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Perioperative anesthesia management not only ensures safe and smooth surgery,
but its potential immunomodulatory function has also triggered close attention
from many researchers. Surgical/anesthetic drugs can cause immunosuppression
characterized by decreased natural killer (NK) cell activity, suppression of helper T
cell (Thl) function, and imbalance of pro-inflammatory factors. The
immunosuppressive microenvironment allows residual cancer cells to evade
recognition by the host immune system, resulting in proliferation and distant
metastasis. Several retrospective studies have demonstrated an association
between cancer patients receiving inhalation anesthesia and reduced recurrence-
free survival compared with cancer patients receiving propofol anesthesia. Regional
anesthesia techniques may reduce the risk of postoperative recurrence of certain
cancers by reducing the amount of systemic opioids and mitigating surgical stress,
which in turn may reduce the risk of recurrence after surgery. This review also
discusses the effects of pain, blood transfusion, hypothermia, blood pressure, and
psychological stress on postoperative metastatic recurrence and immune function
in cancer patients. However, observational studies of cancer outcomes after radical
surgery for many cancer types under different anesthesia techniques have reported
conflicting results, and large, prospective, randomized clinical trials (RCTs) are
needed to clearly optimize anesthesia strategies, and to provide new ideas for
future efforts to minimize immunosuppression and improve the long-term survival
of cancer patients through individualized anesthesia regimens.
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1 Introduction

In 2022, global cancer statistics released by the International
Agency for Research on Cancer (IARC) show that there are nearly
20 million new cancer cases worldwide, along with nearly 10 million
cancer deaths. Based on demographics, the number of new cancer
cases per year is projected to soar to 35 million by 2050, a 77%
increase from 2022. This dramatic increase is a wake-up call for the
global public health system (1). Metastasis is responsible for the
death of more than 90% of cancer patients, and the occurrence of
metastasis is closely related to the body’s immune function (2, 3).
Surgery is the main method for removing the primary cancer and
metastatic lymph nodes. In fact, some cancer cells may remain after
surgery and may proliferate in the parenchyma of organs and
tissues through lymphatic and vascular dissemination during the
surgical procedure, a process explained in detail by the “seed and
soil” hypothesis proposed by Paget in 1889 (4, 5). The perioperative
period is centered around the entire surgical procedure and
encompasses the preoperative, intraoperative, and postoperative
periods. Immunosuppression resulting from the surgery itself,
anesthesia, pain, and other perioperative factors has been shown
to be a well-established phenomenon (6). The progression of cancer
recurrence is influenced by the interplay between two critical
factors: the metastatic potential of malignant cells and the anti-
metastatic immune activity of the organism (5). The interaction of
the two factors determines the outcome of the metastatic
process (7).

Surgery for cancer patients requires anesthesia, and the type of
anesthesia and drugs used can influence the patient’s postoperative
stress response, inflammation, immune response, and cognition after
surgery. Importantly, both anesthesia and surgery impair the host’s
immune function (8). Immunosuppression in cancer patients varies
depending on the anesthesia techniques and anesthetic drugs used
during anesthesia management (9, 10). The elevated mortality rate
observed after cancer surgery highlights the need to explore strategies
for minimizing the risk of cancer recurrence. Recent researches suggest
that anesthesia management may serve an important purpose in this
regard. Individualized anesthesia management protocols may positively
impact surgical outcomes in cancer patients, including the management
of various intraoperative physiological factors such as pain (11), blood
transfusion (12), temperature (13), blood pressure (14) and
psychological stress (15) (Figure 1). Considering all factors, the
perioperative period is essential in shaping the long-term outcomes
for cancer surgery patients. This paper examines how perioperative
anesthesia management influences immunomodulation, cancer
recurrence, and metastasis in cancer patients, with particular
emphasis on the progression of metastatic cancer. Additionally, we
propose strategies for managing cancer patients during the perioperative
period. The authors used the following search strategy in the PubMed
database:(anesthesia) AND(cancer metastasis or recurrence)AND
(immunization or immunosuppression). Relevant articles and reviews
from the last 15 years were manually searched for eligible studies.
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2 Immunoregulatory mechanisms in
cancer patients

The body’s anti-cancer immune response is governed by a
complex signaling network, with the body’s cellular immunity
considered the main defense against cancer. It is essential in
safeguarding against cancer invasion. Adaptive immune effector
cells, including CDg" cytotoxic T lymphocytes (CTLs), CD," Thl
cells, and innate immune cells such as NK cells, macrophages, and
dendritic cells, play key roles in the immune response. Among
them, the anti-cancer effects of CTLs and Th1 cells are particularly
crucial. CTLs are the main effector cells, primarily killing cancer
cells through the perforin-granzyme pathway and the death
receptor pathway. CD4" Th cells assist in activating CDg" CTLs
and also produce cytokines that indirectly contribute to the anti-
cancer immune response, common pro-inflammatory cytokines
include IL-1, IL-6, IL-8, and tumor necrosis factor-o. (TNF-),
while common anti-inflammatory cytokines include IL-4 and IL-10.
NK cells are the first barrier against cancer, and can kill target cells
through four methods (16). Ishigami and co-workers demonstrated
that the degree of infiltration of NK cells was associated with the
prognosis of patients (17, 18). Growing evidence suggests that NK
cells will be pivotal in the treatment of cancer (19). In cancer
immunity, macrophages can have both beneficial and harmful
effects. On the positive side, macrophages can act as antigen-
presenting cells to present tumor antigens and trigger specific
immune responses, or indirectly kill cancer cells. On the negative
side, macrophages can be reprogrammed by factors secreted by
cancer cells to become immunosuppressive tumor-associated
macrophages, which can promote cancer development. The stress
from anesthesia and surgery during the perioperative period actives
the HPA axis and the SNS. This neuroendocrine response increases
the levels of soluble immunosuppressive factors and reduces the
activity of NK cells and CTLs (20).

3 Impact of anesthesia management
on immune function

3.1 Effects of anesthesia modalities on
immune function

3.1.1 General anesthesia

General anesthesia involves delivering anesthetics via
inhalation, intravenous, or intramuscular methods, resulting in a
temporary suppression of the central nervous system. The clinical
effects include loss of consciousness, absence of generalized pain
sensation, anterograde amnesia, reflex inhibition, and skeletal
muscle relaxation.

Currently, the most commonly used clinical approaches to
general anesthesia include inhalational anesthesia, intravenous
anesthesia, and combined intravenous-inhalation anesthesia.
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FIGURE 1

Some factors such as anesthesia modalities, blood transfusion, pain, hypothermia, blood pressure and psychological stress in the perioperative

period have an impact on the immunity of cancer patients.

Studies have found that these methods and drugs significantly affect
patient stress responses, inflammation, anti-cancer immunity,
cancer progression, and survival in the long term. The most
commonly used intravenous and inhalation anesthetics are
propofol and sevoflurane, respectively. Clinical evidence shows
that propofol may reduce cancer recurrence compared to
inhalational anaesthetics (21). Studies have shown that propofol
enhances CTL activity, reduces the production of pro-inflammatory
factors, and does not affect Th1/Th2, CD,"/CDg", or IL-1/IL-4
ratios. The level of hypoxia inducible factor-1a (HIF-1a) in cancer
is inversely proportional to the prognosis of patients (22), and
propofol can inhibit the translation process of mRNA, thus
inhibiting the activity of HIF-lot in cancer cells in a hypoxic
environment, which in turn inhibits angiogenesis and cancer cell
proliferation and metastasis. Benzonana and co-workers exposed
renal cell carcinoma cells (RCC4) to 0.5-2% isoflurane and found
that HIF-1ow production was dose-dependently induced and HIF-
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1o expression was induced through the PI3K/Akt pathway (23).
Inhalation anesthetics impact both the central nervous system and
the immune system (24). Isoflurane, sevoflurane, and halothane,
which are inhalation anesthetics, decrease cytotoxicity in NK cells,
while sevoflurane triggers apoptosis and increases HIF-1lo
expression in T lymphocytes (25, 26). Inhalation anesthetics lead
to increased expression of proteins like vascular endothelial growth
factor A, matrix metalloproteinase 11(MMP11), transforming
growth factor-B (TGF-B), and C-X-C motif chemokine receptor
2, which are linked to cancer growth, migration, and metastasis, in
ovarian cancer cells (27).

Presently, there is considerable controversy surrounding
propofol’s impact on cancer prognosis. Anti-inflammatory
properties of propofol may be linked to improved postoperative
survival in cancer patients (28). In a prospective research conducted
by Markovic-Bozic et al,, patients undergoing craniotomies had
significantly higher concentrations of IL-10 when propofol was used
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as compared with sevoflurane (29), and IL-10 inhibited cancer
metastasis by increasing NK cell activity. In animal models, certain
anesthetics, including ketamine, sodium thiopental, and volatile
agents, reduce NK cell activity, thereby increasing the risk of cancer
metastasis. In contrast, propofol does not impair NK cell
cytotoxicity (29). Total intravenous anesthesia (TIVA) with
propofol in breast cancer surgery reduces the risk of recurrence
five years after modified radical mastectomy compared with
sevoflurane, a retrospective study shows (30). Jun et al. conducted
a retrospective study on esophageal cancer patients and discovered
that using propofol anesthesia during surgery improved both
overall survival and recurrence-free survival compared to volatile
anesthetics (31). Conversely, there were no notable differences in
postoperative survival or recurrence rates between propofol-based
TIVA and sevoflurane for patients with non-small cell lung cancer
(32). Similarly, Enlund et al. conducted a five-year follow-up on a
pragmatic randomized controlled trial involving breast cancer
patients and discovered no significant difference in overall
survival between those who received propofol and those who
received sevoflurane general anesthesia (33). Hasselager observed
a weak relationship between inhalation anesthesia and colorectal
cancer recurrence compared to intravenous general anesthesia, and
no relationship between the two anesthesia modalities in terms of
overall mortality or disease-free survival rates (34). In addition, a
clinical study that recruited older adults requiring major cancer
surgery compared the incidence of delayed postoperative
neurocognitive recovery under sevoflurane-based and propofol-
based general anesthesia, and showed a low incidence in the
propofol group (35). Most data comparing volatile anesthetics
with TIVA come from in vitro or retrospective studies. There are
no definitive conclusions about how propofol affects prognosis in
different types of cancer, but the data show a trend toward
favoring propofol.

