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A b s t r a c t

The purpose of this review was to summarize the anti-inflammatory and immunosuppressive properties of volatile anesthet-
ics and present their potential impact on the outcomes of major surgical procedures as well as microsurgical cases of free tissue 
transfer. Inhaled anesthetics are commonly used as a component of general anesthesia in interventional procedures, reconstructive 
surgery, free tissue transfers and transplantation. Experimental and clinical studies have shown that volatile anesthetics such as 
halothane, sevoflurane, isoflurane or desflurane can affect the immune system of patients exposed to general anesthesia. In pa-
tients with no serious systemic diseases, this effect is transient and mostly clinically irrelevant. However, in patients subjected to 
the inflammatory response due to the active disease, cardiac or pulmonary failure or advanced age, the prognosis may improve or 
worsen following inhalation anesthesia depending on the type of systemic pathology. The available data from reported clinical trials,  
as well as the in vitro and in vivo experimental studies, have often reported conflicting statements regarding the impact of inhala-
tion anesthetics on outcomes of surgical procedures. These differences may be due to the heterogeneity of the evaluated patients, 
the extent and duration of surgical procedures, and different experimental design and methodologies applied for assessment of 
the reported clinical and research studies. In this review, based on the available literature reports we have summarized the anti-in-
flammatory and immunosuppressive effects as well as cellular responses of inhalation anesthetics at the microcirculatory level and 
discussed their potential clinical implications for the outcomes of surgical procedures of free tissue transfers.
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Introduction
Several scientific reports confirm immunosuppressive 

effects of volatile anesthetics on various types of im-
mune cells including neutrophils, macrophages, natural 
killer (NK) cells and lymphocytes. These responses differ 
and depend on the choice of volatile anesthetics for the 
particular surgical procedure as well as on the duration 
of exposure and the dose. Volatile anesthetics have been 
shown to exert beneficial immunomodulatory properties 
under inflammatory conditions due to ischemia-reperfu-
sion, hypoxia-reoxidation or other acute inflammatory 
responses [1–4]. 

Clinical studies testing the effect of volatile anesthet-
ics during major interventional and surgical procedures 
including lung, heart or liver surgery [5–7] confirmed a re-

duced number of postoperative complications compared 
to the cases under standard general anesthesia. There is, 
however, a limited number of reports on the application of 
inhaled anesthetics in different microsurgical procedures 
including free tissue transfers and there is also a lack of 
uniform guidelines on the choice of anesthetics or in-
formative conclusions. It is clear that due to the known 
anti-inflammatory and immunomodulatory effects, vola-
tile anesthetics could modulate the responses to surgical 
trauma and affect the microcirculatory hemodynamics of 
surgically reconstructed tissues and organs. 

This is specifically important when patients with ma-
jor comorbidities such as a history of cardiac or pulmo-
nary failure or patients with known or expected immune 
deficiencies are scheduled for interventional procedures 
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or major reconstructive surgical procedures. The most 
frequently seen patients are those who require surgical 
intervention for cancer treatment. These patients are of-
ten immunosuppressed, and anesthetics could theoret-
ically modify the immune response in the perioperative 
period, hence affecting the oncological outcomes [8].

However, these positive effects of volatile anesthetics 
are very difficult to identify or evaluate in clinical practice 
and they are often neglected by the treating anesthesiol-
ogists and surgeons alike. 

Therefore, based on the literature reports, the aim of 
this review was to summarize the results of experimental 
and clinical studies assessing immunomodulatory effects 
of volatile anesthetics on the immune response generat-
ed under different surgical and microsurgical procedures 
including free tissue transfers [9–11].

Microcirculatory response to volatile 
anesthetics as a function of neutrophil 
activation

Neutrophils play a  pivotal role in innate immunity. 
They take part in phagocytosis, produce oxygen radicals, 
and destroy foreign entities. However, their overwhelm-
ing activity can also provoke hyperinflammation, which 
can cause tissue damage and organ dysfunction.

There are many experimental studies which prove 
that volatile anesthetics including halothane, isoflurane 
and sevoflurane inhibit the production of reactive oxy-
gen species (ROS) by activated neutrophils and in con-
sequence reduce the capability of neutrophils to destroy 
bacteria [12, 13]. 

