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Abstract: Inhaled anesthetics are widely used for induction and maintenance of anesthe-

sia during surgery, including isoflurane, sevoflurane, desflurane, haloflurane, nitrous oxide

(N2O), enflurane and xenon. Nowadays, it is controversial whether inhaled anesthetics

may influence the tumor progression, which urges us to describe the roles of different

inhaled anesthetics in human cancers. In the review, the relationships among the diverse

inhaled anesthetics and patient outcomes, immune response and cancer cell biology were

discussed. Moreover, the mechanisms of various inhaled anesthetics in the promotion or

inhibition of carcinogenesis were also reviewed. In summary, we concluded that several

inhaled anesthetics have different immune functions, clinical outcomes and cancer cell

biology, which could contribute to opening new avenues for selecting suitable inhaled

anesthetics in cancer surgery.
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Introduction
In the twenty-first century, cancer has been expected to rank as the second leading

cause of death in the United States,1 and is the most vital obstacle to extending life

expectancy in every country of the world.2 In the majority of solid cancers, surgery

resection under anesthesia remains the principal treatment strategy. However, it was

controversial whether general anesthetics, especially inhalational anesthetics, may

induce growth, migration and invasion of cancer cells. Although guidelines for

surgical procedures have been developed for different types of cancers, there is

currently no guidelines of anesthesia selection during surgery for cancer patients.3

Inhaled anesthetics, often widely used for induction and maintenance of

anesthesia during surgery, include isoflurane, sevoflurane, desflurane, haloflurane,

nitrous oxide (N2O), enflurane and xenon. Some studies showed that inhaled

anesthetics such as sevoflurane and isoflurane inhibit immune response and play

a pivotal role in the tumorigenesis, which may be unfavorable for cancer patient

outcomes.4 Nevertheless, some studies found that inhaled anesthetics did not affect

the survival of cancer patients.5,6 Hence, the key issue of whether inhaled anes-

thetics influence the cancer progression remains unclear. However, the impacts of

choosing different inhaled anesthetics on tumor immune response, cancer cell

biology, and the prognosis of cancer patients should be carefully considered.

Therefore, this review aims to explore the role of various types of inhaled

anesthetics in cancer development and immune response to guide us to select

inhaled anesthetics during cancer surgery.
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Sevoflurane and Cancer
The Effect of Sevoflurane on Clinical

Outcomes and Immune Function of

Cancer Patients
Sevoflurane is a widely used inhaled anesthetic to maintain

intraoperative anesthesia during cancer surgery.7 Numerous

retrospective analysis investigations have shown that cancer

patients anaesthetized with sevoflurane had worse clinical

outcomes than those received anesthesia with propofol in the

surgery for breast, colon, rectal and gastric cancers.8,9

Furthermore, compared with the propofol group, the sevoflur-

ane group displayed a higher rate of cancer recurrence

in breast cancer patients undergoing modified radical

mastectomy,10 and increased the risk of death in patients

with high-grade glioma undergoing tumor resection.11 But

recently, a randomized control trial involved in more than

2000 women who underwent breast cancer surgery demon-

strated that there was no significant difference in breast cancer

recurrence rate among women receiving general anesthesia

(sevoflurane and opioids) and regional anesthesia analgesia

(paravertebral block and propofol).12 Therefore, according to

published reports, compared with propofol, sevoflurane might

have no effect on the prognosis of breast cancer patients

during the surgery, but it could have an unfavorable effect

on the outcomes of patients with other cancers, which need

further investigation.

As for immune response, it has been observed that

inhaled anesthesia during surgery may induce immune

response. For example, the counts of CD3+ cells, CD4+

cells, natural killer (NK) cells, and the CD4+/CD8+ ratios

in the blood samples were significantly lower in the sevo-

flurane group than that of propofol group among the patients

undergoing laparoscopic radical hysterectomy for cervical

cancer.13 An in vitro study illustrated that sevoflurane

reduced NK cell-mediated cytotoxicity partly via inhibition

of adhesion molecule leukocyte function-associated antigen-

1 (LFA-1).14 Furthermore, compared with propofol anesthe-

sia with postoperative ketorolac analgesia group, sevoflurane

anesthesia with postoperative fentanyl analgesia group

exerted a more significantly unfavorable effect on the

immune function by deteriorating NK cell cytotoxicity in

patients undergoing breast cancer surgery, indicating that

avoiding the use of sevoflurane could reduce immune sup-

pression in surgery.15 One group used serum from patients

undergoing primary breast cancer surgery who received

sevoflurane anesthesia with opioid analgesia to be cocultured

with healthy human donor NK cells and found that it reduced

NK marker expression or secretion of cytokines such as NK

cell activating receptor CD16, interleukin-10 (IL-10) and IL-

1β.16 These studies suggest that sevoflurane could inhibit

immune response by regulating the expression of cytokines

and decreasing NK cell cytotoxicity.

The Biological Function of Sevoflurane in

Promoting Oncogenesis
Several studies have found that sevoflurane induced cell pro-

liferation in various cancers. Our previous study observed that

after exposure with sevoflurane, human cervical cancer cells

showed increased cell proliferation ability and decreased cell

apoptosis in comparison with the corresponding untreated

cancer cells.17 Consistently, an experimental study showed

that sevoflurane increased cell proliferation in both estrogen

receptor-positive (ER-positive) and ER-negative breast

cells.18 The treatment with serum from patients undergoing

sevoflurane anesthesia with opioid analgesia for breast carci-

noma surgery promoted the proliferation of breast cancer cells

in comparison with those patients receiving propofol/paraver-

tebral anesthesia group.19 Another study reported that post-

operative serum from breast cancer surgery patients given

sevoflurane anesthesia with opioid analgesia cocultured with

ER-negative breast cells reduced cancer cell apoptosis com-

pared with serum from patients given propofol-paravertebral

anesthesia.20 This phenomenon indicated that anaesthetics

might promote cancer progression by affecting the serum

environment and reducing cancer cells' apoptosis.20 In addi-

tion, it was uncovered that sevoflurane enhanced proliferation

of human hepatocellular carcinoma (HCC) cells under condi-

tions of high glucose and high insulin, implying that sevoflur-

ane promoted cell growth under a physiological condition that

mimicked diabetes during surgery.21 Mechanically, Shi et al22

revealed that sevoflurane induced the self-renewal and prolif-

eration of glioma stem cells in vitro through regulation of

hypoxia-inducible factor (HIF) pathway, suggesting that sevo-

flurane might enhance tumor growth by inducing proliferation

of cancer stem cells to impact the prognosis of cancer patients.

