cancers

Systematic Review

The Potential Effect of General Anesthetics in Cancer Surgery:
Meta-Analysis of Postoperative Metastasis and
Inflammatory Cytokines

Ru Li, Mousumi Beto Mukherjee, Zhaosheng Jin, Hengrui Liu t©, Kevin Lin, Qiuyue Liu ¥, James P. Dilger

and Jun Lin *

check for
updates

Citation: Li, R.; Mukherjee, M.B.; Jin,
Z.;Liu, H,; Lin, K,; Liu, Q.; Dilger, ].P;
Lin, J. The Potential Effect of General
Anesthetics in Cancer Surgery:
Meta-Analysis of Postoperative
Metastasis and Inflammatory
Cytokines. Cancers 2023, 15, 2759.
https://doi.org/10.3390/
cancers15102759

Academic Editor: Andrea Messori

Received: 18 March 2023
Revised: 1 May 2023
Accepted: 9 May 2023
Published: 15 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Anesthesiology, Stony Brook University Renaissance School of Medicine,

Stony Brook, NY 11794-8480, USA

* Correspondence: jun.lin@stonybrookmedicine.edu; Tel.:+1-631-444-2975

t Current address: Department of Biochemistry, University of Cambridge, Cambridge CB2 1TN, UK.

1 Current address: Department of Intensive Care Unite, Capital Medical University, Beijing 101149, China.

Simple Summary: This meta-analysis examined the effect of general anesthetics on metastasis and
recurrence after cancer surgery from clinical and pre-clinical studies. It showed that propofol-based
total intravenous anesthesia is associated with lower risk of metastasis/recurrence and lower IL-6
level than inhalational anesthesia. Pre-clinical studies confirmed clinical observation and explored
potential mechanisms.

Abstract: Metastasis or recurrence following curative surgery is the main indicator of tumor progress
and is the main cause of patient death. For more than three decades, the potential for general
anesthesia to affect cancer outcomes has been a subject of concern with considerable research in-
terest. Here, we conducted this systematic review and meta-analysis to summarize the effect of
inhalational anesthesia (IHNA) vs. propofol-based total intravenous anesthesia (TTVA) on metasta-
sis and recurrence after cancer surgery from clinical and pre-clinical studies. The relative risk for
metastasis/recurrence in TIVA is 0.61 (95% confidence interval (95% CI) 0.46 to 0.82, p = 0.0009) com-
pared to IHNA. Inflammatory cytokines have been implicated in cancer metastasis following cancer
surgery, thus we analyzed inflammatory cytokines levels after surgery under IHNA or TIVA. Based
on pooled analysis, a lower IL-6 level was noticed in TIVA in comparison to IHNA (standardized
mean difference (SMD) = 0.77, 95% CI = 0.097 to 1.4, I> = 92%, p = 0.02) but not TNF-« or IL-10.
Preclinical animal model studies show that inhalational anesthetics increase the risk of breast cancer
metastasis compared to propofol. In conclusion, the current evidence suggests intravenous anesthetic
propofol is associated with less metastasis/recurrence and lower postoperative IL-6 level over inhaled
anesthetics in the oncological surgery. We urge more well-designed clinical and preclinical studies in
this field.

Keywords: sevoflurane; isoflurane; desflurane; inhalational anesthesia; propofol; total intravenous
anesthesia; cancer surgery; metastasis; recurrence; IL-6; TNF-o; IL-10

1. Introduction

Surgery is one of the first-line treatments for millions of patients with solid tumors
each year. However, metastatic recurrence in vital organs remains as a main cause of death.
Significant advances have been achieved in surgical techniques such as minimally invasive
and robotic-assisted approaches to reduce surgical trauma. Recognition of the modifiable
factors during the critical perioperative period is essential to reduce lethality of recurrent
or metastatic diseases. It has been shown that surgery and the accompanying anesthesia
induce profound inflammatory, immunological, and metabolic stress on cancer patients
that may accelerate local tumor recurrence and distant metastasis [1]. Thus, the choice of
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better general anesthetics may prove to be an effective approach to improve the long-term
outcome of cancer patients and is increasingly seen as a research priority.

In current practice, general anesthesia is usually induced with an intravenous anes-
thetic, mostly propofol. General anesthesia is maintained with either continuous infusion of
propofol (total intravenous anesthesia, TIVA) or an inhaled anesthetic such as sevoflurane,
isoflurane, or desflurane (inhalational anesthesia, IHNA). The choice of general anesthetics
is usually the decision of the anesthesiologist based on the co-morbidity and condition
of the patient and the preference of the anesthesiologist. General anesthetics have been
shown to have significant effects on the biology of cancer cells, and their role in clinical
outcomes has been a concern for several decades, underpinning the emerging field of
onco-anesthesia [2-5]. For example, sevoflurane has been shown to increase cancer cell
resistance to chemotherapeutic agents and increase cell migration and viability of renal
carcinoma cells but reduce viability of non-small cell lung carcinoma cells. Propofol has
been shown to decrease cell proliferation and migration in various cancer cells including
pancreatic cancer, ovarian cancer, hepatocellular carcinoma, lung adenocarcinoma, and
breast cancer. Numerous, mainly retrospective, trials have been conducted over the years
to analyze the effect of general anesthetics on the long-term survival of cancer patients,
and several meta-analyses have been published. Recurrence or metastasis is an objective
indicator of disease progress. Metastasis to the distant organs is the main cause of patient
death and often an endpoint in animal studies. In our previous meta-analysis, we found
that TIVA is associated with longer overall survival (OS) and recurrence-free survival than
IHNA [6]. To dig deeper into the data, we conducted a systematic review and meta-analysis
to investigate the effect of commonly used general anesthetics on cancer metastasis. In
addition, general anesthetics have been shown to alter inflammatory cytokines secretion in
breast cancer, which contributes to post-surgery inflammatory responses [7]. The change in
postoperative cytokine profiles may also increase the risk of infectious complications and
affect lung cancer metastasis after surgery [8]. Therefore, the second objective of this paper
is to perform the meta-analysis of the effect of general anesthetics on cytokine production
after cancer surgery. To identify plausible mechanisms that underlie the impact of general
anesthetics on cancer metastasis, researchers are looking concurrently to pre-clinical animal
studies for answers. These studies may identify potential targets for clinical intervention.
Thus, the third objective of this paper is to perform an overview of animal studies. Our
goal is to summarize all the available information about the ability of general anesthetics to
affect metastasis.

2. Materials and Methods
2.1. Search Strategy

This study conformed to the Preferred Reporting Items for Systematic reviews and Meta-
Analysis (PRISMA) statement [9] and was registered on PROSPERO (CRD42023410052). For
the analysis of cancer metastasis, as shown in Table 1, we used search terms “TIVA’, ‘total
intravenous anesthesia’, ‘propofol’, ‘inhaled anesthesia’, ‘volatile anesthesia’, ‘cancer’, ‘tu-
mor’, ‘malignancy’, ‘neoplasm’, ‘recurrence’, ‘metastasis’, and their Boolean combinations.
For the analysis of postoperative inflammation, we used search terms ‘“TIVA/, “total intra-
venous anesthesia’, ‘propofol’, ‘inhaled anesthesia’, ‘volatile anesthesia’, ‘cancer’, ‘tumor’,

‘malignancy’, ‘neoplasm’, ‘cytokine’, ‘interleukin’, and their Boolean combinations. All the

searches were conducted in PubMed, Central, EMBASE, CINAHL, Web of Science citation
index, US clinical trials register, Google Scholar, UK clinical trials register, Australia, and
New Zealand clinical trials register. We did not restrict any language at the time of search.
All literature searches were conducted by two authors independently, and discrepancies
were discussed afterwards.
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Table 1. Meta-analysis search strategy and term.