The impaired release of ROS from neutrophils results 
in reduced adhesion of neutrophils to the vascular endo-
thelium, which has a direct effect on the reduced acti-
vation of rolling, sticking and transmigrating leukocytes 
and in consequence amelioration of the ischemia-reper-
fusion injury [2–4, 14].

A  study evaluating the effect of pre-treatment with 
isoflurane on endotoxin-induced acute lung injury (ALI) 
showed that isoflurane reduced neutrophil migration 
to the lung interstitium and alveolar space and reduced 
lung the edema formation and capillary protein leakage. 
Furthermore, the exposure to isoflurane was associated 
with a reduced level of two critical chemotactic chemok-
ines, CXCL1 and CHCL 2/3 in the alveolar space [12].

A  rat model of liver transplantation revealed that 
exposure to sevoflurane attenuated neutrophil induced 
renal injury and decreased neutrophil infiltration, as well 
as proinflammatory cytokine levels [15]. Liver ischemia/
reperfusion injury occurs following liver resection, hem-
orrhagic shock and transplantation and affects postop-
erative liver function and cardiovascular complications. 
A rat liver model of ischemia-reperfusion injury by Liao 
et al. found that sevoflurane administration decreased 
interleukin (IL) 1 (IL-1), IL-6 and tumor necrosis factor-α 

(TNF-α) levels; it further suppressed the nuclear factor-κB 
(NF-κB) signaling pathway activation. This reduced the 
ischemia/reperfusion injury to the liver [16]. Different 
experimental models confirm that primary inflammatory 
damage often leads to organ dysfunction.

Numerous studies have also demonstrated the role 
of neutrophils in the ischemia and reperfusion injury in 
the myocardium [6]. It was reported that sevoflurane and 
isoflurane impair post-ischemic adhesion of neutrophils 
in the intact coronary system of the isolated reperfused 
guinea pig hearts [6]. These properties of volatile anes-
thetics may be a part of the phenomenon called anes-
thetic preconditioning of the ischemic myocardium and 
may have beneficial effects on the myocardium and car-
diac function during anesthesia [17].

Since free tissue transfers represent microsurgical 
procedures where ischemia-reperfusion is always an un-
avoidable part of the surgery, data reporting a protective 
effect of isoflurane and sevoflurane on reduction of ROS 
production by neutrophils may play an important role in 
the outcomes of free flap procedures [6, 11].

A study comparing the effects of sevoflurane and des-
flurane on the serum cytokine levels and urine chemo-
kine levels in patients undergoing living-donor kidney 
transplant found that both volatile anesthetics attenuat-
ed the proinflammatory response in those patients. The 
authors observed no difference in the transplanted kid-
ney function and similar preoperative and postoperative 
levels of proinflammatory cytokines, including TNF-α, 
IL-2 and chemokines 9 and 10, suggesting protective 
effects of volatile anesthetics on ischemia-reperfusion 
injury in living-donor kidney transplant recipients [18]. 
We have also reported different microcirculatory effects 
during procedures of free flap transplantation under iso-
flurane anesthesia [19]. Specifically, Kusza et al., applying 
an intravital microscopy model of the cremaster muscle 
flap, assessed hemodynamic changes in the peripheral 
microcirculation of the skeletal muscle under halothane 
and isoflurane general anesthesia [2]. It was found that 
halothane anesthesia significantly altered leukocyte-en-
dothelial activation, resulting in a reduced number of roll-
ing and sticking leukocytes to the postcapillary venules 
and in consequence leading to improved capillary perfu-
sion. The possible mechanism of improved microcircula-
tory hemodynamics could be via reduced levels of ROS 
leading to reduced endothelial edema and micro-thrombi 
formation and changes in the arteriolar response leading 
to dilatation of the resistance arterioles and precapillary 
sphincters [2].