In neck squamous cell carcinoma cells, the expression of pro-

oncogenic protein markers such as HIF-2α and nuclear p-p38

was increased under exposure to sevoflurane in postanesthesia

compared with that in preanesthesia, indicating that sevoflur-

ane may play a pivotal role in unfavorable outcomes of cancer

treatment.23

It has been found that sevoflurane induced cell migration

and invasion ability via upregulating CD44 expression in

human glioblastoma cells compared with the corresponding
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untreated cells.24 Similarly, sevoflurane exerted a stimulative

effect on the migration of human cervical cancer cells in our

previous study.17 In addition, another study uncovered that

upregulated transforming growth factor-beta (TGF-β) and

osteopontin signaling pathways played pivotal roles in sevo-

flurane-mediated renal cell carcinoma (RCC) metastasis

potential.25 In an in vivo study, one group revealed that

sevoflurane increased tumor volume and invasion/migration

distance in nude mice compared with the group without

sevoflurane24 (Table 1, Figure 1).

The Biological Function of Sevoflurane in

Suppressing Oncogenesis
Contrary to the carcinogenic properties of sevoflurane, studies

have demonstrated that sevoflurane anesthesia induced p53-

dependent apoptosis in human colon cancer cell.26 In head and

neck squamous cell cancer (HNSCC), sevoflurane inhibited

cell proliferation and induced cell apoptosis via the down-

regulation of p-Akt and B-cell lymphoma-2 (Bcl-2) protein

expression, and upregulation of Fas/FasL signal pathway.27

Similarly, one group found that human lung adenocarcinoma

cells treatedwith sevoflurane had significant proliferation inhi-

bition and apoptosis induction, with the downregulation of the

expressions of X-linked inhibitor of apoptosis protein (XIAP)

and survivin protein, and upregulation of activated caspase-3

expression.28 In line with this, another group showed that

sevoflurane combined with cisplatin led to a greater extent

suppression of human lung adenocarcinoma cells' growth in

comparison with sevoflurane or cisplatin alone, which might

also be related to the downregulation of XIAP and survivin

protein.29 Notably, microRNA (miRNA)-203 was upregulated

by sevoflurane and mediated the function of sevoflurane in

Table 1 The Biological Function of Sevoflurane in Cancer

Anesthetics The Role of

Anesthetics in

Oncogenesis

Downstream Gene Regulated

by Anesthetics

Function References

Sevoflurane Promotes oncogenesis Induces HIF pathway Promote glioma stem cells proliferation [22]

Upregulates CD44 Promotes glioblastoma cell migration and invasion [24]

Upregulates TGF-β and

osteopontin

Induces RCC cells metastasis [25]

Suppresses oncogenesis Downregulates p-Akt and Bcl-2 Inhibits neck squamous cell cancer cell proliferation [27]

Upregulates Fas/FasL Induces HNSCC cells apoptosis [27]

Downregulates XIAP, survivin and

upregulates caspase-3

Inhibits proliferation and induce apoptosis [28]

Upregulates miRNA-203 Inhibits breast cancer cells proliferation [30]

Downregulates MMP-2, MMP-9,

fascin, and ezrin

Inhibits the invasion and migration of human lung cancer cells [31]

Downregulates MMP-2 Inhibits migration of glioma cells [32]

Downregulates HIF-1α Inhibits hypoxia-induced growth and metastasis of lung cancer cells [33]

Upregulates miR-637 and

downregulates Akt1

Suppresses glioma cells migration and invasion [35]

Upregulates miR-34a/ADAM10

axis

Suppresses the migration and invasion of colorectal cancer cells [36]

Inhibits ERK signaling pathway Suppresses colon cancer cells proliferation, invasion and epithelial-

mesenchymal transition, induces apoptosis and autophagy

[7]

Inhibits Ras and RhoA GTPase Suppresses cervical cancer cells migration [37]

Inactivates PI3K/AKT pathway Suppresses osteosarcoma cells metastasis [38]

Abbreviations: TGF-β, transforming growth factor-beta; RCC, renal cell carcinoma; p-Akt, phosphorylated AKT; Bcl-2, B-cell lymphoma-2; Fas, a cell surface receptor can

activate apoptosis by binding to its ligand; XIAP, X-linked inhibitor of apoptosis protein; ADAM10, a disintegrin and metalloprotease-10; ERK, extracellular signal-regulated

kinase; PI3K, phosphoinositide 3-kinase.
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proliferation inhibition of breast cancer cells, implying that