Outcome Anesthesia Term Cancer Term

TIVA /total intravenous
Metastasis/recurrence anesthesia/propofol/inhaled Cancer/malignancy/tumor/neoplasm
anesthesia/volatile anesthesia

TIVA /total intravenous
Cytokine/interleukin anesthesia/propofol /inhaled Cancer/malignancy/tumor/neoplasm
anesthesia/volatile anesthesia

2.2. Study Eligibility Criteria
For cancer outcome analysis:

1.  All randomized-controlled trials (RCT) and observational longitudinal studies (prospec-
tive and retrospective) comparing metastasis and recurrence after surgery with IHNA
or TIVA were included.

2. Studies reporting metastasis incidence, recurrence incidence, or recurrence rate were
included.

For cytokine analysis:

1.  All randomized control trials in adult patients undergoing surgery under general
anesthesia of IHNA or TIVA.

2. Studies reporting at least one of the cytokines, IL-6, IL-10, or TNF-«.

3. Studies including comparisons expressed as mean =+ standard deviation or compari-
son values represented as median.

Exclusion criteria were studies that did not include data in a suitable format, studies
with children under 18, and ongoing clinical trials.

2.3. Data Extraction

Data extraction was conducted based on standardized proforma and double-checked
by a second author (RL, MBM, and ZJ). Extracted data included bibliographical information
(author and year), study design (prospective or retrospective study, number of patients
in the IHNA and TIVA cohort, cancer type), and the outcomes (metastasis or recurrence,
inflammatory cytokines).

We employed the Quality of Prognostic Studies (QUIPs) tool to evaluate the quality
of the included studies. The QUIPs tool is a 6-item questionnaire designed for assessing
both prospective and retrospective studies. Each item as a risk category can be determined
to be low, medium, or high risk [10]. All assessments were performed by two authors
independently at the same time, and any disagreement was discussed with and resolved
by a third author (JL).

For those studies, when results were displayed only as graphical form, data were
extracted using WebPlot Digitizer [11]. For the studies where the plasma cytokine values
were expressed as ‘medium’ and no standard deviation values were reported, the mean £
standard deviation values were obtained using ‘Deep Meta tool Version 1.0” [12]. This tool
utilized Bland’s method when the entire data set was reported, but Hozo’s method was
used in cases when only the median and interquartile range were stated.

2.4. Statistical Analysis

Meta-analysis was conducted for outcomes reported in more than two studies. We
used Review Manager (RevMan) Version 5.4 (Copenhagen: The Nordic Cochrane Centre,
The Cochrane Collaboration, 2014) for the pooled analysis. For metastasis or recurrence, we
calculated relative risks with 95% CI for dichotomous outcomes by the Mantel-Haenszel
method (fixed or random models). For overall survival, the pooled hazard ratio (HR) of
TIVA against INHA was calculated from the HR of each studies using generic inverse
variance method with a 95% confidence interval (CI) [13]. In studies that did not report
the hazard ratio, HR was estimated using methods described by Tiemey et al. [14]. For
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post-operative inflammatory cytokines, continuous outcomes were expressed as a mean
value and standard deviation and were analyzed by using standard mean difference.
Heterogeneity was assessed using Cochrane’s 12 statistic, expressed as a percentage term;
higher percentage suggests higher degree of heterogeneity [15]. According to the Cochrane
review guidelines, if severe heterogeneity was present at I> > 50%, the random effect models
were chosen, otherwise the fixed effect models were used. Potential publication bias was
detected by using the funnel plot and Egger’s regression (statistical significance indicates
high probability of publication bias, p < 0.05 is considered significant likelihood of bias)
with statistical package provided by Suurmond et al. [16,17]. Subgroup analyses were
conducted for those data which were collected from metastasis against recurrence studies
and for organ involved.

3. Results
3.1. General Anesthetics and Cancer Metastasis

Here, we summarize the currently available findings from clinical studies on metastasis
or recurrence after cancer surgery under different general anesthetics. Recurrence can be
local or distant (metastasis). Here, we consider local recurrence as a form of metastasis
for the following reasons. In clinical practice, the primary tumor is typically completely
resected with clean margins. Radiation therapy is usually used to destroy residual cancer
cells in the local environment. Therefore, local recurrence most likely arises from the seeded
circulating cancer cells. Thus, considering both recurrence and metastasis together may
increase the power of our meta-analyses.

Our systematic search on PubMed, Central, EMBASE, and CINAHL identified 20 studies
to be included in this meta-analysis. The PRISMA flow diagram of the study selection is shown
in Supplementary Figure S1, and the study characteristics are summarized in Supplementary
Table S1. There were three prospective studies and 17 retrospective studies. There were eight
studies on breast cancer, three on liver cancer, and two on brain cancer. There was one study
each for gastric, pancreatic, prostate, oral, bladder, bone, and gynecologic cancer. The risk of
bias assessment for each study is presented in Supplementary Figure S2.

Of the 20 included studies, the rate of metastasis or recurrence (or recurrence incidence)
was reported for patients matched with a propensity score system (Figure 1) [18-37].
Patients in the TIVA cohort had a highly significant lower incidence of metastasis or
recurrence than those in the INHA cohort with a relative risk (RR) of 0.73 (95% confidence
interval (95% CI) 0.62 to 0.86, I> = 76%, p = 0.0001). The funnel plots for publication
bias are presented in Supplementary Figure S3. To eliminate the confounding factors
related to retrospective studies, we conducted a subgroup analysis between perspective
and retrospective studies (Figure 2). For the three RCTs, patients in the TIVA cohort had
lower risk of metastasis/recurrence than patients in the IHNA cohort, but the difference
was not significant (RR = 0.63, 95% CI 0.27 to 1.47, I? = 39%, p = 0.28). For retrospective
studies, significantly lower risk of metastasis/recurrence was observed in patients from the
TIVA cohorts. To distinguish between metastasis and recurrence, we conducted a subgroup
analysis (Supplementary Figure S4). For metastasis, patients in the TIVA cohort were
associated with a highly significant lower risk than patients in IHNA cohort (RR = 0.67,
95% CI10.58 t0 0.77, 12 = 23%, p < 0.00001). For recurrence, there was no significant difference
between the TIVA and IHNA (RR = 0.90, 95% CI 0.82 to 1.00, I? = 65% p = 0.05). Due to
the moderate heterogeneity (I> = 76%) amongst the studies, we also conducted a subgroup
analysis by types of cancer (Supplementary Figure S5). For breast cancer, the TIVA group
had a small but significant lower incidence of metastasis or recurrence than the IHNA
group (RR = 0.87,95% CI 0.77 to 0.99, I = 26%, p = 0.04). For liver cancer, the TIVA group
was also associated with lower risk of metastasis or recurrence (RR = 0.65, 95% CI 0.49
t0 0.87, 12 = 0%, p = 0.004). There was no significant difference between TIVA and INHA
in patients with brain cancer, which were not yet conclusive due to limited sample size
(Supplementary Figure S6).
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TIVA INHA Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% ClI M-H, Random, 95% CI
Huang 2019 19 317 46 575 4.9% 0.75 [0.45, 1.26] T
Huang 2020 34 155 55 167 6.6% 0.67 [0.46, 0.96] -
Huang 2021* 31 38 36 38 9.0% 0.86 [0.73, 1.02] -
Koo 2020* 26 121 48 138 6.0% 0.62 [0.41, 0.93] i
Lai (Hepatectomy) 2019 25 313 43 331 5.4% 0.61 [0.39, 0.98] —
Lai (intrahepatic) 2019 9 56 9 56 2.7% 1.00[0.43, 2.33] . E—
Lai (Pancreatic) 2020 7 29 17 29 3.4% 0.41[0.20, 0.84] —
Lai (Prostatectomy) 2020* 2 264 12 264 1.1% 0.17 [0.04, 0.74] L E—
Lee 2016 19 173 28 152 4.7% 0.60 [0.35, 1.02] —]
Miao 2022* 109 302 113 302 8.5% 0.96 [0.78, 1.19] -+
Pfail 2021 11 126 28 105 3.8% 0.33[0.17, 0.63] —_—
Schmoch 2021* 50 52 89 92 9.8% 0.99 [0.93, 1.06]
Sessler 2019* 102 1043 111 1065 8.0% 0.94[0.73, 1.21] -
Shiono 2020* 12 159 13 159 3.1% 0.92[0.43, 1.96] T
Sun 2022 4 22 10 22 2.1% 0.40 [0.15, 1.08] r
Takeyama 2021* 9 94 22 94 3.3% 0.41[0.20, 0.84] e —
Yan 2018* 2 40 6 40 1.0% 0.33[0.07, 1.55] —
Yan 2019 1 42 4 38 0.5% 0.23[0.03, 1.94]
Yoo 2019* 118 1766 108 1766 8.0% 1.09 [0.85, 1.41] h
Zhang 2021 118 1395 150 1395 8.3% 0.79[0.63, 0.99] ]
Total (95% ClI) 6507 6828 100.0% 0.73 [0.62, 0.86] ¢
Total events 708 948

Heterogeneity: Tau? = 0.07; Chi? = 78.34, df = 19 (P < 0.00001); I?

