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suppress NK cell activity and increase regulatory T cells.

and opioids.

Background: The relationship between surgery and anesthetic-induced immunosuppression and cancer recur-
rence remains unresolved. Surgery and anesthesia stimulate the hypothalamic—pituitary—adrenal (HPA) axis and
sympathetic nervous system (SNS) to cause immunosuppression through several tumor-derived soluble factors. The
potential impact of surgery and anesthesia on cancer recurrence was reviewed to provide guidance for cancer surgi-

Methods: PubMed was searched up to December 31, 2016 using search terms such as, “anesthetic technique and
cancer recurrence, “regional anesthesia and cancer recurrence,“local anesthesia and cancer recurrence,“anesthetic
technique and immunosuppression,”and “anesthetic technique and oncologic surgery”

Results: Surgery-induced stress responses and surgical manipulation enhance tumor metastasis via release of
angiogenic factors and suppression of natural killer (NK) cells and cell-mediated immunity. Intravenous agents such as
ketamine and thiopental suppress NK cell activity, whereas propofol does not. Ketamine induces T-lymphocyte apop-
tosis but midazolam does not affect cytotoxic T-lymphocytes. Volatile anesthetics suppress NK cell activity, induce
T-lymphocyte apoptosis, and enhance angiogenesis through hypoxia inducible factor-1a (HIF-1a) activity. Opioids

Conclusion: Local anesthetics such as lidocaine increase NK cell activity. Anesthetics such as propofol and locore-
gional anesthesia, which decrease surgery-induced neuroendocrine responses through HPA-axis and SNS suppres-
sion, may cause less immunosuppression and recurrence of certain types of cancer compared to volatile anesthetics

Keywords: Cancer surgery, Anesthetic agent, Anesthetic technique, Immunosuppression, Cancer recurrence
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Introduction

Surgical resection is the most effective method to remove
primary tumors and metastatic lymph nodes. How-
ever, some cancer cells may remain after surgery, and
micro-metastases or tumor dislodged during surgical
manipulation may spread via lymphovascular vessels [1].
During the perioperative period, surgery induced stress
responses and anesthetic-induced immunosuppression
may play a critical role in establishment and growth of
metastatic lesions [2-5]. Because immune responses
are regulated by the hypothalamic—pituitary—adre-
nal (HPA) axis and sympathetic nervous system (SNS),
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surgery-induced or anesthesia-induced activation of
these two systems may facilitate metastasis through sev-
eral tumor-derived soluble factors [6].

HPA-axis and SNS activation suppress cell-mediated
immunity (CMI) and release of catecholamines and
prostaglandin E, (PGE,). These factors, in turn, increase
immunosuppressive cytokines, soluble factors (e.g.,
interleukin 4 [IL-4], IL-10, transforming growth factor
beta [TGF-B], and vascular endothelial growth factor
[VEGEF]), and proinflammatory cytokines (e.g., IL-6 and
IL-8), which promote tumor angiogenesis and metasta-
sis [7-11]. Furthermore, volatile anesthetics and opioids
suppress CMI and promote cancer cell proliferation and
angiogenesis, whereas propofol inhibits tumor angio-
genesis and does not suppress CMI [12, 13]. Regional
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anesthesia (RA) preserves CMI and decreases surgery-
induced neuroendocrine responses by attenuating affer-
ent neural transmission activation of the HPA-axis and
SNS response. Thus, reduction in opioid and volatile
anesthetic use may reduce cancer recurrence [14].
Clinically, the key question of whether anesthetic
choice affects cancer outcome remains unresolved. Ret-
rospective studies and meta-analyses suggest that par-
ticular anesthetic techniques may reduce cancer related
mortality and recurrence by decreasing immunosup-
pression after surgical treatment for certain types of
cancer [15]. Several prospective randomized controlled
trials (RCTs) to define the effect of anesthesia on can-
cer recurrence are currently underway [15]. The present
study relied on preclinical study review to determine
the potential effects of surgery and anesthetic choice on
immunosuppression and cancer outcomes to help guide
treatment choices by clinicians and cancer surgeons.

