2.2 Role of Estrogen Receptor

The ER is a member of the nuclear steroid-hormone receptor superfamily
(Mangelsdorf et al. 1995; Hall et al. 2001). The two isoforms of ER, ERa and ERJ,
have a high degree of homology, particularly in their ligand and DNA binding
domains and exhibit the characteristic features common to intracellular nuclear
receptors (Hall et al. 2001). ERa.- and ER3-knockout mice display different pheno-
types. Female ERa-knockout mice show complete estrogen insensitivity in the
reproductive organs, and have stunted mammary glandsin addition to other pheno-
typic changes, whereas, female ER-knockout mice have limited ovarian function
(Lubahn et al. 1993; Krege et al. 1998; Dupont et al. 2000; Korach et al. 2003). Both
isoforms play a critical role in the normal and malignant biology of the breast,
where, ERa is the predominant form in neoplastic breast epithelium, while ERf3
is more common in normal breast tissue (Khan et al. 1994; Hall et al. 2001). It is
suggested that ERP may regulate ERa activation, by decreasing cellular sensitivity
to estrogens (Hall and McDonnell 1999).

ERoa-dependent breast cancer progression has been a subject of intense investi-
gation to develop targeted therapies. About one third of breast cancers are ERa-
negative and difficult to treat, but about 65% are ER-positive (Howe and Brown
2011). Several ERa-based drugs are suggested to have a preventive effect on breast
cancer in women at moderate- to high-risk of developing breast cancer based on a
large phase III clinical trial (Cuzick et al. 2011; Vogel et al. 2010). Drugs tested
included the aromatase inhibitor (AI), exemestane and selective ER modulators
(SERMs), tamoxifen, raloxifene and lasofoxifene. These drugs reduce the risk of
developing breast cancer and are also used to treat ERa-positive breast cancer.
In spite of the promising effect of these therapies, patients with breast cancer develop
resistance to therapy. Epidermal growth factor receptor family, ErbB family, which
includes the epidermal growth factor receptor (EGFR), has been suggested to play
an important role in development of resistance to hormonal therapy (Massarweh
et al. 2008; Arpino et al. 2004; Emde et al. 2011). Thus a sub-set of ER-positive
breast cancer’s therapeutic outcomes are challenged by activation of alternative
growth factor signaling pathways.

2.3 Mechanism of Action of ER

ERs display the characteristic features of nuclear hormone receptors. Structurally,
ERa acts in a ligand-dependent as well as ligand-independent way (Gronemeyer
et al. 2004; Nilsson et al. 2011). The amino terminal activation-function 1 (AF1)
activates ligand-independent transcription and the carboxy terminal, activation-
function 2 (AF 2) region consists of a multifunctional ligand-binding domain (LBD).
The central region consists of the DNA-binding domain, which binds to the specific
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sequence of DNA on the estrogen response element (ERE) for transcriptional
activation. The transcriptional activity of ER further depends upon activating and
repressing co-regulators in the nucleus.

ERa exists in an inactive form in the cytoplasm and nucleus of the cell. Ligand
binding induces a conformational change resulting in homodimerization and nuclear
translocation, followed by binding to the ERE and transcriptional activation (Nilsson
et al. 2011). In addition to the classical activation by specific ligands, cytoplasmic
ERs are phosphorylated by activated growth factor receptors, such as EGFR. In turn,
activated cytoplasmic ERs stimulate mitogen activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) and phosphatidylinositol 3-kinase (PI3K)-
protein kinase B (Akt) phosphorylation directly as well as by a cross talk with
inhibitory regulated-G protein coupled receptors (Gi-GPCRs) (Hammes and
Levin 2007; Wu et al. 2011). However, cytoplasmic activation of the ERs does not
promote breast cancer growth, but stimulates endothelial cell-specific activities.
In a tumor microenvironment, activated growth factor receptors and GPCRs
may therefore further promote ER-induced cell survival and proliferation in breast
cancer, by contributing to increased angiogenesis and perhaps increased resistance
to hormonal therapy.

2.4 Opioid Receptors

Gi-GPCR family includes opioid receptors (OR). The significance of OR activity is
two-fold in cancer biology because: (1) OR agonists such as morphine are often
used to treat severe pain in cancer and (2) opioid-induced cell survival and prolifera-
tion may contribute to cancer progression and metastases directly and by promoting
angiogenesis (Gupta et al. 2002, 2007; Stephenson and Gupta 2006; Farooqui et al.
2007; Singleton et al. 2000).

There are four different classes of classical ORs —, 3, kK (MOR, DOR, and KOR,
respectively) and nociceptin/orphanin FQ receptor (NOP) (Finley et al. 2008; Gupta
et al. 2007; Stephenson and Gupta 2006). These receptors are coupled to Gi/Go type
of G-protein and inhibit adenyl cyclase activity resulting in a decrease in the basal
production of cyclic adenosine monophosphate (cAMP). However, chronic activation
of ORs may lead to superactivation of adenyl cyclase and increased cAMP (Gupta
et al. 2007). Depending upon its binding affinity each opioid is a selective agonist
for a specific receptor, whereas, Naloxone (Nal) is a non-selective antagonist.

2.5 Possible Role of Naloxone in Cancer

Opioid receptor antagonists, such as Nal and Naltrexone (NTX), were shown to
inhibit the growth of neuroblastoma and mammary tumors in vivo, almost three
decades ago (Aylsworth et al. 1979; Zagon and McLaughlin 1983b; Tsunashima 1982).



2 Interaction of Naloxone and Estrogen Receptor in Breast Cancer 19

These observations support the antitumor activity of OR antagonists, but raise the
possibility that these antagonists may attenuate the analgesic ability of endogenous
opioids and exogenously administered opioid analgesic drugs. However, more
recent studies suggest an anti-nociceptive effect of a low dose of naloxone by itself
and/or co-administered with opioids (Lunzer et al. 2007; Power 2011).

The MCF-7 cell line is a widely studied human breast cancer tumor model that
is estrogen dependent. Several studies with MCF-7 cells suggest the modulatory
effects of opioids and their receptor(s) on estrogen and its receptor(s) and vice
versa (Table 2.1) (Cadet et al. 2002; Panagiotou et al. 1998; Sinchak and Micevych
2001). In earlier studies, however, opioid-induced cell proliferation was Nal-
insensitive in vitro, yet Nal potently inhibited tumor growth in vivo (Gupta et al. 2002;
Tegeder et al. 2003; Maneckjee and Minna 1992; Kugawa et al. 1998; Hatzoglou
et al. 1996a; b). We found that morphine stimulated angiogenesis and human
MCEF-7 breast cancer cell tumor xenografts in nude mice, whereas, Nal inhibited
tumor growth in this model (Gupta et al. 2002). Intriguingly, more recent studies
from our laboratory showed that 17 B-estradiol (E2)-induced MCF-7 breast can-
cer cell proliferation was inhibited by 100 nM Nal, but not by morphine (Farooqui
et al. 2006). Together, these observations suggest an interaction of Nal with the
E2-stimulated pathways and/or antagonism of constitutively activated ORs in
MCF-7 cells. Thus, morphine appears to promote cancer growth by promoting
angiogenesis, and Nal attenuates breast cancer progression by acting directly on
the cancer cells.

2.6 Structural Similarity Between ER Agonists/ER
Antagonists and OR Antagonists

We observed that the phenolic hydroxyl group required for the binding of ER
ligands to ER is also present in Nal (Farooqui et al. 2006; Fig. 2.1). The phenolic
hydroxyl group is a common feature of several OR antagonists including NTX
and methylnaltrexone (MNTX). Superimposition of energy-minimized conforma-
tions of E2 (magenta), Nal (cyan), and MNTX (yellow), show the overlap of the
phenolic hydroxy-bearing aromatic ring (solid white arrow) of all the compounds
(Fig. 2.1a). The N-allyl and cyclopropylmethyl substituents of Nal and MNTX
respectively, occupy the same region in space as the D-ring of the steroidal E2
(Fig. 2.1a). Superimposition of energy-minimized conformations of E2 (green),
NTX (yellow), MNTX (magenta) and 4-hydroxytamoxifen (cyan), depict the
overlap of the phenolic hydroxy-bearing aromatic ring (solid red arrow) (Fig. 2.1b).
The N-substitution of NTX and MNTX occupies the same region of space as the
D-ring of E2 (green arrow), and may be responsible for their action as antagonists
of ER. This conclusion is corroborated by the observations that Nal inhibits the
binding of E2 to ERa in vitro (Farooqui et al. 2006).
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Fig. 2.1 Structural similarities between estrogen and opioid receptor antagonists, naloxone,
naltrexone and methylnaltrexone. (a) Superimposition of energy-minimized structures of E2 (magenta),
Nal (cyan), and MNTX (yellow). (b) Superimposition of energy-minimized conformations of E2 (green),
NTX (yellow), MNTX (magenta) and 4-hydroxytamoxifen (cyan)

2.7 Inhibition of Breast Cancer Growth by Naloxone

Nal at 1.5 mg/kg/day and 10-30 mg/kg/day reduces tumor volume by ~25-30% in
nude mice xenografted with MCF-7 human breast cancer cells, compared to controls
(Gupta et al. 2002; Tegeder et al. 2003). Nal also antagonizes the genomic and non-
genomic activity of ERa in MCF-7cells (Farooqui et al. 2006). It is important to
antagonize ERa activity since most human breast tumors are ERa-positive and
respond to estrogen/hormonal therapy, but often develop resistance to therapy. Due to
structural similarities with ERa agonists and antagonists, Nal binds to ERa and mod-
ulates its activity directly. Nal inhibits E2-induced MAPK/ERK phosphorylation
and MCF?7 cell proliferation by 65%. Nal directly inhibits the E2-induced activation
of ERa by binding to the nuclear ERa, and inhibits E2-induced down-regulation of
ERo mRNA, required for receptor re-activation. Moreover, Nal inhibits the non-
genomic activity of ERa by inhibiting the binding of E2 to the plasma membrane. In
the presence of Nal, ERa associates with MOR only when activated with E2, suggest-
ing the possibility of MOR-induced transactivation of ER (Farooqui et al. 2006).

Nal and NTX are structurally similar OR antagonists that non-selectively bind all
three classical ORs and antagonize the analgesic activity of opioids. NTX inhibited
neuroblastoma growth at low doses (0.1mg/kg), but stimulated it at high doses
(10mg/kg) in both immunodeficient and immunocompetent mice. NTX (0.1 mg/kg)
increased tumor latency to 98%, increased survival by 36%, but also blocked
morphine-induced analgesia for 4-6 h compared to controls (Zagon and McLaughlin
1983a, b, 1987). In contrast, 10 mg/kg NTX had the opposite effect on tumor inci-
dence, latency, survival and metastasis, and blocked morphine-induced analgesia
for 24 h. NTX (75 mg/kg diet) also inhibited the initiation (I), progression (P),
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and I+P phase of DMBA-induced rat mammary tumors by 27, 60, and 45%, respec-
tively (Koo et al. 1996) and reduced tumor multiplicity by 40, 73, and 70%,
respectively. These effects of Nal and NTX support the hypothesis that OR antogo-
nists structurally similar to ERa could be used to treat and inhibit human cancer
growth.

Another OR antagonist, MNTX is a quaternary derivative of NTX, with a methy]
group attached to the amine of NTX, has a greater polarity, lower lipid solubility
and structural similarity to Nal as described above (Moss and Rosow 2008).
Unlike Nal and NTX, MNTX is MOR-selective and does not cross the blood—brain
barrier. Therefore MNTX does not antagonize opioid analgesia. MNTX inhibits MOR-
mediated vascular endothelial growth factor receptor 2 (VEGFR2) crosstalk, potenti-
ates the apoptotic effect of mTOR inhibitors, inhibits angiogenesis and inhibits lung
cancer progression and metastasis (Lennon et al. 2012; Mathew et al. 2011; Singleton
et al. 2006, 2010). Table 2.1 lists the effects of OR antagonists on a variety of human
endothelial and cancer cells, rodent models of cancer and human cancer. Collectively,
the antagonism of MOR and inhibition of cancer growth and angiogenesis by the
structurally similar OR antagonists argue for their potential in cancer therapeutics.

2.8 OR Antagonism May Uncouple Growth Factor Receptor
Signaling Pathways

MOR also transactivates EGFR (Belcheva et al. 2001; Fujioka et al. 2011). Morphine
stimulates MAPK/ERK phosphorylation in endothelial, breast cancer and lung cancer
cells via MOR (Singleton et al. 2006; Gupta et al. 2002; Chen et al. 2006; Mathew
et al. 2011; Fujioka et al. 2011). Activation of MAPK/ERK and EGFR activates
ERa and may even confer tamoxifen (TAM) resistance (Gururaj et al. 2006; Kato
etal. 1995; Ring and Dowsett 2004). Higher levels of met-enkephalin were observed
in the plasma of women with breast cancer compared to age-matched controls
(171+190 in cancer vs. 109+79 in controls) (Kajdaniuk et al. 2000). Increased
endogenous opioids may lead to constitutive activation of MOR, which may contribute
to the activation of ERa signaling and perhaps ineffectiveness of ERa based
hormonal therapy. It is therefore likely that co-administration of Nal and Nal-like
antagonists of ORs may increase the therapeutic efficacy of hormonal therapy.

2.9 Translational Significance of Naloxone/OR
Antagonism in Cancer Therapy

Recent studies demonstrate that OR antagonists such as MNTX, which is structurally
similar to Nal can inhibit both endothelial and tumor cell proliferation. Therefore, we
propose that Nal and Nal-like OR antagonists may attenuate tumor growth by inhibiting
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Fig. 2.2 Proposed model of opioid receptor antagonist(s)-mediated inhibition of breast cancer
growth and metastases. Mu opioid receptor transactivates VEGFR?2 in endothelium and EGFR and
ERa in breast cancer cells. In addition, MOR directly activates angiogenic and growth promoting
signaling by activating MAPK/ERK and Stat3 pathway in endothelium. Opioid receptor antago-
nists, naloxone, naltrexone and methylnaltrexone can inhibit these mitogenic activities of MOR
and block cell proliferation. These antagonists can also inhibit the genomic and non-genomic activity
of ERa and attenuate estrogen-induced breast cancer cell proliferation (Abbreviations: VEGF
vascular endothelial cell growth factor, VEGFR, VEGF receptor,/FIk1/KDR, MNTX methylnal-
trexone, NTX naltrexone, Nal, naloxone; MOR mu opioid receptor, EGFR epidermal growth factor
receptor, NO nitric oxide, ER estrogen receptor, ERE estrogen response element)

pro-angiogenic signaling in endothelium; and by inhibiting estrogen-dependent and
-independent breast cancer cell proliferation (Fig. 2.2). Nal/NTX/MNTX will
block the OR-mediated transactivation of VEGFR2 signaling that is critical to the
promotion of angiogenesis. In breast cancer cells, Nal/NTX/MNTX may inhibit
(stop signs) the MOR-dependent EGFR and MAPK/ERK signaling which orches-
trates resistance to hormonal therapy, as well as directly antagonizes ERa activity,
thereby preventing resistance to therapy and inhibiting breast cancer progression.
Since metastasis is dependent upon angiogenesis, the anti-angiogenic effect of OR
antagonists may even impair metastases. Together, the OR-dependent and independent
effect of Nal in breast cancer, support the development of novel Nal-like drugs
for cancer therapy.
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Chapter 3

Morphine and Immunosuppression
in the Context of Tumor Growth
and Metastasis

Lisa Koodie and Sabita Roy

Abstract Morphine has been recognized as a highly potent analgesic agent used
in cancer and non-cancer (neuropathic, surgical) pain management. Cancer
patients may be prescribed morphine at different stages of the disease, during
neoplastic growth and progression, during surgical resection and even in end stage
palliative care. Morphine has been shown to suppress immune cell activation,
functionality and cytokine secretion. While the initial infiltration of immune cells
during tumor growth can be beneficial in destroying stressed tumor cells, prolonged
accumulation results in a dampened immune response, enhanced angiogenesis,
tumor growth and thus metastasis. The aim of this chapter is summarize the
immunosuppressive effects of morphine as it relates to metastasis. We describe
the effects of morphine as it pertains to tumor cell proliferation and growth,
immune cell contribution to angiogenesis and extracellular matrix remodeling
within the tumor microenvironment.
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Abbreviations

CTL cytolytic T lymphocyte

ELISA enzyme-linked immuno-sorbent assay
fMLP formyl-methionyl-leucyl-phenylalanine
HSV-1 herpes simplex virus type 1

HPA hypothalamic pituitary axis

HIFla hypoxia inducible transcription factor
IeG immunoglobulin-G

iNOS inducible nitric oxide synthase

IL interleukin

KC/CXCL1  keratinocyte-derived cytokine

LPS lipopolysaccharide

MIP macrophage inflammatory protein
MMP matrix metalloprotease

MAPK mitogen activated protein kinase

MOR mu-opioid receptor

MDSC myeloid derived suppressor cells

MSC myeloid suppressor cells

NOP non classical-nociceptin/orphanin FQ receptor
NF-kB nuclear factor kappa B

PMA phorbol 12-myristate 13-acetate
RANTES regulated upon activation normal T cell expressed
SCF stem cell factor

SDF-1 stromal derived factor-1

Thl T cell helper 1

Th2 T cell helper 2

TGF-B transforming growth factor beta
TNF-o tumor necrosis factor alpha

VCAM-1 vascular cell adhesion molecule-1
VEGF vascular endothelial growth factor

3.1 Introduction

The immunosuppressive effects of morphine result from both direct and indirect actions.
Morphine can exert direct effects on immune cells expressing the opioid receptors.
Morphine can also act indirectly through the central nervous system, and by hypothalamic
pituitary axis (HPA) activation. To date, morphine has been recognized as a highly
potent analgesic agent used in cancer and non-cancer (neuropathic, surgical) pain
management. Cancer patients may be prescribed morphine at different stages of the
disease, during neoplastic growth and progression, during surgical resection and even in
end stage palliative care. Importantly, not all opioids exert the same level of immunosup-
pression. For example the potent opioid fentanyl exhibits greater immunosuppression
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than buprenorphine — a partial agonist that has less immunosuppressive effects. Similarly,
hydromorphone and oxycodone appear to have no effect on immunosuppression
(Pergolizzi et al. 2009; Giittler and Sabatowski 2008). On the other hand, other opiate
agonists like Tramadol have been shown to be immuno-stimulatory (Shirzad et al. 2009).
The aim of this chapter is to summarize the immunosuppressive effects of morphine as
they relate to tumor growth and metastasis.

3.2 Major Contributors of Tumor Cell Metastasis

There are over 100 types of different cancers, each named for their cellular origin but
characterized similarly — as cells that grow out of control. Although this uncontrolla-
ble proliferation is balanced by cell death initially during the early stages of cancer
development, in some cases that balance is tipped to cell proliferation and a mass of
cells is formed, commonly referred to as a solid tumor. Tumors are further sub-divided
into benign or malignant. Benign tumors are characterized as cells with limited growth
potential and usually stay at the site of origin. In the case of malignant tumors, tumor
cells move from the original site through the blood and lymph systems and invade
otherwise healthy organs. When the tumor successfully spreads and grows, it is said
to have metastasized, or undergone metastasis. Tumor cell-secreted chemokines
attract bone marrow, myeloid-derived leukocytes that eventually contribute to angio-
genesis, forming vessels that are the primary route of tumor cell metastasis.

The immune system has a dual role in tumor growth. Rudolf Virchow was the
first scientist to make the observation that infiltrating leukocytes were abundant in
cancer tissues. During the early stages of tumor growth, immune cells are capable
of recognizing stressed tumor cells and promote an effective immune response lead-
ing to tumor cell death. In solid tumors that escape this immune surveillance and
grow beyond 1-2 mm?, the formation of new blood vessels, termed angiogenesis,
occurs as a result of hypoxia-induced tumor cell growth factor secretion (Ye et al.
2010; Lewis and Murdoch 2005).

Rapid cancer cell proliferation ultimately determines the extent in which the tumor
grows. Any reduction in cell growth would therefore decrease the rate of solid tumor
formation. If the tumor does not grow beyond the size necessary to elicit blood vessel
formation, then metastasis would be unlikely. In the next section we review the current
literature on the effects of morphine on cancer cell proliferation and tumor growth.

3.3 Effects of Morphine on Cancer Cell Proliferation
and Tumor Growth

The effects of morphine on tumor cell proliferation in vitro vary depending on
the cell type and concentration of morphine tested. Morphine (10 uM) inhibited
the proliferation of breast cancer cells MCF-7 and MDA-MB231 and increased
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cell death (>500 pM) in vitro. Morphine also reduced tumor growth when
MCF-7 and MDA-MB231 were injected subcutaneously in nude mice but had
no effect on HT-29, a human colon adenocarcinoma grade II cell line (Tegeder
et al. 2003). Although MCF-7 and MDA-MB231 cells responded to morphine
by classical opioid receptors signaling cascade activation, morphine-induced
inhibition of tumor cell proliferation and tumor growth were found to be inde-
pendent of this pathway, since they were not reversed in the presence of nalox-
one or pertussis toxin. Morphine inhibition of tumor cell proliferation and
growth in MCF-7 and MDA-MB231 was proposed to be due to an increase in
tumor suppressor protein p53 activation that increased the death proteins p21,
Bax, and the death receptor Fas. Furthermore, blockade of Fas or inhibition of
caspase 8 partially reduced the morphine-induced apoptosis of MCF-7 and
MDA-MB231 cells (Tegeder et al. 2003). In contrast, HT-29 cells were found to
express a dominant negative p53 and were incapable of increased GTPase activity
after morphine treatment.

In another study, when MDA-MB-231 (oestrogen positive) and MCF7
(oestrogen negative) breast cancer cells were incubated with morphine at
10-100 ng/ml, an increase in cell proliferation over control was observed
(Ecimovic et al. 2011). In this study the authors assessed the expression of
NETI in the presence of morphine. The gene product of NET1 has a key role in
actin reorganization and was found to be over-expressed in breast and gastric
adenocarcinoma cells where it may contribute to increased migration and inva-
sion. These studies suggest that morphine increases NET1 gene expression, and
breast cancer cell migration (using fetal bovine serum as the chemoattractant) in
an in vitro chemotaxis assay. Silencing RNA to NET1 abolished the morphine-
induced increase in cell migration. Interestingly, when the investigators used
real time PCR to evaluate opioid receptor expression, they found that the non-
classical nociceptin/orphanin FQ (NOP) receptor was expressed in MCF-7 cells
and that the delta opioid receptor was expressed in MDA-MB-231 cells.
However, the other classical opioid receptors, namely mu- or kappa-opioid
receptors, were absent. Of note, these investigators did not measure the protein
levels of NET1, and the lack of mu-opioid receptors makes it difficult to fully
extrapolate these findings to a clinical setting. In vitro studies conducted by
Hatsukari and colleagues revealed that morphine (10 nM) within clinically
relevant concentrations (0.9-3.4 uM) induced early apoptotic markers (such as
Annexin V) and decreased cell viability in HL-60 (human promyelocytic leuke-
mia cells), and A549 (human lung adenocarcinoma epithelial cell line) while
causing necrosis in MCF-7 cells. Additionally, these effects were naloxone-
reversible (Hatsukari et al. 2007).

Taken together these studies suggest that morphine may produce direct effects on
tumor cells within the tumor microenvironment. Apoptotic and or necrotic tumor
cells would eventually attract inflammatory leukocytes to remove dead and dying
tumor cells. The recruited inflammatory cells, while beneficial in removing the dead
tumor cells, also receive cues from hypoxic tumor cells and contribute to angiogenesis
within the developing solid tumor.
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3.4 Immune Cells That Contribute to Tumor
Growth and Metastasis

Morphine modulates both functionality and intracellular signaling in cells of the
innate and acquired immune systems. Morphine is capable of inhibiting many innate
and adaptive immune cell functions in vitro. Numerous studies have identified
important intracellular signaling pathways involved in morphine-induced immuno-
suppression (reviewed in Roy et al. 2011).

3.4.1 Myeloid Suppressor Cells

Myeloid-derived suppressor cells or myeloid suppressor cells (MDSC, MSCs) play a
key role in cancer invasion and metastasis through the secretion of pro-angiogenic
factors (vascular endothelial growth factor, VEGF), enzymes such as matrix metallo-
proteases (MMPs), and chemokines. In hypoxic regions of solid tumors, expression
by tumor cells of hypoxia-inducible factor (HIF)1a is induced. HIF-1a. is a hypoxia-
induced transcription factor whose protein stability and gene regulation mediate tumor
cell secretion of stromal derived factor-1 (SDF-1), stem cell factor (SCF), CXCL5 and
CCL2. MSCs have been found in human head and neck cancer, renal cell carcinoma,
non-small-cell lung cancer, colon and breast cancers, colorectal, malignant melanoma,
hepato-cellular carcinoma, pancreatic cancer, Hodgkin lymphoma, non-Hodgkin
lymphoma, and even multiple myeloma (Ye et al. 2010; Tadmor et al. 2011). MSC are
a heterogeneous population of monocytes and granulocytes that include immature
macrophages, dendritic cells, neutrophils and other myeloid cells at multiple stages of
differentiation (Ye et al. 2010). Inflammatory monocytes and immature neutrophils
have been shown to suppress T cell responses (Movahedi et al. 2008). The knock
down of SCF expression in mice with subcutaneous tumor cells treated with siRNA
for SCF resulted in a reduction in MSC expansion and restoration of tumor infiltrating
T cell proliferative ability (Pan et al. 2008).

Currently no studies exist on the effect of morphine on MSC formation, migration
and establishment within the tumor site.

3.4.2 Macrophages

The tumor-associated macrophages and M2 macrophages secrete cytokines
(interleukin (IL)-10) and growth factors (transforming growth factor beta) and dis-
play immunosuppressive behaviors. In contrast to M2, the M1 macrophages are
immuno-stimulatory, and secrete factors such as NO (from inducible nitric oxide
synthase (iNOS)), (IL)-12 and tumor necrosis factor that contributes to tumor cell
death (Vasievich and Huang 2011; Tadmor et al. 2011). M2 macrophages secrete
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proangiogenic factors (such as vascular endothelial growth factor — VEGF) that
promote further recruitment of monocytes which differentiate within the tumor
microenvironment and participate in angiogenesis (Murdoch et al. 2008). Monocyte-
derived macrophages secrete additional growth factors once recruited to the tumor
site, but the initial expression of such factors within the tumor microenvironment is
predominantly from hypoxic tumor cells and/or endothelial cells.