Moreover, in the follow-up study, Kusza et al. as-
sessed the microcirculatory response to halothane and 
isoflurane anesthesia using a rat model of induced car-
diac arrest [3]. Following cardiac arrest, exposure of ex-
perimental animals to the 1 minimum alveolar concen-
tration (MAC) of the halothane anesthesia ameliorated 
the harmful effects of cardiac arrest on the peripheral 
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microcirculation, as confirmed by a significant decrease 
of the transmigrating leukocytes which are primari-
ly responsible for the interstitial edema. Thus, reduced 
edema improved capillary perfusion [3]. The intravital 
cremaster muscle model was also tested by Mielniczuk 
et al. under experimentally induced hemorrhagic shock 
conditions and confirmed again the protective, anti-in-
flammatory effect of sevoflurane on the hemodynamics 
of the microsurgical model of free tissue transfer [4]. Ef-
fects of volatile anesthetics on the microcirculation are 
presented in Figure 1.

The protective effect of volatile anesthetics on the mi-
crocirculation may be of great clinical importance in the 
cases of reconstructive microsurgery. Sevoflurane could 
have beneficial effects on the microcirculation as compared 
to propofol by decreasing the extravasation of fluid into 
the interstitium [9, 20]. Sevoflurane administration may 
protect the endothelium against ischemia-reperfusion in-
jury, thereby improving tissue perfusion and oxygenation. 
One of the suggested mechanisms is the attenuation of 
leucocyte activation, which is responsible for tissue inju-
ry after ischemia-reperfusion [21]. This phenomenon may 
also appear in free flap microsurgical procedures.

Volatile anesthetics may influence the microcirculation 
by affecting angiogenesis and extracellular matrix synthe-
sis. Anesthesia with volatile anesthetics stimulated prolif-
eration of endothelial progenitor cells. However, another 
study showed a depleting effect of volatile anesthetics on 
hypoxia-inducible factor-1 activity, with a further inhibito-
ry effect on vascular endothelial growth factor (VEGF) and 
angiogenesis. An in vitro study on renal proximal tubule 
cells showed increased synthesis of extracellular matrix 
after exposure to volatile anesthetics due to increase of 
transforming growth factor-β1 (TGF-β1) [22].

An interesting study comparing the effects of differ-
ent types of anesthesia on the microcirculation in a rat 
cremaster muscle flap model showed that rolling and 
adhesion of leucocytes to the endothelium was signifi-
cantly reduced under general anesthesia with volatile 
anesthetics compared to the spinal anesthesia models. 
Furthermore, addition of epidural anesthesia to the gen-
eral volatile anesthesia resulted in increased perfusion of 
the microcapillaries [23].

The above summarized reports on the protective ef-
fects of the volatile anesthetics at the microcirculatory 
level of muscle flaps clearly indicate the importance of 
anesthesia choice during microsurgical procedures of 
free tissue transfers [2–4, 9, 10]. 

Immunomodulatory effect of volatile 
anesthetics on the macrophage responses 

Macrophages are phagocytic cells of innate immuni-
ty, similar to neutrophils. They are often the first line of 
defensive mechanisms, sending recruitment signals to 
various other effector cells [24]. 

Kalimeris et al. studied sevoflurane and desflurane 
and found a  decrease in macrophage concentration in 
bronchoalveolar lavage in mechanically ventilated pigs 
[25]. A study evaluating the effect of sevoflurane on the 
inflammatory response of the lungs after cardiopulmonary 
bypass revealed that sevoflurane decreased leukocyte 
count, IL-6, IL-8 and IL-10 levels; this attenuated the sys-
temic inflammatory response induced by cardiopulmonary 
bypass [26]. Thus, the beneficial systemic effects of vola-
tile anesthetics on reduction of inflammatory responses 
in organs such as the lung and heart will further lead to 
improved outcomes in free tissue transfers, specifically in 
the high risk elderly and compromised patients [10]. 

Immunosuppressive effect of volatile 
anesthetics on the function of natural killer 
cells  

Cell-mediated immunity (including cytotoxic T-lym-
phocytes, natural killer (NK) cells, natural killer T (NKT) 
cells, macrophages and dendritic cells) plays a critical 
role in eliminating tumor cells. Low preoperative NK 
cell activity was associated with the development of 
tumor recurrence and distant metastasis in colorectal 
cancers [27]. 