Perioperative period and immune function

The perioperative period is divided into three phases: the
preoperative period (a few preoperative hours), the intra-
operative period, and the postoperative period (several
days after surgery) (Fig. la). During the intraoperative
period, general anesthesia consists of administration of
intravenous anesthetics (e.g., thiopental or propofol) for

Page 2 of 13

induction, followed by muscle relaxants and endotracheal
intubation, then volatile anesthetics (e.g., sevoflurane)
and opioids for maintenance and pain control. In con-
trast, RA uses a local anesthetic (e.g., lidocaine or bupi-
vacaine) to block peripheral or spinal nerve transmission
to produce a paravertebral or epidural block. Local anes-
thetics prevent surgical pain and reduce surgery-induced
neuroendocrine stress by suppressing afferent neural
transmission to the central nervous system. Thus, HPA-
axis and SNS responses are avoided. Anesthetic choices
during cancer surgery positively or negatively affect
immune function during the perioperative period, and
this immune balance may play a key role in cancer spread
and recurrence (Fig. 1b).

Tumors release soluble factors into their microenvi-
ronments to block CMI surveillance and facilitate tumor
growth and metastasis [16]. Soluble factors affect residual
cancer cells and pre-existing micro-metastases to promote
new metastases, which are the major cause of cancer-
related death if not eliminated by immune cells [17-19].
In these situations, the perioperative period is pivotal in
determining cancer outcomes following primary surgi-
cal treatment. Surgery, anesthesia, analgesia, and specific
agents all influence immune function and tumor metas-
tasis [19]. Immunosuppression arises within a few hours
of surgery and lasts for several days, in proportion to the
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Fig. 1 Perioperative period and immune balance. a The perioperative period includes the preoperative period, intraoperative period, and postop-
erative period. During these periods, several anesthetics agents and techniques may affect immune response and cancer recurrence after surgery.
b Immune balance during the perioperative period is achieved through control of positive effects from regional anesthesia, propofol, and local
anesthetics, with negative effects from volatile anesthetics, thiopental, and opioids. The immune balance needs to be shifted toward positive effects
to reduce immunosuppression, which promotes cancer metastasis




Kim J Transl Med (2018) 16:8

extent of surgical trauma. Although the immune system
normally protects against tumor development, surgery-
induced stress counteracts the anti-metastatic effects
of CMI to allow dissemination and metastasis of cancer
cells during and following surgery [12]. The perioperative
period may be crucial to residual cancer cell spread, with
anesthetic-induced immunosuppression affecting cancer
recurrence and long-term prognosis [13, 14].

Effect of surgery on immune function and tumor
metastasis

Although surgical resection is a major component of
cancer treatment, surgery itself suppresses immunity;
thus, metastasis is promoted through growth facilita-
tion of pre-existing micro-metastases and dissemination
of cancer cells during resection of the primary lesion
[20]. Detection of tumor cells in peritoneal blood and
fluid after surgery has been associated with significantly
shorter disease-free survival in patients with colorectal
cancer [1, 21]. Given that surgery modifies neural, endo-
crine, metabolic, inflammatory, and immunologic micro-
environments [22], surgery-induced stress responses may
activate angiogenesis and increase vascularization to pro-
mote tumor growth [2-5].

Additionally, surgical resection may promote tumor
growth and metastasis through increased matrix met-
alloproteinase 9 (MMP-9) and VEGF expression, as in
one model of breast cancer [23]. Plasma VEGF levels
are increased by surgery-induced stress during laparot-
omy and mastectomy [2], whereas TGF-p plasma levels
decrease in response to lung metastasis in animal models
[24]. Acceleration of metastasis after surgical resection
through proliferation of distant, dormant micro-metasta-
ses has been observed in patients with breast cancer [25].