Acute morphine treatment of human macrophages was shown to result in a
transient inhibition in macrophage cell migration and increased iNOS production
(Stefano et al. 2001). Studies in mice show that morphine but not corticosterone
activates macrophage nitric oxide production (Wang et al. 2002). Morphine with-
drawal reduces plaque-forming cell response of mouse spleen macrophages to sheep
red blood cells in vitro (Rahim et al. 2005). Interestingly, in RAW 264 cells, a mouse
leukemic monocyte macrophage cell line, transfected with the human VEGF pro-
moter linked to a firefly luciferase, inflammatory mediators and hypoxia increased
luciferase expression, suggesting VEGF promoter activation in response to such
stimuli. However, morphine pretreatment significantly reduced promoter activation
upon inflammatory mediator or hypoxia stimulation (Martin et al. 2010). This result
was confirmed by assessing VEGF protein secretion. Enzyme-linked immuno-
sorbent assay (ELISA) confirmed that RAW?264 cells secreted VEGF in response to
inflammatory mediators, and this was decreased with morphine pretreatment.
Although whether these effects of morphine were through mu opioid receptor (MOR)
was not established or confirmed, hypoxia-induced HIF1a protein localization to the
nucleus (which mediates VEGF transcription and thus secretion) was disrupted after
morphine pretreatment (Martin et al. 2010). These results provide a molecular basis
for inhibition by morphine of hypoxia-induced VEGF expression in macrophages.

Morphine was found to decrease the recruitment of monocytes (Ly6C, Tie2),
neutrophils (Ly6G, Grl) and macrophages (F4/80) into inert PVA sponges implanted
subcutaneously into mice and containing inflammatory or tumor cell-derived chemoat-
tractants (Martin et al. 2010, Koodie L unpublished observations). The effect of morphine
on peripheral macrophage and brain-associated microglia (brain macrophages) migration
is another important question to address, related to metastasis. Potentially, a reduction in
macrophage-monocyte migration into the tumor would lead to reduced angiogenesis
and thus decreased metastasis. Morphine has been shown to reduce macrophage and
microglial migration towards chemokines in vitro. The production of the chemokine
Regulated upon activation, normal T cell expressed and secreted (RANTES) by primary
cultures of human microglial cells in response to inflammatory mediators (lipopoly-
saccharide (LPS), IL-1p) was blunted by morphine treatment, as was chemotaxis of
microglial cells towards RANTES. This effect was reversed with naloxone and
beta-funaltrexamine, indicating involvement of mu-opioid receptors (Hu et al.
2000). In a urinary tract infection model, morphine treatment increased the apopto-
sis of murine bone marrow cells and inhibited macrophage migration when tested in an
in vitro chemotaxis assay and in vivo within the peritoneal cavity (Malik et al. 2002).

The ability of undifferentiated circulating monocytes to differentiate into
macrophages once within the tumor microenvironment may also represent a major
aspect in angiogenesis. Phorbol 12-myristate 13-acetate (PMA) can induce the
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differentiation of THP-1 monocytes into macrophages and increase their adhesion
to substrates and migration capacity in vitro (Hatsukari et al. 2006). Morphine can
prevent this monocyte-macrophage differentiation, as in the presence of morphine
PMA stimulation of THP-1 differentiation, adhesion, and migration is blunted
(Hatsukari et al. 2006).

Taken together, acute and chronic morphine treatment and even withdrawal can
exert suppressive effects on macrophage function and growth factor expression.
Although more direct studies are necessary, morphine may hinder macrophage con-
tribution to angiogenesis, a primary route for tumor metastasis, and thus possibly
contribute to a net reduction in metastasis.

3.4.3 Neutrophils

Neutrophil-secreted cytokines and chemokines promote inflammatory cell
recruitment and activation. Neutrophil products such as VEGF, reactive oxygen
species and MMPs affect many aspects of tumor cell growth, angiogenesis and
metastasis (reviewed in Gregory and Houghton 2011). Literature on the direct
effects of morphine on neutrophils in the context of tumor growth and metastasis is
limited. Studies from independent investigators utilizing different models of infec-
tion, showed that morphine increased bacterial dissemination and reduced bacterial
clearance in mice, when compared to saline as a result of poor neutrophil recruit-
ment (Wang et al. 2005; Breslow et al. 2011). In response to intranasal Streptococcus
pneumoniae, morphine significantly decreased the tumor necrosis factor alpha
(TNF-a), interleukin-1, interleukin-6, macrophage inflammatory protein (MIP)-2,
and keratinocyte-derived cytokines (KC/CXCLI1) in bronchoalveolar lavage fluids and
lung tissue (Wang et al. 2005). In response to intraperitoneal Acinetobacter
baumannii, morphine decreased expression of neutrophil-inducing molecules,
interleukin-17A and KC/CXCL1, potentiating such infection (Breslow et al. 2011).

Morphine is administered before, during and after tumor resection. In an
incisional model in mice, acute morphine administration reduced neutrophil
infiltration into the incision site and lowered the amounts of interleukin-1 beta,
interleukin-6, tumor necrosis factor alpha, granulocyte colony stimulating factor
and keratinocyte-derived cytokine (Clark et al. 2007). Similarly, morphine
decreased carrageenan-induced hindpaw swelling and myeloperoxidase (expressed
predominantly in neutrophil-monocytes) in Fischer 344 and Lewis rats, but did
not significantly alter circulating cytokines (Fecho et al. 2007). In vitro models
investigating the direct effects of morphine on neutrophil chemotaxis to
interleukin-8 (IL-8) show that morphine inhibits IL-8 induced chemotaxis of
human neonatal neutrophils as a result of downregulation of IL-8 receptor
expression, but this effect is not seen with human adult neutrophils (Yossuck et al.
2008). Similar observations were made of morphine affecting monkey neutrophil
chemotaxis towards IL-8 and monkey monocyte chemotaxis to RANTES as the
chemoattractant (Miyagi et al. 2000; Choi et al. 1999).
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The activation of the transcription factor nuclear factor kappa B (NF-kB) has
been investigated as one mechanism of morphine-induced immunosuppression in
neutrophils and monocytes. NF-«kB is essential in the LPS-induced inflammatory
response and leukocyte activation. Morphine suppresses LPS-induced NF-kB
activation in human monocytes and neutrophils and this effect is reversed in the
presence of naloxone. The effect of morphine on nuclear binding of NF-kB is
similar to that observed with nitric oxide donors, and NOS inhibitors have shown to
be effective in abolishing morphine’s inhibitory effects on NF-kB activation (Welters
et al. 2000a). Morphine but not fentanyl inhibited complement and Fc-y receptor
expression in human neutrophils (Welters et al. 2000b).

Neutrophils could potentially participate in tumor growth through de-granulation
and thus death of tumor cells but in an environment where stressed or hypoxic cells
accumulate, facilitate tumor growth, angiogenesis and metastasis. Inhibitory effects
of morphine on neutrophil function and migration could potentially reduce
angiogenesis and thus metastasis.

3.4.4 T Cells

Lymphocytes also infiltrate solid tumors. Tumor-infiltrating T cell contribution to
tumor growth varies depending on the subset in query, tumor type, CD4+:CD8+
ratios and location within the tumor (near epithelium versus within cancer stroma).
Infiltration of CD8+ T cells into tumors or at metastatic sites is generally associated
with positive outcomes, in contrast to CD4+ T cells that are associated with poor
survival (Talmadge 2011). T cells have been found in pancreatic ductal adenocarci-
noma, renal clear cell carcinoma, hepatocarcinoma, cutaneous melanoma, non-
small lung carcinoma, and ovarian and colorectal carcinomas. Tumor-derived
chemokines prevent immature MSCs from activating T cells. Within the tumor,
MSC:s increase their secretion of IL-10, TGF-f, and inducible nitric oxide synthase
that arrest T-cell cycling and proliferation (Talmadge 2011). T cells within tumors
respond poorly to antigens and this reduces their ability to kill tumor cells.

T cells do express the mu-opioid receptor which is up-regulated by chronic morphine
treatment and CD3/28 activation (Campana et al. 2010; Borner et al. 2008). Through
action on the MOR, morphine suppresses the CD3/CD28 induction of IL-2 gene expres-
sion and protein secretion via effects on calcium and mitogen-activated protein kinase
(MAPK) activation (Liu et al. 2006; Wang et al. 2007; Borner et al. 2008, 2009).
Antibody activation of CD3/CD28 in spleen-derived T lymphocytes increases IL.-4 pro-
moter activity and increases IL-4 protein secretion in vitro. Chronic morphine treatment
synergistically increased IL-4 promoter activity and protein secretion upon antibody-
induced CD3/CD?28 activation, resulting in preferential enhancement of T helper (Th)2
cell differentiation (Roy et al. 2005; Greeneltch et al. 2005; Azarang et al. 2007) and Th1
killing in a Fas/FasL. dependent mechanism (Greeneltch et al. 2005).

IL-2 is a cytokine expressed by activated CD4+ T cells. IL-2 promotes naive T
cell proliferation and expansion of CD8+ T cells, induces the differentiation of
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regulatory T cells and promotes the development of cytotoxic T lymphocytes.
Depending on the cytokine milieu, IL-2 can promote Th-1 differentiation but inhibit
Th-17 differentiation. Cells expressing the IL-2 receptor family of proteins include
T, B, natural killer (NK) cells and neutrophils, and they respond to IL-2 signaling
(Liao et al. 2011). IL-4 was first identified as a T cell-secreted factor capable of
stimulating B-cell proliferation and immunoglobulin-G (IgG) class switching. IL-4
has both anti and pro-tumorigenic activites. The tumor-promoting effects of I1L-4
include promotion of tumor-associated macrophage activity, pro-angiogenesis (via
the ability to up-regulate soluble vascular cell adhesion molecule-1 (VCAM-1)),
slowing of the progression of T cell-mediated immunity against tumor cells,
reduction of tumor cell apoptosis in some tumors and enhanced cell proliferation.
Anti-tumor effects of IL-4 occur through the recruitment and activation of innate
immune cells (neutrophils, eosinophils and dendritic cells), enhancement of CD8+
T cells-anti tumor immunity, induction of apoptosis in tumor cells, as well inhibi-
tion of angiogenesis through direct effects on endothelial cells or indirect effects on
tumor stromal fibroblasts (Wang and Joyce 2010).

In patients undergoing gastric cancer surgery, morphine was given intravenously
for pain relief and compared to tramadol only or tramadol with lornoxicam. Analysis
of lymphocyte subsets in peripheral blood from patients showed no difference at
baseline amongst patients receiving different medications. The surgery itself
decreased total lymphocytes in all patient groups. However, starting 90 min and up
to 48 h post-surgery, morphine-receiving patients had a significant decrease of T
lymphocytes (CD3+; CD3+/CD4+; ratio CD3+/CD4:CD3/CD8+) from baseline
numbers, with a slight but insignificant increase in CD3/CD8+ lymphocytes. The
natural killer cells and activated lymphocytes were also lower in patients receiving
morphine, when compared to tramadol (Wang et al. 2006). Morphine suppresses the
generation of human cytotoxic T lymphocytes but enhances cytolytic activity against
Human T-lymphotropic virus Type I (HTLV-I)-induced T-cell leukemia cells in vitro
(Fugetta et al. 2005). In a model of herpes simplex virus type 1 (HSV-1) infection,
acute morphine administration was found to significantly reduce cytolytic T lym-
phocyte activity, lymphocyte proliferation, and IFN-gamma production (Mojadadi
et al. 2009). A reduction in cytolytic activity can potentially increase tumor growth
and thus metastasis. In vitro assays using a T-cell hybridoma, mouse splenocytes,
and freshly isolated human peripheral blood lymphocytes, showed that morphine,
through the opiate receptors (naloxone reversible), dramatically increases the
expression of Fas and thus apoptosis of T cells which contributes to its immunosup-
pressive effects (Yin et al. 1999). The Fas death Receptor and Fas Ligand have been
implicated in morphine-induced immunosuppression (Greeneltch et al. 2005; Yin
et al. 2006). In contrast, studies using freshly isolated human peripheral blood-
derived lymphocytes showed that 48 h in vitro morphine treatment was not sufficient
to induce Fas, Bcl-2 or caspase-3 activity (Ohara et al. 2005).

The ability of morphine to tip the balance towards a shift in Th2 responses, and
a decrease in Th1 responses would suggest a decrease in effective tumor cell killing
but possibly an increased B-cell antibody response. Lymphocyte levels are modu-
lated with surgery, and morphine given for pain management can reduce circulating
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CD4+T cells with little effect on CD8+ T cells. Patients given morphine for pain
management may be exposed to high concentrations and may experience with-
drawal, or cycle between high and low plasma concentrations. The exact mecha-
nisms underlying morphine-induced immunosuppression is still not well understood
and may vary between immune cell type and with the environment. Studies from
in vivo models suggest that chronic morphine treatment results in thymic and spleen
atrophy (Sedqi, et al. 1995; Freier and Fuchs 1993). The immunosuppressive effects
induced by an acute administration of morphine differ from chronic effects and
withdrawal effects. The impact of long-term morphine treatment, withdrawal and
morphine tolerance on cytotoxic CD8+ lymphocytes function and their relationship
to tumor progression, remains to be investigated.

3.4.5 Natural Killer Cells

In several mouse models, NK cells have demonstrated their ability to suppress tumor
growth and metastasis by exerting direct cytotoxic effects and enhancing tumor cell
apoptosis, secretion of immune-stimulatory cytokines that boosts the adaptive
immune response, and inhibition of tumor cell proliferation and angiogenesis
(reviewed in Levy et al. 2011). In human studies, low NK cell activity is often asso-
ciated with increased metastasis (Franchi et al. 2007). In addition to CD4+/CD8+ T
cells, myeloid suppressor cells interact with natural killer cells. NK cells have been
shown to participate in tumor suppression through the secretion of IL-13. IL-13
contributes to MSC suppression of T-regulatory cell formation. Another mechanism
by which MSCs alter NK activity is through the inhibition of macrophage IL-12 and
TGFp production. Adoptive cell transfer or antibody-stimulation of NK cells has
been an attractive strategy to suppress cancer progression (Levy et al. 2011).

Patients given high dose fentanyl after esophageal cancer surgery showed a
reduction in NK cell number assessed in peripheral blood post-surgery when com-
pared to pre-surgery. High dose fentanyl (20 pg/ml) produced a more suppressive
effect than lower doses (5-10 pg/ml) at 24-48 h post surgery (Li et al. 2003). In
rodents, surgical stress itself has been closely associated with decreased NK activity
and enhancement of tumor cell metastasis. In a mouse model of surgical stress, mor-
phine and fentanyl, when compared to buprenorphine, stimulated the hypothalamic
pituitary adrenal (HPA) axis, decreased NK cell activity and had no effect on stress-
induced tumor metastasis. Unlike morphine and fentanyl, buprenorphine reversed
the surgical stress-induced increase in tumor metastasis (Franchi et al. 2007). Similar
results were seen when morphine was administered in rat mesencephalon periaque-
ductal gray. Morphine-treated mice displayed suppressed splenic NK cell cytotoxic
activity compared to saline-injected mice (Liang-Suo et al. 2002).

Conflicting results from studies testing the effects of morphine on MADB106
adenocarcinoma cell metastasis to lung during surgical stress make it difficult to
assess the potential effect of morphine on NK cell’s ability to control tumor cell
metastasis. In one study, morphine significantly decreased NK cell cytotoxicity in
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normal rats and did not prevent surgery-induced immunosuppression as seen with
tramadol (Gaspani et al. 2002). In another study, laparotomy conducted under
halothane anesthesia alone increased lung tumor retention up to 17-fold and this
was reduced when combined with bupivacaine and morphine. Systemic morphine
combined with halothane anesthesia reduced the effects of surgery, but to a lesser
extent than halothane anesthesia with bupivacaine and morphine (Bar-Yosef et al.
2001). In a macaque model, significant decreases in the absolute number and
percentage of NK cells have been observed during morphine dependence (chronic
treatment over months). Interestingly, precipitated withdrawal or morphine absti-
nence (24 h) significantly increased the percentage of NK cells when compared to
morphine dependence (Weed et al. 2000).

Increased functionality and recruitment of NK cells to the developing tumor may
help control tumor cell proliferation and angiogenesis. Morphine has various effects
on the number of NK cells circulating post surgery and that can potentially reduce
immune surveillance and increase the chances of metastasis. Most of what we know
about morphine effects on NK cells comes from non-human models and more studies
are necessary to further understand the effects of morphine on NK cell functionality.

3.4.6 Mast Cells

The exact contribution of mast cells to cancer metastasis is still not completely
understood. Mast cells have been found to accumulate at the periphery of solid
tumors such as oral squamous cell carcinoma (Kalra et al. 2011), colon cancer (Xia
etal.2011), cutaneous melanoma (Maltby et al. 2011), cervical carcinoma (Diaconu
et al. 2011), pancreatic ductal adenocarcinoma (Cai et al. 2011), endometrioid ade-
nocarcinoma of endometrium (Pansrikaew et al. 2010), breast cancer (Xiang et al.
2010) and gastric carcinoma (Ribatti et al. 2010). While the exact functional role of
mast cells at the tumor periphery is still debated, it may well be dependent on the
origin of the cancer cells and chemokine environment. Mast cells are cytotoxic to
tumor cells, but also contain histamine, heparin, proteases, and MMPs that together
promote extracellular matrix remodeling and neovascularisation. Physiologically,
the proteolytic remodeling functions of mast cell-derived MMPs are necessary in
developmental tissue morphogenesis, tissue repair, and angiogenesis. However,
excessive release of MMPs leads to eventual tissue destruction creating an environ-
ment appropriate for tumor cell metastasis.

In mice with high mast cell numbers, acute morphine increases mast cell
proliferation and recruitment to the peritoneal cavity in response to zymosan in vivo
(Wypasek et al. 2011). Morphine also induces histamine degranulation by mast cells
derived from CBA mice but not SWISS mice (Stankiewicz et al. 2004). In studies
using LPS as the inflammatory stimuli, morphine decreased mast cell LPS-induced
TNFa but not CCL2 secretion (Madera-Salcedo et al. 2011). Mast cell secretion of
TNFa affects endothelial cell signaling, allowing for effective transmigration of
more leukocytes from the circulation into tissues. Morphine and codeine induce
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mast cell degranulation independent of mu-opioid receptor signaling. In vitro studies
comparing the two opiates codeine and meperidine showed that codeine, but not
meperidine, activated human mast cell (LAD2 cell line, CD34+ cells) degranulation
within 30 min of treatment. At 3 and 8 h, unlike meperidine, codeine was also able
to activate human-derived mast cell release of monocyte chemoattractant protein-1/
CCL2, RANTES/CCLS and interleukin-8/CXCL-8 but not inducible protein-10
(Sheen et al. 2007). In contrast, using the human mast cell line HMC-1, clinically
relevant concentrations of morphine (0.018-0.45 pg/ml) did not significantly
increase histamine release. Interestingly, a higher concentration of morphine
(668 pg/ml) was required to induce histamine release (Gordon et al. 2004).
Histamine-containing mast cells degranulate in response to formyl-Methionyl-
Leucyl-Phenylalanine (fMLP). In an in vivo model using the intact and isolated
distal ileal mucosa of Sprague—Dawley rats, exposure to fMLP led to an increase in
the permeability of dextran beads. Morphine treatment, similar to mast cell degran-
ulation inhibitors (doxantrazole) or to mast cell deficient mice, reduced this fMLP-
induced permeability (Harari et al. 2006). Morphine-induced mast cell degranulation
has been reported for human cells (Miller et al. 1997). In swine however, an in vivo
model assessing the inflammatory response after the intradermal inoculation of the
compound 48/80, showed that morphine-tolerant swine had a significantly decreased
amount of 48/80-induced infiltrating mast cells (Risdahl et al. 1995).

Mast cells can be cytotoxic to tumor cells, but also promote extracellular matrix
remodeling and neovascularisation. Morphine may stimulate human mast cell line
degranulation, inhibit TNFa secretion reduce FMLP induced mucosal permeability
as well as mast cell recruitment to sites of inflammation in vivo. However more
studies are required to understand the effects of morphine on mast cells.

3.5 Concluding Remarks

The development of blood vessels within solid tumors contributes to the metastatic
process. Once vessels are formed and even though they are of poor integrity, agents
that modulate vascular permeability can be expected to modulate tumor cell
dissemination and thus metastasis. Morphine can act on other cells in the tumor
system, altering protein expression of numerous growth factors and chemokines
that cross-talk to the immune system. Here we reviewed the immunosuppressive
effects of morphine as they pertain to metastasis (Fig. 3.1). Modulating the immune
cell contribution to tumor cell growth, development and maintenance of angiogen-
esis as well as extracellular matrix remodeling within the tumor microenvironment
may provide attractive therapeutic strategies to control tumor cell metastasis.
Morphine has been shown to have direct effects on immune cell chemotactic migra-
tion, inflammatory stimuli cytokine secretion and functionality. Over-activation and
continual recruitment of tumor infiltrating leukocytes into solid tumors can be
potentially modulated with morphine treatment.
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Chapter 4
Opioid Regulation of Vascular Integrity

Frances E. Lennon and Patrick A. Singleton

Abstract Endothelial barrier integrity is crucial to the maintenance of vascular
homeostasis. Dysfunction of the vascular endothelial barrier is associated with a
wide range of pathologies including atherosclerosis, stroke, inflammatory disorders,
acute lung injury, multiple sclerosis, cancer and diabetes mellitus. Although opioids
are widely used during the treatment of many classes of disease and injury, the inter-
action of opioids with the endothelial barrier is not well understood. This chapter
reviews what is currently known about opioid regulation of barrier integrity and in
particular its effect on endothelial permeability, angiogenesis and inflammation. The
role of mu opioid receptor activation, receptor tyrosine kinase transactivation and
downstream signaling pathways are discussed. Further the role of mu opioid receptor
antagonists as potential therapeutic agents in endothelial barrier dysfunction is
examined.
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Abbreviations

DAMGO [D-Ala2, N-MePhe4, Gly-ol]-enkephalin

cAMP adenosine 3’ 5'-cyclic monophosphate
AC adenylate cyclase

BBB blood-brain-barrier

CAM chick chorioallantonic model

ECAM endothelial cell adhesion molecule
EGFR epidermal growth factor receptor
GPCRs G-protein coupled receptors

GEFs guanine nucleotide exchange factors
GTPases guanosine triphosphatases

HA hyaluronan

HIF hypoxia-inducible factor

IGFR insulin-like growth factor receptor
ICAM-1 intercellular adhesion molecule 1
IL-1 interleukin-1

JAM-2 junctional adhesion molecule 2
JAMs junctional adhesion molecules

LPS lipopolysaccharide

MNTX methylnaltrexone

MAPK mitogen-activated protein kinase
MLC myosin light chain

MLCK myosin-light chain kinase

PDGF platelet-derived growth factor

PKA protein kinase A

Akt protein kinase B

RhoA Ras homolog gene family, member A
RTKs receptor tyrosine kinases

S1P sphingosine-1-phosphate

SH3 SRC Homology 3

SIRS systemic inflammatory response syndrome
VCAM Vascular cell adhesion molecule
VEGF vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
VE-cadherin  Vascular-endothelial cadherin

Z0 zona occludens

4.1 Introduction

Vascular integrity is a fundamental process which balances a variety of factors to main-
tain blood vessel continuity. This balance is maintained via cell-cell and cell-
matrix contacts and through hormonal and chemokine signaling pathways. A number
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of different cell types including endothelial, smooth muscle cells and pericytes all
contribute to maintaining vascular integrity. Disruption of vascular integrity is associ-
ated withanumber of serious pathologies including atherosclerosis, stroke, inflammatory
disorders, acute lung injury, multiple sclerosis, cancer and diabetes (Miano and Berk
2006; Yuan and Rigor 2010).

4.2 Vascular Endothelium

The vascular endothelium, which lines the inner surface of blood vessels, acts as a
selectively permeable barrier to regulate the movement of liquid and solutes between
blood and the surrounding tissue, particularly in the microvasculature (Curry and
Adamson 2010; Dejana et al. 2009b; Vandenbroucke et al. 2008; Yuan and Rigor
2010). The semi-permeable nature of the endothelium allows plasma fluid, nutrients
and even cells to move out of the blood and into the tissues while metabolic products
may be taken up by the circulation (Yuan and Rigor 2010). This exchange, between
the blood and the tissues is vital for organ function and tissue viability by maintaining
fluid and metabolic homeostasis. Vascular permeability is mediated via two pathways
known as the paracellular (via gaps between the endothelial cells) and transcellular
(via vesicle transport through the cell body) pathways (Dejana et al. 2009b). Vascular
barrier function is dependent on the integrity of the endothelial cell layer. Disruption
or dysregulation of the endothelial layer can lead to altered permeability resulting in
leakage of fluid, solutes and proteins from the blood into the underlying tissue
resulting in edema. This in turn can lead to an increase in interstitial pressure and
disrupt tissue perfusion and organ function. Vascular leak and edema can also stimulate
increased leukocyte transendothelial migration and infiltration into the tissue.
Altered permeability may even lead to the rupture of the vessel and clot formation
(Dejana et al. 2009b). Dysregulation of endothelial barrier function can occur in a
wide range of human pathophysiologies including inflammation, sepsis, acute lung
injury/acute respiratory distress syndrome, trauma, ischemia/reperfusion injury,
metastatic tumor development and diabetes mellitus.

4.2.1 Adherens Junctions

Vascular barrier function is dependent on endothelial cell-cell contacts. Endothelial
cells have three different types of cell—cell junctional complexes, including adherens
junctions, tight junctions and gap junctions (Dejana et al. 2009b). Adherens junc-
tions are the predominant junction type in the endothelium. Their main function is
to initiate and maintain cell-cell contact. Vascular-endothelial (VE)-cadherin is
believed to be the most important protein in the adherens junction, both functionally
and from a regulatory standpoint. VE-cadherin is a transmembrane protein, consisting
of 5-cadherin-like repeats that can associate homotypically with VE-cadherin in the
adjoining cell in a Ca®* dependent manner (Vandenbroucke et al. 2008). VE-cadherin
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Fig. 4.1 Illustration of endothelial cell-cell contacts. Tight junctions and adherens junctions are
involved in the regulation of cell-cell contacts. In tight junctions, adhesion is mediated by homo-
typic binding of claudins, occludins and junctional adhesion molecules (JAMs). Intracellularly,
these proteins connect to the actin cytoskeleton via ZO-1, a-catenin and a host of other associated
signaling proteins. VE-Cadherin is the key component of adherens junctions. It associates with the
actin cytoskeleton via a., 3, y-catenins and to RhoGAP via p120-catenin. Other actin-binding pro-
teins and signaling proteins associated with adherens junctions are listed above. A more complete
review of the structure and regulation of adherens and tight junctions can be found in the following
(Dejana et al. 2009a; Martin and Jiang 2009; Vandenbroucke et al. 2008; Yuan and Rigor 2010)

in turn binds to a number of intracellular proteins including p120-catenin and
B-catenin. These interactions are required to maintain junctional stability. p120-
catenin acts as a scaffold protein to link VE-cadherin with a number of downstream
signaling pathways including kinases, phosphatases and Rho guanosine triphos-
phatases (GTPases). B-catenin links VE-cadherin with the actin cytoskeleton via
a-catenin. The dynamic interaction between VE-cadherins, the actin cytoskeleton
and downstream signaling pathways is crucial to the regulation of vascular integrity
and permeability (Fig. 4.1).