miR-203 could be a potential target for the treatment of breast

cancer patientswith sevoflurane.30A recent research noted that

the proliferation was inhibited but apoptosis and autophagy

were induced by the treatmentwith sevoflurane in colon cancer

cells via inhibition of the ERK signaling pathway in vivo and

in vitro.7 One study revealed that sevoflurane inhibited the

invasion and migration of human lung cancer cells by down-

regulating the expression of the matrix metalloproteinases-2

(MMP-2), MMP-9, fascin, and ezrin proteins.31 One study

demonstrated that sevoflurane combined with cisplatin

reduced the invasion inhibitory synergy that was associated

with the downregulation of MMP-2 and MMP-9 in lung

cancer.29 Additionally, another group elucidated that sevoflur-

ane played an inhibitory role on the migration and suppressed

MMP2 activity in glioma cells.32 Similarly, sevoflurane inhib-

ited hypoxia-induced growth and metastasis by suppressing

HIF-1α and its downstream gene expressions in lung cancer.33

Furthermore, sevoflurane was able to attenuate platelets-

induced invasion of lung cancer cells by downregulating plate-

lets' activity, which indicates that regulation of platelets' activ-

ity by sevoflurane could be an attractive novel approach tofight

against tumor cell metastasis during cancer surgery.34 It has

been shown that sevoflurane suppressed glioma cell migration

and invasion by upregulation of miR-637 expression and

thereby inhibited the activity of Akt1 in a dose-dependent

manner.35 A recent study also found that sevoflurane sup-

pressed the migration and invasion by activating miR-34a/a

disintegrin and metalloprotease-10 (ADAM10) axis in color-

ectal cancer cells.36 One group uncovered that sevoflurane

suppressed invasion and epithelial-mesenchymal transition

by inactivating the ERK signaling pathway in colon malignant

cancer cells.7 It has been found that sevoflurane obviously

reduced migration in cervical cancer by suppression of Ras

and RhoA GTPase activities.37 Consistently, it has been

revealed that sevoflurane played a key role in the inhibition

of cell metastasis on osteosarcoma cells via inactivating the

PI3K/AKT pathway.38 These adverse effects indicated that

sevoflurane has different cell biological effects on various

cancer types (Table 1, Figure 2).

Isoflurane and Cancer
The Impact of Isoflurane on Clinical

Outcomes and Immune Function of

Cancer Patients
Isoflurane is a volatile general anesthetic that can be used to

induce and maintain general anesthesia to eliminate beha-

vioral response in patients undergoing tumor resection.39

A survival investigation indicated that the use of isoflurane

or desflurane alone during glioblastoma surgery did not

affect overall survival (OS) or progression-free survival

(PFS) at 1 or 5 years.5 Postoperatively, the plasma levels of

IL-6 and IL-10 in 35 patients with colorectal cancer after

surgery treated with isoflurane were significantly higher than

baseline values before surgery.40 Contrary to the above phe-

nomena, at post-operatively, the percentage of CD4-positive

and CD28-positive T-helper cells, and the ratio of IL-4 in the

blood samples of 30 lung cancer patients treated with iso-

flurane did not change compared with before surgery.41

The Biological Function of Isoflurane in

Promoting Oncogenesis
Isoflurane enhanced the malignant activity of cancer cells such

as proliferation and chemo-resistance through upregulating the

expression of HIF-1α and its downstream genes in prostate

HIF pathway

Sevoflurane

CD44 TGF-β

osteopontin

oncogenesis

Figure 1 Sevoflurane exerts oncogenic effect by targeting multiple downstream

molecules in human cancer.
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Figure 2 Sevoflurane exerts tumor inhibitive effect by regulating several down-

stream molecules in human cancer.
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cancer.42 Notably, propofol attenuated cancer cell malignant

ability in part by suppression of isoflurane-triggered HIF-1α
activation.42 In glioblastoma cells, exposure to isoflurane pro-

moted cancer cell proliferation and inhibited apoptosis.43

Biologically, isoflurane led to triggering cell growth and

malignant potential by activating the HIF signaling pathway

in human renal cancer cells.44 Isoflurane increased the prolif-

eration of non-small cell lung cancer (NSCLC) cells by acti-

vating the Akt-mTOR signaling pathway. Consistently,

isoflurane exposure generated an inhibitory effect on apoptosis

via upregulating Caveolin-1 expression in human colon cancer

cell.45 In the mouse model experiment, it was found that under

exposure with isoflurane, melanoma grew faster in male mice

than those without treatment with isoflurane, but not in female

mice, indicating that the gender of species should be carefully

considered when isoflurane was studied for tumor growth.46

Under treatment with isoflurane, the migration ability of

ovarian cancer cells was obviously increased by promoting

expression of MMP-2 and MMP-9,47 and induction of

angiogenetic markers VEGF and angiopoietin-1 protein

expression to enhance angiogenesis, whereas these effects

were abolished by blocking the IGF-1R signaling.47

Moreover, isoflurane increased NSCLC cell migration and

invasion by activating the Akt-mTOR signaling pathway.48

In line with these, isoflurane enhanced cancer cell migration

through upregulating the expression of HIF-1α and its down-
stream genes in prostate cancer42 (Table 2, Figure 3).

The Biological Function of Isoflurane in

Suppressing Oncogenesis
Isoflurane inhibited cell proliferation and reduced cell viabi-

lity in HCC.39 Furthermore, migration and invasion abilities

of liver cancer cells were inhibited by isoflurane by attenuat-

ing nuclear factor-kappaB (NF-κB) activity.39 These results

uncovered that isoflurane plays an inhibitory role in liver

oncogenesis (Table 2, Figure 3). In summary, these phenom-

ena suggest that treatment with isoflurane might be

a promoting factor in the progression of most types of

cancers.

Desflurane and Cancer
The Impact of Desflurane on Immune

Function and Clinical Outcomes of

Cancer Patients
The anesthetic gas desflurane was first applied for clinical

practice in 1992. Due to its low solubility, desflurane can be

eliminated more quickly and consequently be awaken more

easily.49 For colon cancer surgery, patients treated with des-

flurane anesthesia were associated with a higher mortality

rate (43.5% versus 13.4%), a higher local recurrence (9.1%

Table 2 The Biological Function of Isoflurane in Cancer

Anesthetics The Role of

Anesthetics in

Oncogenesis

Downstream Gene

Regulated by Anesthetics

Function References

Isoflurane Promotes oncogenesis Upregulates HIF pathway Promotes prostate cancer and RCC cells

proliferation, migration and chemoresistance

[42,44]

Activates Akt-mTOR pathway Promotes NSCLC cells proliferation, migration

and invasion

[48]

Upregulates Caveolin-1 Induces colon cancer cell apoptosis [45]

Upregulates MMP-2 and MMP-9,

VEGF and angiopoietin-1

Promotes ovarian cancer cells migration and

angiogenesis

[47]

Suppress oncogenesis Downregulates NF-κB Inhibits liver cancer cells migration and invasion [39]

Abbreviations: HIF, hypoxia-inducible factor; RCC, renal cell carcinoma; Akt, protein kinase B; mTOR, mammalian target of rapamycin; NSCLC, non-small cell lung cancer;

MMP, matrix metalloproteinase; NF-κB, nuclear factor-kappaB.