Primary tumor resection may directly stimulate cancer
cell spread through metastatic lesion growth. Following
surgical resection of a primary tumor, decreased endosta-
tin and angiostatin levels allow new blood vessel growth,
which promotes growth or metastatic lesions and uncon-
trolled proliferation [26]. Following primary colorectal
tumor resection, decreased angiostatin and endostatin
levels in urine and plasma are associated with increased
metabolic activity in liver metastases [27]. Thus, it seems
that the primary tumor inhibits angiogenesis for distant
metastases, but that primary tumor resection allows for
neovascularization and increased metabolic activity in
metastases [25]. If surgery-induced immunosuppression
occurs, surgery may fail to prolong survival in patients
with cancer. Surgery reduces levels of endogenous
antiangiogenic factors such as endostatin and angiosta-
tin while weakening the immune surveillance needed to
inhibit the growth of metastatic lesions [28].
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Changes to NK cell activity depend on both the degree
of surgical treatment and the intensity of the surgi-
cal stress response [29], which activates the HPA-axis
and SNS to release catecholamines and prostaglan-
dins [30]. Laparotomy increases lung tumor retention
(LTR), whereas combined B-adrenergic antagonism and
cyclooxygenase (COX) inhibition decrease LTR and
restore NK cell function in experimental animal mod-
els [31]. Clinically, surgery decreases circulating NK
and T cells through the programmed death-1 (PD-1)
and programmed death-ligand 1 (PD-L1) pathway, due
to increased caspase-3 activity in association with PD-1
expression on immune cells [32]. Surgical stress increases
Th2 cells and decreases Thl cells, which decreases the
Th1/Th2 ratio and eventually suppresses CMI [33].
During surgical stress, levels of immune stimulating
cytokines such as IL-2, IL-12, and interferon-y (IFN-y)
are decreased, whereas anti-inflammatory cytokines such
as IL-10 are increased [33]. The magnitude of immu-
nosuppression is in proportion to the extent of surgical
treatment. The overall effect of surgery on immune func-
tion and tumor metastasis is summarized in Table 1.

Effect of anesthetic agents on immune function
Intravenous and volatile anesthetics

Intravenous anesthetics such as ketamine and thiopental
produce multiple effects on immune system components.
Unlike propofol, ketamine and thiopental suppress NK
cell activity [34, 35]. Whereas ketamine induces human
lymphocyte apoptosis via the mitochondrial pathway
[36] and inhibits dendritic cell (DC) functional matura-
tion [37], whereas thiopental protects against T-lympho-
cyte apoptosis through induction of heat shock proteins
[38]. However, both of these intravenous anesthetics
suppress the immune system in other ways: ketamine
decreases production of pro-inflammatory cytokines
such as IL-6 and tumor necrosis factor-a (TNF-a), and
thiopental inhibits neutrophil function and suppresses
activation of nuclear factor kappa B (NF-«xB). This NF-kB
suppression by thiopental is associated with inhibition
of NF-kB-driven reporter gene activity, which includes
T-lymphocyte activation as well as IL-2, IL-6, IL-8, and
IEN-y expression [39]. Thiopental also inhibits lipopoly-
saccharide-induced production of IL-1p3, TNF-«, and IL-6
by monocytes [40]. Although intraperitoneal injection of
midazolam impairs monocyte and neutrophil function, it
does not affect cytotoxic T-lymphocyte (CTL) activity in
a mouse model [41].

In contrast to other intravenous anesthetics, propo-
fol increases CTL activity, decreases pro-inflammatory
cytokines, and inhibits COX-2 and PGE, functions
[41-43]. Furthermore, propofol does not affect Th1/Th2,



Page 4 of 13

Kim J Trans| Med (2018) 16:8

yimolb Jownl g-49) 11012e) Yy1moib [eljaL10pUB JeNdSeA DI/ 2seuabAxoo[dAd X0 ‘uonua1al Jowny Bun| Y7 ‘uoiapR1ul N4/ 'z 19ddy-1 2y ‘L 49d|dy-1 [y ‘uynapaul 7f 21K00ydwiA|-] 21X01014d 71D 9

s3seUl)01dOo||RIBW XIIRW SY ‘g 10108y
|eanieu ynN

[£2] S95BISRIDW I3AI| JO ALIAIIDE DI|O0GRISU PISeaIdUl
YAIM SSPIDUIOD BUIOUIDIED [€1210]03 Alewild JO uondasal [ed1bins Jaye
UI1PISOPUD pUE Ulle1SOIbue $10108) DluabOoIbuE-[IUe BulleNDID Ul 9583109
[9d
PWOUIDJED [P1D3J0[0D Ul 9582139P UI1PISOPUS JUSISUeI] B s9oNnpul A196ing
[8¥] eISaysauR
ploido yum eisayisaue [eJauab pasueleq o1 pasedwod sqiNN Uo Aiabins
152319 JO 109449 Sa1enuane [0jodoid Ylm PauIquUIOD eIsaylsaue [euoibay
[£7] ewouDIeD [P1D2J0[0D Asewilid JO UOIDIS3I [eDIBINS J91ye
UI1RISOPUS pue Ule1soIbue S1010e) Jlusbolbue-nue bunendid Ul 9seaidsq