4.2.2 Tight Junctions

Tight junctions, although considerably less prevalent in the endothelium that adhe-
rens junctions, are essential in maintaining vascular barrier function. They are
involved in regulating paracellular permeability although their exact role is less well
understood than adherens junctions. Tight junctions act to demarcate the basalolateral
and apical regions of the cell as they prevent diffusion of plasma membrane lipids
and proteins thereby establishing and maintaining cell polarity (Dejana et al. 2009b;
Martin and Jiang 2009; Vandenbroucke et al. 2008; Yuan and Rigor 2010). Tight
junctions are formed by homotypic adhesion of occludin, claudins and junctional
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adhesion molecules (JAMs). These transmembrane proteins are in turn bound by
zona occludens (ZO)-1,-2 and a-catenin which connect them to the cytoskeleton
(Fig. 4.1). ZO-1 and ZO-2 can also act a signaling or scaffold molecule as they
contain a PDZ domain, a guanylate kinase domain and a SRC homology 3 (SH3)
domain (Yuan and Rigor 2010).

4.2.3 Other Junctional and Adhesion Complexes

Gap junctions are found mostly in larger vessels and are involved in cell-cell com-
munication between adjoining endothelial cells and endothelial and smooth muscle
cells. They are not believed to play a direct role in regulating vascular function
(Dejana et al. 2009b; Yuan and Rigor 2010).

Focal adhesions, which are contacts between the underlying basement matrix
and the endothelial cell, also contribute to barrier integrity. These contacts are vital
to endothelial cell function and viability and disruption of these integrin mediated
contacts has been shown to increase endothelial permeability (Yuan and Rigor
2010). Vascular permeability is regulated via endothelial activation or stimulation.
Agents that induce cortical actin formation required for endothelial barrier enhance-
ment include sphingosine-1-phosphate (S1P) (Singleton et al. 2005), high molecu-
lar weight hyaluronic acid (HA) (Singleton et al. 2006a), angiopoetin-1 (Lee and
Liles 2011), Adenosine 3’ 5'-cyclic monophosphate (cAMP) (Moore et al. 1998)
and iloprost (Birukova et al. 2010). A number of barrier disruptive (permeability
increasing) agents that lead to actin stress fiber formation includes thrombin, vascular
endothelial growth factor (VEGF), lipopolysaccharide (LPS), low molecular weight
hyaluronic acid (HA) and histamine (Surapisitchat and Beavo 2011).

Vascular integrity may be disrupted during angiogenic remodeling, wound healing,
inflammation and by immune or tumor cell extravasation. During the initial phases
of angiogenesis, endothelial cells must detach themselves from the surrounding
cells and the underlying matrix in order to migrate and proliferate into the sur-
rounding tissue and form new blood vessels. During this stage there is an increase
in vascular permeability. Inflammatory mediators released during immune cell
recruitment, adhesion and extravasation can also stimulate an increase in vascular
permeability. In most pathophysiological states the paracellular pathway (between
the cells) is responsible for the increased leakage of fluid and proteins from the
blood (Yuan and Rigor 2010).

4.3 Opioids and Vascular Integrity

Opiate receptors (W, 8, and k) are members of the G-protein coupled class of seven-
pass transmembrane receptors. The mu opioid receptor couples to the G, inhibitory
subunit, which upon ligand binding dissociates into its G_and GBY subunits which in
turn act on various intracellular signaling pathways (Al-Hasani and Bruchas 2011;
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Fig. 4.2 Mu opioid receptor signaling in endothelial cells. The mu opioid receptor couples to G_/
G, G-protein subunits which dissociate following acute opioid activation. G, inhibits adenylate
cyclase activity, while G, is involved in the activation of other downstream signaling pathways
including Src which may be involved in transactivation of receptor tyrosine kinases. Other mu
opioid receptor-associated proteins, including filamin A, arrestin and calmodulin, modulate recep-
tor activation/deactivation, recycling and degradation. Activation of downstream signaling path-
ways including RhoA, PI3K, and MAPKSs regulate endothelial barrier integrity via changes in
endothelial cell permeability which can lead to altered proliferation, migration and angiogenesis.
A more complete review of mu opioid receptor signaling pathways and associated proteins can be
found in the following (Al-Hasani and Bruchas 2011; Milligan 2005; Tegeder and Geisslinger
2004; Waters et al. 2004)

Tegeder and Geisslinger 2004). A number of other proteins can also associate with
the mu-opioid receptor to further modulate its activity including calmodulin, filamin
A and B-arrestin (Milligan 2005). G-protein coupled receptors (GPCRs), including
the mu opioid receptor can also stimulate transactivation of receptor tyrosine kinases
(RTKSs), including epidermal growth factor receptor (EGFR), Insulin-like growth
factor receptor (IGFR) and Vascular endothelial growth factor receptor (VEGFR)
and mulitple levels of signal integration are believed to exist between the two recep-
tor systems (Fujioka et al. 2011; Singleton et al. 2006b; Waters et al. 2004). A gen-
eralized overview of mu opioid receptor signaling and RTK transactivation in
endothelial cells is illustrated in Fig. 4.2.
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4.3.1 Endothelial Barrier Permeability

cAMP is a key regulator of endothelial barrier permeability. It has been shown
to prevent or reverse permeability-induced pulmonary edema in numerous animal
models (Moore et al. 1998). The barrier-enhancing effects of cAMP are mediated
largely by the actions of protein kinase A (PKA). PKA enhances barrier function by
inhibiting activation of RhoA and directly and indirectly inhibiting myosin light
chain (MLC) phosphorylation. This inhibits cell contraction and helps to stabilize
cell-cell contacts. Opioid receptor coupling and signaling via G_, inhibitory subunits,
lead to inhibition of adenylate cyclase (AC) and decreased cAMP production
(Al-Hasani and Bruchas 2011; Sharma et al. 1975). Opioid-induced inhibition of
cAMP production may therefore result in decreased barrier function. Morphine and
DAMGO ([D-Ala2, N-MePhe4, Gly-ol]-enkephalin, a synthetic opioid peptide) have
been shown to decrease pulmonary microvascular endothelial cell barrier function
in vitro (Singleton et al. 2006b). This increase in permeability can be blocked by
pretreatment of the cells with the mu opioid receptor antagonist methylnaltrexone
(MNTX). Treatment with DAMGO and morphine stimulated increased S1P, receptor
threonine phosphorylation. S1P, receptor activation is associated with endothelial
barrier disruptive effects and activates Ras homolog gene family, member A (RhoA)-
mediated signaling (Singleton et al. 2006a; Waeber et al. 2004). Further investigation
revealed that DAMGO and morphine both stimulate RhoA signaling via recruitment
of the Rho guanine nucleotide exchange factor (GEF) p115 to the S1P, receptor.
Treatment with mu opioid receptor agonists induces transactivation of the S1P, recep-
tor. Pretreatment with MNTX inhibits this transactivation reaction and preserves
endothelial barrier function (Singleton et al. 2007). A number of clinical case reports
have indicated that exposure to opiates can lead to the development of peripheral and
in some cases pulmonary edema (Gardner-Nix 2002; Ruan et al. 2008) which are
resolved following cessation of the opioid treatment.

Contrary to the previous discussed studies, morphine has been reported to
attenuate microvascular hyperpermeability following hemorrhagic shock in rats.
In a study by Puana et al., administration of morphine sulfate following hemor-
rhagic shock decreases vascular leak in a PKA dependent manner via inhibition of
Raf-1 and mitogen-activated protein kinase (MAPK) activity (Puana et al. 2008).

Chronic exposure to opioids is associated with an increase in cAMP levels
(Al-Hasani and Bruchas 2011). This increase in cAMP production may be due to a
switch from G, inhibitory signaling to the AC stimulatory Gm signaling and may be
involved in the development of opioid tolerance (Gintzler and Chakrabarti 2006).
The effect of acute or chronic opioid exposure on AC activity may also be isoform
specific (Schallmach et al. 2006). AC isoforms I, V, VI and VII are inhibited by
acute opioid exposure while AC isoforms II, IV and VII are stimulated following
opioid exposure (Schallmach et al. 2006). This ability to switch from cAMP inhibiting
(barrier disruptive) to cAMP producing (a barrier enhancing) a signaling pathways
can help to explain the apparently contradictory reports of morphine as a endothelial
barrier disruptive or inhibitory agent.
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4.3.2 The Blood-Brain Barrier

A specialized example of endothelial vascular integrity is demonstrated in the
blood-brain-barrier (BBB). The BBB is formed by interaction between endothelial
cells and glial cells. Brain endothelial cells have distinct structural and functional
properties compared to other microvascular endothelial cells. While they do possess
adherens junctions similar to other endothelial cells, they have very high resistance
tight junctions, are not fenestrated and exhibit low pinocytotic activity. Transport
of necessary nutrients into the brain and export of toxic metabolites is regulated by
membrane transport proteins and receptors including glucose transporters, insulin
and transferrin receptors and ATP-binding cassette transporters (Abbott et al. 2010;
Hawkins and Davis 2005; Paolinelli et al. 2011). The BBB is therefore a very
closely regulated and restrictive barrier between the circulating blood and the central
nervous system. Disruption of the BBB is recognized as a critical factor in a growing
number of human pathologies including hypoxia/ischemia stroke, multiple sclero-
sis, Parkinson’s disease, Alzheimer’s disease and HIV/AIDS (Abbott et al. 2010;
Hawkins and Davis 2005; Mahajan et al. 2008). A number of recent studies suggest
that increasing opiate use for pain management (or opiate abuse) may be a contrib-
uting factor for increased neuroinflammation and may exacerbate some neuro-
pathologies (Wen et al. 2011). ZO-1, a key regulator of tight junction function, is
down regulated in brain-derived endothelial microvascular cells in response to
morphine (UM concentration, 3-24 h) treatment (Wen et al. 2011). Morphine also
stimulated platelet-derived growth factor (PDGF)-B expression and phosphorylation
of p44/p42 MAPK, p38 and protein kinase B (Akt), in these cells. Endothelial
barrier function is compromised following morphine treatment leading to an
increase in endothelial permeability (Chang et al. 2001; Wen et al. 2011). Barrier
function could be preserved however by pre-treating the cells with naltrexone, an
opioid receptor antagonist, or a PDGF-B neutralizing antibody (Wen et al. 2011).
Morphine treatment has also been reported to increase the expression of the adhesion
molecules Intercellular Adhesion Molecule 1 (ICAM-1), Vascular cell adhesion
molecule (VCAM) and endothelial cell adhesion molecule (ECAM) in brain micro-
vascular endothelial cells (Chang et al. 2001).

Studies have shown that HIV-1 patients who abuse opiates are at greater risk of
developing neurological complications (Donahoe and Vlahov 1998). This has led
to a number of studies investigating the possible interaction between opiates,
HIV-1 and the BBB. Treatment of brain-derived endothelial cells with a combina-
tion of morphine (uM) and HIV-1 tat significantly altered expression of a number
of tight junction-associated genes including ZO-1, occludin and junctional adhe-
sion molecule 2 (JAM-2). Myosin-light chain kinase (MLCK), another protein
involved in regulating endothelial permeability, showed synergistic increases in
expression following incubation with a combination of morphine and tat when
compared to cells treated with either tat or morphine alone (Mahajan et al. 2008).
An in vitro BBB model using a co-culture of brain-derived endothelial cells and
astrocytes also demonstrates synergistic increases in permeability when treated
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with a combination of morphine and tat (Mahajan et al. 2008). Chronic exposure
to morphine in vivo is associated with changes in BBB gene expression in rats
although no increase in BBB permeability was detected (Yousif et al. 2008).
An increase in BBB permeability has been observed in a rodent model of morphine
withdrawal. In this model Sprague—Dawley rats were given daily injections of
morphine (10 mg/kg i.p.) for 12 consecutive days, morphine administration was
then stopped and withdrawal symptoms were noted daily for 72 h. Increased BBB
permeability (as measured by Evans Blue tracer or radio-labelled iodine leakage)
is significantly increased at 24 and 48 h following morphine withdrawal.

4.3.3 Endothelial Cell Proliferation

Although mainly expressed on neurons, other cells types including endothelial,
epithelial, smooth muscle and immune cells can also express the mu opioid receptor.
Morphine has been shown to stimulate endothelial cell proliferation at low concen-
trations (nM to uM range) but may conversely stimulate apoptosis and decrease
cell viability at higher concentrations (LM to mM range) using in vitro assays (Leo
et al. 2009; Liu et al. 2004). Low concentrations of morphine (100 nM) stimulate
endothelial cell migration and transactivate the VEGR2 in vitro (Singleton et al.
2006b). This increase in proliferation may be mediated in part via activation of
MAPKSs p44/p42 as it may be blocked by the MAPK pathway inhibitor PD98059
(Leo et al. 2009). In the HEK293 cell line mu opioid receptor stimulated activation
of MAPKs was shown to be mediated via a direct interaction with calmodulin
resulting in the transactivation of the EGF receptor, ultimately resulting in MAPK
activation (Belcheva et al. 2001). Increased Src phosphorylation is also observed in
endothelial cells following incubation with morphine or DAMGO (Singleton et al.
2006b). Silencing of Src blocks the effects of opioid activation on VEGFR phospho-
rylation and inhibits opioid-induced endothelial cell proliferation and migration.
It has also been reported that Src phosphorylation can act as a switch which
alters mu opioid receptor signaling from an inhibitory to a stimulatory signal (Zhang
et al. 2009). Some differences in the response of endothelial cells to morphine stim-
ulation have been reported relating to the source of the endothelial cells i.e. macro-
vascular versus microvascular cells. Endogeneous opioids endomorphin-1,-2 and
deltorphin-I can stimulate endothelial cell proliferation in vitro (Dai et al. 2010).

4.3.4 Angiogenesis

Morphine and endogenous opioids have been shown to modulate angiogenesis both
in vitro and in vivo. A number of groups demonstrated that morphine can stimulate
angiogenesis. In vitro, morphine (1 uM) stimulates increased endothelial tube formation
on matrigel, although cytotoxicity was observed at higher concentrations (>100 uM).
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In vivo morphine (10 uM in matrigel plug) stimulates angiogenesis in a matrigel plug
assay, while supraphysiological concentrations of morphine (10 mM) do not promote
angiogenesis (Gupta et al. 2002). “Clinically relevant” doses of morphine (0.714 mg/kg/
day) also stimulated breast tumor xenograft angiogenesis in this study. Interestingly,
although co-administration of the mu-opioid receptor antagonist naloxone (10 uM
naloxone in matrigel plug) did not inhibit morphine-induced angiogenesis in the
matrigel plug assay, it did inhibit angiogenesis in the breast tumor xenograft. Naloxone-
treated animals also had significantly smaller tumor volumes.

Clinically relevant doses of morphine (0.714 mg/kg/day per mouse, equivalent
to 50 mg/day for a 70 kg human) stimulated tumor angiogenesis in a mouse breast
cancer model. In this study, microvessel density was significantly increased
(p<0.001) in the tumors of mice who had received morphine (Ustun et al. 2011).
The endogenous opioid peptides endomorphin-1,-2 and deltorphin I all stimulated
increased blood vessel growth in a chick chorioallantonic model (CAM) of angio-
genesis. In this model, the opioid peptides stimulate increased outgrowth of the
smaller branch vessels, not just continued growth of the established blood vessels.
This increase in angiogenesis is antagonized by co-administration of naloxone
(Dai et al. 2008).

Disruption of the endothelial barrier during angiogenesis or even tumor surgery
triggers dissemination of tumor cells into the vasculature facilitating metastatic spread
of the disease (Le Guelte et al. 2011). It has been suggested that opioids, which
contribute to this barrier disruption and are immune suppressive, can facilitate tumor
cell entry into, or exit from, the vasculature (Singleton and Moss 2010). The role of
morphine and other opioid analgesics in the spread of metastatic disease is a current
topic of active research (Afsharimani et al. 2011; Snyder and Greenberg 2010).

However morphine has also been reported to inhibit angiogenesis in certain mod-
els. One study using Lewis lung carcinoma cells in a mouse matrigel plug model of
tumor growth indicates that morphine suppresses tumor growth by inhibiting angio-
genesis (Koodie et al. 2010). In this study, mice were implanted with morphine
pellets (75 mg morphine) on day one along with the matrigel plug. On the final day
(day 7) of the experiment the morphine concentration in plasma was measured as
300 ng/ml. The authors report that morphine suppresses hypoxia-induced p38
MAPK activation, which in turn decreases hypoxia-inducible factor (HIF)-1a
expression. HIF-1a is a transcription factor that can regulate the expression of many
genes involved in angiogenesis including VEGF. By inhibiting HIF-10a. expression
morphine could effectively suppress the tumor pro-angiogeneic response to hypoxia
(Koodie et al. 2010).

Prolonged morphine exposure inhibits angiogenesis and wound healing in a mouse
model (Lam et al. 2008). High doses of morphine (20 mg/kg/day) for 14 consecutive
days, delivered via intraperitoneal injection, was shown to inhibit angiogenesis in a
mouse matrigel plug assay. Delayed excisional wound healing was also observed in
response to prolonged morphine exposure. Increased superoxide production was
shown to occur in the tissue surrounding the wound of the morphine treated animals.
In addition, morphine treatment decreases the numbers of circulating endothelial
progenitor (CD34+/CD133+ mononuclear) cells (Lam et al. 2008).
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4.3.5 Inflammation and Sepsis

Opioids are known to have inhibitory effects on the immune system. Acute and
chronic opioid administration can affect both cellular and humoral immunity
(Sacerdote 2006). Morphine suppresses lymphocyte trafficking and proliferation,
inhibits antibody production and natural killer cell activity. Chronic opioid users
have an increased susceptibility to bacterial infection (Ocasio et al. 2004). Disruption
of vascular barrier function may also contribute to the compromised immune
response. Sepsis is a severe bacterial infection which produces a systemic immune
response in the patient. It occurs in more than 750,000 patients annually in the
United States and is responsible for more that 210,000 deaths (Skrupky et al. 2011).
Septic shock is the most severe form of sepsis and is the most common cause of
death in the intensive care unit (Ocasio et al. 2004). Disruption of vascular barrier
integrity and endothelial dysfunction play a key role in the pathogenesis of sepsis
(Huet et al. 2011). Septic shock causes a dramatic decrease in blood pressure and
the onset of disseminated intravascular coagulation (Ocasio et al. 2004). This drop
in blood pressure and increased coagulation can lead to severe tissue damage and
organ failure and is caused in part by increased vascular permeability. Morphine
(10 uM) potentiates the barrier-disruptive effects of LPS on endothelial cells in vitro
leading to increased endothelial permeability (Liu et al. 2004). Interleukin-1 (IL-1)
is a pro-inflammatory cytokine secreted by cells in response to LPS/endotoxin. IL-1
up-regulates expression of the mu opioid receptor on endothelial cells and may
further potentiate the effects of morphine on endothelial cells (Chang et al. 2001).
Chronic morphine treatment, delivered via 75 mg morphine sulphate pellet implant,
accelerates the progression of LPS-induced sepsis to septic shock in a rat model
(Ocasio et al. 2004).

Endogenous morphine production is increased in response to inflammation and
systemic infection, which may form part of the stress response and be an attempt by
the body to maintain vascular homeostasis (Glattard et al. 2010). In a study of criti-
cally ill patients with varying degrees of systemic inflammatory response syndrome
(SIRS), sepsis or septic shock, patients who develop sepsis or septic shock have
significantly higher levels of serum morphine compared to SIRS patients. Morphine
could not be detected in the serum of healthy controls (Glattard et al. 2010). However
the low concentrations of morphine detected in the serum of sepsis patients (median
concentration 2.00 ng/ml) are sufficient to inhibit the secretion of the pro-inflammatory
IL-8 by neutrophils in vitro (Glattard et al. 2010).

4.4 Conclusion

Regulation of vascular integrity is a key factor in maintaining vascular homeostasis.
Disruption or dysfunction of the endothelial barrier is implicated in a wide range of
pathologies from acute lung injury to tumor metastasis (Fig. 4.3). The role of opiates
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Fig. 4.3 Opioids and vascular integrity. Schematic overview of the role of opioids in regulating
vascular integrity. Opioid binding to the mu opioid receptor leads to endothelial cell activation and
disruption of vascular integrity which can lead to altered vascular permeability, endothelial prolif-
eration and angiogenesis. These changes can, in turn, modulate inflammatory responses, tumor
growth and cancer metastatic

and mu opioid receptor signaling in endothelial barrier function is complex and is
dependent not only on concentration but also on the length of exposure. Low doses
of morphine (<uM) appear to stimulate increased endothelial barrier permeability
and promote angiogenesis in vivo. Higher doses of morphine (>uM) have been
reported to inhibit angiogenesis in animal models, although they have also been
shown to be cytotoxic in vitro. Chronic opioid use may trigger a switch in G protein-
coupled mu opioid receptor signaling from AC inhibitory to stimulatory pathways
resulting in increased barrier function and decreased permeability. Mu opioid receptor
antagonists are used clinically in the treatment and management of opioid overdose
and addiction, and also to counteract unwanted side effects in opioid analgesic
regimes (Leppert 2010; Lobmaier et al. 2010). Unfortunately some mu opioid receptor
antagonists such as naloxone and naltrexone, which are often used in the treatment
for opioid overdose or addiction, can induce acute withdrawal symptoms (van Dorp
et al. 2007). This has lead to the development of mu opioid receptor antagonists with
limited bioavailability. Methylnaltrexone, due to its positive charge cannot pass
through the blood-brain barrier and therefore does not affect analgesia or induce
withdrawal, but does relieve the peripheral effects of opioids such as constipation and
itching (Diego et al. 2009). The use of opioid antagonists to counter the effects of
opioids on vascular barrier dysfunction is currently being investigated. A number of
studies have shown that naltrexone and naloxone inhibit opioid-stimulated endothelial
cell proliferation, angiogenesis and barrier permeability (Dai et al. 2008, 2010; Wen
etal. 2011). Methylnaltrexone has also been shown to inhibit opiate induced increases
in permeability and angiogenesis and potentiate the effects of other anti-angiogenic
drugs in vivo (Mathew et al. 2011; Singleton et al. 2006b, 2007, 2010). Since opioids
are widely used during the treatment of several classes of disease and injury, further
research is needed to fully elucidate the contribution of both endogenous and clinically



4 Opioid Regulation of Vascular Integrity 59

administered opiates in the regulation (and dysregulation) of endothelial barrier
function. This understanding will aid in the development of novel therapeutics and
treatment strategies for a wide range of vascular-related diseases.
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Chapter 5
Iatrogenic Angiogenesis

Kalpna Gupta

Abstract The medicinal powers of opium poppy-derived extracts now called ‘opioids’
and the importance of vasculature in maintaining life were realized by ancient
civilizations. However, the association of the two with each other has emerged in
the last decade. Opioid receptors, including the mu opioid receptor (MOR) which
mediates opioid analgesia, are present on the endothelium. Analgesic opioids such
as morphine and its congeners stimulate growth- and survival promoting signaling
directly via MOR and also by co-activating receptor tyrosine kinases for vascular
endothelial growth factor receptor 2, platelet-derived growth factor receptor £, etc.
in the endothelial cells. Opioid signaling translates into increased tumor angiogen-
esis, tumor growth, metastases and reduced survival in mice. Additionally, opioids
modulate the tumor microenvironment by acting on diverse cellular milieu of
the tumor. Increased density of MOR in human tumors as compared to normal
tissue, suggests a role for MOR in cancer. Based on experimental studies and MOR
expression on human tumors it is critical to examine the role of opioids in cancer
progression and survival in patients treated with opioids for severe pain.
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cAMP cyclic adenosine monophosphate
COX Cyclooxygenase

DOR delta opioid receptor

GPCRs G-coupled protein receptors

GRK GPCR kinase

KOR kappa opioid receptor

MNTX methylnaltrexone

MAPK mitogen-activated protein kinase
MOR mu opioid receptor

NO nitric oxide

NOS NO synthase

NOP-R nociceptin/Orphanin FQ receptor
NSCLC non-small cell lung cancer

PDGF platelet-derived growth factor
PDGFR-f platelet-derived growth factor receptor-f3
PET Positron emission tomography
POMC proopiomelanocortin

PGE2 prostaglandin E2

Akt protein kinase B

RAVE Relative activity versus endocytosis
STAT-3 signal transducer and activator of transcription-3
SCLC small cell lung cancer

S1P3R sphingosine-1 phosphate receptor
VEGF vascular endothelial growth factor

VEGFR2, Flkl VEGEF receptor-2

5.1 Introduction

Opioids, originating from opium poppy (Papaver somniferum), remain the most
widely used analgesics to treat severe pain. However, their euphoria generating and
healing power on one hand, and addiction and side effects on the other have turned
them into a double-edged sword. Use of opium as a medicine was described in the
1700s. During the 1700s the term ‘angiogenesis’ also came into existence (Table 5.1).
The first opioid receptor (OR; delta) was cloned in 1992, close to the discovery of
vascular endothelial growth factor (VEGF), the endothelial cell-specific growth
factor that promotes angiogenesis. Thus, the existence and development of opioids
and angiogenesis followed parallel paths during history (Table 5.1). Once consumed
either orally or injected into the body, opioids travel through the circulation to the
target tissue, physically contacting the endothelial cells (ECs) lining the blood
vessels. The presence of ORs was described on the endothelium soon after their
discovery, thus arguing for the role of opioids in angiogenesis via opioid-endothelial
interaction. Angiogenesis is the growth of new vessels from the pre-existing blood
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Table 5.1 The parallel histories of opioids and angiogenesis

Opioids Angiogenesis
1500s—1600s: Opium refined into modern day 1600s: Physicians discover that the heart
drugs pumps blood
1757: Linnaeus classifies the opium poppy 1787: John Hunter coins the term

“angiogenesis”
Research on pain and nervous system effects ~ Research on endothelial cell activation/
inflammation
1971: Angiogenesis implicated in tumor
metastasis
1992: Delta Opioid Receptor cloned

\ 1989: VEGF discoverzd/
What is the role of opioids in angiogenesis?

History shows that both opioids and angiogenesis were considered of significant importance by
thinkers, philosophers and scientists across the globe at about the same time. The realization of the
significance of opioids in the process of angiogenesis is still in its infancy, despite the discovery of
opioid receptors 2 decades ago

vessels, which plays a critical role in tumor progression and metastases. We provide
an up to date review of the interaction of opioids with endothelium and their role in
angiogenesis.

5.2 Classifications of Opioids and Their Receptors

On the basis of source of origin opioids may be classified as natural (derived from
opiate alkaloid e.g. codeine and morphine), semi-synthetic (created by altering
natural opioids e.g. oxycodone and hydrocodone), fully synthetic (synthesized in
laboratories from non-opioid substances e.g. fentanyl, tramadol and methadone) or
endogenous (naturally produced by body e.g. endorphin, enkephalins and dynorphin).