Dexmedetomidine is a highly selective o2-adrenergic agonist
with sedative, analgesic, anxiolytic and anti-stress effects. Studies
have shown that dexmedetomidine can effectively reduce the
inflammatory response triggered by postoperative stress, alleviate
postoperative immunosuppression in cancer patients, and improve
overall immune function. It decreased postoperative levels of C-
reactive protein (CRP), TNF-0,, and IL-6, while increasing levels of
IL-10. In addition, it increases the number of NK cells, B cells, CD,*
T cells, and the CD,"/CDg" ratio (36). However, dexmedetomidine
exhibits different effects in cellular biological behavior depending on
the cancer cell type (37). Dexmedetomidine application in cancer
patients is still common, and it has an excellent role in reducing
postoperative delirium in particular. Due to the lack of strong
clinical evidence, it is not possible to draw firm conclusions about
whether dexmedetomidine may have an effect on cancer recurrence.

Ketamine is an N-methyl-D-aspartate (NMDA) receptor
antagonist with agonistic properties on |l and & opioid receptors.
Ketamine modulates immune function through three main
mechanisms: First, ketamine inhibits the expression of pro-
inflammatory cytokines (e.g., IL-6 and TNF-o) in the early
postoperative period, which mediates anti-inflammatory effects.
Second, similar to other analgesics, ketamine significantly inhibits
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the cytotoxicity of NK cells, which in turn increases the
susceptibility to tumor metastasis. Third, ketamine disrupts the
homeostasis between different T-cell subpopulations, suppressing
antitumor immune function in a dose-dependent manner, and
consequently is associated with an increased risk of cancer
recurrence and reduced patient survival (38). However, Cho et al.
found that intraoperative low-dose ketamine administration did not
have any beneficial effects on NK cell activity, inflammatory
markers (IL-6, CRP, TNF-a), or 2-year cancer recurrence did not
produce any favorable effects (39). In summary, there is a lack of
sufficient scientific evidence for the perioperative use of ketamine to
improve the prognosis of cancer patients.

3.1.2 Regional anesthesia

Regional anesthesia, including either spinal or paravertebral
blocks, can be used alongside general anesthesia or for providing
postoperative pain relief (40). Regional anesthesia can help protect
the patient’s postoperative immune function and reduce the risk of
cancer metastasis and recurrence by blocking harmful nerve
impulses from reaching the central nervous system, reducing
neuroendocrine responses triggered by surgical stimuli, and
lowering the use of volatile anesthetics and opioids during surgery
(41). Also, direct absorption of local anesthetics (LAs) inhibits
cancer progression (42).

LAs act in association with many signaling pathways and are
known for blocking voltage-gated sodium channels, as well as
interacting with calcium-potassium and hyperpolarization-gated ion
channel ligands gated channels and G protein-coupled receptors. LAs
influence both the activation of several downstream pathways in
neurons and the structure and function of different membrane
types. To access their site of action in neuronal membranes, LAs
must cross various tissue barriers (43). Lidocaine is the most
commonly used LA, and the most familiar pharmacologic effects of
lidocaine are analgesia and antiarrhythmia. In addition, lidocaine
possesses interesting anticancer properties, which may be beneficial
for long-term cancer treatment outcomes (40). We focus on the
anticancer properties of lidocaine. At present, several mechanisms
have been suggested to explain the impact of lidocaine on cancer
recurrence, which can be generally categorized into five main areas:
pathway inhibition, induction of apoptosis, DNA-mediated effects, cell
cycle-mediated effects, and reduction of cancer metastasis (44). The
epigenetic profile of cancer cells is one of the determinants of the
metastatic potential of circulating cancer cells. Epigenetic mechanisms
are responsible for regulating methylation of specific regions of DNA,
and high methylation levels can be oncogene inactivation leading to
cancer progression. Studies suggest that lidocaine, at concentrations
relevant to clinical use, demethylates breast cancer cells in vitro in a
dose-dependent fashion. Furthermore, its effects are potentiated when
combined with the chemotherapy agent 5-aza-2’-deoxycytidine
(DAC) (45, 46). Wei and others conducted animal experiments and
found that lidocaine not only effectively inhibited the progression of
hepatocellular carcinoma cells, arresting cells and inducing apoptosis
in the GO/G1 phase of the cell cycle and also improved the sensitivity
of hepatocellular carcinoma cells to cisplatin in vivo, providing a new
treatment strategy for the therapy of hepatocellular carcinoma (47).
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Epidermal growth factor receptor is a transmembrane glycoprotein
located on the surface of cell membranes, when it binds to a ligand,
can activate the mitogen-activated protein kinase (MAPK) pathway,
regulated by the extracellular signal-regulated kinases (ERK1/2), and
p38 pathway. Lidocaine and bupivacaine can induce apoptosis in
thyroid cancer cells through the MARK signaling pathway (48). Wei
et al. conducted treatment of hepatocellular carcinoma cells with
lidocaine, and the immunoblotting analysis revealed a reduction in B-
cell lymphoma-2 (Bcl-2) levels, alongside an increase in Bcl-2-
associated X protein (Bax) levels (47). The balanced relationship
between pro-apoptotic mediators (such as Bax) and anti-apoptotic
mediators (such as Bcl-2) in human cells determines whether
programmed cell death occurs in damaged or pre-cancerous cells.

Retrospective studies have frequently highlighted the potential
importance of regional anesthesia in lowering the risk of cancer
recurrence following surgery for breast, colon, and prostate cancer
patients. In a trial with 1,583 female patients with early-stage breast
cancer showed that administering a peritumoral injection of 0.5%
lidocaine 7 to 10 minutes prior to surgery resulted in improved
disease-free survival and overall survival (49). The combination of
general anesthesia and epidural anesthesia has been found to improve
overall survival in colorectal cancer patients, particularly those with
colon cancer, when compared to general anesthesia alone, according
to a recent meta-analysis (50). A large retrospective analysis suggested
that regional anesthetic techniques may be beneficial for cancer
outcomes after prostate cancer surgery (51). In addition, regional
block anesthesia may affect the expression of several cytokines
expressed perioperatively, decreasing the release of IL-6 and
relatively maintaining the levels of IL-2 and IL-10 (52), and may
maintain NK cell activity. Nevertheless, Daniel et al. discovered that
regional anesthesia-analgesia was not more effective than volatile
anesthetics and opioids in reducing breast cancer recurrence after
potentially curative surgery (53). Paul et al. conducted a randomized
controlled trial of patients undergoing abdominal surgery for cancer
and showed that the use of intraoperative epidural blocks was not
associated with improved cancer-free survival (54). Since most of the
current clinical findings are based on retrospective studies, there is still
an ongoing discussion about how regional anesthesia impacts the
outcomes of cancer patients in clinical settings.

3.2 Pain

Pain is an uncomfortable experience, both sensory and
emotional, that is connected to actual or potential damage to
tissues. Globally, cancer is the primary cause of mortality, with
pain being a frequent accompanying symptom. It significantly
impacts patients’ physical and psychological well-being and also
increases the mortality associated with many types of cancer (55). In
addition, the immune system and pain are closely related (56). Pain
in cancer patients can be acute or chronic. Perioperative acute pain
is the result of surgical trauma, inflammation and hyperactivity of
the sympathetic nervous system, the latter being a major cause of
the transformation of acute pain into chronic and persistent
postoperative pain (57). Acute pain lasts for 6 months or less and
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then subsides. Chronic pain may be related to the cancer itself,
cancer treatment, or caused by another condition unrelated to
cancer (58).

NK cells are thought to be suppressed by acute pain and their
cytotoxic activity is reduced in animal models, increasing the risk of
cancer metastasis and recurrence. Pain can generate a stress
response that activates the hypothalamic-pituitary-adrenal axis
(HPA) and the sympathetic nervous system (SNS), which in turn
causes a cascade of immunosuppression. This neuroendocrine
response can lead to an increase in beta-endorphin levels in
immune cells within the peripheral immune system (59-61). In a
clinical trial conducted by Yoon and others (62), they meticulously
investigated the alterations in NK cell activity and cellular subsets
within the peripheral blood of individuals suffering from chronic
pain. Their findings revealed that the cytotoxic activity of NK cells
among chronic pain patients did not deviate significantly from that
observed in normal patients. Massart et al. concluded (63) that
chronic pain alters DNA in the brain and immune system. The
origin of cancer pain is partly attributed to tissue damage and
inflammation in the tumor microenvironment, though the precise
mechanisms are not yet known (64). A recent study has pinpointed
macrophage-to-neuron-like cell transformation as a direct
mechanism contributing to cancer pain, potentially serving as a
therapeutic target for addressing this condition (55). Evidence
suggests that postoperative pain management has an impact on
surgical outcomes and can reduce cardiac, pulmonary, and
metabolic complications (65). Beilin et al. (66) assessed the
impact of three postoperative pain relief techniques on immune
function, finding that patients with patient-controlled epidural
analgesia experienced considerably less pain after surgery,
reduced inhibition of lymphocyte proliferation to mitogen, and
reduced pro-inflammatory cytokine response to surgery. Further
investigation by the team revealed that using preemptive epidural
analgesia reduced postoperative pain and lowered the levels of pro-
inflammatory cytokines (67). Other studies have shown that local
analgesia reduces surgery-associated immunosuppression, which
can lessen the occurrence rate of postoperative infections (68)
and the risk of metastasis (69). Perioperative pain management is
critical, achieving adequate analgesia during perioperative surgery
with the least amount of side effects is essential for anesthesiologists.

The use of opioids is the mainstay of anesthesia and
perioperative analgesia for patients undergoing cancer surgery.
One of the most prominent effects of opioids on the immune
system is their ability to inhibit the proliferative process and
differentiation of T lymphocytes, while also accelerating the
apoptotic process of T lymphocytes. For example, morphine,
fentanyl, alfentanil, and sufentanil all decrease NK cell activity,
whereas remifentanil has been shown to completely inhibit
lymphocyte proliferation and NK cell activity in rats (70). Studies
have demonstrated that postoperative analgesia with sufentanil
reduces the number of Th17 and regulatory T cells (Tregs) in a
surgical model of hepatocellular carcinoma in rats (71). In addition,
compared with morphine, sufentanil has less effect on CD,*/CDg"
ratio and Treg frequency, making it more suitable for postoperative
analgesia. Research evidence on the role of opioids in cancer growth

frontiersin.org


https://doi.org/10.3389/fonc.2025.1558652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Teng et al.

and metastasis is conflicting. It promotes cancer cell invasion and
migration through upregulation of MMP in breast and lung cancer,
and through upregulation of urokinase fibrinogen activator in colon
cancer (24). However, 2 prospective RCTs have found the opposite.
In a small trial (n = 146), no differences in biochemical recurrence
were observed between opioid-free anesthesia and opioid-based
anesthesia in a prostatectomy cohort (72). A prospective,
noninferiority RCT comparing sufentanil-based anesthesia versus
epidural anesthesia (n = 81 in each group) found that tumor-
associated immune alterations between the two groups and cancer-
related outcomes (metastasis, recurrence, and survival) did not
differ between the two groups (73).