Test for overall effect: Z = 3.85 (P = 0.0001)

Figure 1. Forest plot of metastasis/recurrence of matched patients in TIVA and IHNA cohorts.
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Test for overall effect: Z = 3.64 (P = 0.0003)
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Test for overall effect: Z = 3.85 (P = 0.0001)

Test for subgroup differences: Chi? = 0.09, df = 1 (P = 0.76), I> = 0%

Figure 2. Subgroup analysis metastasis/recurrence of matched patients according to study type.

asterisk (*) refer to studies reporting recurrence.
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Study or Subgroup

Of the 20 included studies, 16 reported risk estimates for overall survival (OS) between
TIVA and INHA [18-32,35]. Based on meta-regression, patients receiving TIVA were
associated with better overall survival than the patients who received IHNA (hazard ratio
(HR) = 0.75, 95% CI 0.63 to 0.90, I? = 76%, p =0.002) (Figure 3). This mirrored the pooled
RR of metastasis/recurrence in Figure 1.

INHA TIVA Hazard Ratio
SE Total Total Weight IV, Random, 95% CI

Hazard Ratio

log[Hazard Ratio] IV, Random, 95% CI

Huang 2019

Huang 2020

Huang 2021*

Lai (Hepatectomy) 2019
Lai (intrahepatic) 2019
Lai (Pancreatic) 2020
Lai (Prostatectomy) 2020*
Lee 2016

Miao 2022*

Schmoch 2021*

Sun 2022

Takeyama 2021*

Yan 2018*

Yan 2019

Yoo 2019*

Zhang 2021

Total (95% CI)

0.157 0.2769 592 296 5.4% 1.17 [0.68, 2.01] 1
-0.3567 0.1717 167 167 7.9% 0.70 [0.50, 0.98] —
-0.6733 0.2707 38 38 5.5% 0.51 [0.30, 0.87] —_—
-0.755 0.1085 335 335 9.6% 0.47[0.38, 0.58] -
-0.6349 0.3077 29 29  4.8% 0.53[0.29, 0.97] —
-0.4308 0.2228 58 58  6.6% 0.65 [0.42, 1.01] —
-2.2073 0.6629 264 264 1.6% 0.11 [0.03, 0.40]
-0.0999 0.1145 152 173 9.4% 0.90 [0.72, 1.13] -
-0.0954 0.1409 302 302 8.7% 0.91[0.69, 1.20] -
-0.0374 0.5563 92 52 2.1% 0.96 [0.32, 2.87] —_—
-0.3642 0.378 22 22 3.8% 0.69 [0.33, 1.46] —
-0.1576 0.1628 94 94 8.2% 0.85[0.62, 1.18] -
0 0.9679 40 40  0.8% 1.00 [0.15, 6.67] ——
-0.2098 0.2267 38 42 6.5% 0.81[0.52, 1.26] —
0.0409 0.1686 1766 1766 8.0% 1.04 [0.75, 1.45] -
-0.0367 0.0391 1395 1395 10.9% 0.96 [0.89, 1.04]
5384 5073 100.0%  0.75 [0.63, 0.90] ¢
Heterogeneity: Tau? = 0.07; Chi? = 61.63, df = 15 (P < 0.00001); I> = 76% =0 o1 091 190 100=

Test for overall effect: Z = 3.15 (P = 0.002)

Favours TIVA Favours INHA

Figure 3. Forest plot of overall survival of matched patients in TIVA and IHNA cohorts. The asterisk
(*) refer to studies reporting recurrence.

3.2. General Anesthetics and Inflammatory Cytokines

It is widely accepted that both cancer recurrence and metastasis are significantly
influenced by immunologic function changes during surgery. Cytokines are considered to
be mainly secreted from the surgical wound and concurrently released into the bloodstream.
General anesthetics have been suggested to affect cytokine production, which, in turn,
affects the function of immune cells. Therefore, we analyzed the post-operative levels
of inflammatory cytokines in cancer patients treated with different anesthetics. Through
searching on PubMed, Central, EMBASE, and CINAHL, we included nine studies in the
meta-analysis; the PRISMA flow diagram of the study selection is shown in Supplementary
Figure S5. Study characteristics were summarized in Supplementary Table 52, and the risk
of bias assessments are in Supplementary Figure S7.

There were nine studies that reported plasma levels of IL-6 24 h after surgery [36-46].
These included a total of 285 patients who received IHNA and 282 patients who received
TIVA. The pooled results showed statistically lower IL-6 level in the TIVA cohort in com-
parison to the INHA cohort (Figure 4, standardized mean difference (SMD) = 0.77, 95%
CI =0.097 to 1.44, I2 = 92%, p = 0.02). The quality of evidence was low due to significant
data heterogeneity (I? = 92%). A subgroup analysis based on cancer surgery type was also
conducted in order to address the heterogeneity of the study where 255 and 252 patients
were in the INHA and TIVA groups, respectively. This included eight studies of three
different types of cancer (breast cancer, lung cancer, and esophageal cancer). The analysis
revealed that the IL-6 levels in each cancer type were not significantly different between
different anesthesia groups (Supplementary Figure S8). There were four studies that re-
ported serum TNF-a level 24 h after surgery [39,40,42,45]. This study involved a total of
88 patients who received IHNA and 88 patients who received TIVA. The pooled results
represented no significant change in both anesthesia groups (SMD = —0.20, 95% CI = —0.47
to —0.07, I = 95%, p = 0.15, Supplementary Figure S9).
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INHA TIVA Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Deegan 2010 8.025 1.675 17 10.975 4.24 15 10.9% -0.9146[-1.6490,-0.1802] -
Jin 2013 16 § 20 15 4 20 11.3% 0.2165[-0.4053, 0.8383] ™
Lee 2012 183.897 100.637 24 18407 71.978 24 11.5% -0.0019[-0.5677,0.5638] s i
Lim 2018 925 25 21 925 25 23 11.4% 0.0000[-0.5916, 0.5916] e,
Margarit 2014 101 76.25 30 a8 858 30 11.7% 0.1581 [-0.3488, 0.6650] ™
Oh 2018 340 13.3 102 330 28.3 99 123% 0.4527 [0.1726, 0.7329] .
Qiao 2015 121.556 #.333 30 94667 5778 30 10.2% 4.0203[3.1204, 4.9202) -
Tian 2017 56,4409 66772 31 48126 49134 31 11.5% 1.4006 [0.8414,1.9589] -
Wakahayashi 2014 89.6 16.1 10 573 126 10 9.2% 2.1399[0.9928, 3.2871] )
Total (95% CI) 285 282 100.0% 0.7672[0.0973, 1.4370] €
Heterogeneity: Tau®= 0.93; Chi*=99.27, df= 8 (P < 0.00001), F=92% % 55 o é 10{

Test for overall effect Z=2.24 (P=0.02)

Favours TIVA Favours INHA
Figure 4. Forest plot of IL-6 at 24 h after cancer surgery in TIVA and IHNA cohorts.