Based on molecular cloning and binding studies, four different classes of ORs
are: mu-, delta- and kappa-OR (MOR, DOR and KOR, respectively) and nociceptin/
Orphanin FQ receptor (NOP-R). Each agonist is specific for a specific OR but can
show cross-reactivity to other ORs with lower affinity. ORs are 7 transmembrane
domain G-coupled protein receptors (GPCRs) coupled to pertussis toxin dependent
Gi/Go type of G-proteins (Gupta et al. 2007). Upon receptor activation, both
G-protein o and By subunits interact with multiple effector systems, leading to the
inhibition of adenyl cyclase and voltage-gated Ca** channels and stimulation of
G-protein-activated inwardly rectifying K* channels. In contrast, chronic activation
of OR may lead to the superactivation of adenyl cyclase and increased cyclic
adenosine monophosphate (cAMP).

OR activity is similar to the classical GPCRs, where ligand binding initiates
receptor phosphorylation by the GPCR kinase (GRK), followed by the recruitment
of B-arrestin and uncoupling from the G-protein (Fig. 5.1). Uncoupled receptor is
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Fig. 5.1 Opioid receptor regulation. Ligand binding to the opioid receptors induces phosphorylation
of the GPCR by GPCR kinase. Phosphorylated receptor recruits 3-arrestin, followed by uncoupling
from the G-protein. The uncoupled receptor is then endocytosed and it is either recycled back
(reactivation) or degraded (downregulation). In some instances the receptor remains phosphorylated
and is not endocytosed. This is called receptor activation versus endocytosis (RAVE). Mu opioid
receptor has a high RAVE value. Therefore, once activated by morphine it can remain activated for
a prolonged time, thus amplifying the effect of morphine (Abbreviation: GPCR G-protein coupled
receptor)

then endocytosed and re-activated or degraded (downregulated), depending upon
the stimulus provided by the ligand binding and/or the property of the receptor.
Importantly, MOR, the receptor that mediates the analgesic activity of morphine and
its congeners, remains constitutively activated, even after the withdrawal of the
ligand. When the receptor remains activated and does not get endocytosed the relative
activity versus endocytosis (RAVE) is high. MOR has a high RAVE value, therefore,
once morphine is added to the system it can lead to a prolonged activity of MOR.

5.3 Opioid Receptor Regulation

The expression of ORs is critical for the activity of endogenous and exogenous opi-
oids, physiologically and in pathological conditions. Expression of ORs is modu-
lated in a cell-specific manner by the cellular microenvironment constituted of
pro-inflammatory cytokines and growth factors. For example, the pro-inflammatory
cytokine IL-6 up regulates signal transducer and activator of transcription-3 (STAT-3)
dependent MOR mRNA expression but not that of DOR in neuroblastoma cell line
SH SYS5Y cells (Borner et al. 2004). It is also contextual depending upon the cell type,
pathology and organ system. For example in melanoma M2 cells lacking the actin
cytoskeletal protein filamin A, morphine induced an upregulation of MOR, but not in
the cells stably transfected with filamin A cDNA (Onoprishvili and Simon 2007).

On the other hand, nitric oxide (NO) upregulates MOR in intestinal inflammation
in mice (Pol et al. 2005; Pol 2007). Since MOR stimulates NO production, the
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NO-mediated up regulation of MOR suggests a feed-forward mechanism between
NO and MOR. Similarly we observed that VEGF and serum induced MOR expres-
sion (Chen et al. 2006), while morphine up regulated VEGF receptor 2 (VEGFR2)
expression in mouse retinal endothelial cells (Chen et al. 2006). VEGF-induces
activation of VEGFR?2 (Bartoli et al. 2003) via NO (Hood et al. 1998). Therefore,
it is also possible that VEGFR2 activation leads to the stimulation of NO and
subsequent upregulation of MOR. Increased NO and VEGFR?2 are hallmarks of
inflammation and cancer, and in-turn may lead to increased MOR expression in
cancer (described below in detail).

5.4 Opioid Signaling in Endothelium

Morphine was shown to stimulate NO production in EC more than a decade ago
(Fimiani et al. 1999; Prevot et al. 1998; Stefano et al. 1995, 1998). Morphine in
the concentration of 1 uM and below 1 uM range stimulated NO release via MOR
in human aortic endothelial cells and from rat aortic rings, leading to vasodilation
(Stefano et al. 1995).

We found that a key mechanism of morphine-induced angiogenesis is NO-dependent
mitogen-activated protein kinase (MAPK) and protein kinase B (Akt) phosphorylation
(Gupta et al. 2002; Poonawala et al. 2005) (Fig. 5.2). Amongst the growth factors,
VEGEF is the only cytokine that stimulates MAPK phosphorylation and endothelial
proliferation in a NO-dependent manner. Therefore, morphine acts like a growth
factor in stimulating growth promoting signaling in endothelium. Importantly,
morphine stimulated endothelial signaling, growth and survival at physiologically
relevant doses in the uM range, but was cytotoxic in the mM range (Gupta et al.
2002). Table 5.2 shows different effects of morphine on signaling and function and
the doses used.

Another key feature of angiogenesis and tumor growth is dysregulated expression
of cyclin D1, leading to increased cell cycle progression and survival. Morphine at
clinically relevant doses stimulates endothelial cyclin D1 and cell cycle progression
and promotes survival by stimulating Akt phosphorylation (Gupta et al. 2002).
Morphine stimulates angiogenic signaling in a manner similar to that VEGF-induced
MAPK phosphorylation via NO. While morphine stimulates NO and MAPK
phosphorylation directly, it also transactivates VEGF receptor, Flk1/VEGFR2 and
platelet-derived growth factor receptor-f3 (PDGFR-f3) via MOR on endothelial cells
(Chen et al. 2006; Singleton et al. 2006).

MOR co-localized with CD31 positive tumor vasculature in human non-small
cell lung cancer (NSCLC) biopsies, suggestive of upregulation of MOR and its
association with increased tumor angiogenesis (Fujioka et al. 2011). Morphine and
its congeners act as analgesics via MOR. Therefore, activation of MOR may have
implications in promoting angiogenesis when morphine is used for analgesia.

In addition, MOR ligation by morphine and a MOR-specific agonist DAMGO leads
to barrier dysfunction and increased permeability by activation of sphingosine-1
phosphate receptor (S1P3R) in human pulmonary microvascular endothelial cells
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Fig. 5.2 Opioid signaling in endothelium. Opioids stimulate growth- and survival-promoting
signaling directly via their 7-transmembrane domain G-protein coupled receptors and/or by
co-activating receptor tyrosine kinases for growth factors or other GPCRs (Abbreviations: RTK
receptor tyrosine kinase, S7/P3R sphingosine 1 phosphate receptor 3; PI3 kinase phosphoinositol 3
kinase; NOS nitric oxide synthase; NO nitric oxide; MAPK/ERK mitogen activated protein kinase/
extracellular signal regulated kinase)

(Singleton et al. 2007). The MOR-specific antagonist methylnaltrexone (MNTX)
inhibited the MOR-mediated barrier dysfunction, suggesting that MOR activation
may play a critical role in endothelial physiology and angiogenesis. Peripheral MOR
antagonists may be potentially useful in antagonizing the peripheral side effects of
opioid analgesics.

Cyclooxygenase (COX), and production of its product prostaglandin E2 (PGE2)
are stimulated by NO (Birnbaum et al. 2005; Nedelec et al. 2001; Salvemini et al.
1993, 1994). PGE2 is known to promote angiogenesis and tumor progression, and
COX-2 inhibitors inhibit angiogenesis and tumor progression (Chang et al. 2004;
Griffin et al. 2002; Leahy et al. 2002). Prostaglandins are involved in pain processing
(Julius and Basbaum 2001; Malmberg and Yaksh 1992; Samad et al. 2001), and
COX-2 inhibitors ameliorate the development of morphine tolerance (Wong et al.
2000). We observed that chronic morphine treatment at physiologically relevant
doses leads to an upregulation of COX2 gene and protein expression and PGE2 in
breast tumors in A/J mice (Farooqui et al. 2007). Furthermore chronic morphine
treatment increased both inducible and endothelial NO synthase (NOS), hemoxyge-
nase and COX-2 in mouse kidney (Arerangaiah et al. 2007; Weber et al. 2012).
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Morphine increased blood flow in the kidney of mice via a NO- and opioid receptor-
mediated mechanism (Arerangaiah et al. 2007). These observations argue for a
vasoregulatory role of morphine in addition to its growth- and survival-promoting
effect.

5.5 Opioids and Opioid Receptors Modulate Tumor
Microenvironment

The presence of endogenous opioids and opioid receptors in human cancers based
on immunoreactivity and ligand binding studies, respectively was shown on human
tumors more than two decades ago (Fichna and Janecka 2004). Molecular and modern
imaging techniques have confirmed the increased presence of opioid receptors in
cancerous tissue as compared to normal tissue in human cancers. An important
question in this regard is why are the opioid receptors upregulated in cancer?

Opioid peptides are synthesized and released by immune cells including
macrophages, polymorphonuclear leukocytes (PMNs), and lymphocytes in addition
to their central origin (Sacerdote 2007; Stein et al. 2003). The proopiomelanocortin
(POMC) gene expression is under the control of chemokines, cytokines and pathogens
(Rittner et al. 2007; Westly et al. 1986). This increases the likelihood that increased
POMC gene products such as endorphins in tumors may be due to the infiltration of
tumors by immune cells and increased levels of pro-inflammatory cytokines and
growth factors. Positron emission tomography (PET) scanning for the binding of
DOR antagonist 11C-methylnaltrindole (11C-MeNTI) and MOR agonist
11C-carfentanil (11C-CFN) showed high density of MOR and DOR binding sites in
the tumorous region as compared to normal lung tissue in lung cancer patients with
small cell lung cancer (SCLC) and NSCLC of the squamous and adenocarcinoma
cell type (Madar et al. 2007). Similarly, stronger MOR immunoreactivity was
observed in parts of the tumor as compared to normal mucosa in human colon
cancer (Nylund et al. 2008). More recent studies performed by our group and others
have clearly demonstrated increased expression of MOR in a variety of human lung
cancer biopsies (Fujioka et al. 2011; Mathew et al. 2011). We found that increased
MOR expression co-localized with the tumor cells as well as the vascular endothe-
lium in the tumor (Fujioka et al. 2011). Experimentally, human NSCLC H358 cells
overexpressing MOR led to increased tumor growth and metastases when xenografted
into mice as compared to cells transfected with vector control (Lennon et al. 2012).
Thus, the tumor micro-environment provides a fertile ground for the upregulation of
both endogenous opioids and opioid receptors and MOR promotes tumor growth
and metastases by utilizing distinct signaling pathways.

Opioid receptors including MOR and opioid peptides permeate the entire
biological system including inflammatory cells and the central nervous system.
The interactions of morphine with a variety of cells promoting an inflammatory
milieu are beginning to emerge (Fig. 5.3). Morphine stimulates endothelial signaling
directly, but it may also modulate the tumor microenvironment by interacting with
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Fig. 5.3 Opioids modulate tumor microenvironment. Opioids interact with multiple cell types
within the tumor and in the circulation, which in turn modify the tumor microenvironment resulting
in increased inflammation, mast cell degranulation, pericyte recruitment, permeability, proliferation
and vasodilation. These cellular effects lead to enhancement of tumor angiogenesis, cancer
progression and metastases

different cellular components in the tumor and by modulating the release of
hormones from the pituitary-hypothalamus axis (Stephenson and Gupta 20006).
We observed that morphine-induced COX-2 expression co-localized with the tumor
cells, suggesting that morphine-induced COX-2 in tumors increases PGE2 release
by cancer cells that stimulates tumor angiogenesis leading to tumor progression and
reduced survival (Farooqui et al. 2007). The COX-2 inhibitor Celecoxib inhibited
morphine-induced PGE2, angiogenesis and tumor progression and increased
survival. Moreover, mice developed morphine tolerance that was also inhibited by
COX-2, suggesting that COX2 upregulation may play a central role in the angiogenic
activity and in developing tolerance to morphine. Identification and inhibition of
such mechanisms that mediate critical components of cancer growth including
angiogenesis, analgesia and cancer progression are essential to treat cancer pain
effectively without promoting the disease.

Morphine also stimulates the expression of platelet-derived growth factor
(PDGF)-BB in endothelial cells (Luk et al. 2012; Wen et al. 2011). Wen et al. found
that morphine in physiologically relevant doses increased PDGF-BB expression in
human brain microvascular endothelial cells and increased their permeability (Wen
et al. 2011). Our laboratory showed increased release of PDGF-BB by morphine
stimulation from human umbilical vein endothelial cells (Luk et al. 2012). In this
study, morphine treatment of transgenic mice with breast cancer led to the co-activation
of PDGFR-P on the pericytes and their recruitment to the tumor vasculature.
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It is likely that morphine-induced PDGF-BB increases vascular permeability in
the tumors. The recruitment of pericytes to the tumor vasculature may have implica-
tions in the promotion of tumor angiogenesis.

Mast cells are also considered important components of the tumor microenviron-
ment which promote angiogenesis and tumor progression (Ribatti and Crivellato
2011). Using a functional assay employing amperometry we observed that morphine
treatment of mice with chronic inflammation led to a significant increase in serotonin
release suggestive of their increased degranulation (Manning et al. 2012). It is likely
that morphine-induced mast cell degranulation contributes to increased angiogenesis
and tumor progression.

Morphine also increases pro-inflammatory cytokines in the circulation and in
tumors. Morphine increased tumor necrosis factor-o. (TNF-a) significantly 12 h
after administration when given during surgery (Gomez-Vazquez et al. 2012).
Morphine also increases the release of several cytokines from microglial cells via
MOR (Merighi et al. 2012). We observed that transgenic mice with breast cancer
had elevated pro-inflammatory cytokines when treated with morphine for a few
weeks as compared to those treated with PBS (unpublished observations). It is
likely that morphine-induced angiogenesis, tumor progression and metastases
observed in rodents are an outcome of its direct effects on tumor endothelium and
that of the microenvironment that favors growth and survival of endothelial and
tumor cells.

5.6 Relevance of Opioid-Induced Angiogenesis to Cancer
Progression and Metastases

We and others have demonstrated that morphine stimulates angiogenesis in vitro
and in vivo (Farooqui et al. 2007; Fujioka et al. 2011; Gupta et al. 2002; Lennon,
et al. 2012; Luk et al. 2012; Mathew et al. 2011; Poonawala et al. 2005; Singleton
et al. 2006, 2007). Morphine induced angiogenesis in human MCF-7 breast cancers
in nude mice, in syngeneic mouse SCK breast cancer in A/J mice and in large
T-antigen expressing spontaneously growing breast cancer in FVBN mice. Similarly
morphine also promoted angiogenesis, cancer progression and metastases in Lewis
lung cancer xenografts in mice (Mathew et al. 2011). Overexpression of MOR in
H358 human lung cancer xenografts in mice led to increased tumor growth and
metastases, suggesting that MOR activity contributes to cancer progression (Lennon
et al. 2012). Therefore, it is likely that increased MOR expression reported for lung
and colon cancer may have a role in cancer progression.

A human study shows an indirect increase in the recurrence of metastasis after
opioid analgesia using morphine with general anesthesia as compared to paraverte-
bral anesthesia (Exadaktylos et al. 2006). In this retrospective study the dose of
morphine was not recorded, but it was used with general anesthesia post-operatively.
The follow-up time was 32+5 months after surgery. Furthermore, in spite of
morphine use pain scores were higher in the general anesthesia group as compared
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to paravertebral anesthesia group. It is likely that increased recurrence in the general
anesthesia group could be due to the cancer-promoting effect of morphine.

Experimental studies in rodents using clinically used doses of morphine unequiv-
ocally demonstrate the promotion of angiogenesis by morphine and MOR. Therefore,
it is critical to evaluate the effect of morphine and its congeners on cancer progres-
sion in human studies and devise strategies to prevent the inadvertent effect of
opioids on cancer without compromising analgesia.
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Chapter 6

Could Opioids Affect Cancer Recurrence
or Metastases? Current Experimental
and Translational Evidence

Hilary Shanahan, Marie-Odile Parat, and Donal Buggy

Abstract ‘Firstly, do no harm’ — a fundamental principle in the practice of medicine.
Opioids have long been the mainstay in the treatment of acute and chronic cancer
pain, but can opioids administered to cancer patients during the course of their
treatment actually do more harm than good? This chapter examines the current
experimental and translational research relating to opioids and their potential effect

on cancer recurrence and metastases.
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DNA deoxyribo nucleic acid

ERAS enhanced recovery after surgery
FADD Fas-associated death domain
HPA hypothalamic-pituitary-adrenal
IL-10 interleukin 10

IL-1B interleukin 1B

IL-2 interleukin 2

INK c-Jun N-terminal Kinase

LLC Lewis Lung Carcinoma

MSC mesenchymal stem cell

MMP matrix metalloproteinase
MAPK mitogen-activated protein kinase
MOR mu opioid receptor

NK Natural killer

NSCLC non small cell lung cancer
NF«B nuclear factor kappa B

PDGFR-f  PDGEF receptor-beta
PDGF-BB platelet-derived growth factor-BB

PGE2 prostaglandin E2

ROS reactive oxygen species

TGF- transforming growth factor beta
TNFa tumour necrosis factor alpha

uPA urokinase type plasminogen activator
VEGF vascular endothelial growth factor

6.1 Introduction

This chapter outlines the most recent, relevant state of knowledge on the influence
of opioid drugs on cancer cell biology and outcomes. Because clinical evidence is
currently limited, the work summarized here pertains to experimental models of
cancer, including cell and tissue culture and live animal models.

The balance between cancer cell proliferation and apoptosis, and the ability of
those surviving cells to invade other tissues and migrate to distant host sites influence
the impact of cancer on a patient. Opioids have been shown to directly affect cancer
cell proliferation, apoptosis, invasion, and migration and have also been shown to
indirectly influence cancer spread via effects on the immune system, angiogenesis
and local inflammation. However reports in the literature are conflicting as to
whether opioids ultimately facilitate or hinder cancer cell survival and spread, and
this chapter outlines the current evidence.
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6.2 Direct Effects of Opioids on Cancer Cells

6.2.1 Direct Effect of Opioids on Cancer Cell
Proliferation and Apoptosis

A number of receptor types and mechanisms of action have been proposed as
playing a role in cancer cell proliferation. Opioid receptors, which are present not
only in the central and peripheral nervous system, but in cancer cells (Maneckjee
and Minna 1990, Hatzoglou et al. 1996, Kampa et al. 1997, Fichna et al. 2005,
Nylund et al. 2008, Kerros et al. 2009, Mathew et al. 2011), play an important role
in the effect of endogenous and exogenous opioids on cancer cells. A number of
studies in the 1990s have shown a decrease in tumor cell proliferation following the
administration of morphine, by activation of cancer cell opioid receptors (Maneckjee
and Minna 1990, Maneckjee et al. 1990, Kampa et al. 1997). It has also been
proposed that interaction with the somatostatin receptor SSTR2 (Hatzoglou et al.
1995), inhibition of nuclear factor kappa B (NFkB) activation (Sueoka et al. 1998),
suppression of tumour necrosis alpha (TNFa) expression (Sueoka et al. 1996) and
p53 activation (Tegeder et al. 2003) have a role to play in decreasing tumor cell
proliferation following administration of morphine. More recent studies however
have yielded conflicting results. Mathew et al. found a 5-10 fold increase in mu
opioid receptor (MOR) expression in lung samples of patients with non small cell
lung cancer (NSCLC) and in several NSCLC cell lines, and in contrast to the studies
conducted in the 1990s found an increase in proliferation of Lewis lung cancer cells
when exposed to morphine in vitro, an effect thought to involve the mu opioid
receptor. This effect was attenuated by the MOR antagonist, methylnaltrexone,
suggesting mu opioid receptors as a potential target in lung cancer therapy (Mathew
et al. 2011).

While most of the evidence suggests an inhibition of proliferation of tumor cells
when exposed to morphine, there are conflicting studies which show an increase in
tumor cell proliferation (Mathew et al. 2011) as discussed, or indeed no change to
proliferation (Nylund et al. 2008, Gach et al. 2009) when cancer cells are exposed
to morphine. The diversity in cancer cell lines studied and the differing concentra-
tions in morphine used could explain this conflicting evidence in relation to cancer
cell proliferation.

Apoptosis of cancer cells is also directly affected by opioid administration. A num-
ber of studies have found an increase in apoptosis when cancer cells were exposed to
morphine (Maneckjee and Minna 1994, Zagon and McLaughlin 2003, Tegeder et al.
2003, Yin et al. 2006, Lin et al. 2009). Maneckjee and Minna examined the relation-
ship of opioids and nicotine to lung cancer cell apoptosis. They found that opioids
induced while nicotine suppressed apoptosis. There was a dose dependent increase in
DNA fragmentation, characteristic of apoptosis, 2 h post opioid administration. The
apoptosis associated with opioids appeared to be suppressed by nicotine, supporting
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other literature suggesting nicotine is a cancer-promoting agent (Maneckjee and
Minna 1994). A reduction in protein kinase C activity appeared to be involved in
morphine associated apoptosis. Tegeder et al. proposed a naloxone-independent p53
stabilization, and subsequent increase in pro-apoptotic factors p21, Bax, Fas death
receptor, as the mechanism of action involved in the increased apoptosis of cancer
cells observed at higher concentrations of morphine (=500 um) (Tegeder et al. 2003).
Zagon and McLaughlin studied three human cancer cell lines, HT-29 colon adenocar-
cinoma, MIA PaCa-2 pancreatic adenocarcinoma, and CAL-27 head and neck
squamous cell carcinoma, and found a pro-apoptotic effect of morphine partially
reversed by naloxone (Zagon and McLaughlin 2003). Human Jurkat leukaemia cells
were investigated by Yin et al. and the authors observed an increase in apoptosis when
cells were exposed to morphine, possibly via activation of Fas-associated death
domain (FADD)/p53, anti-apoptotic PI3 Kinase/Akt and NF-kB pathways (Yin et al.
2006). The effects of chronic high doses of morphine on neuroblastoma cells were
investigated by Lin et al. and they noted that there was a dose-dependent increase
in cell apoptosis. Activation of c-Jun N-terminal kinase (JNK) by morphine led to
an increase in reactive oxygen species (ROS), up-regulation of pro-apoptotic protein
Bim and down-regulation of anti-apoptotic protein Bcl-2, leading to an increase in
cytochrome c release and capase-3 and -9 activation (Lin et al. 2009).

Hatsukari et al. hypothesized that many previous studies found a pro-apoptotic
effect of morphine because a cytotoxic dose rather than a clinically relevant dose of
morphine was used (10 M was considered a clinically relevant concentration). They
found that millimolar concentrations of morphine showed higher cytotoxicity against
human tumor cell lines than against normal human cells. At a clinically used concentra-
tion of morphine, early apoptotic markers were seen in two cancer cell lines, HL-60
and A549, and higher numbers of necrotic cells in MCF7 cancer cells. The clinical
concentration of morphine failed to activate any caspase species and induced only trace
amounts of DNA fragmentation, in contrast to cytotoxic concentrations of morphine
(Hatsukari et al. 2007). However most recently Qin et al. showed that concentrations of
morphine as low as 0.1 uM induced caspase-9 and -3 expression, decreased survivin
and NFxB expression, and caused cell cycle arrest in G2/M (Qin et al. 2012).

In contrast to the above studies which show the pro-apoptotic effect of morphine,
Lin et al. found that morphine inhibited the anti-tumour activity of doxorubin in
neuroblastoma cells in a dose-dependent manner. Inhibition of reactive oxygen
species and cytochrome c release by morphine, and inhibition of NFkB activation,
was proposed as a mechanism for inhibition of doxorubin-induced apoptosis when
neuroblastoma cells were exposed to morphine (Lin et al. 2007).

6.2.2 Direct Effects of Opioids on Invasion
and Migration of Cancer Cells

There is also conflicting evidence in relation to opioids role in cancer cell invasion,
extravasation, migration and growth in a secondary tissue. Administration of morphine
was shown to increase breast adenocarcinoma cell migration in vitro, and this effect
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was mediated by increased expression of the NET1 gene (Ecimovic et al. 2011). In a
different study, mu opioid receptors were implicated as important mediators of lung
cancer progression. The authors found that over-expression of the MOR in human
non-small cell lung cancer promotes Akt and mTOR activation, tumor growth,
extravasation and migration (Lennon et al. 2012).

Nylund et al. found that morphine at a concentration of 0.1 uM markedly
increased secretion of urokinase type plasminogen activator (uPA), a protease
involved in invasion and metastases of cancer cells (Nylund et al. 2008). The effect
of mu opioid agonists on uPA was also investigated by Gach et al., who showed that
morphine greatly stimulated uPA secretion in the MCF-7 breast cancer cell line
(Gach et al. 2009). Epidermal growth factor pathway activation by morphine via
opioid receptors has also been implicated in human NSCLC cell invasion (Fujioka
et al. 2011).

In contrast, some studies have found that opioids inhibit cancer cell invasion and
migration, or have no effect. The effect of morphine on matrix metalloproteinase
(MMP)-2 and -9, proteolytic enzymes which are involved in the degradation of the
extracellular matrix and cancer cell invasion, was examined in the breast cancer cell
line MCF-7. Opioids seemed to inhibit MMP secretion, and this inhibition was not
reversed by the opioid receptor antagonist naloxone. The authors proposed that the
nitric oxide system mediated the effect of morphine (Gach et al. 2011). Harimaya
et al. examined the behavior of colon 26-L5 cancer cells when exposed to morphine
and found that morphine significantly reduced the number of tumor colonies and
lung metastases, by inhibition of adhesion and migration of the colon cancer cells to
extracellular matrix and invasion through basement membrane (Harimaya et al.
2002). On the other hand, Zagon et al. studied the effects of opioid agonists and
antagonists on seven cancer cell lines of three types of human cancers; pancreatic,
colon and squamous cell carcinoma of the head and neck. They found that there was
no effect on cancer cell migration, chemotaxis or invasion of any cancer cell line
(Zagon et al. 2007).