Nonsteroidal anti-inflammatory drugs (NSAIDs) are another
commonly used analgesic adjunct in the perioperative period.
Cyclooxygenase (COX) is known to convert arachidonic acid into
prostaglandins, and the overproduction of prostaglandins has been
shown to be critical for various cancer events (74). NSAIDs, as COX
inhibitors, reduce prostaglandin synthesis, thereby exerting anti-
inflammatory and immunomodulatory effects, as well as affecting
immune cell activity and modulating the production and Release
(25). 2021 A systematic evaluation published in 2021 (19 studies
involving 12,994 participants) found that perioperative use of
NSAIDs was associated with longer disease-free survival
(HR=0.84 (95% CI, 0.73-0.97)) and overall survival (HR=0.78
(95% CI, 0.64-0.94)), in particularly in patients with breast and
ovarian cancer. The authors warned that because most of the
included studies were retrospective and highly heterogeneous, the
level of quality of these results was low. Two relatively large trials
examining extended courses of NSAIDs after initial surgical
treatment failed to demonstrate any benefit from long-term
exposure to NSAIDs. First, an RCT including 2526 patients with
stage 3 colorectal cancer were randomly assigned to receive either
celecoxib or placebo combined with fluorouracil, folinic acid, and
oxaliplatin (FOLFOX) adjuvant chemotherapy for 3 years. Results
showed no difference in disease-free survival between the two
groups (75). Another study, which included 2639 patients with
ERBB2-negative breast cancer, showed no benefit of celecoxib 400
mg/d for 2 years on 5-year disease-free survival. The results of this
study are summarized below (76).

Overall, there is no high-quality evidence that the adjunctive use
of NSAIDs and opioids has an impact on cancer outcomes, and
higher-quality clinical evidence in the form of prospective
randomized controlled trials is needed.

3.3 Allogeneic transfusion

Cancer surgery involves extensive resection, and the availability of
intraoperative blood transfusion depends on a number of confounding
factors, including the degree of the patient’s preoperative anemia and
the complexity and difficulty of the procedure (77). There is no doubt
that blood transfusions can be life-saving when clinically indicated.
Preoperative anemia, intraoperative bleeding, allogeneic transfusion and
postoperative anemia can individually or collectively affect the long-
term prognosis of cancer patients. This article focuses on the effects of
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allogeneic blood transfusion. Studies have shown that transfusion-
induced transient immunosuppression may be linked to poor
prognosis in cancer patients (78). Transfusion-related
immunomodulation refers to the immunosuppressive effects
associated with allogeneic blood transfusion. It occurs by interfering
with the activity of CTLs and monocytes, decreasing the production of
immune cytokines (e.g, IL-2, IFN-y), and increasing the activity of
suppressor T cells, which promotes the release of prostaglandins.
Besides residual leukocytes, concentrated red blood cells contain
bioactive substances, which generally have immunosuppressive and
cancer-promoting effects (79).

In addition, the storage time of blood products had been of great
concern. L-arginine is required for T-cell activation and
proliferation, and high levels of free arginine after transfusion
may underlie immunosuppression and transfusion-associated
infections. Despite its short half-life, arginine may be involved in
early immunosuppression. Thus, elevated levels of free arginine in
long-stored blood may have implications for immunocompromised
patients. Experimental data from Mollinedo showed that free
arginine levels in concentrated red blood cell units increased with
storage time (80). Using a rat model of erythrocyte storage and
transfusion, Hod et al. showed that transfusion of stored
erythrocytes or washing of stored erythrocytes increased plasma
non-transferrin bound iron, leading to acute iron deposition in
tissues and triggers inflammation (81). This is a concern in
immunosuppressed cancer patients, and the storage time of the
blood product being transfused should be considered when
transfusing blood to cancer patients. The benefits of transfusing
concentrated red blood cells with a short storage time outweigh the
drawbacks. The study by Kekre et al. involved 27,000 cancer
patients treated with radiochemotherapy or surgery, of whom
1,929 received transfusion therapy. The results showed that the
storage time of transfused red blood cells had no effect on OS or
cancer recurrence (82). In conclusion, these results highlight the
significance of limiting blood product use in malignant cancer
patients, supporting a stricter transfusion threshold (83).

Supported by several meta-analyses, blood transfusions do have
adverse effects on outcomes for many types of cancer. Pang et al.
pooled 34 observational clinical studies, covering a total of 174,036
patients, which clearly showed that perioperative blood transfusion
has a significant opposite forces on long-term outcomes and also
augments the risk of short-term complications after colorectal cancer
operation (84). Sun et al. in order to find out the relationship between
allogeneic blood transfusion and cancer prognosis in patients with
gastric cancer who underwent radical surgery, included 18 studies
(9,120 patients with gastric cancer), of which 36.3% received
transfusions, and they found that receiving allogeneic blood
transfusions was linked to increased rates of mortality from all
causes, cancer-related deaths, and cancer recurrence (85). Tai and
others investigated how blood transfusion affects the prognosis of
hepatocellular carcinoma patients. Their analysis revealed that the risk
ratio reached its highest point at a transfusion threshold of 5-6 units.
Additionally, they observed that autologous blood transfusion had
minimal influence on the perioperative humoral immune function in
these patients. These findings indicate that autologous transfusion not

frontiersin.org


https://doi.org/10.3389/fonc.2025.1558652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Teng et al.

only minimizes the likelihood of adverse transfusion reactions but also
significantly lowers the risk of disease transmission associated with
stored blood (86). In situations of massive blood loss, autologous
blood transfusion is a proven method. However, the biggest
controversy regarding autologous transfusion in the context of
cancer is that metastasis caused by cancer resection may lead to
systemic dissemination following autologous transfusion. However, to
date, the evidence for this theory is limited. Consequently, the use of
autologous transfusion as an alternative to allogeneic transfusion in
managing cancer patients during surgery requires more
exploration (78).

3.4 Hypothermia

Body temperature is considered a vital sign, alongside blood
pressure, heart rate, and breathing rate (87). In general,
intraoperative hypothermia occurs in more than 50% of surgical
procedures (13), and impaired control of normal thermoregulation
induced by anesthetics is the primary cause of hypothermia in most
patients (88). Clinical research has revealed that even a small drop
in body temperature can lead to major problems, like surgical
wound infections (89), coagulation disorders, increased allogeneic
transfusions (90) and delayed recovery from anesthesia (91).
Intraoperative hypothermia can influence the immune system,
potentially affecting cancer recurrence and metastasis post-
surgery (13).

T cell subsets are essential indicators for assessing immune function
in human cells and are vital in the body’s anticancer immune response.
The immune system’s effectiveness in battling cancer is greatly reduced
by an imbalance in the amount or function of these cells and the
cytokines they produce. This disruption can, in turn, reduce the efficacy
of cancer therapies and negatively impact patient prognosis (92). The
type 1 adaptive immune response, which is mediated by Thl and CTL
cells, is considered an important component of immunity against cancer
cells (93). In contrast, Treg cells and Th2 cells are considered to be the
two main T cells that nullify the anticancer immune response (94). Du
et al. showed (95) that hypothermia significantly contributes to the
immunosuppressive microenvironment in cancer patients. This
condition results in an expansion of splenic Treg and Th2 cell
populations, elevated levels of IL-4 and IL-10, and an increase in local
hypothermic Treg cells along with higher TGF-B1 concentrations in the
cancer, thereby facilitating lung metastasis. In this model, ischemic
conditions within the cancer lead to local hypothermia, which can
trigger a shift in the polarity of the immune response from type 1 to type
2. This shift in turn creates an immunosuppressive microenvironment
that effectively protects the cancer from rejection by the immune system.
In addition, hypothermia activates the SNS, which in turn prompts the
adrenal glands to release catecholamines and small amounts of
glucocorticoids. These neuroendocrine responses further inhibit NK
cell activity (13, 96), directly or indirectly weakening cell-mediated
immunity (97). Neutrophils have an immunosurveillance role against
cancer cells. The oxidative function of neutrophils is a crucial factor in
defending against infections in surgical wounds. However, the
production of reactive oxidative intermediates is linearly correlated
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with body temperature, intraoperative hypothermia not only reduces
the phagocytic capacity of neutrophils, but also reduces the production
of reactive oxygen species intermediates, which reduces the body’s
resistance to infection (98). Experiments by Seki and co-workers
exposed an immunologically active C57BL/6 mouse model of
implanted rectal carcinoma to 4°C, and observed an inhibition of
cancer growth of up to 80%. Remarkably, similar results have been
observed in many mouse models of different types of cancer, indicating
the potential of this approach in treating a wide range of malignancies.
Following cold exposure, circulating blood glucose levels decrease, and
glucose uptake by tumors is reduced, thereby limiting the primary
energy source for cancer cells. Zhang and others’ study on breast cancer
found that mild hypothermia attenuated the chemotaxis of breast
cancer cells but had no significant effect on unidirectional migration
ability. This suggests that mild hypothermia can be used as an adjunct
therapy in combination with surgery to reduce cancer cell adhesion and
migration (99). A new study has found that a temperature window can
be identified in a rat model where cell division can be safely halted, and
has termed this range “cytostatic hypothermia”. “Cytostatic
hypothermia” prevents the growth of glioblastoma in rats, and this
study proposes a non-cryogenic hypothermia method that provides a
previously unexplored approach to the treatment of glioblastoma (100).

Hypothermia is common in unwarmed patients during surgery.
Particularly in patients receiving general or neuraxial anesthesia for
longer than 30 minutes, accurate measurement or reliable
estimation of core temperature is essential. Unless there are
special conditions, it’s important to keep the patient’s core body
temperature above 36°C during surgery to ensure both safety and
comfort (101).

3.5 Blood pressure

The interaction of cardiac output and vascular resistance in the
circulatory system results in the body’s arterial pressure, and is
characterized by systolic and diastolic components (102). The
definition of intraoperative hypotension is still unclear and varies
widely (103). The most recent consensus statements and guidelines
for managing arterial pressure during surgery suggest keeping the
intraoperative mean arterial pressure at a minimum of 60 mm Hg
for high-risk patients (102).