[€€] uone|ndiuew
|ed1bins Jo 9a169p 01 [euontodoid si uoissaiddnsounwiull Jo apniubey
[2€] SauUIWR|OYI31eD PUE |0S1110D Pasealou|
[2€] (971 "'0-N4| “63) s2u 014D AlojeWWeUI-0Id Ul 9SEaIDU|
[eeloneszyl/LyL
3y U1 aseaida( [ ‘z€] 51192 Jadjay-1 pue ‘s71D S||92 JIPUSP Ul 35ea109(
[2€] S|19A3] [192 YN Bunienau Ul 9seaidsg

[s7]
J92ueDd 1sealq Atewid JO UORDISI [e2I6INS AQ SISLISeIRUI JO UO[1RI9[DY

[] J9oued 15eaIq Ul SIsauabolbue pasnpul-A1abing
[] A196INS J9DUED 1SR2IQ Ul S95PISPIDUI

-0JDIW JURWLIOP ‘QURISIP JO Uonesajjoid pue sissuabolbue Jo uondnpul

[LZ "1] sowny Arewnd woly pabpojsip a4 01 §|j92 disejdoau sasned A1sbing
[1] J92UBD |B1D3I0|0D Ul [PAIAINS 934J-35BISIP JSLIOYS YIIM PIIe

-1D0sse A196ins Jaye piny [eauolliad pue poo|q Ul s||93 Jown] 9|qe1919(
[1] SIUSWUOIIAUR0.IDIW D160)

-OUNWIWI PUE ‘A101RWIWE(UI 'D1|0CRISW 'SULIDOPUS |RJNSU JO UOIBIYIPON

[82] uneISOIBUR PUE UNRISOPUS SI01DE) [01IUOD YIMOID JO UONDNPaY
[2] SiseiseIaw 192ued Bbun| Ul s|aAl| ewise|d paseaidag
[€2 7] ssahs [e216INS AQ padnpul s[oAs] 493/ euise|d pasealdu|
[e7] ssoo0ud |ed1bins AQ |92 1sea1q
uewiny Jo siseiselaw Areuoul|nd pue yimolH Jown1 UO 109449 UOIIOWOId

[L€] uonduny |92 YN S210153)
pue Y17 S92Npal UoRIgIyul XOD puUe wsiuobelue-e13q Jo Uolieuiquiod)
[1€] Y17 ul 9Seaul JuedYIUubIS B YlIM patedosse Auojolede
[0€] sulpue|beisold pue SaUlULIR|OYI1eD JO 95e3|aY
WRISAS SNOAJRU DIay1edWAS
33 pue sixe (YdH) [euaipe-Aieainyid-dlwejeyiodAy ayi jo uonenuwing
[6¢] @suodsal ssa.11s JO Alsua1ul pue
euwineJ} [e216INS JO 1USIXa U0 Juapuadap ‘A1AIIDE |93 YN 4O uoissaiddng

[07] 5|92 Jowny Jo [esiadsip JUSLISAPERU|
[2] sisauaboibue Jo uoneusWbNY
[€] uoneziie|NdSeA PIseaIdu|

uI1eISOIBUR PUP UIIRISOPU]
g-491
4930
SAAW

HEWile)
SaUP01LD

Alunwiuwl pa1eipaul-|[9D)
ISTBLERTERIN

uonendiuew [ed1bing
$sa115 padNpul-A19bing

e3ep [ed1un)d

elep [ejuawiiadxy

103084

sisejsejawl jowin) pue uoi}dunj aunwuwi uo K19bans JO1d9)3 L 9|qel



Kim J Transl Med (2018) 16:8

IL-2/IL-4, or CD4/CD8 T cell ratios, so surgery-induced
immunosuppression is mitigated [44].

Volatile anesthetics also affect immune response.
For example, halothane decreases NK cell activity and
increases expression of hypoxia-inducible factor la
(HIF-1a) [45, 46], and sevoflurane induces T-lymphocyte
apoptosis and upregulates HIF-1la expression [46, 47].
Sevoflurane has also been shown to increase levels of
pro-tumorigenic cytokines and MMPs in breast cancer
surgery [48]. One study comparing desflurane to sevo-
flurane showed that sevoflurane decreases lymphocytes
and NK cells while increasing leukocytes and neutro-
phils during abdominal surgery [49]. Similarly, isoflurane
attenuates NK cell activity, induces T-lymphocyte and
B-lymphocyte apoptosis, and decreases the Thl/Th2
ratio [44—46, 50]. Desflurane does not induce T-lympho-
cyte apoptosis [47].