Six studies reported on serum IL-10 level 24 h after surgery [38-40,43,45,46], in which
218 patients received INHA anesthesia and 221 TIVA anesthesia. The pooled results
from these studies showed no significant differences in IL-10 levels (SMD = —4.93, 95%
CI = —30.27 to 20.40, I? = 95%, p = 0.70, Supplementary Figure S10). Considering the small
number of studies and the heterogeneity of surgical procedures [47], it is not clear if TIVA
has a significant effect on the expression of regulatory cytokines.

3.3. General Anesthetics and Cancer Metastasis in Pre-Clinical Animal Studies

Pre-clinical models are powerful tools to identify potential risks and refine the treat-
ment approach. Pre-clinical models are also useful in identifying molecular mechanisms
that underlie the impact of anesthetic agents on cancer metastasis. Here, we summarize
pre-clinical animal studies of general anesthetics on cancer metastasis (Table 2). Three
animal studies compared different general anesthetics in the context of surgery. Our group
found that surgical resection of primary tumors under sevoflurane anesthesia led to sig-
nificantly more lung metastasis than that with propofol anesthesia [48]. This distinction
was observed in two mouse models: the murine 4T1 syngeneic mouse breast cancer model
and the human MDA-MB-231 breast cancer xenograft mouse model. The underlying mech-
anism mediating the effect of sevoflurane was via the increased production of IL-6 that
activated its downstream transcription-factor STAT3 in mouse lungs. Moreover, sevoflu-
rane increased the infiltration of CD11b+ myeloid cells in the lungs; these cells orchestrated
the microenvironment for the growth of metastatic tumors. We further showed that the
commonly used inhaled anesthetics, namely, isoflurane, sevoflurane, and desflurane, did
not show any difference between each other on tumor cell growth in vitro or lung metasta-
sis following surgery in the 4T1 model [49]. Freeman et al. used propofol and lidocaine in
combination with sevoflurane on postoperative breast cancer lung metastasis in the 4T1
syngenetic mouse model incorporating surgery. The addition of propofol to sevoflurane
reduced postoperative pulmonary metastasis compared to sevoflurane alone but did not
affect hepatic metastasis nor serum IL-6 and VEGF at five weeks after surgery.

Four animal studies examined a single general anesthetic agent without a surgical
procedure, which might limit their clinical relevance. Two of them investigated the effects
of propofol on cancer metastasis. Mammoto et al. employed the subcutaneous inoculation
of murine osteosarcoma (LM 8) cells in mice to test the effect of continuous infusion of
propofol or vehicle for four weeks [50]. The infusion of propofol did not affect the primary
tumor growth but significantly decreased pulmonary metastasis. It should be noted that
the dose of propofol (continuous infusion of 20 or 40 mg/kg per day) did not induce
significant sedation nor anesthesia. Liu et al. used an experimental metastasis model of
tail vein injection of human colorectal HCT116 cells under propofol anesthesia versus non-
anesthesia conditions [51]. They found that propofol significantly increased the formation
of metastatic lung tumors. The mechanism proposed in this study was that propofol
enhanced circulating tumor cell adhesion by GABA s R-dependent Src ubiquitination, which
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was, however, only validated in vitro. Only two animal studies examined the effects of
isoflurane on cancer metastasis by utilizing an experimental metastasis model of tail vein
injection [52,53]. Isoflurane was shown to increase the pulmonary metastasis of murine
B16 melanoma cells (Moudgil 1997) and hepatic metastasis of Human T24 bladder cancer
(Lu 2020). The promoting effect of isoflurane on bladder cancer metastasis was suggested

to occur through HIF-1x-{3-catenin/Notch1 pathways [53].

Table 2. Pre-clinical animal models studying the effect of general anesthetics on cancer metastasis.

EXPERIMENTAL CANCER

STUDY MODEL TYPE ANESTHESIA SURGERY OUTCOMES RESULTS MECHANISM
Propofol and
lidocaine
Post-operative reduced
. Sevoflurane
4T1 orthotopic vs pulmonary pulmonary
breast cancer Murine 4T1 sevo ﬂuliane + and hepatic metastasis; No
FREEMAN 2019 spontaneous Y metastasis; difference for
. breast cancer propofol vs. .
metastasis serum VEGF hepatic
sevoflurane + .
mouse model lidocaine and IL-6 level metastasis or
at final serum IL-6,
VEGE at the end
of observation
Surgery under
sevoflurane
A Sevoflurane
significantly induced
Human increased lung nduce
orthotopic MDA-MB-231 Post-operative metastasis than pro-metastatic
breast cancer pulmonary . effects by
breast cancer Sevoflurane . with propofol; o
LI 2020 spontaneous . Y metastasis; activation of
. and murine vs. Propofol - Sevoflurane
metastasis post-operative . IL-6/STAT3
4T1 breast increased serum
mouse model IL-6 pathway and
cancer IL-6 and .
e . infiltrated
infiltration of CD11b-+ cells
CD11b+ myeloid '
cells into lung
Propofol
enhanced
adhesion and
Propofol extension of
Experimental Human vehicle Pulmonary nIi Z(t):slfat ;Stl:;ntfe e;grggeigiié?ls
LIU 2021 metastasis colorectal (DMSO) vs. N metastasis lunes as by activation of
model carcinoma propofol formation & y
compared to GABAAR-
control dependent
TRIM21
modulation of
Src expression
Post-operative No difference in
4T1 orthotopic pulmonary P ulmon.ary
Isoflurane vs. . metastasis or
breast cancer . metastasis; .
Murine 4T1 sevoflurane inflammatory
LIU 2022 spontaneous Y serum level of .
. breast cancer vs. cytokines under
metastasis IL-6, CCL-1, X
desflurane different
mouse model MCP-1, and . )
VEGF at final inhalational
anesthetics
Isoflurane
Orthotopic Isoflurane promotes
tumor model Primary tumor ai:gzli::: d mgselgl;hﬁal
and Human T24 control vs. growth; . neny
LU 2020 . . N . formation of transition and
experimental bladder cancer isoflurane hepatic . .
metastasis metastasis primary tumor metastasis by
model and hepatic HIF-1alpha-beta-

metastases

catanin/Notchl
pathway
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Table 2. Cont.
EXPERIMENTAL CANCER
STUDY MODEL TYPE ANESTHESIA SURGERY OUTCOMES RESULTS MECHANISM
No difference in
primary tumor
. volume;
Primary tumor Conti
vehicle growth; ontinuous
MAMMOTO Subcutaneous Murine ’ infusion of
. . (DMSO) vs. N pulmonary
2002 inoculation osteosarcoma . propofol
propofol metastatic inhibited
nodule
pulmonary
metastasis of LM
8 cells in mice
More metastases
were observed in
Experimental . control vs. animals’
MOUDGIL 1997 metastasis Murine B16 halothane vs. N Pulmona?y exposure to
melanoma . metastasis
model isoflurane halothane or

isoflurane than
in the control

For surgery, Y for yes and N for n.

4. Discussion

A body of evidence is emerging that addresses the impact of general anesthetics on
cancer progression. Here, we have analyzed the clinical and pre-clinical evidence regarding
the influence of general anesthetics on tumor metastasis. Our meta-analysis indicates that
intravenous anesthetic propofol is associated with less metastasis and recurrence than
inhaled anesthetics. The beneficial effect of the intravenous anesthetic propofol on reducing
cancer metastasis is correlated with longer survival and somewhat lower post-operative
inflammatory cytokine levels. As the studies included multiple cancer types, we also
performed subgroup analysis. Reduced metastasis in TIVA group is only observed in breast
cancer but not in other types of cancer. However, the subgroup analysis was limited by the
number of studies (2 to 9 studies); more studies are necessary for each cancer type to allow
a powered meta-analysis. For the 20 studies included in studying metastasis, there were
only three RCTs. The remaining retrospective studies are confounded by the biases inherent
to retrospective studies. The limitations of retrospective studies and inconsistencies in
reporting preclude the small cohort studies from contributing meaningfully to a high-
quality meta-analysis. Therefore, the possibility that general anesthetics differentially affect
metastases is very suggestive but must be further investigated.