HIF pathway

Isoflurane

Akt-mTOR MMP-2

oncogenesis

NF-κB

Caveolin-1 MMP-9

VEGF

angiopoietin-1

Figure 3 Isoflurane plays oncogenic or tumor inhibitive roles by modulating down-

stream molecules in human cancer.
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versus 5.8%), and increased postoperative metastasis rate

(43.5% versus 13.4%) than propofol anesthesia group

regardless of tumor node metastasis (TNM) stages during

the 10 years' follow-up.50 Similarly, a retrospective cohort

study uncovered that patients in desflurane anesthesia group

had a worse outcome, such as higher mortality rate (75.0%

versus 30.8%), distant metastasis (15.9% versus 5.5%) or

a higher local recurrence (70.1% versus 37.8%), compared

with propofol group in HCC patients who underwent hepa-

tectomy during 10 years' follow-up.51 In contrast, a clinical

research found that epithelial ovarian cancer patients at stage

III who were given desflurane were related to a less overall

rate of recurrence during primary cytoreductive surgery

compared with patients who were given sevoflurane.52 But

the Kaplan–Meier curves demonstrated that PFS and OS

rates at 1 and 5 years were similar for patients given des-

flurane in comparison with isoflurane during the glioblas-

toma surgery.5 When it comes to immune response,

desflurane exerted a favorable effect on immune response

in breast cancer patients because of preservation of IL-2/IL-

4 and CD4(+)/CD8(+) T cell ratio in the perioperative

period.53

The Biological Function of Desflurane in

Promoting Oncogenesis
An in vitro experiment noted that the expression of meta-

static-related genes such as VEGF-A, MMP-11, CXC che-

mokine receptor 2 (CXCR2) and TGF-β was increased

after human ovarian cancer cells were exposed to desflur-

ane at a concentration of 10.3% for 2h, which promoted

ovarian cancer cell migration54 (Table 3).

The Biological Function of Desflurane in

Suppressing Oncogenesis
One study found that volatile anesthetics desflurane atte-

nuated the migration and invasion ability of colorectal

cancer cells in vitro by downregulating the expression of

MMP-9.55 As for desflurane, it played a pivotal role in

leading to adverse outcomes in most patients undergoing

cancer surgery whereas further exploration of specific

biological mechanism is still to be required (Table 3).

Halothane and Cancer
It was revealed that the survival rates of patients treated

with halothane from the third year to the seventh year were

higher than patients who were anesthetized with ether in

breast cancer surgery.56 In lung cancer patients, for

five year follow-up, the results showed that the survival

rates of halothane-anesthetized patients had surpassed that

receiving treatment with ether group.57

In an in vitro experiment, a research team revealed that

the antitumor activity of IFN-γ was enhanced when

cotreated colon cancer cells with IFN-γ and halothane

compared with non-halothane treatment, suggesting that

halothane enhanced the antitumor activities of IFN-γ
against human colon cancer cell.58 Conversely, comparing

the two groups of treatments with or without halothane,

halothane reduced the adhesion effect of tumor cell and

promoted the metastasis of melanoma cell by downregula-

tion of intercellular adhesion molecule-1 expression.59

Other Inhaled Anesthetics and Cancer
N2O and Cancer

N2O inhibited leukemia cell growth and induced cell

apoptosis by attenuating the activity of vitamin B12 and

the production of methionine synthase.60 In line with that,

when ovarian cancer cells were exposed to N2O, it showed

a tendency toward a decreased cell growth but existed no

significant difference.61

Enflurane and Cancer

Comparison of the three different methods of anesthesia

with halothane group, enflurane and isoflurane anesthesia

group, local anesthesia and neuroleptanalgesia group, it

has been found that the types of anesthesia did not affect

Table 3 The Biological Function of Desflurane in Cancer

Anesthetics The Role of Anesthetics in

Oncogenesis

Downstream Gene Regulated

by Anesthetics

Function References

Desflurane Promotes oncogenesis Upregulates VEGF-A, MMP-11,

CXCR2 and TGF-β

Promotes ovarian cancer cell

migration

[54]

Suppresses oncogenesis Downregulates MMP-9 Inhibits colorectal cancer cells

migration and invasion

[55]

Abbreviations: VEGF-A, vascular endothelial growth factor-A; MMP, matrix metalloproteinase; CXCR2, CXC chemokine receptor 2; TGF-β, transforming growth factor-beta.
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the 5-years survival rates of localized cutaneous melanoma

patients for melanoma excision.6

Xenon and Cancer

Xenon inhibited the migration of both ER-positive and

ER-negative breast cancer cells and also reduced the

release of the angiogenesis cytokine regulated on activa-

tion, normal T-cell expressed, and secreted (RANTES).62

Hence, the impacts of these anesthetics on tumorigenesis

are limited and indefinite.

Conclusion
In conclusion, the effect of sevoflurane on the outcomes of

cancer patients needs further investigation. Remarkably,

sevoflurane inhibited immune response by regulating the

expression of cytokines and decreasing NK cell cytotoxicity.

However, studies also indicated that sevoflurane may have

diverse effects on cell biology for different tumor types. Due

to limited literature on the effects of isoflurane on immune

function and clinical outcomes during cancer surgery, the

role of isoflurane remains uncertain. Additionally, isoflurane

effectively affected several bioprocesses in the progression

of mostly cancer, such as cancer cell proliferation, metasta-

sis, chemo-resistance and angiogenesis. As for desflurane, it

played a pivotal role in adverse outcomes in most cancer

patients undergoing surgery, whereas further exploration of

the specific mechanisms is needed. Finally, for other inhaled

anesthetics mentioned in this review, such as halothane,

N2O, enflurane and xenon, their impacts on tumor develop-

ment and progression have been little studied. Hence, further

experimental researches and prospective clinical studies are

needed to provide more specific information in order to

determine the impact of anesthesia on postoperative cancer

outcomes and to offer guidance for the selection of anes-

thetics during cancer surgery.