Indeed, hypotensive and hypertensive episodes are common
during anesthesia and surgery, even when well-controlled, and
although the threshold of harm is unknown, a certain degree of
hypotension can lead to organ damage, complications, and death
(104). In addition, several clinical studies have found that
perioperative hypertension or hypotension in cancer surgery may
also impact oncological outcomes. In 1991, Younes et.al (105). first
reported that a higher number of intraoperative hypotensive
episodes correlated with a reduced recurrence-free survival timein
patients suffering from liver metastases due to colorectal cancer. On
the other hand, perioperative hypertension in individuals with renal
or rectal cancer has been identified as an independent risk factor for
cancer-specific survival and recurrence-free survival after surgery
(106, 107). Huang et al. (108) proposed a new definition for
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intraoperative hypertension and hypotension, considering their
effects on long-term survival. They classified episodes of systolic
blood pressure (SBP) exceeding 140 mmHg for a minimum of 5
minutes as intraoperative hypertension, while episodes with SBP
below 100 mmHg for at least 5 minutes were categorized as
hypotension. After taking into account potential confounding
variables, it was found that patients who only had intraoperative
hypotension had a much shorter overall survival than those who
only had intraoperative hypertension. This study is unclear about
the underlying mechanisms through which intraoperative
hypotension affects long-term survival, but it suggests that it may
be related to (1) intraoperative hypotension increasing the risk of
perioperative organ damage, although patient deaths in this study
were primarily caused by cancer (2); microenvironmental hypoxia,
which is characteristic of solid tumors, and how intraoperative
hypotension may worsen hypoxia, promoting cancer invasion and
metastasis; and (3) hypoxia caused by intraoperative hypotension
potentially increasing systemic inflammation, thereby raising the
risk of cancer recurrence and death. Therefore, for anesthesiologists,
maintaining stable intraoperative blood pressure in patients with an
unstable circulatory system is one of the crucial measures that
significantly impact patient outcomes.

3.6 Psychological stress

Historically, Western culture has long embraced the concept of
mind-body dualism, where the body and mind are viewed as
separate entities, sometimes even exhibiting contradictory
characteristics. However, despite the emergence of “mind-body
medicine” in the twentieth century, it is only recently that it has
become more widely recognized that mental and physical health
may be deeply interconnected. In particular, the pathophysiological
basis of mental illness has reached beyond the boundaries of the
central nervous system (15). Understanding how stress and cancer
are related is critical, especially in view of the high prevalence of
anxiety and depression in those with cancer. According to a meta-
analysis (109), 15% of people with cancer have major depression,
20% have minor depression, and 10% have anxiety disorders.
Current evidence proves that there is a bidirectional regulatory
network between the immune system and the neuroendocrine
system (110, 111). The two systems are connected by chemical
signals secreted by specific cells, and psychological stress can
disrupt these networks (112). The sympathetic-adrenal-medullary
(SAM) system and the HPA axis are the two main components
responsible for maintaining and restoring homeostasis in the body
during stress (113). When stressed, the SAM and the HPA axis are
quickly activated, producing catecholamines and glucocorticoids.
Neuroendocrine factors linked to stress can directly influence
cancer cells’ biological characteristics, including their growth,
programmed cell death, and metastatic potential (15).
Psychological factors are often overlooked for cancer patients.
Stress is closely related to cytokines secreted by cells of the
macrophage and monocyte lineages. Under stress, the expression
of IL-1, IL-6, and TNF increases significantly, while the expression
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of IL-2, interferon, and MHC class II molecules decreases. TNF
inhibits tyrosine phosphatase activity, and this inhibition further
reduces the expression of MHC class I antigens on the surface of
cells. Thus, malignant cells are able to evade immune surveillance
and create favorable conditions for growth and proliferation (114).
While there is no direct proof connecting stress to cancer, extensive
epidemiological studies suggest a significant relationship between
objectively identified stressors and self-reported psychological
distress with negative cancer outcomes. These outcomes include
cancer progression, metastasis, recurrence, treatment failure, and an
elevated risk of mortality (115, 116).

In clinical studies, effective psychological interventions (PI) are
clinically important in helping to improve the psychological quality
of patients and thus their quality of life (117). However, the impact
of PI on cancer patients is controversial. A systematic evaluation
and meta-analysis of randomized clinical trials examining the
effects of PI on survival and quality of life (QoL) in cancer
patients concluded that PI do not prolong survival, but they can
improve patients’ QoL. Their analysis showed that the intervention
group showed significant improvements in all four measured QoL
domains (holistic, affective, social, and physical) when compared to
the control group, with clinical effects in the domain of emotions
highest. In terms of cancer type, they found that breast cancer
patients benefited the most from PI, and the prostate cancer group
did not see improvement in any domain (118). A study by Zhang
et al. found that PI benefited QoL and psychological outcomes in
colorectal cancer patients (119). Accelerated Rehabilitation Surgery
(ERAS) interventions are based on evidence-based medicine, and
through a series of measures such as preoperative, intraoperative,
and postoperative comprehensive rehabilitation interventions, they
can reduce the surgical stress response and promote the rapid
recovery of patients. Integrating psychological assessment and
intervention into the ERAS process not only accelerates the
recovery process, but also improves patients’ psychological status
and quality of life, and reduces the incidence of complications.

4 Discussion

A growing body of evidence has examined the impact of
perioperative anesthetic management on cancer metastasis
recurrence and survival in cancer patients. Laboratory studies
suggest that the effects of propofol on tumor cell biology,
inflammation, and immune function may be more beneficial in
preventing recurrence compared to volatile agents. A retrospective
study showed an association between propofol TIVA and improved
disease-free survival compared with inhalation anesthesia. However,
several small RCTs have found no statistical difference between
propofol TIVA and inhalation anesthesia cohorts in terms of
postoperative circulating tumor cell counts (40). Although many
essentially limited retrospective studies have suggested a benefit of
propofol TIVA on overall survival, no large RCT has yet to provide
data to support this. And data from large RCTs are indispensable
before any adjustments to clinical practice can be recommended. A
recent meta-analysis included 6 RCTs examining the effect of
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adjunctive use of RA on cancer recurrence rates in adults undergoing
cancer resection. It was concluded that the adjunctive use of regional
anesthesia to general anesthesia did not reduce the rate of cancer
recurrence during cancer resection surgery (120). However, this
finding needs to be interpreted with caution due to the low level of
evidence from the included studies, the high degree of heterogeneity,
and the potential risk of bias, and more definitive results from the large
RCT's are needed. Current research suggests that opioid receptors may
be involved in promoting cancer recurrence and migration, and
therefore, the development of meticulous genomic analyses of
patients’ resected cancer tissues, as well as the exploration of the
mechanisms of interactions between individual patients’ cancer gene
expression profiles and the status of perioperative opioid use during
surgery, as well as subsequent oncological outcomes, has become a
new focus of contemporary interest. NSAIDs may exert antitumor
effects by exerting an antagonistic effect on inflammation,
angiogenesis, and multiple other cellular pathways to produce
antitumor effects. However, most retrospective studies and a small
number of RCTs have yielded conflicting conclusions. Overall, long-
term adjuvant use of these agents has not been shown to have an
impact on cancer outcomes, and data from the small number of
prospective trials on perioperative NSAIDs are not convincing. There
are no definitive conclusions about the effects of body temperature and
blood pressure on the prognosis of cancer patients, and there is still a
need for large prospective RCTs to provide more definitive
information. Immunomodulation associated with blood transfusion
in cancer surgery is well documented, but the extent to which it affects
cancer progression is unclear. The association between blood
transfusion and cancer progression is disease-specific. There is
growing evidence that autologous blood transfusions may be safe in
cancer surgery. Anxiety and depression are very common in cancer
patients, and psychological factors are often overlooked in cancer
patients. Therefore, anesthesiologists should try to alleviate patients’
anxiety about surgery as much as possible during preoperative visits
and conversations, using medications when necessary. In cytokine-
related studies, their concentrations usually exhibit significant
interindividual heterogeneity, and this heterogeneity can adversely
affect the validity of statistical significance tests. In addition, the
variable sensitivity of cytokine assays makes the variability of the
generated data increased and noise interference more pronounced.
Although this review summarizes the existing evidence on the
potential association between perioperative anesthetic management-
related immunosuppression and postoperative cancer recurrence and
metastasis, it is important to recognize the significant limitations of
research in this field. Firstly, most of the evidence comes from animal
models and cell studies. While these allow for detailed examination of
the effects of specific anesthetics or anesthetic techniques on immune
function under strictly controlled conditions, animal models or in
vitro cell culture studies inherently differ from humans in terms of
immune system complexity, tumor microenvironment, drug
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metabolism, and disease natural history. Secondly, clinical studies
are subject to diverse and complex confounding factors. Factors such
as the patient’s underlying medical conditions, the specific type and
stage of the tumor, the extent of surgical trauma, the severity of
perioperative stress responses, the effectiveness of postoperative pain
management, and the use and timing of adjuvant therapies (such as
chemotherapy or radiation therapy) can all significantly influence the
body’s immune status and tumor prognosis. Since it is difficult to
precisely distinguish these confounding factors from the effects of
specific anesthetic drugs or techniques, there is no clear evidence that
changing a single anesthetic technique can directly impact a patient’s
long-term prognosis. Finally, most studies are retrospective and small-
scale RCTs, which are inherently limited and cannot serve as the basis
for practice changes. Future research requires more rigorous, large-
scale prospective RCT studies.

5 Conclusion

The intersection of anesthesiology and immunology has
stimulated increasing interest, particularly in the exciting
possibility that perioperative anesthesia and interventions in
oncology patients may meaningfully influence patient prognosis.
Current preclinical studies indicate that immunosuppression
caused by anesthesia could potentially exacerbate cancer
recurrence in patients with specific cancer types. However, the
complex relationship between anesthetics, immune response,
cancer patient survival, and the occurrence of metastatic
recurrence remains unresolved. To provide more conclusive
evidence, further prospective randomized controlled trials are
essential. Therefore, anesthesiologists should also seek
individualized anesthetic regimens that are optimal for
their patients.