6.3 Indirect Effects of Opioids

6.3.1 Effects of Opioids on Angiogenesis

Angiogenesis or the formation of new blood vessels, is important for tumor growth
and spread, and there is conflicting evidence regarding the effect of opioids on tumor
angiogenesis. There are a number of in vitro tissue/cell studies, and in vivo animal
studies investigating the effect of morphine on angiogenesis. Leo et al. evaluated the
effects of morphine on endothelial cells, which are known to play an important role
in angiogenesis. They found that, in vitro, morphine stimulates the proliferation
of endothelial cells — known to express the u3 opioid receptor — thus potentially
promoting angiogenesis. This effect of morphine was proposed to involve the MAPK
pathway (Leo et al. 2009). Singleton et al. examined the in vitro effect of morphine
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on human dermal microvascular endothelial cells. They unveiled that morphine
increased their proliferation and migration via vascular endothelial growth factor
receptor transactivation (Singleton et al. 2006). The effect of morphine on mouse
retinal endothelial cells in vitro was examined by Chen et al. who found an increase
in proliferation and survival of endothelial cells via a mitogen-activated protein
kinase (MAPK) pathway (Chen et al. 2006). There are a number of live animal studies
that show an increase in tumor angiogenesis upon exposure to opioids. Ustun et al.
conducted a preclinical study, and found that there was increased angiogenesis in
mouse breast cancers when animals were exposed to analgesic doses of morphine
(equivalent to 50 mg per day for a 70 kg human). Morphine-triggered angiogenesis
is this study was demonstrated by microvessel density and Doppler sonography
(Ustun et al. 2011). In another mouse study, Luk et al. 2012, found that clinically
relevant doses of morphine stimulated tumor angiogenesis, increased pericyte
recruitment and coverage of tumor vessels in mice breast cancers by potentiation of
endothelial-pericyte interaction. Furthermore, morphine stimulated platelet-derived
growth factor-BB (PDGF-BB) secretion from endothelial cells and PDGF receptor-
beta (PDGFR-p) signaling in pericytes in vitro (Luk et al. 2012). Gupta et al. showed
earlier that morphine stimulates human microvascular endothelial cell proliferation
and angiogenesis by activating pro-angiogenic signaling, and promotes breast tumor
growth in a human breast tumor xenograft model in mice, at a clinically relevant
concentration (Gupta et al. 2002). In contrast to these studies, Koodie et al. found
that morphine administered at clinically relevant doses significantly suppressed
tumor cell-induced angiogenesis using Lewis lung carcinoma cells (LLCs) in mice.
They showed that morphine significantly reduced blood vessel density, vessel
branching, and vessel length when compared with placebo treatment and that this
effect was abolished in mice co-administered with the opioid receptor antagonist,
naltrexone, and in mu-opioid receptor knockout mice, demonstrating the involve-
ment of the opioid receptors in vivo. The authors suggested that suppression of the
hypoxia-induced mitochondrial p38 MAPK pathway mediated the inhibitory effect
of morphine on angiogenesis (Koodie et al. 2010).

6.3.2 Effects on Opioids on Immune Function

The immune system plays an important role in cancer cell proliferation/apoptosis
and spread. Tumor cells express antigens which attract attack from the cells of the
immune system; activated T cells, natural killer cells and cytokines. Opioids may
have an effect on the cellular immune response by acting on cells of the immune
system directly, or by modulating the hypothalamic-pituitary-adrenal (HPA) axis
response to pain or a surgical stimulus. In a live mouse study that was designed to
assess the effect of morphine on Herpes Simplex Virus reactivation, Mojadadi et al.
found that acute morphine administration led to a decrease in cytolytic T lymphocyte
activity and lymphocyte proliferation (Mojadadi et al. 2009). In contrast, Fuggetta
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et al. examined, in vitro, the effect of morphine on the generation of human cytotoxic
T lymphocytes (CTL) and found that morphine at graded concentrations enhanced
CTL responses by directly affecting the induction phase of T-dependent cell-mediated
immunity, but did not affect natural killer (NK) cell activity (Fuggetta et al. 2005).
Different opioids exert differing effects on the immune system. Franchi et al.
conducted an in vivo study of rats and looked at immune responses to a surgical
stimulus, immunosupressive properties of different opioids, and the ability of those
opioids to attenuate the immune response to surgery. They found that a surgical
stimulus in itself decreased NK cell function and increased tumour metastases. They
also found that both morphine and fentanyl were immunosupressive in themselves,
even in the absence of a surgical stimulus. However buprenorphine, a potent partial
mu-agonist, was found to attenuate the effect of a surgical stimulus on the HPA axis
and prevent the increase in tumor metastasis caused by a surgical stimulus (Franchi
et al. 2007). Shavit et al. also looked at the immunosupressive properties of fentanyl
in a live animal study in the absence of concomitant surgical stress. They concluded
that fentanyl suppressed natural killer cell cytotoxicity, and increased the risk of tumor
metastasis (Shavit et al. 2004). In an in vitro human peripheral blood lymphocyte
study, Ohara et al. suggested that there was no induction of apoptotic processes by
morphine (Ohara et al. 2005). In contrast, in a live rat model, tramadol was found to
be protective by suppressing the effect of surgery on NK cell function and metastatic
diffusion of NK-sensitive MADB 106 tumor cells to the lung. Morphine, in contrast,
did not attenuate surgery-induced increase in lung metastasis in that study. Not only
did tramadol prevent surgery-induced NK suppression but in non-operated rats
tramadol actually increased NK activity (Gaspani et al. 2002). Forget et al. studied
the effects of fentanyl on NK function at different time points after a surgical stimulus
in a live animal study. Fentanyl was administered 1 h before a laparotomy and the
activity of natural killer cells was quantified in vitro at different time points up to 8
days post administration. There was a rapid increase in NK activity in the first 24 h
post operatively which was then followed by a significant decrease in NK function
which eventually returned to baseline level at 8 days post operatively. Fentanyl
suppressed NK function with or without surgery (Forget et al. 2010a).

6.3.3 Effects of Opioids on Inflammation

Local inflammation appears to play a role in cancer cell proliferation. In a retrospective
study of women who underwent mastectomy and axillary clearance for breast
cancer treatment Forget et al. found that intraoperative use of the non-steroidal
anti-inflammatory drug ketorolac decreased the risk of cancer relapse in breast
cancer patients when compared to other analgesics (Forget et al. 2010b). Farooqui
et al. showed that 2 weeks of chronic morphine administration at clinically relevant
doses stimulated pro-inflammatory cyclooxygenase-2 (COX-2) and prostaglandin
E2 (PGE2) production in a breast cancer model in mice. Administration of the
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COX-2 inhibitor celecoxib was found to prevent this morphine-induced stimulation
of COX-2 and PGE2 production, and subsequently reduced angiogenesis, tumour
growth, metastasis and mortality (Farooqui et al. 2007).

6.3.4 Indirect Promigratory Effect of Morphine Demonstrated
Ex Vivo

We have tested the effect of in vivo administered morphine in a bioresponse assay.
Mice were injected intraperitoneally with 10 mg/kg morphine sulfate every 12 h for
3 consecutive days, and their serum, collected on the fourth day, was used to test cell
migration in a modified Boyden chamber assay towards control medium or medium
added with 2 % serum prepared from morphine and saline-treated mice. The serum
from morphine-treated mice was a much more potent chemoattractant than the
serum of saline-treated mice (Fig. 6.1a). This was seen both with bovine aortic
endothelial cells (BAEC) (proangiogenic effect) and 4T1 breast cancer cells
(prometastatic effect), although the difference seemed more dramatic in the 4T1
migration assay than in the BAEC migration assay. The blood samples were taken
12 h after the last injection of morphine, and we verified that this effect was not
mediated by residual morphine in the serum of morphine-treated mice using both
ELISA- and mass spectrometry-based methods. Furthermore, the increased cell
migration induced by serum from morphine-treated mice was not reversed by nalox-
one (Fig. 6.1b), confirming that the pro-migratory effect of serum from morphine-
treated mice is not due to the presence of residual morphine at the time of blood
collection. Lastly, we demonstrated that the soluble factor(s) present in the serum
from morphine-treated mice is (are) sensitive to heat inactivation by comparing the
migration of 4T1 breast cancer cells to morphine- and saline-treated mouse serum
that had been heat-inactivated or left unheated. Control cells migrated towards
serum-free medium. This experiment (Fig. 6.1c) showed that the difference in pro-
migratory capability between serum from morphine- and saline-treated mice was
abrogated by heat inactivation (p<0.001). Taken together, our results indicate that
an indirect effect of morphine treatment on cell migration is observed. This indirect
effect may come from heat-sensitive, soluble factor(s) present in serum after phar-
macologically active concentrations of morphine have been eliminated from the
circulation. Similar bioresponse approaches have been employed in the setting of
clinical studies (Deegan et al. 2009, 2010).

>
>

Fig. 6.1 (continued) Control cells migrated towards serum-free medium (random migration).
Error bars represent SEM. n=4 mice per group. **p<0.01, ***p<0.001. (b) Migration of 4 T1
cells was induced by placing 2% serum from morphine treated mice in the bottom wells of the
migration chamber. Some serum samples were added with naloxone 0.07 uM to neutralize the
potential residual morphine present in the serum. Error bars represent SEM. n=3 mice. (¢) Serum
from morphine or saline-treated mice was heat-inactivated at 56°C for 1 h. Migration of 4T1 cells
was induced by placing 2% heat inactivated serum or unheated serum in the bottom wells of the
migration chamber. Control cells migrated towards serum-free medium (random migration). Error
bars represent SEM. n=8 wells per sample
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Fig. 6.1 Ex vivo promigratory effects of morphine. To test the effect of in vivo administered
morphine in a bioresponse assay, mice were injected intraperitoneally with 10 mg/kg morphine
sulfate every 12 h for 3 consecutive days. Control mice were injected with 0.9 % NaCl. All mice
within one experiment were littermates. Twelve hours after the last injection, the mice were euthanized
for blood collection and the serum samples were used as chemoattractant in a modified Boyden
chamber assay. All experiments were approved by institutional animal ethics committee. (a) Bovine
aortic endothelial cells (BAEC) and 4T1 breast cancer cells were induced to migrate towards 2%
serum isolated from littermates that had been treated for 3 consecutive days with morphine or saline.
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6.4 Clinical Trials on Opioid Versus Non Opioid Analgesia
for Cancer Surgery

There is evidence that suggests that it is pain itself, and its effects on the sympathetic
and immune system, that stimulate cancer proliferation and spread, and that the
control of pain, by any method, is paramount in preventing cancer metastasis and
recurrence. Macfarlane et al. prospectively followed patients who complained of
pain (widespread and regional pain) over 8 years and found an interesting association
between reporting of widespread pain and death from cancer in the medium and
longterm (Macfarlane et al. 2001). Smith et al. also found that implantable intrathecal
drug delivery systems that lead to better pain control in refractory cancer pain
also lead to an improved survival for those patients (Smith et al. 2002). Supporting the
hypothesis that control of pain in itself is beneficial to patients is the success of the
enhanced recovery after surgery (ERAS) pathway, which aims to reduce the stress
response to surgery. This has been shown to reduce length of stay and complications
for patients after major colorectal surgery (Varadhan et al. 2010). Furthermore
Sasamura et al. found that pain control, by either morphine administration or neurec-
tomy of the sciatic nerve reduced tumor growth and lung metastasis in mice inoculated
with painful tumours in the hind paw (Sasamura et al. 2002).

Is there however one method of analgesia for cancer surgery that confers benefits
to a patient over another method? Many studies have been designed to evaluate the
effects of opioid versus regional analgesia on cancer proliferation and spread. It is
hypothesized that as regional anaesthesia reduces opioid requirements and regional
lympathic flow during surgery, its use may be associated with benefits for the cancer
patient (Ismail et al. 2010). Deegan et al. exposed cells of the estrogen receptor-
negative MDA-MB-231 breast cancer cell line to the serum of breast cancer surgery
patients who either received anaesthesia with the inhalational agent sevoflurane
and opioid analgesia, or to anaesthesia with a propofol infusion and paravertebral
analgesia. There was inhibition of proliferation, but not migration, of breast cancer
cells in vitro to a greater extent in the propofol/paravertebral anaesthesia/analgesia
serum group than in the sevoflurane/opioid serum group (Deegan et al. 2009).
Looney et al. conducted a randomised controlled clinical trial looking at the effect
of anaesthetic technique for breast cancer surgery on factors thought to promote
angiogenesis and metastasis in breast cancer, vascular endothelial growth factor
(VEGF)-C and transforming growth factor beta (TGF-$). They also compared
propofol/paravertebral and sevoflurane/opioid anaesthetic techniques. They found
that patients randomised to the propofol/paravertebral group had less pain at 2 h
postoperatively than the sevoflurane/opioid group. Post-operative VEGF C serum
levels were increased in the sevoflurane/opioid group but unchanged in the propofol/
regional group. In contrast, TGF-f3 levels were decreased post operatively in the
sevoflurane/opioid group. The authors concluded that anaesthetic technique alters
the concentration of factors in the serum associated with angiogenesis in breast
cancer (Looney et al. 2010). Deegan et al. further tested the effect of analgesia
techniques in breast cancer surgery (propofol/paravertebral group versus sevoflurane/
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opioid group), and their effects on circulating levels of protumorigenic cytokines,
antitumorigenic cytokines and matrix metalloproteinases (MMPs). They found that
in patients with propofol/paravertebral anesthesia-analgesia there was a greater
percentage decrease in postoperative compared with preoperative interleukin 13
(IL-1PB), a significant attenuation in elevated MMP-3 and MMP-9, and a significant
increase in interleukin 10 (IL-10) compared with patients in the sevoflurane/opioid
group (Deegan et al. 2010).

There are also a number of studies researching the effect of the anaesthesia/
analgesia technique on cancer outcome. Biki et al. retrospectively reviewed the
medical records of patients who underwent open radical prostatectomy for invasive
prostate cancer, and compared post-operative prostate-specific antigen (PSA) values
in patients who received opioid analgesia or epidural analgesia. PSA was used as a
biochemical marker of cancer recurrence. They found that epidural analgesia was
associated with significantly less risk of biochemical cancer recurrence than opioid
analgesia (Biki et al. 2008). However, in a similar study where the authors looked at
disease recurrence after radical prostatectomy and compared groups that received
general anaesthesia alone versus general/regional anaesthesia, no difference was
observed between the groups in terms of disease free survival (Tsui et al. 2010).
Wauethrich et al. compared opioid/ketorolac analgesia to thoracic epidural analgesia
for retropubic radical prostatectomy in a retrospective analysis study and found that
epidural analgesia was associated with a reduced risk of cancer progression but
there was no significant difference between the two techniques in biochemical
recurrence-free survival, cancer specific survival, or overall survival (Wuethric et al.
2010). Forget et al. conducted a retrospective analysis of cancer recurrence in
patients who underwent retropubic radical prostatectomies, and found that sufentanil
administration was associated with an increased risk of cancer recurrence, whereas
epidural analgesia which used a combination of local anaesthetic and opioid was not
associated with an effect on cancer recurrence (Forget et al. 2011).

Studies investigating other types of cancer have been performed. De Oliveira
et al. investigated the time to tumor recurrence in patients who underwent surgery
for ovarian cancer, and found that the use of epidural analgesia was associated with
a longer cancer recurrence-free time (De Oliveira et al. 2011). Cummings et al.
looked retrospectively at a large cohort of patients who underwent surgery for non-
metastatic colorectal cancer and found that epidural analgesia was associated with a
survival benefit, but their study did not prove an association between epidural use
and decreased cancer recurrence (Cummings et al. 2012). A retrospective analysis
of colorectal cancer patients who underwent surgery was undertaken by Day et al.
Patients received either regional or opioid analgesia and the authors found that there
was no significant difference between the groups in overall or disease-free survival
(Day et al. 2012). Exadaktylos et al. studied retrospective data on breast cancer
patients undergoing mastectomy and axillary clearance and compared perioperative
paravertebral analgesia and opioid analgesia. The authors suggested that there was
a reduced risk of cancer recurrence or metastasis associated with the paravertebral
analgesia (Exadaktylos et al. 2006). Lucchinetti et al. investigated the local anaes-
thetics lidocaine, ropivacaine, and bupivacaine, and their effect on mesenchymal



90 H. Shanahan et al.

Invasion

-?&_-J-

1 -l
1*1
) ®
Y ,
” ,/ T Lymphocytes
- ', I8¢ ',-' | NK cetls
1 7A /
” \ T Dend:ilic:ells
Invasion /Growth in Secondary immune System
stimulation ‘s ® malignancy
suppression ——— % - blood vessel/s

Fig. 6.2 stages of cancer cell proliferation and spread, and conflicting evidence in relation to the
effect of opioids on each stage

stem cell (MSC) biology. All local anaesthetics significantly reduced MSC proliferation
which has implications for tumor growth and spread as well as wound healing after
surgery (Lucchinetti et al. 2012). Finally, a prospective large muticentre randomised
control trial comparing general anaesthesia for major abdominal cancer surgery,
with or without the use of perioperative epidural analgesia unveiled that use of epidural
was not associated with improved cancer-free survival in this group of patients
(Myles et al. 2011).

6.5 Evidence for Acute Versus Chronic Opioid Use

Opioids are used for both acute pain management in cancer surgery and the treatment
of chronic cancer pain. The effect of opioids on responses involved in cancer growth
and metastasis may be different in the cancer surgery perioperative setting and in
cancer patients with chronic pain. For example, in a preclinical study Martucci et al.
have compared the effect of acute fentanyl and buprenorphine administration to longer
term use on the immune system of mice. Parameters studied were lymphoproliferation,
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natural killer cell activity and interleukin 2 (IL-2) and interferon gamma production.
Buprenorphine was shown to have little effect on the immune system at any time,
and fentanyl was immunosuppressive in the short term but this became less relevant
with a longer duration of use, with return of immune system to baseline after 7 days
of continuous fentanyl administration (Martucci et al. 2004).

6.6 Conclusion

Opioids have long been the mainstay of pain therapy in cancer patients in both the
acute perioperative period and in the treatment of refractory pain in cancer, but could
they be causing more harm than good? As demonstrated, there is conflicting evidence
as to the effect of opioid administration on every aspect of cancer cell biology (Fig. 6.2),
and clinical studies evaluating opioid versus non opioid analgesia for cancer surgery
are also conflicting and overall non-conclusive. Is it reasonable to use alternatives to
opioids where possible before these questions have been answered? Or is it more
important to treat pain aggressively in these patients and attenuate the stress response
where possible? Large prospective muticentre randomised control trials are needed
to answer many important questions in this area.
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Genetic Polymorphisms in the (-Opioid
Receptor Gene and Breast Cancer Survival
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Abstract Preclinical studies suggest that endogenous opioids and/or opioid
medications may contribute to tumor growth. However, endogenous and exoge-
nous opioids have not been modulated over time in cancer patients, who often
need opioids for pain control. Most of the analgesic effect of opioids occurs
through the activation of the p-opioid receptor. The most common naturally
occurring genetic variation of this receptor in humans is the so-called A118G
mutation. Individuals with this mutation have been shown to have a reduced
analgesic response to opioid medications. In a recent study, we used this natu-
rally occurring genetic variation to look for evidence that endogenous and/or
exogenous opioids influence tumor growth in humans. We hypothesized that if
opioids do influence tumor growth, then cancer patients with the A118G mutation,
as a group, should have longer survivals than those without it. Using data from
the Carolina Breast Cancer Study, we found that, among 2,039 women diagnosed
with breast cancer, the presence of A118G was associated with longer breast
cancer specific survival. The protective effect of A118G was limited to invasive
cases only and appeared to increase with the stage of cancer at diagnosis.
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This study did not assess whether opioid pain medications have any influence on
cancer mortality. Moreover, the study was performed in African Americans and
European Americans only, and requires replication.

Keywords -Opioidreceptor ® Allele  Breast cancer ® Cancer survival e Endorphins

* Exon ¢ Intron ¢ Linkage disequilibrium ¢ Single nucleotide polymorphism

Abbreviations

DAMGO [D-Ala2, N-MePhe4, Gly-ol]-enkephalin
OPRM1  p-opioid receptor gene 1
cAMP adenosine 3’ 5'-cyclic monophosphate

ER estrogen receptor

kb kilobases

mRNA messenger ribonucleic acid
NDI National Death Index

SNP single nucleotide polymorphism
SSN social security number

7.1 Introduction

p-Opioid receptor activation by endogenous opioids (e.g. endorphins) or exogenous
opioids (e.g. morphine) results in analgesia (Waldhoer et al. 2004). Importantly, in
addition to this well known analgesic effect, p-opioid receptor activation has other
less well known effects that may influence tumor growth and cancer progression
(Afsharimani et al. 2011). Stimulation of p-opioid receptors on endothelial cells
results in angiogenesis (Farooqui et al. 2007; Gupta et al. 2002; Poonawala et al.
2005; Singleton et al. 2006). In addition, opioids appear to suppress a number of
aspects of immune system function, and some of these effects have been shown to be
mediated by p-opioid receptor activation (reviewed in Roy et al. 2011). For example,
stimulation of p-opioid receptors on immune cells reduces macrophage and lympho-
cyte proliferation and cytokine secretion (Roy et al. 1998, 2006; Szabo et al. 1993;
Wang et al. 2008). Activation of p-opioid receptors in brainstem regions modulates
hypothalamic-adrenal-pituitary axis function and increases peripheral glucocorti-
coids (Bart et al. 2006), which may compromise immune function and promote
tumor growth (Ben-Eliyahu 2003; Dietrich et al. 2009). Preclinical studies (Mathew
et al. 2011; Boehncke et al. 2011) and limited human data (Cata et al. 2011) have
implicated opioid pathways in the progression of several different types of cancers.

If p-opioid receptor activation mediates processes which influence tumor growth,
then naturally occurring genetic variations which affect p-opioid receptor function
would be expected to be associated with differences in cancer progression, and
ultimately survival, in cancer patients.
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7.1.1 u-Opioid Receptor Gene

The p-opioid receptor gene (OPRM]1) is located on chromosome 6 and spans over
200 kb (Fig. 7.1). The most common transcript from this gene consists of exons 14
and is approximately 15 kb in length (Ide et al. 2005). New evidence suggests that
OPRM 1 may have up to 18 exons that combine to multiple splice variants (Xu et al.
2009; Shabalina et al. 2009). Over 5,000 single nucleotide polymorphisms (SNPs)
were identified in the OPRM 1 gene according to dbSNP database (http://www.ncbi.
nlm.nih.gov/snp; accessed 03/04/2012).

A118G is the most common SNP in the coding region of the human p-opioid
receptor gene OPRM 1, in which A at position 118 in exon 1 is replaced by G. This
SNP results in the substitution of asparagine at position 40 with aspartate in the
N-terminal domain, which removes one of five potential N-linked glycosylation
sites of the receptor (Bond et al. 1998). The A118G allele frequency varies across
populations, from 0.35 to 0.48 in Asians, 0.1 to 0.17 in Hispanics and European
Americans, to as low as 0.04 in African Americans (Kreek et al. 2005). It has been
shown using HapMap data that A118G may have undergone recent positive selec-
tion, i.e. an increase in allele frequency in the population when this allele confers a
survival or reproductive advantage to the species (Pang et al. 2009). A118G may
also inactivate three transcription factor binding sites (myogenin, RF1 and RFX1)
and create a novel exon splicing enhancer site and creation of the new p53 binding
site thus resulting in altered expression of p-opioid receptor (Pang et al. 2009).

It has been shown that A118G in populations of European descent is located on
the border of two haploblocks (Levran et al. 2011). The A118G allele is also part of
a different haplogroup that includes several variants in the distal 5'-untranslated
region that may have regulatory potential (Levran et al. 2011). In addition, in a
recent study A118G was shown to be part of a six-SNP haplotype associated with
pain sensitivity in healthy European American volunteers (Shabalina et al. 2009).

7.1.2  Potential Mechanisms of A118G Action

A118G has been shown to affect expression of the p-opioid receptor. In a murine
p-opioid receptor gene, polymorphism A112G (which is equivalent to A118G in
humans) was associated with reduced opioid receptor expression in some, but not
all, brain regions. Additionally, the A112G SNP reduced receptor levels in more
brain regions in male than in female mice (Wang et al. 2012). In humans, a post-
mortem study of individuals heterozygous on A118G found significant reductions
in mRNA transcribed from the G118 allele (Zhang et al. 2005). A118G has also
been shown to result in lower cell surface receptor binding site availability in cell
lines expressing the p-opioid receptor (Kroslak et al. 2007). Additionally, cell lines
stably expressing p-opioid receptor showed a decrease in agonist-mediated adenos-
ine 3’ 5'-cyclic monophosphate (cAMP) signaling for morphine, methadone, and
[D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO), but not B-endorphin; this
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effect was not seen in cell lines transiently expressing the receptor (Kroslak et al.
2007). The decrease in binding site availability was confirmed in another study;
however, no alterations in binding affinity or signal transduction were detected in
the G118 variant (Beyer et al. 2004).

Another proposed explanation of the A118G effect is that A118G reduces p-opioid
receptor N-glycosylation and protein stability (Huang et al. 2012). N-glycosylation
of p-opioid receptor is essential for proper presentation of the receptor on the plasma
membrane (Kroslak et al. 2007).

Despite extensive research, the exact mechanism of A118G effect on the observed
physiologic functions remains unknown.

7.1.3 Al18G and Analgesia

The G118 allele has been associated with reduced response to morphine or other
opioids for patients receiving treatment for post-operative or chronic pain. In one
study, the effect of morphine in cancer pain was significantly higher in AA homozy-
gotes than in those carrying a G allele (Campa et al. 2008). In addition, among
patients undergoing hysterectomy, patients homozygous for G118 required more
morphine patient-controlled analgesia doses in the first 24 h after surgery to achieve
adequate pain relief compared with patients homozygous for A118 (Chou et al.
20006). In another study of patients undergoing major open abdominal surgery
under combined general and epidural anesthesia followed by continuous postop-
erative epidural analgesia with opioids, patients homozygous for the G allele
required more analgesics during the first 24 h than AA homozygous and heterozy-
gous patients (Hayashida et al. 2008). In G118 allele-carrying subjects, there was
also a reduced potency of morphine-6-glucuronide (an active metabolite of mor-
phine that has a greater analgesic potency but a reduced potency for respiratory
depression) in eliciting an analgesic response, though there was no difference in
morphine-6-glucuronide-induced respiratory depression (Romberg et al. 2005). In
sum, evidence suggests that G allele carriers may require higher opioid doses to
achieve adequate analgesia.

7.2 Genetic Evidence for the Involvement of the Opioid
System in Cancer Progression in Humans

In a recent study (Bortsov et al. 2012), we explored the association between common
polymorphisms in the p-opioid receptor gene, including A118G, and breast cancer
survival. With regard to A118G, we hypothesized that individuals with one or more
copies of the (low-response) G allele would experience increased breast cancer
survival.
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7.2.1 Methods

The cohort of cancer female patients evaluated in our study came from the Carolina
Breast Cancer Study; the methodology of the Carolina Breast Cancer Study is
described in detail elsewhere (O’Brien et al. 2010). In brief, new cases of breast
cancer from 24 counties of North Carolina diagnosed between 1993 and 2001 were
identified using rapid case ascertainment. Written informed consent was obtained
upon recruitment. An in-home interview was performed that included blood sample
collection, information on menopausal status, and an assessment of other potential
covariates. Ethnicity was determined by self-report questions during the interview;
only African Americans or European Americans were eligible for recruitment. Data
on estrogen receptor status and tumor stage at diagnosis were obtained from patient
medical records. Subsequent patient survival outcomes were determined using
National Death Index (NDI) data.