Acknowledgments
This study was funded by a grant from the National

Research Foundation of Health and Family Planning

Commission – the Medical Science and Technology

Project of Zhejiang Province (WKJ-ZJ-1528).

Author Contributions
All authors contributed to the conceptualization of this

review, drafting and revising the article, gave final

approval of the version to be published, and agree to be

accountable for all aspects of the work.

Disclosure
The authors report no conflicts of interest in this work.

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer

J Clin. 2019;69(1):7–34. doi:10.3322/caac.v69.1
2. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A.

Global cancer statistics 2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J Clin. 2018;68(6):394–424. doi:10.3322/caac.v68.6

3. Kurosawa S. Anesthesia in patients with cancer disorders. Curr Opin
Anaesthesiol. 2012;25(3):376–384. doi:10.1097/ACO.0b013e328352b
4a8

4. Stollings LM, Jia LJ, Tang P, Dou H, Lu B, Xu Y. Immune modula-
tion by volatile anesthetics. Anesthesiology. 2016;125(2):399–411.
doi:10.1097/ALN.0000000000001195

5. Cata JP, Hagan KB, Bhavsar SD, et al. The use of isoflurane and des-
flurane as inhalational agents for glioblastoma surgery. A survival
analysis. J Clin Neurosci. 2017;35:82–87. doi:10.1016/j.jocn.2016.10.006

6. Melchi CF, Mele A, Baliva G, et al. Prognostic value of anesthesia
type for patients treated for cutaneous melanoma. Dermatol Surg.
1995;21(9):786–788. doi:10.1111/j.1524-4725.1995.tb00297.x

7. Yang X, Zheng YT, Rong W. Sevoflurane induces apoptosis and
inhibits the growth and motility of colon cancer in vitro and in vivo
via inactivating Ras/Raf/MEK/ERK signaling. Life Sci.
2019;239:116916. doi:10.1016/j.lfs.2019.116916

8. Enlund M, Berglund A, Andreasson K, Cicek C, Enlund A,
Bergkvist L. The choice of anaesthetic–sevoflurane or propofol–and
outcome from cancer surgery: a retrospective analysis. Ups J Med
Sci. 2014;119(3):251–261. doi:10.3109/03009734.2014.922649

9. Zheng X, Wang Y, Dong L, et al. Effects of propofol-based total
intravenous anesthesia on gastric cancer: a retrospective study. Onco
Targets Ther. 2018;11:1141–1148. doi:10.2147/OTT

10. Lee JH, Kang SH, Kim Y, Kim HA, Kim BS. Effects of
propofol-based total intravenous anesthesia on recurrence and overall
survival in patients after modified radical mastectomy: a retrospective
study. Korean J Anesthesiol. 2016;69(2):126–132. doi:10.4097/
kjae.2016.69.2.126

11. Dong J, Zeng M, Ji N. et al. Impact of anesthesia on long-term
outcomes in patients with supratentorial high-grade glioma under-
going tumor resection: a retrospective cohort study. J Neurosurg
Anesthesiol;2019. 1. doi:10.1097/ANA.0000000000000588

12. Sessler DI, Pei L, Huang Y, et al. Recurrence of breast cancer after
regional or general anaesthesia: a randomised controlled trial. Lancet.
2019;394(10211):1807–1815. doi:10.1016/S0140-6736(19)32313-X

13. Liu S, Gu X, Zhu L, et al. Effects of propofol and sevoflurane on
perioperative immune response in patients undergoing laparoscopic
radical hysterectomy for cervical cancer. Medicine (Baltimore).
2016;95(49):e5479. doi:10.1097/MD.0000000000005479

14. Tazawa K, Koutsogiannaki S, Chamberlain M, Yuki K. The effect of
different anesthetics on tumor cytotoxicity by natural killer cells.
Toxicol Lett. 2017;266:23–31. doi:10.1016/j.toxlet.2016.12.007

15. Cho JS, Lee MH, Kim SI, et al. The effects of perioperative anesthe-
sia and analgesia on immune function in patients undergoing breast
cancer resection: a prospective randomized study. Int J Med Sci.
2017;14(10):970–976. doi:10.7150/ijms.20064

16. Buckley A, McQuaid S, Johnson P, Buggy DJ. Effect of anaesthetic
technique on the natural killer cell anti-tumour activity of serum from
women undergoing breast cancer surgery: a pilot study. Br J Anaesth.
2014;113(Suppl 1):i56–i62. doi:10.1093/bja/aeu200

17. Xue F, Xu Y, Song Y, Zhang W, Li R, Zhu X. The effects of
sevoflurane on the progression and cisplatinum sensitivity of cervical
cancer cells. Drug Des Devel Ther. 2019;13:3919–3928. doi:10.2147/
DDDT.S219788

Dovepress Xu et al

Cancer Management and Research 2020:12 submit your manuscript | www.dovepress.com

DovePress
1607

https://doi.org/10.3322/caac.v69.1
https://doi.org/10.3322/caac.v68.6
https://doi.org/10.1097/ACO.0b013e328352b4a8
https://doi.org/10.1097/ACO.0b013e328352b4a8
https://doi.org/10.1097/ALN.0000000000001195
https://doi.org/10.1016/j.jocn.2016.10.006
https://doi.org/10.1111/j.1524-4725.1995.tb00297.x
https://doi.org/10.1016/j.lfs.2019.116916
https://doi.org/10.3109/03009734.2014.922649
https://doi.org/10.2147/OTT
https://doi.org/10.4097/kjae.2016.69.2.126
https://doi.org/10.4097/kjae.2016.69.2.126
https://doi.org/10.1097/ANA.0000000000000588
https://doi.org/10.1016/S0140-6736(19)32313-X
https://doi.org/10.1097/MD.0000000000005479
https://doi.org/10.1016/j.toxlet.2016.12.007
https://doi.org/10.7150/ijms.20064
https://doi.org/10.1093/bja/aeu200
https://doi.org/10.2147/DDDT.S219788
https://doi.org/10.2147/DDDT.S219788
http://www.dovepress.com
http://www.dovepress.com


18. Ecimovic P, McHugh B, Murray D, Doran P, Buggy DJ. Effects of
sevoflurane on breast cancer cell function in vitro. Anticancer Res.
2013;33(10):4255–4260.