To answer the question definitively, RCTs as the gold standard of evidence for changing
clinical practice are needed to interrogate the clinical impact of general anesthetics on cancer
metastasis. Therefore, we conducted the subgroup analysis according to study design.
However, no significant differences were observed in the three RCTs. Among the three
RCTs included, Sessler 2019 was the major contributor to the final RR. This study recruited
2108 breast cancer patients from multiple hospitals and showed that the combination of
intravenous propofol with paravertebral blocks using the local anesthetic ropivacaine did
not lower the risk of breast cancer recurrence within a median 3-year follow-up compared
to the combination of sevoflurane anesthesia with opioids [34]. The majority of the recruited
patients in this trial had estrogen receptor breast cancer with better long-term prognoses.
This was also reflected in the low (10%) recurrence rates in both groups. Taking into account
the relatively short follow-up time (median follow-up of 3 years), the effect of the general
anesthetics on the cancer metastasis/recurrence may have been masked in this prospective
clinical trial with large population. The other two RCTs did show significantly lower
metastasis and recurrence rates in the TIVA group than the IHNA group. Therefore, we
do not think the results of RCT negate the conclusion that TIVA is superior to IHNA in
cancer surgery. There are several ongoing RCTs in this area that may shed some light on



Cancers 2023, 15, 2759

10 of 14

the topic [6]. It is imperative for future RCTs to consider the multitude of complex clinical
factors that may all play a part in the perioperative modulation of cancer surgery.

The surgical manipulation of a tumor is known to induce systemic stress responses,
which initiate an acute inflammatory response related to local tissue damage and the
shedding of malignant cells into the blood and lymphatic circulation. Our meta-analysis
showed that post-operative levels of IL-6 were significantly lower in the propofol group,
which indicated the anti-inflammatory effects of propofol. As pleiotropic cytokines, IL-6
and TNF-o initiated the early inflammatory responses to tissue injury, were believed to be
important mediators in the systemic response to surgery, and had a high predictive value
for the development of post-operative complications. Accumulating evidence illustrated a
clinical correlation between post-operative inflammatory cytokines such as IL-6 and metas-
tasis. In a study by Maeda et al., the postoperative serum levels of inflammatory cytokines
and tumor metastasis were recorded in patients who underwent radical esophagectomy for
primary esophageal cancer. They found that serum IL-6 significantly correlated with the
lymph node metastasis and liver metastasis; the serum IL-8 levels also tended to associate
with the lymph node recurrence [54]. A similar observation was evident by Shimazaki
et al. in colorectal cancer surgery and by Barea et al. in lung cancer surgery, who showed
that the postoperative serum levels of IL-6 and TNF-« correlated with distant metasta-
sis [55,56]. Another cytokine we analyzed in this study was IL-10. IL-10 is a regulatory
cytokine that downregulates macrophages and nuclear factor kappa-light-chain-enhancers
of activated B cell (NF-kB) activities; it also reduces the production of TNF-«, Interferon
v, and other proinflammatory cytokines [47]. IL-10 is also the main cytokine involved
in promoting wound healing [57]. Overall, targeted interventions to optimize outcomes
among vulnerable patients by minimizing perioperative inflammation are a field rich for
further studies.

Pre-clinical animal studies have shown that exposure to inhaled anesthetics, such as
isoflurane and sevoflurane, can promote the growth and spread of cancer cells, including
breast cancer and melanoma. On the other hand, the results of propofol are not conclusive.
Several studies observed inhibition effect of propofol on cancer metastasis or less metastasis
compared to inhaled anesthetics, while one study showed the promotion effect of propofol
on colorectal cancer lung metastasis. These studies agreed with our meta-analysis that more
metastases are observed in patients undertaking oncology surgery with inhaled anesthetics.
Another benefit of pre-clinical studies is that they could provide us with information
especially on molecular mechanisms that we cannot easily retrieve from human studies
and identify potential targets for clinical intervention. However, until now, only three
studies explored the molecular mechanisms associated with general anesthetics in cancer.
Our group found that inhaled anesthetics appeared to increase the number and risk of
metastases with or without surgery, while the intravenous anesthetic propofol showed
beneficial effects. This echoed the meta-analysis of clinical studies, as shown in Figure 1.
In breast cancer lung metastasis, sevoflurane exposure during surgery primed the lung
microenvironment via the IL6/JAK/STAT3 pathway. In bladder cancer hepatic metastasis,
isoflurane activated the HIF-1x-p-catenin/Notchl pathways. Different from all the other
animal studies, Liu showed that propofol could enhance tumor cell adhesion and extension
through GABA AR to downregulate TRIM21 expression, leading to the upregulation of Src, a
protein associated with cell adhesion. This study compared propofol to control (DMSO) but
not inhaled anesthetics in an experimental metastasis model, which made it less relevant to
the practical clinic. Although this study suggested potential targets for propofol, most of
those results were obtained under in vitro conditions that were not yet clear concerning
how or whether this knowledge could be translated clinically. This preclinical animal
experimental approach filled the gap between clinical trials and cancer cell biology. It
offered well-defined endpoints and a mechanistic study under controlled experimental
conditions that mimicked the clinical situation. It is imperative that future in vivo studies
are developed using clinically relevant models of spontaneously metastasizing cancer
from orthotopic sites. How the results of animal studies translate into effective clinical
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application is always inconsistent and debated. Nevertheless, it may be prudent to choose
anesthesia regimens that have potentially beneficial effects, as advocated by Mao and
colleagues in 2013 [58].

An important limitation of this review was its high heterogeneity, as quantified by 12
static in each figure. As most of the included studies for metastasis/recurrence were retro-
spective/observational, study participant attrition was the main source of potential bias in
this meta-analysis, either due to authors not reporting the number of cases lost to follow up
or due to considerably uneven incidence of censoring in the cohorts. Another source of bias
was the study confounding since authors did not report the tumor stage and comorbidities.
In terms of inflammatory cytokines, the main limitation of the analysis was the small
number of sample size in each cytokine. Meanwhile, no long-term outcomes (metastasis or
recurrence) were recorded in those studies that failed to provide direct evidence between
the perioperative inflammation and long-term outcomes for cancer. In addition, the sever-
ity of the surgical trauma varied between different studies, which may have significantly
influenced the cytokine level and affected the efficacy of the general anesthesia.

5. Conclusions

Based on all the clinical and preclinical evidence, it is advisable to take precautions
when administrating general anesthesia, especially inhaled anesthesia, to cancer patients.
Important fundamental questions remain to be answered for the molecular targets of gen-
eral anesthetics in cancer progress and metastasis. It is our opinion that the mechanistically
defined effect of individual anesthetic could serve as convincing evidence on the anesthetic
selection and help evaluate additional mitigating strategies during oncological surgery at
early clinical stages or, hopefully, in the premetastatic phase. We urge more well-designed
preclinical studies and perspective clinical trials with considerations of molecular subtypes
to differentiate the adverse effects associated with the use of certain anesthetics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15102759/s1, Figure S1: Flow chart of the study selection
for cancer long-term outcome under different general anesthesia and search criteria; Figure S2: Risk
of bias assessment summary of clinical studies for long-term cancer outcome; Figure S3: Funnel plot
of all included studies for publication bias analysis; Figure S4: Subgroup analysis of metastasis or
recurrence in TIVA and IHNA cohorts; Figure S5: Subgroup analysis of relative risk for metastasis or
recurrence according to cancer types; Figure S6: Flow chart of the study selection for inflammatory
cytokines under different general anesthesia and search criteria; Figure S7: Risk of bias summary
for studies on postoperative cytokine release; Figure S8: Subgroup analysis of IL-6 at 24 h after
surgery; Figure S9: Forest plot of TNF-« at 24 h after surgery in TIVA and IHNA cohorts; Figure
510: Forest plot of IL-10 at 24 h after surgery in TIVA and IHNA cohorts; Table S1: Characteristics
of included trials for long-term cancer outcomes; Table S2: Characteristics of included trials for
postoperative cytokines.