An NDI search was performed using the standard criteria as suggested in the NDI
User’s Guide (2010). An NDI record would match a submitted record if any of the
following seven criteria are met: (1) social security number (SSN); (2) first and last
name, exact month of birth, year of birth within 1 year; (3) last name, first initial and
middle initial, exact month of birth, year of birth within 1 year; (4) first and last
name, exact month of birth, exact day of birth; (5) last name, first initial and middle
initial, exact month of birth, exact day of birth; (6) first name, father’s surname, exact
month of birth, exact year of birth; (7) for females only, first name, exact month and
year of birth, and last name from the submitted record matching birth surname on the
NDI record. As aresult of the search, none, one, or more NDI records may be matched
to a given submitted record. Besides the variables used in the seven matching criteria,
the NDI search returned an indication of agreement for a number of other variables.
After the search, each possible match record was assigned a probabilistic match score
(the sum of the weights assigned to each of the variables used in the NDI record
match) (Rogot et al. 1986). After scoring the potential matches, each record was
categorized into one of five classes: Class 1 (exact match on SSN, first name, middle
initial, last names, sex, state of birth, birth month and birth year); Class 2 (SSN
matches on at least seven digits and one or more of the other items from Class 1 may
not match); Class 3 (SSN unknown but eight or more of first name, middle initial, last
name, birth day, birth month, birth year, sex, race, marital status, or state of birth
match); Class 4 (Same as Class 3 but less than eight items match); Class 5 (SSN is
known but doesn’t match). All of Class 1 matches were considered to be true matches;
all of the Class 5 matches were considered false matches. Records categorized into
one of Classes 2, 3, or 4 were considered either true matches or false matches based
on score cut-off points (44.5 for Class 2; 37.5 for Class 3; 32.5 for Class 4). The
sensitivity of NDI search is estimated to be 98% and specificity approximately 100%
(Rich-Edwards et al. 1994). Date of death and cause of death were obtained for each
deceased individual. Cause of death was classified as breast cancer-specific if the first
listed underlying cause of death had International Classification of Disease codes
174.9 (version 9) or 50.9 (version 10).
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DNA was extracted from peripheral blood lymphocytes by standard methods using
an automated Nucleic Acid Purification System ABI-DNA extractor (Applied
Biosystems Inc., Foster City, CA), and subsequently stored prior to study analyses. For
our study, we chose to examine the association between breast cancer survival and
A118G SNP (151799971, located within the first exon) and five other informative SNPs
within other parts of the p-opioid receptor gene OPRMI (first intron (rs495491,
rs563649), second intron (rs2075572), third intron (rs533586), and fifth exon
(3'-untranslated region) (rs609148)) (Shabalina et al. 2009). Genotyping was per-
formed using the TagMan platform (Applied Biosystems Inc., Foster City, CA).
Genotyping was repeated on a 10% random sample of participants. There was 100%
call agreement between original and repeat genotyping. Institutional Review Board at
the University of North Carolina at Chapel Hill (Chapel Hill, North Carolina, USA)
approval was obtained prior to the data collection and genetic analyses.

The Carolina Breast Cancer Study was designed as a case—control study. In addi-
tion to women with breast cancer, population-based controls were selected using a
Division of Motor Vehicles registry for women younger than 65 years and a Health
Care Financing Administration (now the Centers for Medicare and Medicaid
Services) registry for women 65-74 years of age. The sampling fractions were
designed to insure frequency matching to cases by race and 5-year age group. In our
study, healthy controls were also genotyped in order to assess Hardy-Weinberg
equilibrium and linkage disequilibrium for the six genotypes evaluated. Controls
were used for these analyses rather than cases to avoid potential selection bias
(Salanti et al. 2005).

7.2.1.1 Statistical Analyses

Descriptive statistics were obtained for socio-demographic and clinical characteris-
tics of the sample. Individual SNP and genotype frequencies for each locus were
evaluated. Hardy—Weinberg equilibrium and linkage disequilibrium between loci
were evaluated in healthy participants from the Carolina Breast Cancer Study control
group using Haploview software (Barrett et al. 2005).

For the purpose of survival analyses, individuals with breast cancer living at
December 31, 2006 and individuals who died of causes other than breast cancer
were censored. Breast cancer-specific survival was estimated using Kaplan-Meier
method, stratified by ethnicity and stage at diagnosis. The log-rank test was used to
compare survival curves between genotype groups. Bonferroni correction was
applied to the significance level for the six genotypes assessed to preserve an overall
false positive rate of a=0.05. Within genotype A118G, subgroup analyses stratified
by ethnicity and cancer stage were performed using significance level a=0.05.

Cox proportional hazards regression models were used to evaluate the effect of
genotype on breast cancer-specific survival, adjusted for potential confounders. The
proportional hazards assumption was tested using log-log survival plots and the
Schoenfeld residuals approach (Kleinbaum and Klein 2005). All analyses, unless oth-
erwise noted, were performed using SAS (version 9.2, SAS Institute Inc., Cary, NC).
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Table 7.1 Characteristics of the Carolina Breast Cancer

Study cases (Bortsov et al. 2012)

n=2,039
Age, years
Mean (SD) 51.9(11.7)
Range 23-74
Ethnicity, n (%)
African American 766 (38)
European American 1,273 (62)
Menopausal status, n (%)
Premenopausal 912 (45)
Postmenopausal 1,127 (55)
Stage at diagnosis, n (%)*
In situ 451 (23)
Invasive:
I 635 (33)
I 663 (34)
111 153 (8)
v 44 (2)
Estrogen receptor status, n (%)
Positive 1,045 (59)
Negative 719 (41)
Follow up period, years
Median 9.0
Range 0.4-13.7

2 American Joint Committee on Cancer criteria
SD standard deviation

7.2.2 Results

Characteristics of the breast cancer patient cohort are shown in Table 7.1. A total of
2,039 women (766 African Americans and 1,273 European Americans) were
included in the analyses. Invasive breast cancer cases constituted 77%. Median follow
up period was 9 years. All six polymorphisms were genotyped with success
rates > 98%. All six polymorphisms were in Hardy—Weinberg equilibrium and
moderate-to-high linkage disequilibrium (Fig. 7.2).

After Bonferroni correction for multiple comparisons, the A118G genotype was
significantly associated with breast cancer-specific mortality (Table 7.2). Breast
cancer-specific mortality was reduced in women with one or two copies of the
G-allele (Table 7.2). Analyses stratified by ethnicity, although not reaching statistical
significance, revealed the effect for A118G of the same direction in both African
Americans and European Americans (Table 7.3). Women with at least one copy of
G allele had lower mortality than those with A/A genotype (Table 7.3). Analysis
stratified by stage at diagnosis (Table 7.4, Fig. 7.3) revealed that the observed effect
of A118G was limited to invasive cases only (stages [-IV), with effect size increasing
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Fig. 7.2 Linkage disequilibrium plots for 679 African American controls (a) and 1,131 European
American controls (b). Color represents D' values (dark red =high inter-SNP D’; blue =statistically
ambiguous D’; white=low inter-SNP D’), and r* values are contained within blocks. Block

definitions are calculated using the Gabriel et al. method (Gabriel et al. 2002). Reproduced with
permission from (Bortsov et al. 2012)

with cancer stage at diagnosis. No other polymorphisms were associated with breast
cancer survival (Table 7.2).

A118G genotype was also associated with breast cancer stage at diagnosis.
Women who presented at a more advanced stage (III-IV) were less likely to have
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Table 7.2 Breast cancer-specific mortality by OPRM1 genotype (Bortsov et al. 2012)

All participants (n=2,039)

OPRM1
genotype n Died Censored Mortality [CI]*® p-value®
rs2075572
C/IC 589 85 502 0.15[0.12, 0.20] 0.57
C/G 1,012 164 844 0.17 [0.14, 0.21]
G/G 404 69 335 0.18 [0.14, 0.24]
1s563649
C/C 1,647 272 1,371 0.18 [0.15, 0.20] 0.46
C/T 339 46 290 0.15[0.10,0.21]
T/T 23 3 20 0.13[0.03, 0.47]
rs1799971
A/A 1,682 291 1,386 0.18 [0.16, 0.21] <0.001
AIG 323 26 295 0.09 [0.05, 0.15]
G/G 22 1 21 0.05 [0.00, 0.50]
1rs533586
C/IC 220 37 183 0.18 [0.12, 0.26] 0.88
C/T 907 147 758 0.18 [0.14, 0.21]
T/T 891 134 752 0.16 [0.13, 0.20]
rs495491
A/A 901 128 771 0.15[0.12,0.19] 0.13
A/G 847 141 702 0.18 [0.15, 0.22]
G/G 269 50 218 0.20 [0.14, 0.28]
rs609148
A/A 94 13 81 0.14 [0.07, 0.27] 0.44
A/G 640 95 543 0.16 [0.13, 0.21]
G/G 1,265 209 1,051 0.18 [0.15, 0.21]

*Ten-year mortality estimated using Kaplan—-Meier method

"Confidence intervals are Bonferroni-adjusted (alpha=0.0083); Log-Log transform was used to
compute the confidence intervals for the survivor function

¢Log-rank test

one or more copies of the G allele than women who presented at an earlier stage
(I-IT) or with carcinoma in situ. These differences reached significance in European
Americans (Cochran—Armitage trend test p=0.046), but not in African Americans
(p=0.53) (Fig. 7.4). A118G was not associated with estrogen receptor status (data
not shown).

Because the results from the crude and stratified survival analyses suggest that the
effect of A118G genotype is a linear function of the number of G alleles, we ran a set
of Cox proportional hazard regression models with the predictor variable represent-
ing the number of G alleles at A118G, a so called additive genetic model. The pro-
portional hazard assumption was violated for cancer stage at diagnosis (p=0.005).
The full Cox model included the interaction terms between A118G genotype and
stage and A118G genotype and ethnicity. None of these interaction terms appeared
significant (data not shown) and therefore were excluded from further models.
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Table 7.3 Breast cancer-specific mortality by OPRM1 genotype A118G, stratified by ethnicity
(Bortsov et al. 2012)

A118G
genotype n Died Censored Mortality [95%CI]* p-value®
African A/A 728 176 552 0.26 [0.23, 0.29] 0.31
Americans A/G 34 5 29 0.15[0.07, 0.33]
(n=766) G/G 2 0 2 0.00 [NE]
European A/A 954 120 834 0.13[0.11, 0.15] 0.070
Americans AIG 289 23 266 0.08 [0.05, 0.13]
(n=1,273) G/G 20 1 19 0.05[0.01, 0.32]

*Ten-year mortality estimated using Kaplan—-Meier method; Log-Log transform was used to com-
pute the confidence limits for the survivor function

"Log-rank test

NE non-estimable, CI confidence interval

Table 7.4 Breast cancer-specific mortality by OPRMI A118G genotype, stratified by stage at
diagnosis (Bortsov et al. 2012)

A118G
Stage at diagnosis ~ genotype  n Died Censored Mortality [95%CI]*  p-value®
Carcinoma in situ ~ A/A 350 6 344 0.03 [0.01, 0.08] 0.037
A/G 90 0 90 0.00 [NE]
G/G 9 1 8 0.11 [0.02, 0.57]
Stage I A/A 522 42 479 0.09 [0.06, 0.11] 0.71
A/G 110 5 103 0.05[0.02,0.11]
G/G 2 0 2 0.00 [NE]
Stage 11 A/A 554 127 423 0.24[0.21, 0.28] 0.075
AIG 91 15 76 0.18 [0.11, 0.28]
G/G 10 0 10 0.00 [NE]
Stage -1V A/A 182 100 82 0.58 [0.51, 0.66] 0.085
A/G 14 4 10 0.29[0.12, 0.59]
G/G - - - -

*Ten-year mortality estimated using Kaplan-Meier method; the Log-Log transform was used to
compute the confidence limits for the survivor function

"Log-rank test

NE non-estimable

Because inclusion of postmenopausal and estrogen receptor (ER) status did not
change the hazard ratio estimates for A118G genotype, and because A118 genotype
was associated with cancer stage at presentation, the final model included only age
and ethnicity (Table 7.5, Model 1). The association between A118G genotype and
breast cancer survival remained statistically significant (p=0.006).

As a sensitivity analysis we repeated the survival analyses using all-cause mortality
as an outcome. The results yielded the same findings (data not shown).
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Carcinoma in situ

p =0.046
Stage Il
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Carcinoma in situ

p=0.53
Stage Il

Stage llI-IV

African Americans | European Americans

Fig. 7.4 Proportion of A/G+G/G genotype by breast cancer stage in African Americans and
European Americans (p-values are from Cochran—Armitage trend test)

Table 7.5 Cox proportional hazards regression analysis for A118G genotype and invasive breast
cancer survival (Bortsov et al. 2012)*

A118G genotype HR [95%CI] p-value
Model 1° A/A Reference

A/G 0.57 [0.38, 0.85] 0.006

G/G 0.32 [0.22, 0.49]

*Additive genetic model was used, where the predictor variable was the number of A alleles at
Al118G (A/A=0,A/G=1,G/G=2)
® Adjusted for age and race

7.2.3 Discussion

In our recent study breast cancer-specific mortality was significantly reduced in
patients with a genetic variant in the p-opioid receptor which reduces opioid
response (Bortsov et al. 2012). Ten-year mortality was reduced in patients with at
least one variant G allele at A118G. The protective effect of this polymorphism was
limited to invasive cases only and appeared to increase with the stage at diagnosis.
Decreased mortality with one or more G alleles was observed in both African
Americans and European Americans, although the association did not reach statistical
significance in stratified analyses. Having one or more G alleles was also associated
with having less advanced disease at diagnosis.

Our results are consistent with a post-hoc analysis of data from a longitudinal
study of traditional high dose systemic opioid treatment vs. opioid treatment
delivered directly into the intrathecal space (low systemic opioid exposure) via an
implantable drug delivery system (Smith et al. 2002). This trial was designed to assess
symptomatic outcomes, but a post-hoc analysis, although statistically non-significant,
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suggested increased survival in the implantable drug delivery system group at 6
months (54% vs. 37%, p=0.06) (Smith et al. 2002).

Other studies have examined the effect of reduced opioid exposure during the
perioperative period on cancer outcomes, with mixed effects. Two retrospective
studies of cancer patients found a reduced risk of tumor recurrence and metastasis
in cases where an opioid-sparing perioperative regimen was used (Biki et al. 2008;
Exadaktylos et al. 2006). Another study observed this benefit only in patients 65
years of age or older (Gottschalk et al. 2010), and a secondary analysis of a random-
ized controlled study showed no difference (Tsui et al. 2010). If opioids influence
tumor growth in an ongoing manner via direct (e.g. angiogenic) and/or indirect
(immune function) mechanisms, then combined interventions which reduce both
perioperative opioid exposure and longitudinal opioid exposure after hospital dis-
charge (e.g., via peripherally acting opioid antagonists or implantable drug delivery
systems) may achieve the most benefit.

In our study, the presence of a G allele at A118G appeared to result in improved
survival in both European Americans and African Americans, although the associa-
tion did not reach statistical significance in stratified analyses (Bortsov et al. 2012).
Of note, available data suggests that the G allele is less prevalent in African
Americans than in European Americans (minor allele frequency of 0.04 vs. 0.16,
HapMap database). If having a G allele is indeed associated with increased breast
cancer survival, then ethnic differences at A118G could contribute to the reduced
breast cancer survival observed in African Americans (Holmes et al. 2010; Grann
et al. 20006).

A limitation of our study was that data on treatment, including opioid intake among
study participants, was not available. Therefore, we were unable to assess the extent
to which any effect of opioids on cancer survival is mediated by endogenous vs. exog-
enous opioids. However, limited available evidence suggests that endogenous opioids
may play an important role. A preclinical study found that baseline levels of endoge-
nous opioids were elevated more than twofold in animals with cancer compared to
controls (Lee et al. 2009), suggesting that cancer patients may experience chronic
increases in endogenous opioids due to pain, stress, or other causes. In addition, a
recent study found that, unlike wild-type mice, p-opioid receptor-knockout mice
exhibited no tumor growth after injection of Lewis lung carcinoma cells (Mathew
et al. 2011). No exogenous opioids were received by mice in either group, suggesting
that an angiogenic or tumor growth promoting effect was facilitated by stimulation of
the p-opioid receptor by endogenous opioids alone.

As with any gene association study, another limitation of our study is that it was
impossible to know if differences in breast cancer survival were actually due to the
A118G mutation. This mutation has been shown to result in reduced transcription
(Zhang et al. 2005) and reduced cellular response to p-opioid receptor binding (Ray
etal.2011). This demonstrated functional consequence increases the possibility that
the A118G polymorphism may itself cause the biological changes which result in
differences in breast cancer survival. However, it may be that the observed associa-
tion is due to another genetic variation or variations that are associated with A118G
(Shabalina et al. 2009).
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In addition, another limitation of our study is that it included European American
and African American patients only, and assessed only patients with breast cancer.
Further studies are needed to confirm the association between A118G and cancer
survival in Breast Cancer patients in European Americans and African Americans,
and to assess the influence of A118G in other cancer types and in other ethnicities.
Importantly, evidence from mechanistic studies in humans suggests that important
differences in the influence of genetic variants such as the A118G polymorphism
across other ethnicities may exist (e.g. Asians vs. European Americans (Hernandez-
Avila et al. 2007)), perhaps in part due to differences in linkage disequilibrium
between A118G and other functional polymorphisms in OPRM1 or genetic differ-
ences influencing the function of physiologic systems which interact with opioid
systems (Hernandez-Avila et al. 2007).

Our study used the first underlying cause of death listed in the NDI to determine
breast cancer-specific mortality. Evidence suggests that variability may exist in the
choice of the condition listed first as the cause of death in the NDI (Maynard et al.
2008). However, an analysis using all-cause mortality yielded the same findings.

Finally, G/G genotype at A118G was uncommon in the studied population, and
only one death was observed among 22 participants with this genotype. Therefore,
mortality estimates for this group are imprecise as evident from the wide confidence
intervals (Table 7.2). Therefore, one should be cautious in making any conclusions
regarding the presence of “dose—response” relationship between the number of
G alleles at A118G and breast cancer mortality.

To our knowledge, the described study was the first to examine the association
between genetic polymorphisms influencing the function of opioid pathways and
cancer survival (Singleton and Moss 2010; Durieux 2009). Such studies are one
useful means of examining the possible influence of opioid pathways on cancer
survival in patients in whom withholding opioids would be unethical. The results of
our study provide support for the hypothesis that endogenous and/or exogenous
opioids, acting via the p-opioid receptor, may influence cancer outcomes.

References

Afsharimani B, Cabot P, Parat MO (2011) Morphine and tumor growth and metastasis. Cancer
Metastasis Rev 30(2):225-238

Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and visualization of LD and
haplotype maps. Bioinformatics 21(2):263-265

Bart G, LaForge KS, Borg L, Lilly C, Ho A, Kreek MJ (2006) Altered levels of basal cortisol in healthy
subjects with a 118G allele in exon 1 of the Mu opioid receptor gene. Neuropsychopharmacology
31(10):2313-2317

Ben-Eliyahu S (2003) The promotion of tumor metastasis by surgery and stress: immunological
basis and implications for psychoneuroimmunology. Brain Behav Immun 17(Suppl 1):S27-36

Beyer A, Koch T, Schroder H, Schulz S, Hollt V (2004) Effect of the A118G polymorphism on
binding affinity, potency and agonist-mediated endocytosis, desensitization, and resensitization
of the human mu-opioid receptor. J] Neurochem 89(3):553-560



110 AV. Bortsov et al.

Biki B, Mascha E, Moriarty DC, Fitzpatrick JM, Sessler DI, Buggy DJ (2008) Anesthetic technique
forradical prostatectomy surgery affects cancer recurrence: a retrospective analysis. Anesthesiology
109(2):180-187

Boehncke S, Hardt K, Schadendorf D, Henschler R, Boehncke WH, Duthey B (2011) Endogenous
mu-opioid peptides modulate immune response towards malignant melanoma. Exp Dermatol
20(1):24-28

Bond C, LaForge KS, Tian M, Melia D, Zhang S, Borg L, Gong J, Schluger J, Strong JA, Leal SM,
Tischfield JA, Kreek MJ, Yu L (1998) Single-nucleotide polymorphism in the human mu opioid
receptor gene alters beta-endorphin binding and activity: possible implications for opiate addic-
tion. Proc Natl Acad Sci U S A 95(16):9608-9613

Bortsov AV, Millikan RC, Belfer I, Boortz-Marx RL, Arora H, McLean SA (2012) Mu-opioid
receptor gene A118G polymorphism predicts survival in patients with breast cancer.
Anesthesiology 116(4):896-902

Campa D, Gioia A, Tomei A, Poli P, Barale R (2008) Association of ABCB1/MDR1 and OPRM1
gene polymorphisms with morphine pain relief. Clin Pharmacol Ther 83(4):559-566

Cata JP, Gottumukkala V, Sessler DI (2011) How regional analgesia might reduce postoperative
cancer recurrence. Eur J Pain Suppl 5(2):345-355

Chou WY, Wang CH, Liu PH, Liu CC, Tseng CC, Jawan B (2006) Human opioid receptor A118G
polymorphism affects intravenous patient-controlled analgesia morphine consumption after
total abdominal hysterectomy. Anesthesiology 105(2):334-337

Dietrich K, Schned A, Fortuny J, Heaney J, Marsit C, Kelsey KT, Karagas MR (2009) Glucocorticoid
therapy and risk of bladder cancer. Br J Cancer 101(8):1316-1320

Durieux ME (2009) Does anesthetic management affect cancer outcome. APSF Newsl 23:49-51

Exadaktylos AK, Buggy DJ, Moriarty DC, Mascha E, Sessler DI (2006) Can anesthetic technique for
primary breast cancer surgery affect recurrence or metastasis? Anesthesiology 105(4):660-664

Farooqui M, Li Y, Rogers T, Poonawala T, Griffin RJ, Song CW, Gupta K (2007) COX-2 inhibitor
celecoxib prevents chronic morphine-induced promotion of angiogenesis, tumour growth,
metastasis and mortality, without compromising analgesia. Br J Cancer 97(11):1523-1531

Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, Blumenstiel B, Higgins J, DeFelice
M, Lochner A, Faggart M (2002) The structure of haplotype blocks in the human genome.
Science 296(5576):2225

Gottschalk A, Ford JG, Regelin CC, You J, Mascha EJ, Sessler DI, Durieux ME, Nemergut EC
(2010) Association between epidural analgesia and cancer recurrence after colorectal cancer
surgery. Anesthesiology 113(1):27-34

Grann V, Troxel AB, Zojwalla N, Hershman D, Glied SA, Jacobson JS (2006) Regional and racial
disparities in breast cancer-specific mortality. Soc Sci Med 62(2):337-347

Gupta K, Kshirsagar S, Chang L, Schwartz R, Law PY, Yee D, Hebbel RP (2002) Morphine stimu-
lates angiogenesis by activating proangiogenic and survival-promoting signaling and promotes
breast tumor growth. Cancer Res 62(15):4491-4498

Hayashida M, Nagashima M, Satoh Y, Katoh R, Tagami M, Ide S, Kasai S, Nishizawa D, Ogai
Y, Hasegawa J, Komatsu H, Sora I, Fukuda K, Koga H, Hanaoka K, Ikeda K (2008) Analgesic
requirements after major abdominal surgery are associated with OPRM1 gene polymorphism
genotype and haplotype. Pharmacogenomics 9(11):1605-1616

Hernandez-Avila CA, Covault J, Wand G, Zhang H, Gelernter J, Kranzler HR (2007) Population-
specific effects of the Asn40Asp polymorphism at the mu-opioid receptor gene (OPRM1) on
HPA-axis activation. Pharmacogenet Genomics 17(12):1031-1038

Holmes L Jr, Opara F, Hossain J (2010) A five-year breast cancer-specific survival disadvantage of
African American women. Afr J Reprod Health 14(3):195-200

Huang P, Chen C, Mague SD, Blendy JA, Liu-Chen LY (2012) A common single nucleotide poly-
morphism A118G of the mu opioid receptor alters its N-glycosylation and protein stability.
Biochem J 441(1):379-386

Ide S, Han W, Kasai S, Hata H, Sora I, Tkeda K (2005) Characterization of the 3’ untranslated
region of the human mu-opioid receptor (MOR-1) mRNA. Gene 364:139-145

Kleinbaum DG, Klein M (2005) Survival analysis: a self-learning text. Springer, New York



7  Genetic Polymorphisms in the p-Opioid Receptor Gene and Breast Cancer Survival 111

Kreek MJ, Bart G, Lilly C, LaForge KS, Nielsen DA (2005) Pharmacogenetics and human molecular
genetics of opiate and cocaine addictions and their treatments. Pharmacol Rev 57(1):1-26

Kroslak T, Laforge KS, Gianotti RJ, Ho A, Nielsen DA, Kreek MJ (2007) The single nucleotide
polymorphism A 118G alters functional properties of the human mu opioid receptor. J Neurochem
103(1):77-87

Lee HJ, Lee JH, Lee EO, Kim KH, Lee KS, Lee CH, Nam DW, Kim SH, Ahn KS (2009) Substance
P and beta endorphin mediate electroacupuncture induced analgesic activity in mouse cancer
pain model. Acupunct Electrother Res 34(1-2):27-40

Levran O, Awolesi O, Linzy S, Adelson M, Kreek MJ (2011) Haplotype block structure of the
genomic region of the mu opioid receptor gene. J Hum Genet 56(2):147-155

Mathew B, Lennon FE, Siegler J, Mirzapoiazova T, Mambetsariev N, Sammani S, Gerhold
LM, LaRiviere PJ, Chen CT, Garcia JG, Salgia R, Moss J, Singleton PA (2011) The novel
role of the mu opioid receptor in lung cancer progression: a laboratory investigation.
Anesth Analg 112(3):558-567

Maynard C, Lowy E, McDonell M, Fihn SD (2008) Cause of death in Washington state veterans
hospitalized with acute coronary syndromes in the veterans health administration. Population
Health Metrics 6(1):3

NDI User’s Guide (2010) CDC/National Center for Health Statistics. http://www.cdc.gov/nchs/
data_access/ndi/ndi_user_guide.htm. Accessed May 9 2010

O’Brien KM, Cole SR, Tse CK, Perou CM, Carey LA, Foulkes WD, Dressler LG, Geradts
J, Millikan RC (2010) Intrinsic breast tumor subtypes, race, and long-term survival in the
Carolina Breast Cancer Study. Clin Cancer Res 16(24):6100-6110

Pang GS, Wang J, Wang Z, Goh C, Lee CG (2009) The G allele of SNP E1/A118G at the mu-opioid
receptor gene locus shows genomic evidence of recent positive selection. Pharmacogenomics
10(7):1101-1109

Poonawala T, Levay-Young BK, Hebbel RP, Gupta K (2005) Opioids heal ischemic wounds in the
rat. Wound Repair Regen 13(2):165-174

Ray R, Ruparel K, Newberg A, Wileyto EP, Loughead JW, Divgi C, Blendy JA, Logan J, Zubieta
JK, Lerman C (2011) Human Mu Opioid Receptor (OPRM1 A118G) polymorphism is asso-
ciated with brain mu-opioid receptor binding potential in smokers. Proc Natl Acad Sci U S A
108(22):9268-9273

Rich-Edwards JW, Corsano KA, Stampfer MJ (1994) Test of the national death index and Equifax
nationwide death search. Am J Epidemiol 140(11):1016-1019