Opioids and COX-2 inhibitors

Opioids usually inhibit T-lymphocyte proliferation [51].
Morphine suppresses NK cell activity and T cell differen-
tiation, promotes lymphocyte apoptosis, and decreases
toll-like receptor 4 (TLR4) expression on macrophages
[51-54]. Likewise, fentanyl and sufentanil decrease
NK cell activity but increase regulatory T cells [55, 56].
Sufentanil also inhibits leukocyte migration [57]. Alfen-
tanil decreases NK cell activity [52], and remifentanil has
demonstrated suppression of NK cell activity and lym-
phocyte proliferation in a rat model [58]. A comparison
of sufentanil and remifentanil using target-controlled
infusion during laparoscopic colorectal cancer resec-
tion showed that cortisol and IL-6 increased more in the
remifentanil group and that the proportion of T cell sub-
sets decreased more in the sufentanil group [59].

COX-2 induction, which is frequently observed in
cancer, plays a role in immune evasion and resistance
to the immune response. COX-2 inhibitors increase NK
cytotoxicity and B-adrenergic antagonism while reduc-
ing postoperative LTR [31]. Additionally, combined
B-adrenergic antagonism and COX-2 inhibition have
been shown to eliminate LTR and decrease metastasis in
animal models [60]. A selective COX-2 inhibitor can sup-
press PGE, release and promote CTL immune responses
that cause ovarian tumor regression [61]. Furthermore, a
murine model has shown that celecoxib, a COX-2 inhibi-
tor that reduces PGE, levels, reduces and suppresses
myeloid-derived suppressor cells (MDSCs); this in turn
decreases reactive oxygen species and nitric oxide (NO)
levels and reverses T cell tolerance [62]. Preoperative
treatment with nonsteroidal anti-inflammatory drugs
(NSAIDs) increases infiltration of activated immune
cells into colorectal cancer tissue [63]. Of interest, a
recent study showed that lidocaine at typical clinical
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concentrations enhanced NK cell activity against can-
cer cells in vitro via the release of lytic granules [64]. The
overall effect of anesthetic agents on immune function is
summarized in Table 2.

Effect of anesthetic agents on tumor development
Intravenous and volatile anesthetics

Treatment with intravenous anesthetics such as keta-
mine and thiopental stimulate lung and liver metasta-
ses in animal models [65], with one study showing that
ketamine and thiopental increase LTR or lung metas-
tasis via NK cell suppression in a rat model [66]. Simi-
larly, the volatile anesthetic halothane can stimulate
lung and liver metastases [65]. In contrast, sevoflurane
suppresses hypoxia-inducible growth and metastasis of
lung cancer cells by inhibiting HIF-1a, which is involved
in the p38 mitogen-activated protein kinase (MAPK)
signaling pathway [67]. Another study has shown that
sevoflurane increases proliferation, migration, and
invasion of estrogen receptor (ER)-positive breast can-
cer cells, as well as proliferation and migration of ER-
negative cells [68]. Furthermore, serum from patients
who received sevoflurane and an opioid for breast can-
cer surgery did not inhibit proliferation of ER-negative
breast cancer cells, but serum from those receiving
propofol and paravertebral anesthesia did inhibit prolif-
eration [69].

Exposure to sevoflurane but not total intravenous anes-
thesia (TIVA) by propofol results in increased prosurvival
proteins such as cytoplasmic HIF-2a and nuclear p38
MAPK in head and neck squamous cell carcinoma [70].
Isoflurane is associated with increased HIF-1a levels and
increased prostate cancer cell proliferation and migration
[71]. In contrast, isoflurane-induced HIF-la activation
is prevented by propofol, which is associated with par-
tial reduction of malignant activities by cancer cells [71].
Additionally, tumor growth in inoculated in mice is sup-
pressed by propofol, which may have immune-mediated
antitumor effects [41]. Isoflurane increases the malignant
potential of ovarian cancer cells through the upregula-
tion of insulin-like growth factor (IGF)-1 and its receptor
IGF-1R, as well as VEGF, angiopoietin-1, MMP-2, and
MMP-9 [72]. Furthermore, isoflurane exposure leads to
apoptotic resistance in human colon cancer cells through
a caveolin-1-dependent mechanism [73]. Nitrous oxide
(N,O) impairs DNA, purine, and thymidylate synthe-
sis, which can itself cause of oncogenesis [74]. A tumor-
bearing mouse model has shown that N,O suppresses
chemotaxis, which may be the most potent stimulator of
postsurgical lung and liver metastasis development [18,
65]. However, it is unlikely that N,O increases the risk
of cancer recurrence compared to that of nitrogen after
colorectal surgery [75].
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Opioids and other agents