19. Deegan CA, Murray D, Doran P, Ecimovic P, Moriarty DC,
Buggy DJ. Effect of anaesthetic technique on oestrogen
receptor-negative breast cancer cell function in vitro. Br J Anaesth.
2009;103(5):685–690. doi:10.1093/bja/aep261

20. Jaura AI, Flood G, Gallagher HC, Buggy DJ. Differential effects of
serum from patients administered distinct anaesthetic techniques on
apoptosis in breast cancer cells in vitro: a pilot study. Br J Anaesth.
2014;113(Suppl 1):i63–i67. doi:10.1093/bja/aet581

21. Nishiwada T, Kawaraguchi Y, Uemura K, Sugimoto H,
Kawaguchi M. Effect of sevoflurane on human hepatocellular carci-
noma HepG2 cells under conditions of high glucose and insulin.
J Anesth. 2015;29(5):805–808. doi:10.1007/s00540-015-2025-9

22. Shi QY, Zhang SJ, Liu L, et al. Sevoflurane promotes the expansion
of glioma stem cells through activation of hypoxia-inducible factors
in vitro. Br J Anaesth. 2015;114(5):825–830. doi:10.1093/bja/aeu402

23. Ferrell JK, Cattano D, Brown RE, Patel CB, Karni RJ. The effects of
anesthesia on the morphoproteomic expression of head and neck
squamous cell carcinoma: a pilot study. Transl Res. 2015;166
(6):674–682. doi:10.1016/j.trsl.2015.09.001

24. Lai RC, Shan WR, Zhou D, et al. Sevoflurane promotes migration,
invasion, and colony-forming ability of human glioblastoma cells
possibly via increasing the expression of cell surface protein 44.
Acta Pharmacol Sin. 2019;40:1424–1435. doi:10.1038/s41401-019-
0221-0

25. Ciechanowicz S, Zhao H, Chen Q, et al. Differential effects of
sevoflurane on the metastatic potential and chemosensitivity of
non-small-cell lung adenocarcinoma and renal cell carcinoma in
vitro. Br J Anaesth. 2018;120(2):368–375. doi:10.1016/j.bja.2017.
11.066

26. Kvolik S, Dobrosevic B, Marczi S, Prlic L, Glavas-Obrovac L.
Different apoptosis ratios and gene expressions in two human cell
lines after sevoflurane anaesthesia. Acta Anaesthesiol Scand. 2009;53
(9):1192–1199. doi:10.1111/aas.2009.53.issue-9

27. Yang Y, Hu R, Yan J, et al. Sevoflurane inhibits the malignant
potential of head and neck squamous cell carcinoma via activating
the hypoxia-inducible factor-1alpha signaling pathway in vitro.
Int J Mol Med. 2018;41(2):995–1002. doi:10.3892/ijmm.2017.3306

28. Liang H, Gu MN, Yang CX, Wang HB, Wen XJ, Zhou QL.
Sevoflurane inhibits proliferation, induces apoptosis, and blocks cell
cycle progression of lung carcinoma cells. Asian Pac J Cancer Prev.
2011;12(12):3415–3420.

29. Liang H, Wang HB, Liu HZ, Wen XJ, Zhou QL, Yang CX. The
effects of combined treatment with sevoflurane and cisplatin on
growth and invasion of human adenocarcinoma cell line A549.
Biomed Pharmacother. 2013;67(6):503–509. doi:10.1016/j.
biopha.2013.03.005

30. Liu J, Yang L, Guo X, et al. Sevoflurane suppresses proliferation by
upregulating microRNA-203 in breast cancer cells. Mol Med Rep.
2018;18(1):455–460. doi:10.3892/mmr.2018.8949

31. Liang H, Gu M, Yang C, Wang H, Wen X, Zhou Q. Sevoflurane
inhibits invasion and migration of lung cancer cells by inactivating
the p38 MAPK signaling pathway. J Anesth. 2012;26(3):381–392.
doi:10.1007/s00540-011-1317-y

32. Hurmath FK, Mittal M, Ramaswamy P, Umamaheswara Rao GS,
Dalavaikodihalli Nanjaiah N. Sevoflurane and thiopental precondi-
tioning attenuates the migration and activity of MMP-2 in U87MG
glioma cells. Neurochem Int. 2016;94:32–38. doi:10.1016/j.
neuint.2016.02.003

33. Liang H, Yang CX, Zhang B, et al. Sevoflurane suppresses
hypoxia-induced growth and metastasis of lung cancer cells via
inhibiting hypoxia-inducible factor-1alpha. J Anesth. 2015;29
(6):821–830. doi:10.1007/s00540-015-2035-7

34. Liang H, Yang CX, Zhang B, Zhao ZL, Zhong JY, Wen XJ.
Sevoflurane attenuates platelets activation of patients undergoing
lung cancer surgery and suppresses platelets-induced invasion of
lung cancer cells. J Clin Anesth. 2016;35:304–312. doi:10.1016/j.
jclinane.2016.08.008

35. Yi W, Li D, Guo Y, Zhang Y, Huang B, Li X. Sevoflurane inhibits the
migration and invasion of glioma cells by upregulating
microRNA-637. Int J Mol Med. 2016;38(6):1857–1863.
doi:10.3892/ijmm.2016.2797

36. Sun SQ, Ren LJ, Liu J, Wang P, Shan SM. Sevoflurane inhibits
migration and invasion of colorectal cancer cells by regulating
microRNA-34a/ADAM10 axis. Neoplasma. 2019;66(6):887–895.