Author Contributions: Literature search, R.L., this author helped literature search, original draft
preparation, and data analysis; M.B.M., this author helped in literature search, original draft prepara-
tion, and data analysis; Z.]., this author helped in data analysis; H.L., this author helped in original
draft preparation; K.L., this author helped in literature search; Q.L., this author helped in literature
search; J.P.D., this author helped in review and editing; J.L., this author helped in supervision. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by funds from the Department of Anesthesiology at Stony Brook
University (Stony Brook University Award 56562).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/cancers15102759/s1
https://www.mdpi.com/article/10.3390/cancers15102759/s1

Cancers 2023, 15, 2759 12 of 14

References

1.  Horowitz, M.; Neeman, E.; Sharon, E.; Ben-Eliyahu, S. Exploiting the critical perioperative period to improve long-term cancer
outcomes. Nat. Rev. Clin. Oncol. 2015, 12, 213-226. [CrossRef] [PubMed]

2. Wigmore, T.; Gottumukkala, V.; Riedel, B. Making the Case for the Subspecialty of Onco-Anesthesia. Int. Anesthesiol. Clin. 2016,
54, 19-28. [CrossRef] [PubMed]

3. Shapiro, J.; Jersky, J.; Katzav, S.; Feldman, M.; Segal, S. Anesthetic Drgs Accelerate the Progression of Postoperative Metastases of
Mouse Tumors. |. Clin. Investig. 1981, 68, 678-685. [CrossRef] [PubMed]

4. Melamed, R.; Bar-Yosef, S.; Shakhar, G.; Shakhar, K.; Ben-Eliyahu, S. Suppression of Natural Killer Cell Activity and Promotion
of Tumor Metastasis by Ketamine, Thiopental, and Halothane, but Not by Propofol: Mediating Mechanisms and Prophylactic
Measures. Anesth. Analg. 2003, 97, 1331-1339. [CrossRef]

5. Buckley, A.; McQuaid, S.; Johnson, P.; Buggy, D.J. Effect of anaesthetic technique on the natural killer cell anti-tumour activity of
serum from women undergoing breast cancer surgery: A pilot study. Br. ]. Anaesth. 2014, 113, 56-62. [CrossRef]

6. Jin, Z;Li, R, Liy, J.; Lin, J. Long-term prognosis after cancer surgery with inhalational anesthesia and total intravenous anesthesia:
A systematic review and meta-analysis. Int. |. Physiol. Pathophysiol. Pharmacol. 2019, 11, 83-94.

7. Desmond, F.; McCormack, J.; Mulligan, N.; Stokes, M.; Buggy, D.]. Effect of anaesthetic technique on immune cell infiltration
in breast cancer: A follow-up pilot analysis of a prospective, randomised, investigator-masked study. Anticancer Res. 2015, 35,
1311-1319.

8.  Choi, H.; Hwang, W. Perioperative Inflammatory Response and Cancer Recurrence in Lung Cancer Surgery: A Narrative Review.
Front. Surg. 2022, 9, 888630. [CrossRef]

9. Moher, D.; Liberati, A.; Tetzlaff, ].; Altman, D.G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. PLoS Med. 2009, 6, e1000097. [CrossRef]

10. Hayden, ]J.A.; Van Der Windt, D.A.; Cartwright, J.L.; Coté, P.; Bombardier, C. Assessing bias in studies of prognostic factors. Ann.
Intern. Med. 2013, 158, 280-286. [CrossRef]

11.  Rohatgi, A. WebPlotDigitizer. 2011. Available online: https://automeris.io/WebPlotDigitizer/ (accessed on 6 December 2022).

12.  Sharma, D.; Ulaganathan, S.P.; Sharma, V.; Piplani, S.; Niraj, R. Research Square. 2021. Available online: https://www.
researchsquare.com/article /rs-828102/v1 (accessed on 6 December 2022).

13. Bland, ].M.; Altman, D.G. Statistics notes. Logarithms. BMJ 1996, 312, 700. [CrossRef]

14. Tierney, ].F; Stewart, L.A.; Ghersi, D.; Burdett, S.; Sydes, M.R. Practical methods for incorporating summary time-to-event data
into meta-analysis. Trials 2007, 8, 16. [CrossRef]

15. Higgins, J.P; Thompson, S.G.; Deeks, ].J.; Altman, D.G. Measuring inconsistency in meta-analyses. BM] 2003, 327, 557-560.
[CrossRef]

16. Suurmond, R.; van Rhee, H.; Hak, T. Introduction, comparison, and validation of Meta-Essentials: A free and simple tool for
meta-analysis. Res. Synth. Methods 2017, 8, 537-553. [CrossRef]

17.  Orwin, R.G. A Fail-Safe N for Effect Size in Meta-Analysis. J. Educ. Stat. 1983, 8, 157-159. [CrossRef]

18. Huang, N.C,; Lee, M.S;; Lai, H.C.; Lin, H.T.; Huang, Y.H.; Lu, C.H.; Hsu, C.H.; Wu, Z.F. Propofol-based total intravenous
anesthesia improves survival compared to desflurane anesthesia in gastric cancer surgery: A retrospective analysis. Medicine
2020, 99, e20714. [CrossRef]

19. Huang, Y.H.; Lee, M.S; Lou, Y.S.; Lai, H.C.; Yu, ].C,; Lu, C.H.; Wong, C.S.; Wu, Z.F. Propofol-based total intravenous anesthesia
did not improve survival compared to desflurane anesthesia in breast cancer surgery. PLoS ONE 2019, 14, e0224728. [CrossRef]

20. Lai,H.C;Lee, M.S; Lin, C; Lin, K.T.; Huang, Y.H.; Wong, C.S.; Chan, S.M.; Wu, Z.F. Propofol-based total intravenous anaesthesia
is associated with better survival than desflurane anaesthesia in hepatectomy for hepatocellular carcinoma: A retrospective
cohort study. Br. |. Anaesth. 2019, 123, 151-160. [CrossRef]

21. Lai, H.C;Lee, M.S,; Lin, K.T.; Huang, Y.H.; Chen, ].Y; Lin, Y.T.; Hung, K.C.; Wu, Z.F. Propofol-based total intravenous anesthesia
is associated with better survival than desflurane anesthesia in robot-assisted radical prostatectomy. PLoS ONE 2020, 15, e0230290.
[CrossRef]

22. Lai, H.C,; Lee, M.S,; Liu, Y.T,; Lin, K.T.; Hung, K.C.; Chen, ].Y.; Wu, Z.F. Propofol-based intravenous anesthesia is associated with
better survival than desflurane anesthesia in pancreatic cancer surgery. PLoS ONE 2020, 15, e0233598. [CrossRef]

23.  Schmoch, T.; Jungk, C.; Bruckner, T.; Haag, S.; Zweckberger, K.; von Deimling, A.; Brenner, T.; Unterberg, A.; Weigand, M.A ;
Uhle, E; et al. The anesthetist’s choice of inhalational vs. intravenous anesthetics has no impact on survival of glioblastoma
patients. Neurosurg. Rev. 2021, 44, 2707-2715. [CrossRef] [PubMed]

24. Takeyama, E.; Miyo, M.; Matsumoto, H.; Tatsumi, K.; Amano, E.; Hirao, M.; Shibuya, H. Long-term survival differences between
sevoflurane and propofol use in general anesthesia for gynecologic cancer surgery. J. Anesth. 2021, 35, 495-504. [CrossRef]
[PubMed]