Commonly used opioid analgesics may affect tumor
development through their modulation of cell prolifera-
tion and cell death [76-78]. It has been suggested that
opioids suppress the immune response because vari-
ous immune competent cells express opioid receptors
and induce apoptosis during opioid alkaloid treatment.
Tumor growth promotion is mediated through AKT
and extracellular signal-regulated kinase (ERK) signal-
ing cascades, whereas death-promoting effects are medi-
ated through NF-«B inhibition, increased Fas expression,
P53 stabilization, activation of p38, and c-Jun-N-terminal
kinase (JNK) [79]. It is likely that opioid-induced cell pro-
liferation and cell death depend on opioid concentration
or exposure duration. Tumor growth promotion occurs
with low concentrations or single doses of opioids,
whereas growth inhibition occurs with chronic opioid
use or relatively high drug concentrations [80].

Breast cancer cells treated with low morphine concen-
trations induce naloxone (NX)-sensitive, concentration-
dependent increases in GTPase activity, with morphine
signals being transmitted by opioid receptors via a G pro-
tein [81]. In contrast, the anti-proliferative effects of mor-
phine are not eliminated by NX. Morphine-induced p53
phosphorylation and stabilization in breast cancer cells
expressing wild type p53 causes increased production of
p53-dependent proteins, including p21, Bax, and Fas [81].
These findings suggest that morphine may reduce growth
of certain cancer cells through p53 activation. Addition-
ally, morphine has been shown to inhibit expression and
secretion of MMP-2 and MMP-9 in breast cancer cells in
a time-dependent and concentration-dependent manner.
This MMP activity is not reversible with NX, indicating
that attenuation of MMP secretion by morphine is not
mediated by opioid receptors, but is controlled by the
NO system [82].

Based on preclinical and clinical studies, differences
in recurrence rates for certain cancers may be due to
immune suppression and direct effects of volatile anes-
thesia and opioids on cancer growth. Overexpression of
the p-opioid receptor (MOR), which promotes tumor
growth and metastasis, is observed in several human
cancers [83]. AKT and mTOR activation, cell prolifera-
tion, and extravasation are all related to MOR overex-
pression in a nude mouse model of non-small cell lung
cancer (NSCLC) [84]. In addition, a potential direct effect
of opiates has been observed in animal models that show
MOR regulating tumorigenicity in Lewis lung carcinoma
(LLC) [85]. Similarly, a study has shown the potential
direct effect of opioids on MOR through growth factor-
signaling proliferation, migration, and epithelial-mesen-
chymal transition during lung cancer progression [86].
Treatment with methylnaltrexone (MNTX), a peripheral
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opioid antagonist, inhibits LLC invasion and anchorage-
independent growth, whereas continuous MNTX infu-
sion decreases primary LLC tumor growth and lung
metastasis [85]. Further, MNTX inhibits opioid-induced
proliferation and migration of pulmonary microvascu-
lar endothelial cells through its effects on VEGF recep-
tor phosphorylation and transactivation and inhibition
of Rho A activation [87]. Clinically, MNTX treatment
is associated with increased overall survival in patients
with advanced cancer; this finding supports the hypoth-
esis that MOR is involved in tumor progression and
that MNTX may target MOR [88]. Because morphine
reciprocally transactivates MOR and VEGF receptors,
MOR-knockout mice do not grow significant lung can-
cer tumors; MNTX treatment markedly decreases tumor
growth in experimental mouse models [89].