Rogot E, Sorlie P, Johnson NJ (1986) Probabilistic methods in matching census samples to the
National Death Index. J Chronic Dis 39(9):719-734

Romberg RR, Olofsen E, Bijl H, Taschner PE, Teppema LJ, Sarton EY, van Kleef JW, Dahan
A (2005) Polymorphism of mu-opioid receptor gene (OPRM1:c.118A >G) does not protect
against opioid-induced respiratory depression despite reduced analgesic response.
Anesthesiology 102(3):522-530

Roy S, Barke RA, Loh HH (1998) MU-opioid receptor-knockout mice: role of [mu]-opioid recep-
tor in morphine mediated immune functions. Molecular brain research 61(1-2):190-194

Roy S, Wang J, Kelschenbach J, Koodie L, Martin J (2006) Modulation of immune function by
morphine: implications for susceptibility to infection. J] Neuroimmune Pharmacol 1(1):77-89

Roy S, Ninkovic J, Banerjee S, Charboneau RG, Das S, Dutta R, Kirchner VA, Koodie L, Ma
J, Meng J (2011) Opioid drug abuse and modulation of immune function: consequences in
the susceptibility to opportunistic infections. J Neuroimmune Pharmacol 6(4):442-65

Salanti G, Amountza G, Ntzani EE, lIoannidis JP (2005) Hardy-Weinberg equilibrium in genetic
association studies: an empirical evaluation of reporting, deviations, and power. Eur ] Hum
Genet 13(7):840-848

Shabalina SA, Zaykin DV, Gris P, Ogurtsov AY, Gauthier J, Shibata K, Tchivileva IE, Belfer
I, Mishra B, Kiselycznyk C, Wallace MR, Staud R, Spiridonov NA, Max MB, Goldman D,
Fillingim RB, Maixner W, Diatchenko L (2009) Expansion of the human mu-opioid receptor
gene architecture: novel functional variants. Hum Mol Genet 18(6):1037-1051


http://www.cdc.gov/nchs/data_access/ndi/ndi_user_guide.htm
http://www.cdc.gov/nchs/data_access/ndi/ndi_user_guide.htm

112 AV. Bortsov et al.

Singleton PA, Moss J (2010) Effect of perioperative opioids on cancer recurrence: a hypothesis.
Future Oncol 6(8):1237-1242

Singleton PA, Lingen MW, Fekete MJ, Garcia JG, Moss J (2006) Methylnaltrexone inhibits opiate
and VEGF-induced angiogenesis: role of receptor transactivation. Microvasc Res 72(1-2):3-11

Smith TJ, Staats PS, Deer T, Stearns LJ, Rauck RL, Boortz-Marx RL, Buchser E, Catala E, Bryce
DA, Coyne PJ, Pool GE (2002) Randomized clinical trial of an implantable drug delivery sys-
tem compared with comprehensive medical management for refractory cancer pain: impact on
pain, drug-related toxicity, and survival. J Clin Oncol 20(19):4040-4049

Szabo I, Rojavin M, Bussiere JL, Eisenstein TK, Adler MW, Rogers TJ (1993) Suppression of
peritoneal macrophage phagocytosis of Candida albicans by opioids. J Pharmacol Exp Ther
267(2):703-706

Tsui BCH, Rashiq S, Schopflocher D, Murtha A, Broemling S, Pillay J, Finucane BT (2010)
Epidural anesthesia and cancer recurrence rates after radical prostatectomy. Can J Anesth/J
Can D’anesth 57(2):107-112

Waldhoer M, Bartlett SE, Whistler JL (2004) Opioid receptors. Annu Rev Biochem 73:953-990

Wang J, Barke RA, Ma J, Charboneau R, Roy S (2008) Opiate abuse, innate immunity, and bacterial
infectious diseases. Arch Immunol Ther Exp 56(5):299-309

Wang YJ, Huang P, Ung A, Blendy JA, Liu-Chen LY (2012) Reduced expression of the mu opioid
receptor in some, but not all, brain regions in mice with Oprml A112G. Neuroscience
205:178-184

Xu J, Xu M, Hurd YL, Pasternak GW, Pan YX (2009) Isolation and characterization of new exon
11-associated N-terminal splice variants of the human mu opioid receptor gene. J Neurochem
108(4):962-972

Zhang Y, Wang D, Johnson AD, Papp AC, Sadee W (2005) Allelic expression imbalance of human
mu opioid receptor (OPRM1) caused by variant A118G. J Biol Chem 280(38):32618-32624



Chapter 8

Anaesthetic and Pain Management Technique
in Long Term Cancer Outcome — Benefits

of Regional Anaesthesia and Analgesia

in the Context of Cancer Surgery

Daniel M. Popping, Manuel Wenk, and Stephan A. Schug

Abstract There has been an assumption, that the pharmacological effects of local
anaesthetic agents and/or the analgesic benefits of regional anaesthesia and analgesia
might lead to a reduction of cancer recurrence and/or metastases after cancer
surgery. These benefits over general anaesthesia and opioid-based postoperative
analgesia were claimed in particular with use of epidural techniques by retrospec-
tive studies. However, other retrospective and a number of prospective studies
have not confirmed this impression in favour of epidural techniques. Similarly, there
are inconclusive results with regard to the use of peripheral nerve blocks including
paravertebral blocks and the use of spinal anaesthesia. Despite the theoretical
potential of local anaesthetics and regional techniques, supported by in-vitro and
animal studies, the current clinical situation is equivocal and further well-designed
prospective studies are required to address this issue definitively.
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Abbreviations

EGF epidermal growth factor

EGFR epidermal growth factor receptor
IL Interleukin

NK-cells natural killer cells

Thl T-helper-1

Th2 T-helper-2

VEGF vascular endothelial growth factor

8.1 Introduction

Cancer is one of the major causes of death in developed countries. While lung
cancer is predominant in men (17%), women suffer most frequently from breast
cancer (23%) (Jemal et al. 2011). The primary tumour itself can often be removed
surgically, however, it is the subsequent development of metastases that is the lead-
ing cause of death in these patients: 90% of all cancer patients die from metastatic
disease (Gupta and Massague 2006).

Intuitively one could assume that a compromised immune system in the
perioperative period may play an important role in the genesis of metastases, since
it theoretically leads to easier dissemination of malignant tumour cells released
during surgery. Similarly, accelerated growth of pre-existing micrometastases may
be the consequence of immune compromise in the perioperative setting (Ben-Eliyahu
2003). This impairment of immune function is considered to be multifactorial;
anaesthetic and analgesic drugs are thought to play an integral role in this process.
Hence, reducing the use of general anaesthetics and systemic analgesics and
replacing these with regional anaesthetic and analgesic techniques may be a potential
approach to a better outcome of patients undergoing cancer surgery.

This chapter discusses the present evidence on regional anaesthetic techniques
and their assumed role in reducing the occurrence of postoperative metastases,
thereby potentially influencing the outcome of patients.

8.2 Mechanism of Metastatic Disease

A balance between two conditions influences the development of metastases: Firstly,
the metastatic potential of the original tumor and secondly the endogenous defence
mechanisms of the patient (Snyder and Greenberg 2010). Initially, the primary tumor
usually grows locally and its malignant cells are supplied with substrates by diffusion.
With increasing tumor size angiogenic factors, synthesized by the tumour cells, lead
to the formation of a distinct vascular and lymphatic supply and drain network.
Subsequently, malignant cells invade this network and spread mainly through the
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lymphatic system. A large number of these cells are fended off through host defence
mechanisms (Snyder and Greenberg 2010). However, those cells, that overcome host
immune reactions, are potentially able to form micrometastases after extravasation in
the capillary beds of distant organs (Fidler 2003). Natural killer cells (NK-cells) play
a major role in the host defence mechanisms against tumour cells (Hashimoto et al.
2003). Their activity appears to be directly connected with the incidence of metasta-
ses. It has been shown that patients with a reduced activity of NK-cells also have an
increased risk for cancer (Brittenden et al. 1996).

Some evidence exists that surgery itself may affect the incidence of metastases.
One possible mechanism is a reduced NK-cell activity due to perioperative stress
(Ben-Eliyahu et al. 1999). Other mechanisms that are currently discussed involve:
(1) Direct tumour cell release into the circulation during surgery. (2) Discontinuation
of secretion of angiogenesis inhibitors through the primary tumor after resection and
subsequent increase of growth of latent micrometastases (Park et al. 2011, Snyder
and Greenberg 2010). (3) Release of pro-angiogenesis factors, e.g. epidermal growth
factor (EGF), prostaglandins E 1 and E 2 or vascular endothelial growth factor
(VEGF) through manipulation during surgery (Snyder and Greenberg 2010).

On the other hand, anaesthesia itself may affect the development of metastases
by direct effects of anaesthetics and systemic analgesics on immune function. Here
discussion focuses on opioids which are thought to enhance the development of
metastases. The suggested mechanism of promoting metastatic disease is mainly
due to their immunosuppressive properties (Afsharimani et al. 2011).

Hence, reducing perioperative opioid consumption is currently discussed as an
argument in favour of regional anaesthesia and its potentially inhibiting effects on
the development of metastases. This chapter will discuss the impact of different
types of regional anaesthetic techniques for tumour surgery on cancer re-occurrence
based on the currently available evidence.

8.3 Effects of Local Anaesthetics

Regional anaesthesia/analgesia is provided by the injection or infusion of local
anaesthetics. Local anaesthetics show a number of potentially beneficial effects in
the setting of cancer surgery, as well with regard to direct inhibition of cancer cell
proliferation as with regard to maintenance of immune function.

In a cancer model, lidocaine inhibits the epidermal growth factor receptor
(EGFR) and thereby limits the proliferation of tongue cancer cells (Sakaguchi et al.
2006). The effect on EGF-mediated activities is also seen as the explanation for the
reduction of invasiveness of cancer cells under the influence of lidocaine (Mammoto
et al. 2002). Inhibitory effects on proliferation of cancer cells in vitro have also been
shown for another local anaesthetic, ropivacaine (Martinsson 1999).

Furthermore, a recently published study showed a reduction of Interleukin (IL)-1
receptor antagonist and IL-6 in patients who received an intravenous infusion of
lidocaine compared to a control group receiving saline. Simultaneously, the
lymphocyte proliferation response to phytohemagglutinin-M was better maintained
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than in the placebo group (Yardeni et al. 2009). However, in the absence of surgery,
local anaesthetics also abolish pain-induced increase in NK-cells activity and
numbers (Greisen et al. 1999).

These findings suggest thatlocal anaesthetics might lead to areduced perioperative
alteration of the immune system. However, the clinical significance of these promis-
ing systemic effects of local anaesthetics has not yet been confirmed.

8.4 Effect of Epidural Anaesthesia/Analgesia

It has been suggested that epidural analgesia reduces perioperative stress response,
which might result in a better immune response of the patients (de Oliveira et al.
2011). It is obvious that the excellent analgesia provided by epidural techniques leads
to an overall reduction of the requirement for other anaesthetic and analgesic agents
in the perioperative period. However, evidence in this area remains controversial, in
particular with regard to outcome data. A clinical benefit was found in some retro-
spective studies: In 2008, Biki and colleagues showed a considerable 57% decrease
in the occurrence of metastases in patients undergoing surgery for prostate cancer
and receiving a combined epidural and general anaesthesia compared to patients
receiving general anaesthesia and a postoperative opioid based analgesia (Biki et al.
2008). However, limitations of this study should be considered when interpreting
these results; First and foremost, this is a retrospective analysis which implies poten-
tial confounding factors. Furthermore, clinical and pharmacological methodological
issues were subsequently raised due to missing details mainly on the epidural regi-
men, such as medications used and duration of analgesia (Daley and Norman 2009).
A subsequent study found no evidence for a prolonged disease-free interval after
radical prostatectomy with epidural analgesia (Tsui et al. 2010).

In another study, re-analysis of previous data showed a decrease in cancer
recurrence in some patients undergoing colon surgery, when epidural analgesia was
used (Christopherson et al. 2008). Patients in whom metastases at the time of sur-
gery were not diagnosed, benefitted from an epidural analgesia within the first 1.46
years after surgery, while patients who received systemic opioid-based analgesia
had a 4.65 times higher risk of dying (p<0.012). Later than 1.46 years post-surgery
as well as in patients diagnosed with metastases at the time of surgery, no preventive
effect of epidural analgesia was found.

Another recently published retrospective study did not find an association
between the perioperative use of epidural analgesia and decreased cancer recur-
rence in patients undergoing colorectal cancer surgery (Gottschalk et al. 2010); only
in a subgroup of patients over 64 years a slight benefit was detected.

As a further contribution to this topic, patients of the original “MASTER-trial”
were assessed for cancer recurrence 915 years after surgery (Myles et al. 2011). Of
the original 915 patients, 503 had surgery for cancer and of those 263 had been
randomised to perioperative epidural analgesia and 240 patients to general anaesthesia
with postoperative systemic opioids. The authors found that the recurrence-free
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interval in patients with and without epidural analgesia was not significantly different.
The follow-up after 9-15 years was not planned at the design of the RCT, however
this may be the only available randomised study available for years to come.

A very recently published retrospective study by Lai and colleagues suggested
that any benefit of epidural analgesia on cancer recurrence may depend on the specific
tumour type. They found in patients with small hepatocellular cancer undergoing
percutaneous radiofrequency ablation a decrease in cancer recurrence, when general
anaesthesia instead of epidural anaesthesia was performed (Lai et al. 2012).

This review of the literature demonstrates that despite an assumed conclusive
mechanism, i.e. stress reduction and a consecutively improved perioperative immune
function by epidural analgesia, clinical data remain contradictory. Taken together
these data indicate that there is currently no evidence for a clinical beneficial effect
of epidural analgesia on cancer recurrence. However, there is a significant lack of
prospective data; well-designed prospective randomised trials in the future will
probably provide more clarity on this topic and identify optimal treatment regimen
for patients undergoing cancer surgery.

8.5 Paravertebral Block

Paravertebral blocks are an established alternative to epidural analgesia, in
particular for unilateral thoracic surgery or combined with general anaesthesia
for patients undergoing breast cancer surgery (Schnabel et al. 2010, Wenk and
Schug 2011). A potential benefit aside from comparable analgesic efficacy to
thoracic epidural analgesia is a potentially reduced adverse event profile (Wenk
and Schug 2011).

Promising findings with regards to cancer recurrence were published by
Exadaktylos and colleagues (2006). In a retrospective study in women undergoing
breast cancer surgery they unveiled a reduced cancer recurrence when paravertebral
block was combined with general anaesthesia in comparison to patients who
received general anaesthesia and subsequent postoperative systemic analgesia. After
24 months the recurrence- and metastasis-free survival was 94% in the paravertebral
group compared to 82% in the general anaesthesia group. At 36 months, this rate
was 94% in the paravertebral compared to 77% in the general anaesthesia patients,
respectively (Exadaktylos et al. 2006). However, these findings still need to be
confirmed by prospective randomised controlled trials.

A currently ongoing, randomised multicenter trial, initiated by a group of investigators
of the Cleveland Clinic is on the way to address these questions in a prospective manner;
the group has published their study protocol in advance (Sessler et al. 2008). They will
test the hypothesis that local or metastatic recurrence after breast cancer surgery is lower
in patients randomized to paravertebral or high-thoracic epidural analgesia combined
with sedation or light anaesthesia than in patients given intraoperative volatile anaesthesia
and postoperative systemic opioid analgesia alone. According to the protocol the authors
plan to enrol more than 1,100 patients with a follow-up period of at least 5 years. This is
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calculated to give 85% power for detecting a 30% treatment effect at an alpha of 0.05
(Sessler et al. 2008). Preliminary results of this investigation are expected soon.

Until then, potentially protective effects of paravertebral block with regard to
cancer recurrence and occurrence of metastases must be regarded with caution.
Paraverteral blocks for breast cancer surgery are conservatively used. New data on
a potential positive effect in combination with a recently validated new approach to
paravertebral catheter placement will hopefully lead to a more widespread use of
this technique (Juttner et al. 2011).

8.6 Spinal Anaesthesia

To date, neither retrospective nor prospective clinical data exists evaluating the effect
of spinal anaesthesia on cancer recurrence and metastatic disease. The underlying
mechanism of a potentially protective effect mentioned above should probably be
transferable to spinal anaesthesia, as suggested by animal data. In a rat model of lapa-
rotomy with tumour cell injection, one group of rats received general anaesthesia
plus postoperative systemic opioids whereas the other group received general anaes-
thesia in combination with intrathecal bupivacaine and morphine. The incidence of
metastases was decreased by the addition of spinal block (Bar-Yosef et al. 2001).

Another study found similar results in a mouse model; tumour immunity,
including NK- and NKT-cell activity, was reduced after surgery when only inhala-
tional general anaesthesia with perioperative systemic opioids was given instead of
a balanced regimen with spinal anaesthesia (Wada et al. 2007). The cytokine bal-
ance between T-helper-1 (Th1) and T-helper-2 (Th2) was preserved.

The transferability of these findings onto human patients is questionable and has
not been investigated to date. Considering that spinal anaesthesia can be regarded as
self-contained technique, which does not necessarily need a top-up general anaesthe-
sia, clinical data would be very interesting. Spinal anaesthesia ultimately offers the
possibility to completely avoid any medication associated with a suppression of the
immune system and potentially involved in the process of cancer recurrence and
genesis of metastasis. The range of clinical use might include orthopaedic or derma-
tological tumour surgery of lower extremities. For using single shot spinal anaesthesia
the intrathecal application of local anaesthetics such as bupivacaine can be combined
with additives, like opioids or the central alpha-2-antagonist clonidine, to prolong the
duration of effect. Efficacy and safety of these substances is well proved (Elia et al.
2008, Popping et al. 2012). A further alternative to single shot intrathecal anaesthesia
might be the use of a continuous catheter-based spinal anaesthetic regimen.

8.7 Peripheral Nerve and Plexus Blocks

Peripheral nerve and plexus blocks have proven benefits in the control of peri- and
postoperative pain (Popping et al. 2008), namely for surgical procedures of the
upper and lower limbs. All blocks can be performed as a single shot or continuous
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catheter techniques. Medication used are mainly local anaesthetics, which can be
supplemented by additives like central alpha-2-antagonists (Popping et al. 2009). It has
been shown that the analgesic effect is superior compared to systemic opioids
(Popping et al. 2008). Over the last few years, these peripheral regional anaesthetic
techniques have gained popularity, mainly due to advances in ultrasound techniques
and the introduction of affordable, portable and high-resolution ultrasound machines
(Fingerman et al. 2009, Warman and Nicholls 2009). It is tempting to speculate that
these techniques might have protective effects on cancer recurrence and incidence
of metastatic disease in line with the mechanisms described above. Currently, how-
ever, there are no clinical data to support this hypothesis. One reason could be that
surgical procedures for which these techniques are used are limited and major
tumour surgery often involves thoracic or abdominal sites.

8.8 Conclusion

Basic pharmacological data on local anaesthetics and a number of in vitro and
animal studies show the potential of regional anaesthesia to reduce recurrence of
cancer and metastases. However, the clinical evidence for a potential protective
effect of regional anaesthetic and analgesic techniques with respect to cancer recur-
rence and the incidence of metastases after tumour surgery is up to now inconclu-
sive. Some retrospective studies show promising signs that epidural analgesia and
paravertebral block may become stakeholders in this regard, but these need to be
confirmed. Future prospective randomised controlled trials that address long-term
outcomes may shed light on this topic. Furthermore, it is desirable that the range of
regional anaesthetic techniques investigated in trials be wider and include tech-
niques such as spinal anaesthesia and peripheral nerve blockade. Reassuringly, no
effects of local anaesthetics or regional anaesthetic techniques are known to pro-
mote the growth of tumour or the development of metastases.
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Chapter 9
Perioperative Morphine and Cancer Recurrence

Ashley M. Shilling and Mohamed Tiouririne

Abstract There is growing evidence suggesting that certain interventions during
the perioperative period may have an impact on long-term outcomes of patients
undergoing cancer surgery. It has been postulated that regional anesthetic techniques
and other targeted interventions could decrease the risk of cancer recurrence, there-
fore increasing the disease-free interval and overall survival, of those patients under-
going cancer surgery. Conversely, however, it has also been theorized that volatile
anesthetics, opioids and surgery itself are directly or indirectly linked to cancer
recurrence. Among the opioids used during the perioperative period, morphine has
raised most of the concerns regarding its putative effects on cancer. Indeed, morphine
has been found to affect many cellular and cell signaling pathways involved in cancer
genesis and possibly causing tumor growth. This chapter will focus on the role
of the perioperative period on cancer progression, the recognized mechanisms of
action of morphine on cancer and alternative pain management options for patients
undergoing cancer surgery.
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Abbreviations

cAMP cyclic adenosine monophosphate
COX-2 cyclooxygenase 2

HIF hypoxia inducible transcription factor
NK natural killer

NO nitric oxide

NSAIDs non-steroidal anti-inflammatory drugs

PMN polymorphonuclear leucocyte

PGE2 prostaglandin E2

STAT-3  signal transducer of activation and transcription-3
VEGF vascular endothelial growth factor

9.1 Introduction

Morphine, the naturally occurring alkaloid extracted of the milky juice of the poppy
plant “opium”, was first extracted by the German pharmacist, Frederich W. Serturner
in 1806. He derived its name from the Greek god of dream, “Morpheus” for its
stupor-like effects. However, the history of its use can be traced all the way back to
the third millennium BC (Stein and Rosow 2004) in ancient Iraq. Merck was first to
commercialize morphine in 1827. Following the discovery of the hypodermic needle
in 1857, morphine began being utilized as a sedative in anesthesiology practice and
also to alleviate pain following surgical procedures. To date, morphine is still
referred to as the prototypal analgesic to which all other opioids are compared, and
it is the most commonly used analgesic during the perioperative stage. Over the
years, morphine has received a favorable safety profile though it still has several
well known short-term side effects among which, respiratory depression and consti-
pation are the most troublesome. However, in recent years, there have been concerns
in the literature over the role of morphine in tumor recurrence and metastasis
following cancer surgery. Consequently, this long-term effect of morphine has
caused its relevance in the perioperative period as the analgesic of choice for patients
undergoing cancer surgery to be controversial (Afsharimani et al. 2011). The tumor-
enhancing effects of morphine seem to result from the fact that opioids and morphine
in particular alter immune function (Sacerdote 2008), the first line of defense against
cancer; stimulate angiogenesis (Pasi et al. 1991) and enhance vascular permeability
(Moss and Rosow 2008), which represents an impetus to tumor metastasis. Despite
these facts, it would be naive to consider that morphine is the only party responsible
for tumor recurrence and metastasis following cancer surgery. The determinants
of cancer recurrence following surgery have been attributed to many factors. These
include the surgical stress response (Ben-Eliyahu 2003), inflammatory response
(Salo 1996), anesthetic choices (Snyder and Greenberg 2010), minimal residual
disease (Goldfarb and Ben-Eliyahu 2006), escape from dormancy (Demicheli
et al. 2005), the surgery itself (Ben-Eliyahu 2003) and ultimately opioid choice
(Afsharimani et al. 2011).
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9.2 The Perioperative Period and Cancer Recurrence

Surgery is undeniably an integral component of the management of many solid
tumors and cancer in general. However, it is also recognized that surgery may
promote local recurrence and distant metastasis. The negative impact of surgical
manipulation on cancer recurrence and progression were known for millennia.
A. Cornelius Celsus was first to recognize that only encapsulated tumors should be
removed because the other stages would be irritated and exacerbated by surgery.
Likewise, Alfred Velpeau (1795-1867) observed that operations for cancer were
correlated with the return of the disease and tended to accelerate tumor growth
(Raven 1990). To translate these earlier observations to modern medicine, many
theories have been advanced. In addition to tumor manipulation, which releases free
cancer cells in the bloodstream with a potential for distant seeding (Yamashita et al.
2000), surgery itself provokes profound metabolic, neuroendocrine, immunologic
and inflammatory derangements. These latter derangements could also be the trigger
for tumor homeostasis breakdown during the perioperative period. The depression
of the immune system following surgery has also been implicated in the development
of recurrence (Page 2005). Finally, escape from dormancy, whereby deregulation in
the equilibrium between activators and inhibitors of angiogenesis imposed by surgery,
could hypothetically set off the “angiogenic switch” and therefore recurrence.

9.2.1 Surgery and Inflammatory Response

The impact of surgery on various organ systems has been termed “systemic response
to surgery or surgical stress response”. This stress response stimulates release of
pro-inflammatory cytokines (IL-1; IL-6; TNF; PAF) that have been directly or indirectly
implicated in cancer genesis. The inflammatory response to surgery or the acute-
phase reactant, results in a cascade of chain reactions leading to cytokine release.
In particular, IL-6 and IL-1f3 have been shown to upregulate the expression of vascular
endothelial growth factor (VEGF). McMillan et al., have shown that persistent
acute-phase response was associated with a higher rate of relapse after curative
surgery for colon cancer (McMillan et al. 1995). Recently, in a mouse model, a high
level of cytokines (IL-1 and IL-1B) was associated with increased angiogenesis
and tumor growth following laparotomy (Pera et al. 2003). The hypothesis that the
perioperative acute phase reactant might be linked to cancer recurrence lies in the
similarity of various pro-inflammatory mediators with those produced by the tumor
microenvironment. This tumor microenvironment or tumor stroma represents the
force by which tumor cells acquire nutrients for growth, gain new blood vessels,
start the invasion process, and ultimately attain metastatic potential (Marx 2008).
In this stroma lies a sophisticated organization of malignant pathways where
several mediators of the inflammatory response have influence. Therefore, surgery
and inflammatory response could potentially upregulate the factors in the tumor
microenvironment fueling tumor growth (Fig. 9.1).
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Fig. 9.1 Perioperative factors involved in cancer recurrence. TIVA total intravenous anesthesia,
RBC red blood cells. (+) possible negative effect: more recurrence, (-) possible positive effect: less
recurrence

9.2.2 Surgery and the Immune System

Surgery and surgical trauma stimulate major physiological changes on human body
homeostasis. The immune system appears to be affected as well. It has been shown
that surgery affects the immune system for several days postoperatively and this
correlated well with the invasiveness of the surgery (Page 2005). One theory that
might explain the effect of surgery on the immune system resides in the fact that, at
the time of surgery, opposing inflammatory sequences regulate the immune response
to surgical and tissue trauma. These two opposing physiological events act to main-
tain a balance of the immune system and are part of the overall surgical inflammatory
response. First, the acute phase reactant or pro-inflammatory phase involves cells of
the innate immune system. Second, the compensatory anti-inflammatory response
phase is regulated by the cells of the adaptive immune system. It is postulated that
an uncoupling of the pro-inflammatory-anti-inflammatory balance could be respon-
sible for the immune suppression seen after surgery (Bone 1996; Faist et al. 1996).
Additionally, the neuro-sympatho-endocrine system plays an important role in
perioperative immunosupression; this is due to the release of catecholamines and
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glucocorticoids during the surgical trauma (Kurosawa and Kato 2008; Reiche et al.
2004). Moreover, glucocorticoids are known immune-suppressants (Keh et al. 2003);
their secretion in abundance in the perioperative period is partially responsible
for the weakening of the immune function following surgery. Likewise, the cate-
cholamines norepinephrine and epinephrine are also responsible for the depression
of the immune system, most notably cellular mediated immunity, and affect cell
migration and invasiveness. This appears to be related to the activation of B-receptors
and cyclic adenosine monophosphate (cAMP) production (Masur et al. 2001;
Thaker et al. 2006; Yang et al. 2006). However, catecholamines have also been
implicated in cancer genesis via other mechanisms such as the stimulation of the
STAT-3 (signal transducer of activation and transcription) pathway (Landen et al.
2007) or VEGF production (Lutgendorf et al. 2003).