37. Ding J, Zhang L, Zeng S, Feng T. Clinically relevant concentration of
sevoflurane suppresses cervical cancer growth and migration through
targeting multiple oncogenic pathways. Biochem Biophys Res
Commun. 2019;514(4):1179–1184. doi:10.1016/j.bbrc.2019.05.082

38. Gao K, Su Z, Liu H, Liu Y. Anti-proliferation and anti-metastatic
effects of sevoflurane on human osteosarcoma U2OS and Saos-2
cells. Exp Mol Pathol. 2019;108:121–130. doi:10.1016/j.
yexmp.2019.04.005

39. Hu J, Hu J, Jiao H, Li Q. Anesthetic effects of isoflurane and the
molecular mechanism underlying isoflurane-inhibited aggressiveness
of hepatic carcinoma. Mol Med Rep. 2018;18(1):184–192.
doi:10.3892/mmr.2018.8945

40. Margarit SC, Vasian HN, Balla E, Vesa S, Ionescu DC. The influence
of total intravenous anaesthesia and isoflurane anaesthesia on plasma
interleukin-6 and interleukin-10 concentrations after colorectal sur-
gery for cancer: a randomised controlled trial. Eur J Anaesthesiol.
2014;31(12):678–684. doi:10.1097/EJA.0000000000000057

41. Ren XF, Li WZ, Meng FY, Lin CF. Differential effects of propofol
and isoflurane on the activation of T-helper cells in lung cancer
patients. Anaesthesia. 2010;65(5):478–482. doi:10.1111/j.1365-2044.
2010.06304.x

42. Huang H, Benzonana LL, Zhao H, et al. Prostate cancer cell malig-
nancy via modulation of HIF-1alpha pathway with isoflurane and
propofol alone and in combination. Br J Cancer. 2014;111
(7):1338–1349. doi:10.1038/bjc.2014.426

43. Zhu M, Li M, Zhou Y, et al. Isoflurane enhances the malignant
potential of glioblastoma stem cells by promoting their viability,
mobility in vitro and migratory capacity in vivo. Br J Anaesth.
2016;116(6):870–877. doi:10.1093/bja/aew124

44. Benzonana LL, Perry NJ, Watts HR, et al. Isoflurane, a commonly
used volatile anesthetic, enhances renal cancer growth and malignant
potential via the hypoxia-inducible factor cellular signaling pathway
in vitro. Anesthesiology. 2013;119(3):593–605. doi:10.1097/
ALN.0b013e31829e47fd

45. Kawaraguchi Y, Horikawa YT, Murphy AN, et al. Volatile anesthetics
protect cancer cells against tumor necrosis factor-related
apoptosis-inducing ligand-induced apoptosis via caveolins.
Anesthesiology. 2011;115(3):499–508. doi:10.1097/ALN.0b013e
3182276d42

46. Meier A, Gross ETE, Schilling JM, et al. Isoflurane impacts murine
melanoma growth in a sex-specific, immune-dependent manner:
a brief report. Anesth Analg. 2018;126(6):1910–1913. doi:10.1213/
ANE.0000000000002902

47. Luo X, Zhao H, Hennah L, et al. Impact of isoflurane on malignant
capability of ovarian cancer in vitro. Br J Anaesth. 2015;114
(5):831–839. doi:10.1093/bja/aeu408

48. Zhang W, Shao X. Isoflurane promotes non-small cell lung cancer
malignancy by activating the akt-mammalian target of rapamycin
(mTOR) signaling pathway. Med Sci Monit. 2016;22:4644–4650.
doi:10.12659/MSM.898434

49. Eger EI 2nd. Characteristics of anesthetic agents used for induction
and maintenance of general anesthesia. Am J Health Syst Pharm.
2004;61(Suppl 4):S3–S10. doi:10.1093/ajhp/61.suppl_4.S3

Xu et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Cancer Management and Research 2020:121608

https://doi.org/10.1093/bja/aep261
https://doi.org/10.1093/bja/aet581
https://doi.org/10.1007/s00540-015-2025-9
https://doi.org/10.1093/bja/aeu402
https://doi.org/10.1016/j.trsl.2015.09.001
https://doi.org/10.1038/s41401-019-0221-0
https://doi.org/10.1038/s41401-019-0221-0
https://doi.org/10.1016/j.bja.2017.11.066
https://doi.org/10.1016/j.bja.2017.11.066
https://doi.org/10.1111/aas.2009.53.issue-9
https://doi.org/10.3892/ijmm.2017.3306
https://doi.org/10.1016/j.biopha.2013.03.005
https://doi.org/10.1016/j.biopha.2013.03.005
https://doi.org/10.3892/mmr.2018.8949
https://doi.org/10.1007/s00540-011-1317-y
https://doi.org/10.1016/j.neuint.2016.02.003
https://doi.org/10.1016/j.neuint.2016.02.003
https://doi.org/10.1007/s00540-015-2035-7
https://doi.org/10.1016/j.jclinane.2016.08.008
https://doi.org/10.1016/j.jclinane.2016.08.008
https://doi.org/10.3892/ijmm.2016.2797
https://doi.org/10.1016/j.bbrc.2019.05.082
https://doi.org/10.1016/j.yexmp.2019.04.005
https://doi.org/10.1016/j.yexmp.2019.04.005
https://doi.org/10.3892/mmr.2018.8945
https://doi.org/10.1097/EJA.0000000000000057
https://doi.org/10.1111/j.1365-2044.2010.06304.x
https://doi.org/10.1111/j.1365-2044.2010.06304.x
https://doi.org/10.1038/bjc.2014.426
https://doi.org/10.1093/bja/aew124
https://doi.org/10.1097/ALN.0b013e31829e47fd
https://doi.org/10.1097/ALN.0b013e31829e47fd
https://doi.org/10.1097/ALN.0b013e3182276d42
https://doi.org/10.1097/ALN.0b013e3182276d42
https://doi.org/10.1213/ANE.0000000000002902
https://doi.org/10.1213/ANE.0000000000002902
https://doi.org/10.1093/bja/aeu408
https://doi.org/10.12659/MSM.898434
https://doi.org/10.1093/ajhp/61.suppl_4.S3
http://www.dovepress.com
http://www.dovepress.com