Author contributions

YT: Writing - review & editing, Writing - original draft. YY:
Writing - original draft, Writing - review & editing. YS: Writing -
review & editing. JZ: Writing — review & editing. XZ: Writing -
review & editing. MS: Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
by China Postdoctoral Science Foundation, China (NO.
2024T170529 to XZ) and the Postdoctoral Innovation Project of
Shandong Province, China (NO. SDCX-ZG-202400048 to XZ).

frontiersin.org


https://doi.org/10.3389/fonc.2025.1558652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Teng et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

References

1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: globocan estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer ] Clin. (2024) 74:229-63. doi: 10.3322/caac.21834

2. Lloyd JM, Mclver CM, Stephenson SA, Hewett PJ, Rieger N, Hardingham JE.
Identification of early-stage colorectal cancer patients at risk of relapse post-resection
by immunobead reverse transcription-pcr analysis of peritoneal lavage fluid for
Malignant cells. Clin Cancer Res. (2006) 12:417-23. doi: 10.1158/1078-0432.Ccr-05-
1473

3. Ganesh K, Massagué J. Targeting metastatic cancer. Nat Med. (2021) 27:34-44.
doi: 10.1038/s41591-020-01195-4

4. Paget S. The distribution of secondary growths in cancer of the breast. 1889.
Cancer Metastasis Rev. (1989) 8:98-101. doi: 10.1016/S0140-6736(00)49915-0

5. Xu ZZ, Li HJ, Li MH, Huang SM, Li X, Liu QH, et al. Epidural anesthesia-
analgesia and recurrence-free survival after lung cancer surgery: A randomized trial.
Anesthesiology. (2021) 135:419-32. doi: 10.1097/aln.0000000000003873

6. Neeman E, Zmora O, Ben-Eliyahu S. A new approach to reducing postsurgical
cancer recurrence: perioperative targeting of catecholamines and prostaglandins. Clin
Cancer Res. (2012) 18:4895-902. doi: 10.1158/1078-0432.Ccr-12-1087

7. Heaney A, Buggy DJ. Can anaesthetic and analgesic techniques affect cancer
recurrence or metastasis? Br ] Anaesth. (2012) 109 Suppl 1:i117-28. doi: 10.1093/bja/
aes421

8. Mehlen P, Puisieux A. Metastasis: A question of life or death. Nat Rev Cancer.
(2006) 6:449-58. doi: 10.1038/nrc1886

9. Wu ZF, Lee MS, Wong CS, Lu CH, Huang YS, Lin KT, et al. Propofol-based total
intravenous anesthesia is associated with better survival than desflurane anesthesia in
colon cancer surgery. Anesthesiology. (2018) 129:932-41. doi: 10.1097/
aln.0000000000002357

10. Makito K, Matsui H, Fushimi K, Yasunaga H. Volatile versus total intravenous
anesthesia for cancer prognosis in patients having digestive cancer surgery.
Anesthesiology. (2020) 133:764-73. doi: 10.1097/aln.0000000000003440

11. Moorthy A, Eochagain AN, Buggy DJ. Can acute postoperative pain
management after tumour resection surgery modulate risk of later recurrence or
metastasis? Front Oncol. (2021) 11:802592. doi: 10.3389/fonc.2021.802592

12. Tai YH, Wu HL, Mandell MS, Tsou MY, Chang KY. The association of
allogeneic blood transfusion and the recurrence of hepatic cancer after surgical
resection. Anaesthesia. (2020) 75:464-71. doi: 10.1111/anae.14862

13. Ben-Eliyahu S, Shakhar G, Rosenne E, Levinson Y, Beilin B. Hypothermia in
barbiturate-anesthetized rats suppresses natural killer cell activity and compromises
resistance to tumor metastasis: A role for adrenergic mechanisms. Anesthesiology.
(1999) 91:732-40. doi: 10.1097/00000542-199909000-00026

14. Wiirtzen H, Dalton SO, Elsass P, Sumbundu AD, Steding-Jensen M, Karlsen RV,
et al. Mindfulness significantly reduces self-reported levels of anxiety and depression:
results of a randomised controlled trial among 336 Danish women treated for stage I-iii
breast cancer. Eur ] Cancer. (2013) 49:1365-73. doi: 10.1016/j.¢jca.2012.10.030

15. MaY, Kroemer G. The cancer-immune dialogue in the context of stress. Nat Rev
Immunol. (2024) 24:264-81. doi: 10.1038/s41577-023-00949-8

16. Campbell KS, Hasegawa J. Natural killer cell biology: an update and future
directions. J Allergy Clin Immunol. (2013) 132:536-44. doi: 10.1016/j.jaci.2013.07.006

17. Ishigami S, Natsugoe S, Tokuda K, Nakajo A, Che X, Iwashige H, et al.
Prognostic value of intratumoral natural killer cells in gastric carcinoma. Cancer.

Frontiers in Oncology

10

10.3389/fonc.2025.1558652

intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

(2000) 88:577-83. doi: 10.1002/(SICI)1097-0142(20000201)88:3<577::AID-
CNCR13>3.0.CO52-V

18. Coca S, Perez-Piqueras J, Martinez D, Colmenarejo A, Saez MA, Vallejo C, et al.
The prognostic significance of intratumoral natural killer cells in patients with
colorectal carcinoma. Cancer. (1997) 79:2320-8. doi: 10.1002/(sici)1097-0142
(19970615)79:12<2320::aid-cner5>3.0.c052-p

19. Shimasaki N, Jain A, Campana D. Nk cells for cancer immunotherapy. Nat Rev
Drug Discov. (2020) 19:200-18. doi: 10.1038/s41573-019-0052-1

20. Kim R. Anesthetic technique and cancer recurrence in oncologic surgery:
unraveling the puzzle. Cancer Metastasis Rev. (2017) 36:159-77. doi: 10.1007/
§10555-016-9647-8

21. Sessler DI, Riedel B. Anesthesia and cancer recurrence: context for divergent
study outcomes. Anesthesiology. (2019) 130:3-5. doi: 10.1097/aln.0000000000002506

22. Semenza GL. Targeting hif-1 for cancer therapy. Nat Rev Cancer. (2003) 3:721—
32. doi: 10.1038/nrc1187

23. Benzonana LL, Perry NJ, Watts HR, Yang B, Perry IA, Coombes C, 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) 119:593-605. doi: 10.1097/ALN.0b013e31829e47fd

24. Buddeberg BS, Seeberger MD. Anesthesia and oncology: friend or foe? Front
Oncol. (2022) 12:802210. doi: 10.3389/fonc.2022.802210

25. Guo R, Yang WW, Zhong ML, Rao PG, Luo X, Liao BZ, et al. The relationship
between anesthesia, surgery and postoperative immune function in cancer patients: A
review. Front Immunol. (2024) 15:1441020. doi: 10.3389/fimmu.2024.1441020

26. Kim R. Effects of surgery and anesthetic choice on immunosuppression and
cancer recurrence. | Transl Med. (2018) 16:8. doi: 10.1186/s12967-018-1389-7

27. Xu Y, Jiang W, Xie S, Xue F, Zhu X. The role of inhaled anesthetics in
tumorigenesis and tumor immunity. Cancer Manag Res. (2020) 12:1601-9.
doi: 10.2147/cmar.S244280

28. Hiller JG, Perry NJ, Poulogiannis G, Riedel B, Sloan EK. Perioperative events
influence cancer recurrence risk after surgery. Nat Rev Clin Oncol. (2018) 15:205-18.
doi: 10.1038/nrclinonc.2017.194

29. Markovic-Bozic J, Karpe B, Potocnik I, Jerin A, Vranic A, Novak-Jankovic V.
Effect of propofol and sevoflurane on the inflammatory response of patients
undergoing craniotomy. BMC Anesthesiol. (2016) 16:18. doi: 10.1186/s12871-016-
0182-5

30. 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 ] Anesthesiol. (2016) 69:126-32.
doi: 10.4097/kjae.2016.69.2.126

31. Jun IJ, Jo JY, Kim JI, Chin JH, Kim WJ, Kim HR, et al. Impact of anesthetic
agents on overall and recurrence-free survival in patients undergoing esophageal cancer
surgery: A retrospective observational study. Sci Rep. (2017) 7:14020. doi: 10.1038/
s41598-017-14147-9

32. Gao Z, Xu J, Coburn M, Ma D, Wang K. Postoperative long-term outcomes and
independent risk factors of non-small-cell lung cancer patients with propofol versus
sevoflurane anesthesia: A retrospective cohort study. Front Pharmacol. (2022)
13:945868. doi: 10.3389/fphar.2022.945868

33. Enlund M, Berglund A, Enlund A, Lundberg J, Wirnberg F, Wang DX, et al.
Impact of general anaesthesia on breast cancer survival: A 5-year follow up of a

frontiersin.org


https://doi.org/10.3322/caac.21834
https://doi.org/10.1158/1078-0432.Ccr-05-1473
https://doi.org/10.1158/1078-0432.Ccr-05-1473
https://doi.org/10.1038/s41591-020-01195-4
https://doi.org/10.1016/S0140-6736(00)49915-0
https://doi.org/10.1097/aln.0000000000003873
https://doi.org/10.1158/1078-0432.Ccr-12-1087
https://doi.org/10.1093/bja/aes421
https://doi.org/10.1093/bja/aes421
https://doi.org/10.1038/nrc1886
https://doi.org/10.1097/aln.0000000000002357
https://doi.org/10.1097/aln.0000000000002357
https://doi.org/10.1097/aln.0000000000003440
https://doi.org/10.3389/fonc.2021.802592
https://doi.org/10.1111/anae.14862
https://doi.org/10.1097/00000542-199909000-00026
https://doi.org/10.1016/j.ejca.2012.10.030
https://doi.org/10.1038/s41577-023-00949-8
https://doi.org/10.1016/j.jaci.2013.07.006
https://doi.org/10.1002/(SICI)1097-0142(20000201)88:3%3C577::AID-CNCR13%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1097-0142(20000201)88:3%3C577::AID-CNCR13%3E3.0.CO;2-V
https://doi.org/10.1002/(sici)1097-0142(19970615)79:12%3C2320::aid-cncr5%3E3.0.co;2-p
https://doi.org/10.1002/(sici)1097-0142(19970615)79:12%3C2320::aid-cncr5%3E3.0.co;2-p
https://doi.org/10.1038/s41573-019-0052-1
https://doi.org/10.1007/s10555-016-9647-8
https://doi.org/10.1007/s10555-016-9647-8
https://doi.org/10.1097/aln.0000000000002506
https://doi.org/10.1038/nrc1187
https://doi.org/10.1097/ALN.0b013e31829e47fd
https://doi.org/10.3389/fonc.2022.802210
https://doi.org/10.3389/fimmu.2024.1441020
https://doi.org/10.1186/s12967-018-1389-7
https://doi.org/10.2147/cmar.S244280
https://doi.org/10.1038/nrclinonc.2017.194
https://doi.org/10.1186/s12871-016-0182-5
https://doi.org/10.1186/s12871-016-0182-5
https://doi.org/10.4097/kjae.2016.69.2.126
https://doi.org/10.1038/s41598-017-14147-9
https://doi.org/10.1038/s41598-017-14147-9
https://doi.org/10.3389/fphar.2022.945868
https://doi.org/10.3389/fonc.2025.1558652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Teng et al.