25. Yan, T.; Zhang, G.H.; Wang, B.N.; Sun, L.; Zheng, H. Effects of propofol/remifentanil-based total intravenous anesthesia versus
sevoflurane-based inhalational anesthesia on the release of VEGF-C and TGF-beta and prognosis after breast cancer surgery: A
prospective, randomized and controlled study. BMC Anesthesiol. 2018, 18, 131. [CrossRef]

26. Miao, L.; Lv, X,; Huang, C.; Li, P; Sun, Y; Jiang, H. Long-term oncological outcomes after oral cancer surgery using propofol-based

total intravenous anesthesia versus sevoflurane-based inhalation anesthesia: A retrospective cohort study. PLoS ONE 2022, 17,
€0268473. [CrossRef] [PubMed]


https://doi.org/10.1038/nrclinonc.2014.224
https://www.ncbi.nlm.nih.gov/pubmed/25601442
https://doi.org/10.1097/AIA.0000000000000117
https://www.ncbi.nlm.nih.gov/pubmed/27648888
https://doi.org/10.1172/JCI110303
https://www.ncbi.nlm.nih.gov/pubmed/7276167
https://doi.org/10.1213/01.ANE.0000082995.44040.07
https://doi.org/10.1093/bja/aeu200
https://doi.org/10.3389/fsurg.2022.888630
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.7326/0003-4819-158-4-201302190-00009
https://automeris.io/WebPlotDigitizer/
https://www.researchsquare.com/article/rs-828102/v1
https://www.researchsquare.com/article/rs-828102/v1
https://doi.org/10.1136/bmj.312.7032.700
https://doi.org/10.1186/1745-6215-8-16
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1002/jrsm.1260
https://doi.org/10.2307/1164923
https://doi.org/10.1097/MD.0000000000020714
https://doi.org/10.1371/journal.pone.0224728
https://doi.org/10.1016/j.bja.2019.04.057
https://doi.org/10.1371/journal.pone.0230290
https://doi.org/10.1371/journal.pone.0233598
https://doi.org/10.1007/s10143-020-01452-7
https://www.ncbi.nlm.nih.gov/pubmed/33354749
https://doi.org/10.1007/s00540-021-02941-9
https://www.ncbi.nlm.nih.gov/pubmed/34008073
https://doi.org/10.1186/s12871-018-0588-3
https://doi.org/10.1371/journal.pone.0268473
https://www.ncbi.nlm.nih.gov/pubmed/35559987

Cancers 2023, 15, 2759 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Sun, T.-Y,; Hsu, C.-L.; Lee, M.-5.D.; Yeh, T.-T.M,; Lai, H.-C.; Wu, K.-L.; Wu, Z.-F,; Tseng, W.-C. Propofol-based total intravenous
anesthesia is associated with better survival than desflurane anesthesia in limb-salvage surgery for osteosarcoma: A retrospective
analysis. Medicine 2022, 101, e30840. [CrossRef]

Huang, YH.; Wu, Z.F,; Lee, M.S,; Lou, Y.S.; Wu, K.L.; Cheng, K.I; Lai, H.C. Propofol-based total intravenous anesthesia is
associated with better survival than desflurane anesthesia in glioblastoma surgery. PLoS ONE 2021, 16, e0255627. [CrossRef]
Zhang, J.; Chang, C.L.; Lu, C.Y.; Chen, HM.; Wu, S.Y. Paravertebral block in regional anesthesia with propofol sedation reduces
locoregional recurrence in patients with breast cancer receiving breast conservative surgery compared with volatile inhalational
without propofol in general anesthesia. Biomed. Pharmacother. 2021, 142, 111991. [CrossRef]

Yan, T.; Zhang, G.H.; Cheng, Y.Z.; Wu, L.X,; Liu, X.Y.; Sun, Y.L.; Zheng, H.; Sun, L. Effects of anesthetic technique and surgery on
myeloid-derived suppressor cells and prognosis in women who underwent breast cancer surgery: A prospective study. Cancer
Manag. Res. 2019, 11, 5513-5522. [CrossRef]

Lai, H.C.; Lee, M.S,; Lin, K.T.; Chan, S.M.; Chen, ].Y,; Lin, Y.T.; Wu, Z.E. Propofol-based total intravenous anesthesia is associated
with better survival than desflurane anesthesia in intrahepatic cholangiocarcinoma surgery. Medicine 2019, 98, €18472. [CrossRef]
Yoo, S.; Lee, H.B.; Han, W.; Noh, D.Y.; Park, S.K.; Kim, W.H.; Kim, ]J.T. Total Intravenous Anesthesia versus Inhalation Anesthesia
for Breast Cancer Surgery: A Retrospective Cohort Study. Anesthesiology 2019, 130, 31-40. [CrossRef]

Pfail, J.L.; Katims, A.B.; Gul, Z.; Rosenzweig, S.J.; Razdan, S.; Nathaniel, S.; Martini, A.; Mehrazin, R.; Wiklund, P.N.; Loftus,
K.; et al. Can anesthetics affect bladder cancer recurrence? Total intravenous versus volatile anesthesia in patients undergoing
robot-assisted radical cystectomy: A single institution retrospective analysis. Urol. Oncol. 2021, 39, 233 €231-233 €238. [CrossRef]
Sessler, D.L; Pei, L.; Huang, Y.; Fleischmann, E.; Marhofer, P.; Kurz, A.; Mayers, D.B.; Meyer-Treschan, T.A.; Grady, M.; Tan, E.Y.
Recurrence of breast cancer after regional or general anaesthesia: A randomised controlled trial. Lancet 2019, 394, 1807-1815.
[CrossRef]

Lee, J.H.; Kang, S.H.; Kim, Y,; Kim, H.-A.; Kim, B.S. 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, 126-132.
[CrossRef]

Wu, Z.E; Lee, M.S.; Wong, C.S.; Lu, C.H.; Huang, Y.S,; Lin, K.T,; Lou, Y.S; Lin, C.; Chang, Y.C.; Lai, H.C. Propofol-based Total
Intravenous Anesthesia Is Associated with Better Survival Than Desflurane Anesthesia in Colon Cancer Surgery. Anesthesiology
2018, 129, 932-941. [CrossRef]

Koo, BW.; Lim, D.J.; Oh, A.Y.; Na, H.S. Retrospective Comparison between the Effects of Propofol and Inhalation Anesthetics
on Postoperative Recurrence of Early- and Intermediate-Stage Hepatocellular Carcinoma. Med. Princ. Pract. 2020, 29, 422—-428.
[CrossRef]

Oh, C.S;; Lee, J.; Yoon, T.G.; Seo, E.H.; Park, H.].; Piao, L.; Lee, S.H.; Kim, S.H. Effect of Equipotent Doses of Propofol versus
Sevoflurane Anesthesia on Regulatory T Cells after Breast Cancer Surgery. Anesthesiology 2018, 129, 921-931. [CrossRef]

Lim, J.A.; Oh, C.S,; Yoon, T.G; Lee, ].Y.; Lee, S.H.; Yoo, Y.-B.; Yang, ]. H.; Kim, S.H. The effect of propofol and sevoflurane on
cancer cell, natural killer cell, and cytotoxic T lymphocyte function in patients undergoing breast cancer surgery: An in vitro
analysis. BMC Cancer 2018, 18, 159. [CrossRef]

Deegan, C.A.; Murray, D.; Doran, P.; Moriarty, D.C.; Sessler, D.I.; Mascha, E.; Kavanagh, B.P; Buggy, D. Anesthetic technique and
the cytokine and matrix metalloproteinase response to primary breast cancer surgery. Reg. Anesth. Pain. Med. 2010, 35, 490-495.
[CrossRef]

Wakabayashi, S.; Yamaguchi, K.; Kumakura, S.; Murakami, T.; Someya, A.; Kajiyama, Y.; Nagaoka, I.; Inada, E. Effects of anesthesia
with sevoflurane and propofol on the cytokine/chemokine production at the airway epithelium during esophagectomy. Int. J.
Mol. Med. 2014, 34, 137-144. [CrossRef]