Morphine at clinical blood concentrations stimu-
lates proliferation and angiogenesis of microvascular
endothelial cells by activating MAPK/ERK phosphoryla-
tion using Gi/Go-coupled G protein receptors and NO.
Effects include apoptotic inhibition of apoptosis through
AKT activation and promotion of cell cycle progression
through increased cyclin D1 [76]. Morphine at clini-
cally useful doses promotes tumor neovascularization
and progression in a xenograft model of a human breast
tumor [76]. Similarly, clinical doses of morphine pro-
mote angiogenesis and tumor progression in ER-negative
breast cancer cells in vitro and in vivo [90]. Morphine is
also able to stimulate in vitro vascular endothelial cell
proliferation, which is mediated by the MAPK pathway
[91]. It is likely that MOR has an important role in angio-
genesis and oncogenic signaling.

Preoperative and postoperative morphine administra-
tion for analgesia decreases the tumor promotion surgical
effects in a rat model [92]. Preoperative and postopera-
tive morphine treatment in rats significantly reduces sur-
gery-induced corticosterone increases [93]. This finding
suggests that preoperative morphine may play a key role
in protecting against surgery-induced metastasis. Intra-
operative opioid use has been associated with increased
overall survival in patients with stage I but not stage II or
III NSCLC [94].

Fentanyl has demonstrated antitumor-like effects in
colorectal cancer cells in vitro. Its use is associated with
decreased cell clone formation, and inhibition of cell
migration and invasion through inhibition of negative
regulation of E26 transformation—specific sequence-1
on serine/threonine kinase protein kinase B-raf (BRAF)-
activated IncRNA [95]. Another study has shown that
fentanyl inhibits tumor growth and cell invasion in colo-
rectal cancer by downregulating miR-182 and MMP-9
expression using [-catenin [96]. A recent study showed
that sufentanil does not affect the apoptosis rate or cell
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cycle distribution of colon and pancreatic cancer cells at
clinical concentrations in vitro [97].

Although benefits of using RA to avoid opioids have
been suggested by clinical trials, it is unclear whether
benefits result from withholding opioids or adding RA.
Morphine administration may be beneficial for pain
control, but MOR is involved in tumor progression for
certain cancer cell types. Opioids may play a crucial
role in cancer metastasis and recurrence, but this effect
varies by cancer cell type [98]. Prostaglandin E,, a solu-
ble, tumor-derived angiogenic factor, is associated with
VEGEF-independent angiogenesis. PGE, production in
preclinical breast and colon cancer models is controlled
by COX-2 expression, and COX-2 inhibition enhances
VEGF blockade to inhibit angiogenesis, tumor growth,
and metastasis to increase overall survival [99]. Previous
case control studies show that selective COX-2 inhibitors
reduce breast and colorectal cancer risk [100, 101], with
the NSAID analgesic ketorolac being associated with a
five-fold reduction in cancer relapse in the first few years
after breast surgery [102]. Because transient and sys-
temic inflammation following surgery may be involved in
metastatic tumor seeding and angiogenesis, periopera-
tive antiinflammatory agents may be used to block those
effects.