50. Wu ZF, Lee MS, Wong CS, et al. Propofol-based total intravenous
anesthesia is associated with better survival than desflurane anesthe-
sia in colon cancer surgery. Anesthesiology. 2018;129(5):932–941.
doi:10.1097/ALN.0000000000002357

51. Lai HC, Lee MS, Lin C, et al. Propofol-based total intravenous
anaesthesia is associated with better survival than desflurane anaes-
thesia in hepatectomy for hepatocellular carcinoma: a retrospective
cohort study. Br J Anaesth. 2019;123(2):151–160. doi:10.1016/j.
bja.2019.04.057

52. Elias KM, Kang S, Liu X, Horowitz NS, Berkowitz RS, Frendl G.
Anesthetic selection and disease-free survival following optimal pri-
mary cytoreductive surgery for stage III epithelial ovarian cancer.
Ann Surg Oncol. 2015;22(4):1341–1348. doi:10.1245/s10434-014-
4112-9

53. Woo JH, Baik HJ, Kim CH, et al. Effect of propofol and desflurane
on immune cell populations in breast cancer patients: a randomized
trial. J Korean Med Sci. 2015;30(10):1503–1508. doi:10.3346/
jkms.2015.30.10.1503

54. Iwasaki M, Zhao H, Jaffer T, et al. Volatile anaesthetics enhance the
metastasis related cellular signalling including CXCR2 of ovarian
cancer cells. Oncotarget. 2016;7(18):26042–26056. doi:10.18632/
oncotarget.v7i18

55. Muller-Edenborn B, Roth-Z’graggen B, Bartnicka K, et al. Volatile
anesthetics reduce invasion of colorectal cancer cells through
down-regulation of matrix metalloproteinase-9. Anesthesiology.
2012;117(2):293–301. doi:10.1097/ALN.0b013e3182605df1

56. Alsabti E. Survival rates of breast carcinoma patients after surgery
and anaesthetic. J Surg Oncol. 1979;11(3):261–267. doi:10.1002/
(ISSN)1096-9098

57. Wagner RI, Frid IA, Evtukhin AI, Barchuk AS, Shulga NI. On the
end results of surgical treatment of lung cancer patients depending on
the type of anesthetic agent. J Surg Oncol. 1981;18(1):39–46.
doi:10.1002/(ISSN)1096-9098

58. Rudnick S, Stevenson GW, Hall SC, Espinoza-Delgado I,
Stevenson HC, Longo DL. Halothane potentiates the antitumor activ-
ity of gamma-interferon and mimics calmodulin-blocking agents.
Anesthesiology. 1991;74(1):115–119. doi:10.1097/00000542-
199101000-00019

59. Azuma K, Mike N, Fujiwara Y, Shimada Y, Watanabe T. Effect of
halothane on intercellular adhesion molecule-1 (ICAM-1) in mela-
noma cells. J Anesth. 1993;7(4):442–446. doi:10.1007/s005403
0070442

60. Walker PR, Smith B, Carson C, et al. Induction of apoptosis in
neoplastic cells by depletion of vitamin B12. Cell Death Differ.
1997;4(3):233–241. doi:10.1038/sj.cdd.4400225

61. Smidt VJ, Singh DM, Hurteau JA, Hurd WW. Effect of carbon
dioxide on human ovarian carcinoma cell growth. Am J Obstet
Gynecol. 2001;185(6):1314–1317. doi:10.1067/mob.2001.119079

62. Ash SA, Valchev GI, Looney M, et al. Xenon decreases cell migra-
tion and secretion of a pro-angiogenesis factor in breast adenocarci-
noma cells: comparison with sevoflurane. Br J Anaesth. 2014;113
(Suppl 1):i14–21. doi:10.1093/bja/aeu191

Cancer Management and Research Dovepress
Publish your work in this journal
Cancer Management and Research is an international, peer-reviewed
open access journal focusing on cancer research and the optimal use of
preventative and integrated treatment interventions to achieve improved
outcomes, enhanced survival and quality of life for the cancer patient.

The manuscript management system is completely online and includes
a very quick and fair peer-review system, which is all easy to use.
Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/cancer-management-and-research-journal

Dovepress Xu et al

Cancer Management and Research 2020:12 submit your manuscript | www.dovepress.com

DovePress
1609

https://doi.org/10.1097/ALN.0000000000002357
https://doi.org/10.1016/j.bja.2019.04.057
https://doi.org/10.1016/j.bja.2019.04.057
https://doi.org/10.1245/s10434-014-4112-9
https://doi.org/10.1245/s10434-014-4112-9
https://doi.org/10.3346/jkms.2015.30.10.1503
https://doi.org/10.3346/jkms.2015.30.10.1503
https://doi.org/10.18632/oncotarget.v7i18
https://doi.org/10.18632/oncotarget.v7i18
https://doi.org/10.1097/ALN.0b013e3182605df1
https://doi.org/10.1002/(ISSN)1096-9098
https://doi.org/10.1002/(ISSN)1096-9098
https://doi.org/10.1002/(ISSN)1096-9098
https://doi.org/10.1097/00000542-199101000-00019
https://doi.org/10.1097/00000542-199101000-00019
https://doi.org/10.1007/s0054030070442
https://doi.org/10.1007/s0054030070442
https://doi.org/10.1038/sj.cdd.4400225
https://doi.org/10.1067/mob.2001.119079
https://doi.org/10.1093/bja/aeu191
http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