Volatile anesthetics were proved to have an immu-
nosuppressive effect by reducing the number of NK cells 
and by inhibiting the stimulation of NK cells by interferon 
(IFN). An increased concentration of halothane and en-
flurane is related to decreased NK cell activity [28].

Both isoflurane and sevoflurane are responsible for 
triggering T-lymphocyte and NK cell apoptosis, leading 
to immunosuppression and cancer progression. Both  
in vitro and in vivo studies showed that halothane and 

Postcapillary venules

Figure 1. The effect of volatile anesthetics on the 
microcirculation. Volatile anesthetics are respon-
sible for dilatation of the resistance arterioles and 
the precapillary sphincters. They also decrease 
adhesion of leukocytes to the postcapillary ve-
nules’ endothelium, resulting in prevention of 
endothelial edema and improved microcirculatory 
perfusion (Figure 1 image was purchased on the 
Internet VectorStock site)
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Table I. The effect of volatile anesthetics on the 
immune system

Immune cell type Effect

Neutrophils     Decreased production of ROS
Reduced adhesion to the endothelium
Decreased activity

Macrophages Reduced activation, migration
Reduced cytokine synthesis
Reduced SIRS response

NK-cell Impaired cytotoxic activity
Decreased activation by INF-γ

Lymphocytes   Decreased activation
Reduced secretion of cytokines
Reduced production of antibodies
Induction of apoptosis

The immunomodulatory effect of the volatile anesthetics on the cells of the 
immunological system. The details are presented in the respective sections of 
the manuscript. ROS – reactive oxygen species, SIRS – systemic inflammatory 
response syndrome, NK-cells – natural killer cells, INF-γ – interferon g.

Table II. Clinical implication of the immunomodulatory effects of volatile anesthetics

Organ affected Effect

Heart Reduced ischemia-reperfusion injury

Lung Reduced lung edema, reduced capillary leakage in ALI
Reduced intraalveolar recruitment of macrophages in influenza
Decreased proinflammatory cytokines in bronchoalveolar lavage
Decreased macrophage concentration in bronchoalveolar lavage during mechanical ventilation
Reduced inflammatory mediators in lungs after CABG

Liver Decreased ischemia/reperfusion injury in rat liver

Kidney Reduced kidney injury after liver transplantation
Protective effect in ischemia-reperfusion injury in living donor kidney transplant recipients

Blood vessels –  
microcirculation

Increased perfusion of microcirculation – dilatation of resistance arterioles and precapillary sphincters
Decreased swelling of the postcapillary venule endothelium

Free flap surgery Increased microcirculatory perfusion, decreased tissue edema, reduced ischemia-reperfusion injury

Neoplasm Increased cancer progression, increased rate of metastasis

Clinical implication of the immunomodulatory effects of volatile anesthetics in various organs and tissues including free flaps. For details see the respective sections 
of the manuscript. ALI – acute lung injury, CABG – coronary artery bypass graft.

isoflurane suppress the INF-induced stimulation of NK 
cell activity, resulting in an increased rate of metasta-
sis [29]. Volatile anesthetics are also responsible for de-
creased production of cytokines by the NK cells stimu-
lated by the tumor cells [27].

Immunosuppressive effect of volatile 
anesthetics on lymphocyte function

Many studies have confirmed immunosuppressive 
effect of volatile anesthetics on the proliferation and re-
lease of cytokines by lymphocytes [12]. This may further 
lead to induction of apoptosis, which was confirmed in 
studies assessing the dose- and time-dependent effect 
of isoflurane and sevoflurane on apoptosis of peripheral 
blood lymphocytes [30]. The number of lymphocytes with 
caspase-3 like activity increased after exposure to both 
sevoflurane and isoflurane. The data from this study im-
ply the possibility that lymphocytic apoptosis induced by 

volatile anesthetics may cause perioperative lymphocy-
topenia [30]. 

Based on these results, Loop et al. reported that sevo-
flurane and isoflurane induce a cellular apoptosis path-
way by influencing the release of cytochrome c from mi-
tochondria into the cytoplasm in human T lymphocytes 
in a  concentration-dependent fashion [12]. The loss of 
cytochrome c from the electron transfer chain, induced 
by volatile anesthetics, is believed to destabilize the 
mitochondrial membrane potential and significantly 
impairs the lymphocytic synthesis of adenosine triphos-
phate (ATP), leading to activation of caspases, and cell 
death via induction of apoptosis. 