pragmatic, randomised, controlled trial, the can-study, comparing propofol and
sevoflurane. EClinicalMedicine. (2023) 60:102037. doi: 10.1016/j.eclinm.2023.102037

34. Hasselager RP, Hallas J, Gégenur L. Inhalation or total intravenous anaesthesia
and recurrence after colorectal cancer surgery: A propensity score matched Danish
registry-based study. Br ] Anaesth. (2021) 126:921-30. doi: 10.1016/j.bja.2020.11.019

35. Zhang Y, Shan GJ, Zhang YX, Cao SJ, Zhu SN, Li HJ, et al. Propofol compared
with sevoflurane general anaesthesia is associated with decreased delayed
neurocognitive recovery in older adults. Br J Anaesth. (2018) 121:595-604.
doi: 10.1016/j.bja.2018.05.059

36. Wang K, Wu M, Xu J, Wu C, Zhang B, Wang G, et al. Effects of
dexmedetomidine on perioperative stress, inflammation, and immune function:
systematic review and meta-analysis. Br J Anaesth. (2019) 123:777-94. doi: 10.1016/
jbja.2019.07.027

37. Cai Q, Liu G, Huang L, Guan Y, Wei H, Dou Z, et al. The role of
dexmedetomidine in tumor-progressive factors in the perioperative period and
cancer recurrence: A narrative review. Drug Des Devel Ther. (2022) 16:2161-75.
doi: 10.2147/dddt.S358042

38. Xia SH, Zhou D, Ge F, Sun M, Chen X, Zhang H, et al. Influence of perioperative
anesthesia on cancer recurrence: from basic science to clinical practice. Curr Oncol Rep.
(2023) 25:63-81. doi: 10.1007/s11912-022-01342-9

39. Cho JS, Kim NY, Shim JK, Jun JH, Lee S, Kwak YL. The immunomodulatory
effect of ketamine in colorectal cancer surgery: A randomized-controlled trial. Can |
Anaesth. (2021) 68:683-92. doi: 10.1007/s12630-021-01925-3

40. Dubowitz ], Hiller J, Riedel B. Anesthetic technique and cancer surgery
outcomes. Curr Opin Anaesthesiol. (2021) 34:317-25. doi: 10.1097/
ac0.0000000000001002

41. Guay J, Kopp S. Epidural pain relief versus systemic opioid-based pain relief for
abdominal aortic surgery. Cochrane Database Syst Rev. (2016) 2016:Cd005059.
doi: 10.1002/14651858.CD005059.pub4

42. Alam A, Rampes S, Patel S, Hana Z, Ma D. Anesthetics or anesthetic techniques
and cancer surgical outcomes: A possible link. Korean J Anesthesiol. (2021) 74:191-203.
doi: 10.4097/kja.20679

43. Lirk P, Hollmann MW, Strichartz G. The science of local anesthesia: basic
research, clinical application, and future directions. Anesth Analg. (2018) 126:1381-92.
doi: 10.1213/ane.0000000000002665

44. Lee IW, Schraag S. The use of intravenous lidocaine in perioperative medicine:
anaesthetic, analgesic and immune-modulatory aspects. J Clin Med. (2022) 11
(12):3543. doi: 10.3390/jcm11123543

45. Lirk P, Hollmann MW, Fleischer M, Weber NC, Fiegl H. Lidocaine and
ropivacaine, but not bupivacaine, demethylate deoxyribonucleic acid in breast cancer
cells in vitro. Br ] Anaesth. (2014) 113 Suppl 1:i32-8. doi: 10.1093/bja/aeu201

46. Lirk P, Berger R, Hollmann MW, Fiegl H. Lidocaine time- and dose-dependently
demethylates deoxyribonucleic acid in breast cancer cell lines in vitro. Br ] Anaesth.
(2012) 109:200-7. doi: 10.1093/bja/aes128

47. Xing W, Chen DT, Pan JH, Chen YH, Yan Y, Li Q, et al. Lidocaine induces
apoptosis and suppresses tumor growth in human hepatocellular carcinoma cells in
vitro and in a xenograft model in vivo. Anesthesiology. (2017) 126:868-81. doi: 10.1097/
aln.0000000000001528

48. Chang YC, Hsu YC, Liu CL, Huang SY, Hu MC, Cheng SP. Local anesthetics
induce apoptosis in human thyroid cancer cells through the mitogen-activated protein
kinase pathway. PloS One. (2014) 9:¢89563. doi: 10.1371/journal.pone.0089563

49. Badwe RA, Parmar V, Nair N, Joshi S, Hawaldar R, Pawar S, et al. Effect of
peritumoral infiltration of local anesthetic before surgery on survival in early breast
cancer. J Clin Oncol. (2023) 41:3318-28. doi: 10.1200/jc0.22.01966

50. Zhang S, Gao T, Li Y, Cui K, Fang B. Effect of combined epidural-general
anesthesia on long-term survival of patients with colorectal cancer: A meta-analysis of
cohort studies. Int J Colorectal Dis. (2022) 37:725-35. doi: 10.1007/s00384-022-04109-7

51. Scavonetto F, Yeoh TY, Umbreit EC, Weingarten TN, Gettman MT, Frank I,
et al. Association between neuraxial analgesia, cancer progression, and mortality after
radical prostatectomy: A large, retrospective matched cohort study. Br ] Anaesth.
(2014) 113 Suppl 1:195-102. doi: 10.1093/bja/aet467

52. Byrne K, Levins KJ, Buggy DJ. Can anesthetic-analgesic technique during
primary cancer surgery affect recurrence or metastasis? Can ] Anaesth. (2016)
63:184-92. doi: 10.1007/s12630-015-0523-8

53. Sessler DI, Pei L, Huang Y, Fleischmann E, Marhofer P, Kurz A, et al. Recurrence
of breast cancer after regional or general anaesthesia: A randomised controlled trial.
Lancet. (2019) 394:1807-15. doi: 10.1016/s0140-6736(19)32313-x

54. Myles PS, Peyton P, Silbert B, Hunt J, Rigg JR, Sessler DI. Perioperative epidural
analgesia for major abdominal surgery for cancer and recurrence-free survival:
randomised trial. Bmj. (2011) 342:d1491. doi: 10.1136/bmj.d1491

55. Tang PC, Chung JY, Liao J, Chan MK, Chan AS, Cheng G, et al. Single-cell rna
sequencing uncovers a neuron-like macrophage subset associated with cancer pain. Sci
Adv. (2022) 8:eabn5535. doi: 10.1126/sciadv.abn5535

56. Malafoglia V, Ilari S, Vitiello L, Tenti M, Balzani E, Muscoli C, et al. The
interplay between chronic pain, opioids, and the immune system. Neuroscientist. (2022)
28:613-27. doi: 10.1177/10738584211030493

Frontiers in Oncology

11

10.3389/fonc.2025.1558652

57. Ji RR, Nackley A, Huh Y, Terrando N, Maixner W. Neuroinflammation and
central sensitization in chronic and widespread pain. Anesthesiology. (2018) 129:343—
66. doi: 10.1097/aln.0000000000002130

58. Brant JM. The assessment and management of acute and chronic cancer pain
syndromes. Semin Oncol Nurs. (2022) 38:151248. doi: 10.1016/j.soncn.2022.151248

59. Sacerdote P, Manfredi B, Bianchi M, Panerai AE. Intermittent but not
continuous inescapable footshock stress affects immune responses and immunocyte
beta-endorphin concentrations in the rat. Brain Behav Immun. (1994) 8:251-60.
doi: 10.1006/brbi.1994.1023

60. Page GG, Blakely WP, Ben-Eliyahu S. Evidence that postoperative pain is a
mediator of the tumor-promoting effects of surgery in rats. Pain. (2001) 90:191-9.
doi: 10.1016/50304-3959(00)00403-6

61. Shavit Y, Martin FC, Yirmiya R, Ben-Eliyahu S, Terman GW, Weiner H, et al.
Effects of a single administration of morphine or footshock stress on natural killer cell
cytotoxicity. Brain Behav Immun. (1987) 1:318-28. doi: 10.1016/0889-1591(87)90034-1

62. Yoon JJ, Song JA, Park SY, Choi JI. Cytotoxic activity and subset populations of
peripheral blood natural killer cells in patients with chronic pain. Korean J Pain. (2018)
31:43-9. doi: 10.3344/kjp.2018.31.1.43

63. Massart R, Dymov S, Millecamps M, Suderman M, Gregoire S, Koenigs K, et al.
Overlapping signatures of chronic pain in the DNA methylation landscape of
prefrontal cortex and peripheral T cells. Sci Rep. (2016) 6:19615. doi: 10.1038/
srep19615

64. Ji RR, Chamessian A, Zhang YQ. Pain regulation by non-neuronal cells and
inflammation. Science. (2016) 354:572-7. doi: 10.1126/science.aaf8924

65. Kehlet H, Holte K. Effect of postoperative analgesia on surgical outcome. Br |
Anaesth. (2001) 87:62-72. doi: 10.1093/bja/87.1.62

66. Beilin B, Shavit Y, Trabekin E, Mordashev B, Mayburd E, Zeidel A, et al. The
effects of postoperative pain management on immune response to surgery. Anesth
Analg. (2003) 97:822-7. doi: 10.1213/01.Ane.0000078586.82810.3b

67. Beilin B, Bessler H, Mayburd E, Smirnov G, Dekel A, Yardeni I, et al. Effects of
preemptive analgesia on pain and cytokine production in the postoperative period.
Anesthesiology. (2003) 98:151-5. doi: 10.1097/00000542-200301000-00024

68. Liu S, Carpenter RL, Neal JM. Epidural anesthesia and analgesia. Their role in
postoperative outcome. Anesthesiology. (1995) 82:1474-506. doi: 10.1097/00000542-
199506000-00019