9.3 Mechanisms of Action of Morphine on Cancer

In recent years, morphine has been the center of many discussions regarding its
implication in cancer growth. Indeed several reports suggest that the effects of
morphine on the immune system, angiogenesis and apoptosis could be responsible
for such observations. However, this should be counterbalanced by other observa-
tions of morphine’s tumoricidal effects. Although the use of morphine during the
perioperative period could singly contribute to cancer metastasis and recurrence, it
is probable that this effect is multifactorial (Table 9.1).

9.3.1 Immune Function

It is well known that pain causes immune suppression, and its treatment is therefore
very important. However, it has also been established that opioids cause inhibition
of both cellular and humoral immune function (Sacerdote 2008). Human clinical
data implicating morphine as a direct impetus for cancer recurrence is lacking,
however in-vivo and in-vitro experiments suggest that possibility. The relationship
between the immune system and morphine in particular has raised many questions
regarding opioid use in certain patient populations. Indeed, in patients with an
already compromised immune system such as those with malignancies, an additional
suppression may ultimately be detrimental. During the early stage of malignancies,
cancerous cells are recognized as non-self and therefore exposed to the effect of
natural killer (NK) cytotoxic activity and activated T cells and other modulators of
the immune system. During the phases of immuno-editing, a three step process by
which cancer cells are handled by the immune system, cancer cells constantly
change their antigenic make up. This results in the ability of subsets of cancer cells
to evade the immune system and become overt tumors (Dunn et al. 2004). It is
therefore postulated that when the immune system is already depressed, such as
during the perioperative period, morphine exposure could accelerate this process
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Table 9.1 Overview of reported effects of anesthetic, analgesic and other perioperative factors on
cancer progression

Surgical stress response and cancer

Stress and surgical excision of the primary tumor can promote tumor metastasis (Ben-Eliyahu
2003; Melamed et al. 2005)

Neuroendocrine system

General anesthesia accompanied by surgical stress may suppress immunity, presumably by
directly affecting the immune system or activating the hypothalamic-pituitary-adrenal axis
and the sympathetic nervous system (Kurosawa and Kato 2008)

Inflammatory system

Promotion of cancer progression, through immunosupression via cytokines, chemokines,
prostaglandins, cyclooxygenase (Kundu and Surh 2008)

Pain

Suppression of NK-cell activity (Sacerdote et al. 1994; Shavit et al. 1987) and promotion of
tumor development in animals (Lewis et al. 1983)

Opiates

Opioids inhibit cellular and humoral immune function in humans (Sacerdote et al. 2000).
Morphine inhibits spontaneous and cytokine-enhanced natural killer cell cytotoxicity
(Yeager et al. 1995; Beilin et al. 1989). In contrast: Intravenous fentanyl increases natural
killer cell cytotoxicity and circulating CD16 (+) lymphocytes in humans (Yeager et al. 2002)

Opioid- induced promotion and stimulation of angiogenesis (Gupta et al. 2002)

Beta-adrenergic blockade

B-Blocker (nadolol) and a prostaglandin synthesis inhibitor (indomethacin), attenuated the
metastasis-promoting effects of surgery when used alone or in combination (Melamed
et al. 2005)

Cyclooxygenase inhibitors

COX inhibitors may prevent metastatic progression and attenuate opiate-induced immunosup-
pression in rats (Melamed et al. 2005). The combination of COX-2 inhibitor etodolac and
B-blocker propanolol can efficiently prevent immunosuppression following surgery (Benish
et al. 2008). COX-2 inhibitor celecoxib prevents chronic morphine-induced promotion of
angiogenesis, tumour growth, metastasis and mortality in a murine breast cancer model
(Farooqui et al. 2007)

Anesthetic induction agents and volatile anesthetics

Suppression of natural killer cell activity and promotion of tumor metastasis by ketamine,
thiopental, and halothane (Melamed et al. 2005)

Regional anesthesia

Studies in animals show that regional anesthesia and optimal postoperative analgesia indepen-
dently reduce metastasis (Wada et al. 2007; Bar-Yosef et al. 2001). Retrospective studies in
humans support a benefit of regional analgesia for patients undergoing surgery for breast,
colon and prostate cancer with respect to reduction of recurrence (Exadaktylos et al. 2006;
Biki et al. 2008; Christopherson et al. 2008)

Perioperative blood transfusion

Perioperative blood transfusion is associated with poorer outcome for patients with colorectal
cancer recurrence (Amato and Pescatori 2006)

Perioperative hypothermia

Hypothermia leads to a reduction in cell-mediated immunity, particularly NK-cells, and an
increase in lung tumor retention and metastasis in rats (Ben-Eliyahu et al. 1999)

Reprinted with permission Gottschalk et al. (2010b, 110(6): 1638)
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of immunosupression and ultimately favor recurrence (Gottschalk et al. 2010a).
Morphine exerts it effects through inhibition of many components of the immune
system. These include phagocytic activity (Vallejo et al. 2004), cytolytic T lymphocyte
activity (Mellon and Bayer 1998) and NK cell activity (Beilin et al. 1989, 1996).
The actions of morphine on the immune cells are probably mediated through the p
opioid receptor, but also via interaction with the hypothalamic-pituitary-adrenal
(HPA) axis. However, morphine was also found to have protective effects towards
tumors. This potentially beneficial effect of morphine was attributed to enhanced T
cell-mediated response (Fuggetta et al. 2005), a splice variant of p opioid receptor
(Cadet et al. 2003), inhibition of the nuclear factor kB (Sueoka et al. 1998) and
activation of the nitric oxide synthase pathway (Welters et al. 2000).

9.3.2 Angiogenesis

The effects of morphine on angiogenesis are complex and are beyond the scope of
this chapter, they are discussed in more details elsewhere in this book. Angiogenesis,
the formation of new vessels, represents a sine qua non condition for tumor develop-
ment, proliferation and invasion. In several in-vitro and in-vivo models of tumor and
non-tumor cell growth, morphine was found to promote angiogenesis. Indeed, p
opioid receptors are found on the surface of endothelial cells and they increase the
release of intracellular calcium and nitric oxide (NO). The release of NO mediates
vascular permeability, endothelial cell proliferation, migration and ultimately angio-
genesis. It seems that this effect is in part due to NO-dependent MAPK phosphory-
lation and endothelial growth (Leo et al. 2009). Additionally, it was postulated that
morphine upregulates cyclooxygenase 2 (COX-2), and Prostaglandin E2 (PGE2),
known to be angiogenic factors. Farooqui et al. demonstrated that co-administration
of Celecoxib, a COX-2 inhibitor, prevented morphine stimulation of COX-2 and
PGE2, angiogenesis, tumor growth, metastasis, and mortality in a murine breast
cancer model (Farooqui et al. 2007). In contradiction, however, morphine has been
found to be anti-angiogenic. Using Lewis lung carcinoma cells, Koodie et al. found
that morphine inhibited hypoxia inducible transcription factors (HIF) (Koodie et al.
2010). HIF are transcription factors that modulate several genes to promote survival
during hypoxic conditions including vascular endothelial growth factor (VEGF).

9.3.3 Apoptosis

Apoptosis, also termed programmed cell death, is an important step in maintaining
physiological body equilibrium. This programmed cell death is mediated via
caspase 3 and the Bcl-2 pathways (Kelly and Strasser 2011). Undoubtedly, this
process is inhibited when normal cells acquire malignant potential, resulting in tumor
growth and proliferation (Hanahan and Weinberg 2000; Hengartner 2000). It has
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been shown in several models of cancer cells that morphine exerts both pro-apoptotic
and anti-apoptotic effects. The effects of morphine on apoptosis were described by
Yin and al on freshly isolated peripheral blood lymphocytes (Yin et al. 1999).
Equally, in lung cancer cells, Yoshida et al. demonstrated the apoptotic properties of
opioids analgesics (Yoshida et al. 2000). Additionally, fentanyl, a common opioid
analgesic, was found to have apoptotic effects as well (Delogu et al. 2004). Several
other studies have consistently reported the pro-apoptotic effects of morphine on both
tumor and non-tumor cells. These effects of morphine are mediated through a p opioid
(Gupta et al. 2002) and non-opioid receptor-dependent mechanisms (Lin et al. 2009;
Tegeder et al. 2003). Conflicting with its pro-apoptotic effects, morphine has also
been shown to be anti-apoptotic (Iglesias et al. 2003) and therefore could potentially
promote tumor growth. The combined effect of anti-apoptosis, promotion of angio-
genesis and immunosupression has led to the discussion of morphine deleterious
effect on cancer progression during the perioperative period.

9.4 Alternative Strategies to Pain Management

With growing interest in the use of narcotics during the perioperative period, with
greatest focus on morphine, and cancer progression, alternative pain management
strategies as well as approaches to anesthesia in patient undergoing cancer surgery
have been proposed. Thus, the use of epidural analgesia and opioid-sparing anesthetic
techniques have emerged as potential approaches for reducing recurrences following
cancer surgery.

9.4.1 Local Anesthetics

Local anesthetics have been in clinical use for more than a century and during this
time, their application has expanded exponentially. Common clinical uses include
topical, infiltration, field block, neuraxial and peripheral nerve block techniques as
well as continuous infusions. Local anesthetics exert their major mechanism of action
on the alpha subunit of sodium channels. While sodium channels are located through-
out the body, the intended analgesic target of local anesthetics is neural tissue with
subsequent blockade of impulse conduction. The result is a sensory and motor block-
ade; a feature which lends itself nicely to perioperative analgesia and anesthesia. In
addition to blockade of sodium channels, local anesthetics have been shown to affect
many other systems. Of particular interest, local anesthetics can exert effects on
inflammatory cells and mediators as well as other cells including erythrocytes and
thrombocytes. Because malignant disease states and surgeries impose a significant
stress on the body, the anti-inflammatory properties of local anesthetics may
significantly affect the response of the body to these stressors and the resultant
inflammatory state and immune response. There is widespread speculation that these
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effects of local anesthetics could offer protection against malignancies and malignant
metastasis in the perioperative period. Additionally, the resulting decrease in cellular
immunity and pro-angiogenic factors induced by the tissue trauma of surgery may be
offset or even inhibited by local anesthetics. In vitro and in vivo, local anesthetics
have been shown to exert a multitude of effects on the inflammatory system. They
may lead to attenuation or a decrease in neurogenic inflammation (Coderre et al.
1993). Local anesthetics also have inherent anti-inflammatory properties, which may
directly affect the inflammatory response. Through inhibition of leukocyte functions,
local anesthetics impact the human response to tissue trauma or stress. Firstly, local
anesthetics inhibit leukocyte adhesion (Azuma et al. 2000; Schmidt et al. 1997). This
is true for local anesthetic doses commonly used in clinical practice (MacGregor et al.
1980). The mechanism by which local anesthetics affect adhesion is thought to be
multi-factorial and includes their effect on integrins and leukocyte adhesion mole-
cule-1 (Cassuto et al. 2006). In addition to adhesion, local anesthetics also inhibit
polymorphonuclear leukocyte (PMN) migration through several proposed mecha-
nisms (Hollmann et al. 2001; Mikawa et al. 2003). In addition to their direct effects
on leukocytes, Local anesthetics also affect other mediators of inflammation includ-
ing prostaglandins, histamine, cytokines, and leukotrienes. Local anesthetics have
been demonstrated to block leukotriene release from PMNs and monocytes as well
as interleukin-1 alpha release from peripheral blood mononuclear cells (Sinclair
et al. 1993). Additionally, lidocaine inhibits histamine release from basophils and
mast cells (Yanagi et al. 1996). The importance of these actions in the realm of can-
cer progression is still to be determined.

In addition to their anti-inflammatory actions, local anesthetics stimulate the activity
of NK cells in the perioperative setting, thus leading to important changes and conse-
quences in the cancer patient. NK cells are derived from bone marrow and are an
important component of non-specific cellular-mediated and antitumor immunity. NK
cells possess the ability to lyse tumors both in vitro and in vivo without the need for
prior sensitization. Patients with lower levels of NK cells have been shown to have a
higher incidence of cancers (Brittenden et al. 1996). NK cells have been shown to
eliminate metastatic cells in the circulation and are even considered to be the primary
defense against cancers (Anderson 2005). Thus, the role of NK cells in tumor forma-
tion and metastasis is one that has created significant interest in cancer research. In the
1980s, scientists began looking at NK cells as a means of treating patients with high
tumor burden or metastasis (Rosenberg et al. 1993). Since that time, there have been
numerous studies using NK cells in hopes of affecting cancer progression and recur-
rence. While it has been shown that many pharmacologic agents used in the peri-oper-
ative period have negative effects on NK cells and thus, might worsen cancer outcomes,
local anesthetics may actually have a positive effect on NK cells. Forget et al. per-
formed a systematic review of the literature on NK activity during the perioperative
period and found that local anesthetics, contrary to opioids and most other anesthet-
ics, actually stimulate the activity of NK cells (Forget and De Kock 2009).

There are marked changes of immune response immediately following surgery,
and the immune system and stress response can be affected for as long as 3—4 days
post-operatively (Christopherson et al. 1993). Therefore, this may be a crucial time
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in which minimal residual disease may grow and metastasize. Thus, this period may
be a critical window in which specific factors could affect longer-term prognosis
including the host immune response to cancerous cells and the likelihood of metas-
tasis. With our growing understanding of the effects of local anesthetics on immu-
nomodulation and inflammation, interest has shifted to human studies and the
clinical setting. Yardeni et al. assessed pain intensity and immune reactivity in two
groups of female patients undergoing trans-abdominal surgery receiving either
intravenous lidocaine started 20 min before surgery, or a placebo. All patients
received patient-controlled epidural analgesia. In the intravenous lidocaine group,
not only were pain scores improved, but also, production of pro-inflammatory cytok-
ines IL-1ra and IL-6 were significantly reduced. This study indicates that intravenous
lidocaine reduces surgery-induced immune alterations, potentially affecting cancer
recurrence (Yardeni et al. 2009). Likewise, Hong et al. studied a cohort of women
undergoing laparoscopic radical hysterectomy for cervical cancer and demonstrated
a reduction in IL-6 levels and an earlier normalization of IL-2 in patients who
received preemptive lidocaine and morphine as compared with those who received
an epidural without any preemptive treatment (Hong and Lim 2008). It appears that
the use of intravenous lidocaine could hypothetically offset some of the effects of
morphine when the two drugs are used in combination.

9.4.2 Regional Anesthesia

The use of epidurals and peripheral nerve block procedures has been shown to affect
markers of immunomodulation and inflammation. Data suggests that epidural
anesthesia may completely block the sympathetic response to surgery below the
umbilicus and blunt the response above the umbilicus (Kehlet 1989; Magnusdottir
etal. 1999). Animal studies have demonstrated some positive effects of neuraxially-
administered local anesthetics on the inflammatory response, NK cells, and the
potential to affect cancer recurrence. In a rat model, Bar-Yosef et al. demonstrated
that the addition of a spinal anesthetic to an inhalational anesthesia with halothane
attenuated the promotion of metastasis after pulmonary tumor cells were injected
(Bar-Yosef et al. 2001). In another rodent model, the addition of a spinal anesthetic
to sevoflurane anesthesia significantly decreased the number of liver metastases.
The authors speculated that this was due to the effects of local anesthetic on cytok-
ines (Wada et al. 2007).

With encouraging results on the potential for regional anesthetic techniques to
influence patient stress response to surgery, focus has shifted to patients undergoing
procedures for malignancy and outcomes related to their cancers. Studies have
examined the delivery of local anesthetics through various mechanisms including
local infiltration, neuraxial administration (epidural or spinal), or through peripheral
approaches such as a paravertebral block. Schlagenhauff et al. conducted one of the
first published studies that sparked significant interest in the question of whether the
modality of anesthesia affects cancer-related outcomes (Schlagenhauff et al. 2000).
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This group retrospectively examined more than 4,000 patients undergoing mela-
noma excision with either general anesthesia or local anesthesia. The patients who
underwent general anesthesia had a decrease in survival with a relative risk of 1.46.
Another retrospective study of 129 women undergoing breast cancer surgery was
performed by Exadaktylos et al. The anesthetic regimen entailed either a general
anesthetic with morphine or a general anesthetic with a paravertebral block using a
local anesthetic (Exadaktylos et al. 2006). The authors found that patients who
received a paravertebral block had a significantly higher metastasis-free period in
the first 36 months after surgery as compared to the patients who underwent general
anesthesia without a block (82 % survival vs. 77 %). In a retrospective study, Biki
et al. similarly examined patients with prostate cancer. They demonstrated the asso-
ciation of a regional technique with a lower incidence of biochemical recurrence of
prostate cancer in 225 patients undergoing radical prostatectomy surgery. Both
groups of patients received a general anesthetic but they received either an epidural
for analgesia, or post-operative opioids. In a 10-year follow-up, the relative risk
reduction was 57 % in patients that received an epidural in addition to their general
anesthetic (Biki et al. 2008). Despite the initial encouraging results demonstrating
reduced recurrence and improved survival in patients receiving adjuvant local
anesthetics and regional techniques, a number of studies have shown discouraging
results. Three additional studies examining malignancy recurrence in prostate cancer
showed no significant differences in cancer recurrence in patient receiving general
anesthesia with or without an epidural. In a secondary analysis of a randomized
controlled trial, Tsui et al. did not find a difference in biochemical markers among
patients who received epidural analgesia vs. general anesthesia (Tsui et al. 2010).
Likewise, Wuethrich et al. did not find a difference in biochemical markers of
recurrence of prostate cancer; however, they noted an improvement in clinical pro-
gression-free interval in the epidural group (Wuethrich et al. 2011). Furthermore,
Forget at al. were unable to demonstrate improved outcomes with the use of epidu-
ral as compared to other conventional pain control modalities and other pain control
modalities in their retrospective review of 1,111 consecutives prostate surgeries.
However the authors noted that the use of sufentanil, a synthetic opioid, was associ-
ated with an increase risk of relapse (Forget et al. 2010). Of note, Myles et al. pub-
lished the results of a randomized controlled trial comparing general anesthesia
with opioids to general anesthesia with epidural analgesia in patients undergoing
various abdominal surgeries. Although the primary outcome was not cancer recurrence,
in a subset of patients who did undergo cancer surgery, the investigators did not
demonstrate any benefit of epidural analgesia with respect to cancer recurrence (Myles
et al. 2011).

Other promising retrospective analyses comparing intraoperative epidural to
general anesthesia were published thereafter with conflicting results (Table 9.2).
In conclusion, it appears that the use of epidural analgesia in conjunction with general
anesthesia could potentially improve outcomes in patients undergoing cancer surgery.
Additionally, local anesthetics appear to offer a multitude of effects, which could
also lead to outcome improvements in the cancer patient. However, we are far from
a consensus regarding the widespread use of epidural analgesia for this indication



A .M. Shilling and M. Tiouririne

134

[YOSII VOd +VD S190UBD

QOUAISJIP ON vad+VvD [eUTIIOPqE SNOLIBA aanoadsorg (1T02) ‘Te 30 SO[AIN
[eIXBINON

QOUAIYIP ON vD [e01AI0D) aAnoadsonoy (0102) ‘Te 3 [rews]
‘ON s vO

QOURIIJIP ON ‘ON moym vo uojo) aanoadsorg (6007) ‘Te 32 UUBWIYDSIA[]
sprotdo AT+VD

qVH SI0AB] vd+vD uoo) aanoadsonoy (Q0107) T8 2 Y[eydsnon
[¥OSIN] AT+VD

VA sioAeq vVA+VD ueLeAQ Andadsonay (1102) ‘Te 1 ury

[oe[010393] “QuIpIIOd ‘SAIVSN

SAIVSN SloAe] ‘Quruelay ‘[uejuang jsearg aanoadsonoy (0107) 'Te 32 323109
(YOS AT+VD

QOUAIHIP ON vad+VvD eIsoIg aAnoadsonoy (0107) ‘Te e mMST,
[YOSI] AT+VD

+VH SI0AB] VA+VD uo[o) aanoadsoig (8002) ‘Te 12 uoszoydolsty)
VOd+VD

VA sioae] vad+VD eIsold aanoadsonay (8002) Te 10 DIg
VOd+VD

VAd S10AB] VAd+VD jsearg aanoadsonoy (9007) ‘Te 30 so[A1yepexq
V1

V1 sloAeq vD BUWOURIIN aanoadsonoy (S661) ‘Te 10 JneyuaSe[yos
V1 'sA eisog[eur)dojoinaN

V1 sloAe] VD BUWOUR[IN aanoadsonoy (S661) 'Te 12 IYIPN
V1

QAISN[OUOJU] VD BUWOUR[IIN aAnoadsonoy (0661) ‘Te 10 1yoeqas

SauI00INQ o1RYISauy 190ued Jo adA7J, ad£) Apms s1oyny

SISB]SBIOW JO 9JUALINOAI JJUBD UO BISIF[BUE PUL BISOYISAUE JO SOPOW JUIJJIP JO 199139 oY) Surredwiod saipnis [eowur)) 7' dAqeL



135

9 Perioperative Morphine and Cancer Recurrence

s3nIp AIojewEYUI-NU. [EPIOIA)S-UOU SFJVSN ‘Blsad[eue [eiqalioaeted YA ‘RISOUISAUR [BIO] |7 “BISAyIsaue [e1oudd Yo ‘eisagd[eue [empido yg
BUWIOUTIOIED [B]021 10J ATUO J[qRIOAR] V',
AeAnierodoenur pajre)s J1 A[UO 9[qeIOAR) VH ,

O/X t9<iuaned ur A[uo d[qeIoAR) Y

sIseiselow Jnoyiim juaned ur (U0 9[qeIOAR] Y .

VD SIoAB]
sprordo AT
1M MSLI paseaIou]

oV SIOAB]

SV S10AB]

vd
VD

VH ‘QUIPIUO[O ‘Qurue)ay]
SAIVSN ‘Tuwiudjng
[¥OSII] VOd +VD
vd+vD
[YOSIN] VOd+VD
[do-1sod] va+VD
vda+vD

IOAIT

J1eIs0Id

[81921-0[0D)

UBLIBAQ

aanoadsonay
Andadsonay

Andadsonay

A0adsonay

(T107) TR B
(1102) Te 10 103104

(1102) ‘Te 10 widng

(1107) 'Te 19 BIAIO



136 A .M. Shilling and M. Tiouririne

because of the lack of consistency in the available results. Hopefully in the future,
results of randomized controlled trial will shed more light regarding this matter.

9.4.3 Non Steroidal Anti-Inflammatory Drugs

Non-steroidal anti-inflammatory drugs (NSAIDs) may play a role in tumor progres-
sion and metastasis either directly via inhibition of cyclooxygenases (COX 1 and 2)
and therefore prostaglandins synthesis, or indirectly through narcotic-sparing
effects. Prostaglandins may affect immunity and inflammation by suppressing cell-
mediated immunity both in vitro and in vivo (Chambrier et al. 1996; Elenkov et al.
2000; Faist et al. 1990). It is well known that PGs, especially PGE,, have angiogenic
properties. This effect can be blocked with NSAIDs. In rodent models NSAIDs
have been shown to have both anti-tumor and anti-angiogenic properties. In an animal
study examining rats inoculated with lung tumor cells, the authors demonstrated a
50% reduction in metastasis when the animals received the anti-inflammatory
indomethacin. This reduction was further increased to 75 % with the addition of the
B-blocker nadolol (Melamed et al. 2005). However, it appears that specific inhibition
of the COX2 enzyme offers more benefit than non-specific inhibition of COX
enzymes. The selective effects of COX2 inhibition was demonstrated by Farooqui
et al. (2007). Moreover, the combination of -blockers and COX 2 inhibitors was
found in multiple animal models to improve immune competence and reduce the
risk of metastasis (Benish et al. 2008; Glasner et al. 2011). In the clinical setting, the
use of ketorolac was recognized to be associated with lower recurrence rates in
patient undergoing breast surgery (Forget et al. 2010). However, this was not the
case for patients undergoing prostate surgery (Forget et al. 2010).

In summary, the perioperative use of NSAIDs could potentially decrease tumor
recurrence. Furthermore, the addition of a -blocker to the NSAIDs regimen seems
to confer more protection in animal models.

9.4.4 Other Modalities of Analgesia

Several modalities and regimens of analgesia could be used as an alternative to
morphine and other opioids during the perioperative period. The majority of these
modalities will serve to decrease the amount of morphine and opioids delivered at
the time of surgery. These strategies include the use of o, adrenergic receptor ago-
nists such as clonidine and dexmedetomidine. The opioid-sparing effects of these
drugs are well established. Clonidine is most commonly used to enhance the dura-
tion of regional anesthesia. Its intravenous use is associated with side effects such
as hypotension and severe bradycardia. On the other hand dexmedetomidine offers
the option of intraoperative use owing to its titrability, sedative effect and opioid-
sparing effect. Nonetheless, o, agonists seem to have tumor-promoting effects
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(Bruzzone et al. 2008). Another attractive option is the use of neuropathic drugs
such as gabapentin or pregabalin. These drugs belong to a family of anti-convulsant
compounds largely used for chronic pain control, and have been advocated for use
during the perioperative period to minimize intra-operative and postoperative opi-
oids consumption (Bornemann-Cimenti et al. 2012). Finally, the perioperative use
of B-blockers has been shown to reduce opioids consumption and, in animal stud-
ies, to limit tumor retention, as well as metastasis when given in combination with
PG synthesis inhibitor (Melamed et al. 2005).

9.5 Conclusions

In addition to surgery, chemotherapy, radiation therapy, hormonal therapy, immuno-
therapy and other cancer treatment modalities, certain interventions during the
perioperative period could also have a potential impact on long-term outcomes of
cancer surgery patients, prolonging disease-free interval and overall survival of
patients. Despite the accumulating evidence from cell culture experiments, animal
experiment studies and retrospective clinical evaluations, we are unfortunately far
from reaching recommendation regarding the anesthetic management of these
patients. Whether interventions such a epidural analgesia, regional anesthesia and
NSAIDs confer some degree of protection as compared to other types of pain man-
agement is still largely to be determined. This could be related to many factors such
as tumor type, site, degree of invasion at the time of surgery. It is evident that ran-
domized prospective trials (level I) are required before absolute recommendations
are made.
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