Volatile anesthetics have the potential to affect the 
ratio of Th1/Th2 lymphocytes, which might have an ef-
fect on cancer prognosis. A study by Lee et al. showed 
that patients with hepatocellular carcinoma treated with 
intraarterial chemoembolization had a  more favorable 
outcome indicated by increased lymphocyte Th1/Th2 
and IFN-γ/IL-10 ratios [31]. After isoflurane anesthe-
sia the Th1/Th2 ratio decreased significantly, but it re-
mained unchanged after the use of propofol anesthesia 
[32]. A study on breast cancer patients revealed that des-
flurane anesthesia can preserve the favorable Th1/Th2 
ratio, as well as their cytokine ratio [33]. An interesting 
study performed by Zhou et al. on 61 patients with he-
patocellular carcinoma undergoing hepatectomy under 
general anesthesia or combined epidural and general an-
esthesia showed that patients receiving neuraxial block-
ade had a more favorable Th1/Th2 lymphocyte ratio with 
respect to promoting anti-tumor Th polarization [34].

A  study comparing general and combined epidural 
with general anesthesia for the surgical treatment of 
gall bladder cancer found that addition of regional an-
esthesia resulted in improved immune cell function as 
compared to general anesthesia alone. The survival rate 
of CD3+, CD4+, and CD4+/CD8+ lymphocytes was signifi-
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cantly higher in the combined epidural-general anesthe-
sia group, which could imply that this type of anesthesia 
could improve patients’ postoperative immunological 
condition and furthermore their long-term prognosis 
[35]. Although further studies in the area of volatile an-
esthetics affecting Th lymphocyte immunoreactions in 
cancer patients are needed, there is strong evidence sug-
gesting that the type of anesthesia chosen may affect 
the overall cancer outcomes.

Several studies have addressed the effect of differ-
ent types of anesthesia and different anesthetics on 
outcomes in cancer patients, as evaluated by recurrence 
or metastatic ratio. In some studies, volatile anesthetics 
were implicated in immunosuppression and direct stimu-
lation of cancer cell survival and proliferation [36]. 

An interesting study evaluating the effect of serum 
from patients administered distinct anesthetic tech-
niques on apoptosis in breast cancer cells in vitro revealed 
that serum from patients given sevoflurane anesthesia 
for primary breast cancer surgery reduces apoptosis in 
breast cancer cells to a greater extent than serum from 
patients given propofol–paravertebral anesthesia [37].

There are also some contradictory studies showing 
anti-cancer effects of volatile anesthetics. In the work by 
Ding et al., the authors found that sevoflurane signifi-
cantly inhibited proliferation and migration of cervical 
cancer cells regardless of cellular origin and genetic back-
ground. The authors believe that these findings provide 
preclinical evidence for potential mechanisms by which 
sevoflurane may negatively affect cervical cancer growth 
and metastasis [38].

The effects of volatile anesthetics on the immune 
system and immunomodulatory effect on organs and mi-
crosurgical cases of free flaps are summarized in Tables I  
and II.

Summary
Volatile anesthetics can affect different aspects of the 

immunological system by both the direct effect on the 
immune cells and by indirect modulation of the perioper-
ative stress response. The in vitro effects of anesthetics 
on the immune cells depend on the time of exposure, 
concentration of anesthetics and experimental models 
and technique used for the cell culture. In contrast, it 
is difficult to assess the immunomodulatory effects of 
volatile anesthetics in vivo in patients who present with 
comorbidities such as diabetes, cardiac or pulmonary 
failure and are submitted to complex surgical procedures 
due to cancer or severe multi-organ trauma.

Thus, knowledge of the effects of volatile anesthetics 
on the immune system of patients undergoing different 
interventional and surgical procedures including free 
tissue transfers is essential to avoid potential compli-
cations, specifically in the high-risk patients presenting 
with an already compromised immune system.
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