69. Bar-Yosef S, Melamed R, Page GG, Shakhar G, Shakhar K, Ben-Eliyahu S.
Attenuation of the tumor-promoting effect of surgery by spinal blockade in rats.
Anesthesiology. (2001) 94:1066-73. doi: 10.1097/00000542-200106000-00022

70. Longhini F, Bruni A, Garofalo E, De Sarro R, Memeo R, Navalesi P, et al.
Anesthetic strategies in oncological surgery: not only a simple sleep, but also impact on
immunosuppression and cancer recurrence. Cancer Manag Res. (2020) 12:931-40.
doi: 10.2147/cmar.S237224

71. PengY, Yang ], Guo D, Zheng C, Sun H, Zhang Q, et al. Sufentanil postoperative
analgesia reduce the increase of T helper 17 (Th17) cells and foxp3(+) regulatory T
(Treg) cells in rat hepatocellular carcinoma surgical model: A randomised animal
study. BMC Anesthesiol. (2020) 20:212. doi: 10.1186/s12871-020-01129-0

72. Rangel FP, Auler JOC]Jr., Carmona MJC, Cordeiro MD, Nahas WC, Coelho RF,
et al. Opioids and premature biochemical recurrence of prostate cancer: A randomised
prospective clinical trial. Br ] Anaesth. (2021) 126:931-9. doi: 10.1016/j.bja.2021.01.031

73. Guan'Y, Song H, Li A, Zhu Y, Peng M, Fang F, et al. Comparison of the effects of
sufentanil-dominant anaesthesia/analgesia and epidural anaesthesia/analgesia on
postoperative immunological alterations, stress responses and prognosis in open
hepatectomy: A randomized trial. J Gastrointest Oncol. (2023) 14:2521-35.
doi: 10.21037/jgo-23-711

74. Shaji S, Smith C, Forget P. Perioperative nsaids and long-term outcomes after
cancer surgery: A systematic review and meta-analysis. Curr Oncol Rep. (2021) 23:146.
doi: 10.1007/s11912-021-01133-8

75. Meyerhardt JA, Shi Q, Fuchs CS, Meyer ], Niedzwiecki D, Zemla T, et al. Effect of
celecoxib vs placebo added to standard adjuvant therapy on disease-free survival
among patients with stage iii colon cancer: the calgb/swog 80702 (Alliance) randomized
clinical trial. Jama. (2021) 325:1277-86. doi: 10.1001/jama.2021.2454

76. Coombes RC, Tovey H, Kilburn L, Mansi J, Palmieri C, Bartlett ], et al. Effect of
celecoxib vs placebo as adjuvant therapy on disease-free survival among patients with
breast cancer: the react randomized clinical trial. JAMA Oncol. (2021) 7:1291-301.
doi: 10.1001/jamaoncol.2021.2193

77. Wall T, Sherwin A, Ma D, Buggy DJ. Influence of perioperative anaesthetic and
analgesic interventions on oncological outcomes: A narrative review. Br ] Anaesth.
(2019) 123:135-50. doi: 10.1016/j.bja.2019.04.062

78. Dickson EA, Acheson AG. Allogeneic blood and postoperative cancer outcomes:
correlation or causation? Anaesthesia. (2020) 75:438-41. doi: 10.1111/anae.14965

79. Cata JP, Wang H, Gottumukkala V, Reuben J, Sessler DI. Inflammatory
response, immunosuppression, and cancer recurrence after perioperative blood
transfusions. Br ] Anaesth. (2013) 110:690-701. doi: 10.1093/bja/aet068

80. Mollinedo F, Palomero-Rodriguez MA, Sanchez-Conde P, Garcia-Navas R,
Laporta-Baez Y, de Vicente-Sanchez J, et al. Arginase as a new concern in blood
transfusion. Blood Transfus. (2014) 12 Suppl 1:5165-6. doi: 10.2450/2013.0237-12

frontiersin.org


https://doi.org/10.1016/j.eclinm.2023.102037
https://doi.org/10.1016/j.bja.2020.11.019
https://doi.org/10.1016/j.bja.2018.05.059
https://doi.org/10.1016/j.bja.2019.07.027
https://doi.org/10.1016/j.bja.2019.07.027
https://doi.org/10.2147/dddt.S358042
https://doi.org/10.1007/s11912-022-01342-9
https://doi.org/10.1007/s12630-021-01925-3
https://doi.org/10.1097/aco.0000000000001002
https://doi.org/10.1097/aco.0000000000001002
https://doi.org/10.1002/14651858.CD005059.pub4
https://doi.org/10.4097/kja.20679
https://doi.org/10.1213/ane.0000000000002665
https://doi.org/10.3390/jcm11123543
https://doi.org/10.1093/bja/aeu201
https://doi.org/10.1093/bja/aes128
https://doi.org/10.1097/aln.0000000000001528
https://doi.org/10.1097/aln.0000000000001528
https://doi.org/10.1371/journal.pone.0089563
https://doi.org/10.1200/jco.22.01966
https://doi.org/10.1007/s00384-022-04109-7
https://doi.org/10.1093/bja/aet467
https://doi.org/10.1007/s12630-015-0523-8
https://doi.org/10.1016/s0140-6736(19)32313-x
https://doi.org/10.1136/bmj.d1491
https://doi.org/10.1126/sciadv.abn5535
https://doi.org/10.1177/10738584211030493
https://doi.org/10.1097/aln.0000000000002130
https://doi.org/10.1016/j.soncn.2022.151248
https://doi.org/10.1006/brbi.1994.1023
https://doi.org/10.1016/s0304-3959(00)00403-6
https://doi.org/10.1016/0889-1591(87)90034-1
https://doi.org/10.3344/kjp.2018.31.1.43
https://doi.org/10.1038/srep19615
https://doi.org/10.1038/srep19615
https://doi.org/10.1126/science.aaf8924
https://doi.org/10.1093/bja/87.1.62
https://doi.org/10.1213/01.Ane.0000078586.82810.3b
https://doi.org/10.1097/00000542-200301000-00024
https://doi.org/10.1097/00000542-199506000-00019
https://doi.org/10.1097/00000542-199506000-00019
https://doi.org/10.1097/00000542-200106000-00022
https://doi.org/10.2147/cmar.S237224
https://doi.org/10.1186/s12871-020-01129-0
https://doi.org/10.1016/j.bja.2021.01.031
https://doi.org/10.21037/jgo-23-711
https://doi.org/10.1007/s11912-021-01133-8
https://doi.org/10.1001/jama.2021.2454
https://doi.org/10.1001/jamaoncol.2021.2193
https://doi.org/10.1016/j.bja.2019.04.062
https://doi.org/10.1111/anae.14965
https://doi.org/10.1093/bja/aet068
https://doi.org/10.2450/2013.0237-12
https://doi.org/10.3389/fonc.2025.1558652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Teng et al.

81. Hod EA, Zhang N, Sokol SA, Wojczyk BS, Francis RO, Ansaldi D, et al.
Transfusion of red blood cells after prolonged storage produces harmful effects that
are mediated by iron and inflammation. Blood. (2010) 115:4284-92. doi: 10.1182/
blood-2009-10-245001

82. Kekre N, Mallick R, Allan D, Tinmouth A, Tay J. The impact of prolonged
storage of red blood cells on cancer survival. PloS One. (2013) 8:68820. doi: 10.1371/
journal.pone.0068820

83. Benson DD, Beck AW, Burdine MS, Brekken R, Silliman CC, Barnett CC Jr.
Accumulation of pro-cancer cytokines in the plasma fraction of stored packed red cells.
] Gastrointest Surg. (2012) 16:460-8. doi: 10.1007/s11605-011-1798-x

84. Pang QY, An R, Liu HL. Perioperative transfusion and the prognosis of
colorectal cancer surgery: A systematic review and meta-analysis. World J Surg
Oncol. (2019) 17:7. doi: 10.1186/s12957-018-1551-y

85. Sun C, Wang Y, Yao HS, Hu ZQ. Allogeneic blood transfusion and the prognosis
of gastric cancer patients: systematic review and meta-analysis. Int J Surg. (2015)
13:102-10. doi: 10.1016/j.ijsu.2014.11.044

86. Zaw AS, Bangalore Kantharajanna S, Kumar N. Is autologous salvaged blood a
viable option for patient blood management in oncologic surgery? Transfus Med Rev.
(2017) 31:56-61. doi: 10.1016/j.tmrv.2016.06.003

87. YiJ,Lei Y, Xu$§, SiY, LiS, Xia Z, et al. Intraoperative hypothermia and its clinical
outcomes in patients undergoing general anesthesia: national study in China. PloS One.
(2017) 12:€0177221. doi: 10.1371/journal.pone.0177221

88. Sessler DI. Temperature monitoring and perioperative thermoregulation.
Anesthesiology. (2008) 109:318-38. doi: 10.1097/ALN.0b013e31817f6d76

89. Kurz A, Sessler DI, Lenhardt R. Perioperative normothermia to reduce the
incidence of surgical-wound infection and shorten hospitalization. Study of wound
infection and temperature group. N Engl ] Med. (1996) 334:1209-15. doi: 10.1056/
nejm199605093341901

90. Rajagopalan S, Mascha E, Na J, Sessler DI. The effects of mild perioperative
hypothermia on blood loss and transfusion requirement. Anesthesiology. (2008)
108:71-7. doi: 10.1097/01.anes.0000296719.73450.52

91. Lenhardt R, Marker E, Goll V, Tschernich H, Kurz A, Sessler DI, et al. Mild
intraoperative hypothermia prolongs postanesthetic recovery. Anesthesiology. (1997)
87:1318-23. doi: 10.1097/00000542-199712000-00009

92. Gajewski TF, Meng Y, Blank C, Brown I, Kacha A, Kline J, et al. Immune
resistance orchestrated by the tumor microenvironment. Immunol Rev. (2006)
213:131-45. doi: 10.1111/j.1600-065X.2006.00442.x

93. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and adaptive
immunity to cancer. Annu Rev Immunol. (2011) 29:235-71. doi: 10.1146/annurev-
immunol-031210-101324

94. Redjimi N, Raffin C, Raimbaud I, Pignon P, Matsuzaki J, Odunsi K, et al. Cxcr3+
T regulatory cells selectively accumulate in human ovarian carcinomas to limit type I
immunity. Cancer Res. (2012) 72:4351-60. doi: 10.1158/0008-5472.Can-12-0579

95. DuG, LiuY, LiJ, Liu W, Wang Y, Li H. Hypothermic microenvironment plays a
key role in tumor immune subversion. Int Immunopharmacol. (2013) 17:245-53.
doi: 10.1016/j.intimp.2013.06.018