Qiao, Y.; Feng, H.; Zhao, T.; Yan, H.; Zhang, H.; Zhao, X. Postoperative cognitive dysfunction after inhalational anesthesia in
elderly patients undergoing major surgery: The influence of anesthetic technique, cerebral injury and systemic inflammation.
BMC Anesthesiol. 2015, 15, 154. [CrossRef]

Margarit, S.C.; Vasian, H.N.; Balla, E.; Vesa, S.; Ionescu, D.C. The influence of total intravenous anaesthesia and isoflurane
anaesthesia on plasma interleukin-6 and interleukin-10 concentrations after colorectal surgery for cancer: A randomised controlled
trial. Eur. J. Anaesthesiol. 2014, 31, 678-684. [CrossRef] [PubMed]

Lee, ]JJ.; Kim, G.H,; Kim, J.A,; Yang, M.; Ahn, H.J.; Sim, W.S.; Park, K.J.; Jun, B.H. Comparison of pulmonary morbidity using
sevoflurane or propofol-remifentanil anesthesia in an Ivor Lewis operation. J. Cardiothorac. Vasc. Anesth. 2012, 26, 857-862.
[CrossRef] [PubMed]

Jin, Y;; Zhao, X.; Li, H.; Wang, Z.; Wang, D. Effects of sevoflurane and propofol on the inflammatory response and pulmonary
function of perioperative patients with one-lung ventilation. Exp. Ther. Med. 2013, 6, 781-785. [CrossRef] [PubMed]

Tian, H.T.; Duan, X.H.; Yang, Y.F.; Wang, Y.; Bai, Q.-L.; Zhang, X. Effects of propofol or sevoflurane anesthesia on the perioperative
inflammatory response, pulmonary function and cognitive function in patients receiving lung cancer resection. Eur. Rev. Med.
Pharmacol. Sci. 2017, 21, 5515-5522.

Mosser, D.M.; Zhang, X. Interleukin-10: New perspectives on an old cytokine. Immunol. Rev. 2008, 226, 205-218. [CrossRef]
King, A.; Balaji, S.; Le, L.D.; Crombleholme, T.M.; Keswani, S.G. Regenerative Wound Healing: The Role of Interleukin-10. Adv.
Wound Care 2014, 3, 315-323. [CrossRef]


https://doi.org/10.1097/MD.0000000000030840
https://doi.org/10.1371/journal.pone.0255627
https://doi.org/10.1016/j.biopha.2021.111991
https://doi.org/10.2147/CMAR.S183519
https://doi.org/10.1097/MD.0000000000018472
https://doi.org/10.1097/ALN.0000000000002491
https://doi.org/10.1016/j.urolonc.2020.08.024
https://doi.org/10.1016/S0140-6736(19)32313-X
https://doi.org/10.4097/kjae.2016.69.2.126
https://doi.org/10.1097/ALN.0000000000002357
https://doi.org/10.1159/000506637
https://doi.org/10.1097/ALN.0000000000002382
https://doi.org/10.1186/s12885-018-4064-8
https://doi.org/10.1097/AAP.0b013e3181ef4d05
https://doi.org/10.3892/ijmm.2014.1762
https://doi.org/10.1186/s12871-015-0130-9
https://doi.org/10.1097/EJA.0000000000000057
https://www.ncbi.nlm.nih.gov/pubmed/24614619
https://doi.org/10.1053/j.jvca.2012.01.015
https://www.ncbi.nlm.nih.gov/pubmed/22381051
https://doi.org/10.3892/etm.2013.1194
https://www.ncbi.nlm.nih.gov/pubmed/24137265
https://doi.org/10.1111/j.1600-065X.2008.00706.x
https://doi.org/10.1089/wound.2013.0461

Cancers 2023, 15, 2759 14 of 14

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Li, R,; Huang, Y.; Lin, J. Distinct effects of general anesthetics on lung metastasis mediated by IL-6/JAK/STAT3 pathway in
mouse models. Nat. Commun. 2020, 11, 642. [CrossRef]

Liu, Q.; Li, R; Lin, J. No Difference Among Inhaled Anesthetics on the Growth and Metastasis of Murine 4T1 Breast Cancers in a
Mouse Model of Spontaneous Metastasis. Front. Pharmacol. 2022, 13, 184. [CrossRef]

Mammoto, T.; Mukai, M.; Mammoto, A.; Yamanaka, Y.; Hayashi, Y.; Mashimo, T.; Kishi, Y.; Nakamura, H. Intravenous anesthetic,
propofol inhibits invasion of cancer cells. Cancer Lett. 2002, 184, 165-170. [CrossRef]

Liu, Q.; Sheng, Z.; Cheng, C.; Zheng, H.; Lanuti, M.; Liu, R.; Wang, P,; Shen, Y.; Xie, Z. Anesthetic Propofol Promotes Tumor
Metastasis in Lungs via GABA(A) R-Dependent TRIM21 Modulation of Src Expression. Adv. Sci. 2021, 8, €2102079. [CrossRef]
Moudgil, G.C,; Singal, D.P. Halothane and isoflurane enhance melanoma tumour metastasis in mice. Can. J. Anaesth. 1997, 44,
90-94. [CrossRef]

Lu, N.; Piao, M.H.; Feng, C.S.; Yuan, Y. Isoflurane promotes epithelial-to-mesenchymal transition and metastasis of bladder
cancer cells through HIF-1x-(3-catenin/Notchl pathways. Life Sci. 2020, 258, 118154. [CrossRef]

Maeda, Y.; Takeuchi, H.; Matsuda, S.; Okamura, A.; Fukuda, K.; Miyasho, T.; Nakamura, R.; Suda, K.; Wada, N.; Kawakubo,
H.; et al. Clinical significance of preoperative serum concentrations of interleukin-6 as a prognostic marker in patients with
esophageal cancer. Esophagus 2020, 17, 279-288. [CrossRef]

Shimazaki, J.; Goto, Y.; Nishida, K.; Tabuchi, T.; Motohashi, G.; Ubukata, H.; Tabuchi, T. In patients with colorectal cancer,
preoperative serum interleukin-6 level and granulocyte/lymphocyte ratio are clinically relevant biomarkers of long-term cancer
progression. Oncology 2013, 84, 356-361. [CrossRef]

Barea, ].C.; De la Gala, E; Pifieiro, P; Reyes, A.; Simén, C.; Rancan, L.; Vara, E.; Paredes, S.; Bellon, ].M.; Martinez, I.G. Influence of
postoperative complications on long-term outcome after oncologic lung resection surgery. Substudy of a randomized control trial.
J. Clin. Monit. Comput. 2021, 35, 1183-1192. [CrossRef]

Zhang, X.; Claerhout, S.; Prat, A.; Dobrolecki, L.E.; Petrovic, L; Lai, Q.; Landis, M.D.; Wiechmann, L.; Schiff, R.; Giuliano, M.; et al.
A renewable tissue resource of phenotypically stable, biologically and ethnically diverse, patient-derived human breast cancer
xenograft models. Cancer Res. 2013, 73, 4885-4897. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41467-019-14065-6
https://doi.org/10.3389/fphar.2022.794109
https://doi.org/10.1016/S0304-3835(02)00210-0
https://doi.org/10.1002/advs.202102079
https://doi.org/10.1007/BF03014331
https://doi.org/10.1016/j.lfs.2020.118154
https://doi.org/10.1007/s10388-019-00708-6
https://doi.org/10.1159/000350836
https://doi.org/10.1007/s10877-020-00580-1
https://doi.org/10.1158/0008-5472.CAN-12-4081

	Introduction 
	Materials and Methods 
	Search Strategy 
	Study Eligibility Criteria 
	Data Extraction 
	Statistical Analysis 

	Results 
	General Anesthetics and Cancer Metastasis 
	General Anesthetics and Inflammatory Cytokines 
	General Anesthetics and Cancer Metastasis in Pre-Clinical Animal Studies 

	Discussion 
	Conclusions 
	References