Local anesthetics
Although local anesthetics suppress proliferation of
several cancer cell types, their mechanism is unknown.
Local anesthetics block voltage-gated sodium channels
(VGSC), which are transmembrane proteins composed
of one pore-forming a-unit and one or more auxiliary
[-units. Cancer cells express an array of ion channels that
their terminally differentiated counterparts do not [103].
VGSCs are highly expressed and active in breast, colon,
and lung cancers, and local anesthetics that cause chan-
nel blockade may inhibit tumor growth. In fact, lidocaine,
ropivacaine, and bupivacaine, which inhibit proliferation
and differentiation, are cytotoxic to mesenchymal stem
cells (MSCs) in vitro, and have key functions for tumor
growth and metastatic formation in cancer cells [104].
Locally administered lidocaine directly inhibits epi-
dermal growth factor receptor (EGFR), which is a poten-
tial target for anticancer drugs. Clinical concentrations
of lidocaine have been shown to inhibit serum-induced
and EGF-induced proliferation in human tongue cancer
cells in association with tyrosine kinase activity of EGFR
[105]. One study that assessed the direct effect of local
anesthetics showed that clinically useful concentrations
of lidocaine and bupivacaine induce apoptosis in breast
cancer cells in vitro and in vivo, suggesting a poten-
tial benefit of local anesthetics for breast cancer sur-
gery [106]. Lidocaine and tetracaine, which both inhibit
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kinesin motor proteins, reduce formation and function
of tubulin micro-tentacles; thus, these drugs may have a
novel ability to decrease metastatic spread in breast can-
cer cells [107]. Lidocaine use at clinical concentrations
results in DNA demethylation from ER-positive and ER-
negative breast cancer cells in vitro [108]. Although infil-
trative anesthetics have the same membrane-stabilizing
activity as lidocaine, they effectively inhibit the invasive
ability of human cancer cells at the 5 mM to 20 mM con-
centrations used in surgery [109]. Lidocaine additionally
blocks human cancer cell invasion through modulation
of intracellular Ca®>" concentrations and inhibition of
ectodomain shedding of heparin-binding epidermal
growth factor from cell surfaces [109]. Furthermore,
lidocaine, ropivacaine, and bupivacaine all reduce MSC
proliferation at 100 uM concentrations by causing cell
cycle delay or arrest at the G;,;-S phase; this feature is the
reason why local anesthetics are used perioperatively for
treatment of patients with cancer [96]. In contrast, ropiv-
acaine and bupivacaine do cause apoptosis and cell cycle
distribution at clinical concentrations for colon and pan-
creatic cancer cells in vitro; their only antitumor growth
activity occurs at high concentrations [97]. Based on
these findings, it is unlikely that the observed protective
effects of RA on CMI result from direct effects on can-
cer cells. The overall effect of anesthetic agents on tumor
development is summarized in Table 3.

Potential for cancer recurrence caused by surgery

and anesthetic-induced immunosuppression

In general, cancer is considered as a systemic disease with
circulating tumor cells and micro-metastases present at
initial diagnosis. Surgery and anesthetic-induced immu-
nosuppression activate HPA-axis and SNS responses,
which in turn increase neuroendocrine mediators. These
mediators promote metastasis to regional lymph nodes
and distant sites from residual or circulating tumor cells,
and stimulate growth of preexisting, dormant micro-
metastases through immunosuppression (Fig. 2). During
this process, cancer cells must escape immunoediting by
NK cells and CTLs to establish themselves at distant sites
and proceed to angiogenesis.

Tumor dormancy, often described as “cancer with-
out disease;” is the poorly understood phenomenon
by which quiescent cancer cells exist but do not pro-
duce clinical disease [110]. Distant recurrence appear-
ing months or years after surgical resection have been
described as dormant metastases, which are clinically
undetectable, pre-existing disease foci that then become
clinically detectable. Two potential explanations for
tumor dormancy are 1) lack of angiogenic activity; and
2) immunologic equilibrium between tumor and host
immunity, which prevents further tumor growth in the
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Fig. 2 Hypothesis to explain cancer metastasis and recurrence caused by surgery- and anesthetic-induced immunosuppression in the periopera-
tive period. Surgery, anesthesia, and analgesia stimulate the HPA-axis and SNS during the perioperative period. Activated neuroendocrine mediators
lead to increases in several immunosuppressive soluble factors that promote tumor progression and metastasis, resulting in increase of cancer
recurrence. Combined regional anesthesia with propofol decreases anesthesia-induced immunosuppression and avoids volatile anesthetics and

microenvironment. Because neuroendocrine mediators
regulate tumor progression biology and act as endog-
enous angiogenesis modulators of reactivation from dor-
mancy, HPA-axis and SNS neuroendocrine dynamics
may be responsible for loss of tumor dormancy [6]. Thus,
surgery-induced and anesthetic-induced immunosup-
pression may promote cancer recurrence through HPA-
axis and SNS activation during the perioperative period
in patients with cancer.

Conclusion

Currently available preclinical studies suggest that anes-
thetic-induced immunosuppression may promote cancer
recurrence in patients with certain types of cancer. Vola-
tile anesthetic agents and morphine or synthetic opioids
produce diverse effects on cancer cells that depend on
dose, duration, and timing of use. Nevertheless, locore-
gional anesthesia and propofol-based anesthesia seem
to reduce surgical stress, perioperative immunosuppres-
sion, and angiogenesis compared to general anesthesia
with volatile anesthetics and opioids. Although a causal
link between anesthetics, immune function, survival, and
residual disease remains to be elucidated, several ongoing
prospective RCTs should provide more definitive infor-
mation about the effects of anesthesia on cancer recur-
rence after surgery.
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