96. Frank SM, Higgins MS, Breslow MJ, Fleisher LA, Gorman RB, Sitzmann JV, et al.
The catecholamine, cortisol, and hemodynamic responses to mild perioperative
hypothermia. A randomized clinical trial. Anesthesiology. (1995) 82:83-93.
doi: 10.1097/00000542-199501000-00012

97. Neeman E, Ben—Eliyahu S. Surgery and stress promote cancer metastasis: new
outlooks on perioperative mediating mechanisms and immune involvement. Brain
Behav Immun. (2013) 30 Suppl:S32-40. doi: 10.1016/j.bbi.2012.03.006

98. Wenisch C, Narzt E, Sessler DI, Parschalk B, Lenhardt R, Kurz A, et al. Mild
intraoperative hypothermia reduces production of reactive oxygen intermediates by
polymorphonuclear leukocytes. Anesth Analg. (1996) 82:810-6. doi: 10.1097/
00000539-199604000-00023

99. Zhang XM, Lv YG, Chen GB, Zou Y, Lin CW, Yang L, et al. Effect of mild
hypothermia on breast cancer cells adhesion and migration. Biosci Trends. (2012)
6:313-24. doi: 10.5582/bst.2012.v6.6.313

100. Enam SF, Kilic CY, Huang J, Kang BJ, Chen R, Tribble CS, et al. Cytostatic
hypothermia and its impact on glioblastoma and survival. Sci Adv. (2022) 8:eabq4882.
doi: 10.1126/sciadv.abq4882

Frontiers in Oncology

12

10.3389/fonc.2025.1558652

101. Sessler DI. A proposal for new temperature monitoring and thermal
management guidelines. Anesthesiology. (1998) 89:1298-300. doi: 10.1097/00000542-
199811000-00061

102. Saugel B, Fletcher N, Gan TJ, Grocott MPW, Myles PS, Sessler DI. Perioperative
quality initiative (Poqi) international consensus statement on perioperative arterial
pressure management. Br ] Anaesth. (2024) 133:264-76. doi: 10.1016/j.bja.2024.04.046

103. Weinberg L, Li SY, Louis M, Karp J, Poci N, Carp BS, et al. Reported definitions of
intraoperative hypotension in adults undergoing non-cardiac surgery under general
anaesthesia: A review. BMC Anesthesiol. (2022) 22:69. doi: 10.1186/s12871-022-01605-9

104. Wesselink EM, Kappen TH, Torn HM, Slooter AJC, van Klei WA.
Intraoperative hypotension and the risk of postoperative adverse outcomes: A
systematic review. Br | Anaesth. (2018) 121:706-21. doi: 10.1016/j.bja.2018.04.036

105. Younes RN, Rogatko A, Brennan MF. The influence of intraoperative
hypotension and perioperative blood transfusion on disease-free survival in patients
with complete resection of colorectal liver metastases. Ann Surg. (1991) 214:107-13.
doi: 10.1097/00000658-199108000-00003

106. Park B, Jeong BC, Seo SI, Jeon SS, Choi HY, Lee HM. Influence of body mass
index, smoking, and blood pressure on survival of patients with surgically-treated, low
stage renal cell carcinoma: A 14-year retrospective cohort study. J Korean Med Sci.
(2013) 28:227-36. doi: 10.3346/jkms.2013.28.2.227

107. Yu HC, Luo YX, Peng H, Wang XL, Yang ZH, Huang M]J, et al. Association of
perioperative blood pressure with long-term survival in rectal cancer patients. Chin |
Cancer. (2016) 35:38. doi: 10.1186/s40880-016-0100-8

108. Huang WW, Zhu WZ, Mu DL, Ji XQ, Li XY, Ma D, et al. Intraoperative
hypotension is associated with shortened overall survival after lung cancer surgery.
BMC Anesthesiol. (2020) 20:160. doi: 10.1186/s12871-020-01062-2

109. Mitchell AJ, Chan M, Bhatti H, Halton M, Grassi L, Johansen C, et al.
Prevalence of depression, anxiety, and adjustment disorder in oncological,
haematological, and palliative-care settings: A meta-analysis of 94 interview-based
studies. Lancet Oncol. (2011) 12:160-74. doi: 10.1016/s1470-2045(11)70002-x

110. Godinho-Silva C, Cardoso F, Veiga-Fernandes H. Neuro-immune cell units: A
new paradigm in physiology. Annu Rev Immunol. (2019) 37:19-46. doi: 10.1146/
annurev-immunol-042718-041812

111. Huang S, Ziegler CGK, Austin J, Mannoun N, Vukovic M, Ordovas-Montanes J,
et al. Lymph nodes are innervated by a unique population of sensory neurons with
immunomodulatory potential. Cell. (2021) 184:441-59.e25. doi: 10.1016/j.cell.2020.11.028

112. Ader R, Cohen N, Felten D. Psychoneuroimmunology: interactions between
the nervous system and the immune system. Lancet. (1995) 345:99-103. doi: 10.1016/
s0140-6736(95)90066-7

113. Ulrich-Lai YM, Herman JP. Neural regulation of endocrine and autonomic
stress responses. Nat Rev Neurosci. (2009) 10:397-409. doi: 10.1038/nrn2647

114. Reiche EM, Nunes SO, Morimoto HK. Stress, depression, the immune system,
and cancer. Lancet Oncol. (2004) 5:617-25. doi: 10.1016/s1470-2045(04)01597-9

115. Batty GD, Russ TC, Stamatakis E, Kivimaki M. Psychological distress in
relation to site specific cancer mortality: pooling of unpublished data from 16
prospective cohort studies. Bmj. (2017) 356:j108. doi: 10.1136/bmj.j108

116. Wang X, Wang N, Zhong L, Wang S, Zheng Y, Yang B, et al. Prognostic value of
depression and anxiety on breast cancer recurrence and mortality: A systematic review
and meta-analysis of 282,203 patients. Mol Psychiatry. (2020) 25:3186-97. doi: 10.1038/
$41380-020-00865-6

117. Wu L, Zou Y. Psychological nursing intervention reduces psychological distress
in patients with thyroid cancer: A randomized clinical trial protocol. Med (Baltimore).
(2020) 99:e22346. doi: 10.1097/md.0000000000022346

118. Bognar SA, Teutsch B, Bunduc S, Veres DS, Szabo B, Fogarasi B, et al.
Psychological intervention improves quality of life in patients with early-stage
cancer: A systematic review and meta-analysis of randomized clinical trials. Sci Rep.
(2024) 14:13233. doi: 10.1038/541598-024-63431-y

119. Zhang X, Liu J, Zhu H, Zhang X, Jiang Y, Zhang J. Effect of psychological
intervention on quality of life and psychological outcomes of colorectal cancer patients.
Psychiatry. (2020) 83:58-69. doi: 10.1080/00332747.2019.1672440

120. Lee ZX, Ng KT, Ang E, Wang CY, Binti SII. Effect of perioperative regional
anesthesia on cancer recurrence: A meta-analysis of randomized controlled trials. Int |
Surg. (2020) 82:192-9. doi: 10.1016/j.ijsu.2020.08.034

frontiersin.org


https://doi.org/10.1182/blood-2009-10-245001
https://doi.org/10.1182/blood-2009-10-245001
https://doi.org/10.1371/journal.pone.0068820
https://doi.org/10.1371/journal.pone.0068820
https://doi.org/10.1007/s11605-011-1798-x
https://doi.org/10.1186/s12957-018-1551-y
https://doi.org/10.1016/j.ijsu.2014.11.044
https://doi.org/10.1016/j.tmrv.2016.06.003
https://doi.org/10.1371/journal.pone.0177221
https://doi.org/10.1097/ALN.0b013e31817f6d76
https://doi.org/10.1056/nejm199605093341901
https://doi.org/10.1056/nejm199605093341901
https://doi.org/10.1097/01.anes.0000296719.73450.52
https://doi.org/10.1097/00000542-199712000-00009
https://doi.org/10.1111/j.1600-065X.2006.00442.x
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1158/0008-5472.Can-12-0579
https://doi.org/10.1016/j.intimp.2013.06.018
https://doi.org/10.1097/00000542-199501000-00012
https://doi.org/10.1016/j.bbi.2012.03.006
https://doi.org/10.1097/00000539-199604000-00023
https://doi.org/10.1097/00000539-199604000-00023
https://doi.org/10.5582/bst.2012.v6.6.313
https://doi.org/10.1126/sciadv.abq4882
https://doi.org/10.1097/00000542-199811000-00061
https://doi.org/10.1097/00000542-199811000-00061
https://doi.org/10.1016/j.bja.2024.04.046
https://doi.org/10.1186/s12871-022-01605-9
https://doi.org/10.1016/j.bja.2018.04.036
https://doi.org/10.1097/00000658-199108000-00003
https://doi.org/10.3346/jkms.2013.28.2.227
https://doi.org/10.1186/s40880-016-0100-8
https://doi.org/10.1186/s12871-020-01062-2
https://doi.org/10.1016/s1470-2045(11)70002-x
https://doi.org/10.1146/annurev-immunol-042718-041812
https://doi.org/10.1146/annurev-immunol-042718-041812
https://doi.org/10.1016/j.cell.2020.11.028
https://doi.org/10.1016/s0140-6736(95)90066-7
https://doi.org/10.1016/s0140-6736(95)90066-7
https://doi.org/10.1038/nrn2647
https://doi.org/10.1016/s1470-2045(04)01597-9
https://doi.org/10.1136/bmj.j108
https://doi.org/10.1038/s41380-020-00865-6
https://doi.org/10.1038/s41380-020-00865-6
https://doi.org/10.1097/md.0000000000022346
https://doi.org/10.1038/s41598-024-63431-y
https://doi.org/10.1080/00332747.2019.1672440
https://doi.org/10.1016/j.ijsu.2020.08.034
https://doi.org/10.3389/fonc.2025.1558652
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	The impact of perioperative anesthesia management-induced immunosuppression on postoperative cancer recurrence and metastasis: a narrative review
	1 Introduction
	2 Immunoregulatory mechanisms in cancer patients
	3 Impact of anesthesia management on immune function
	3.1 Effects of anesthesia modalities on immune function
	3.1.1 General anesthesia
	3.1.2 Regional anesthesia

	3.2 Pain
	3.3 Allogeneic transfusion
	3.4 Hypothermia
	3.5 Blood pressure
	3.6 Psychological stress

	4 Discussion
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


