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Abstract. The aim of the present study was to observe the 
effects of sevoflurane on the antioxidant capacity, endothelial 
nitric oxide synthase (eNOS) content and lifespan of erythro-
cytes. A 2% erythrocyte suspension was prepared from whole 
blood collected from healthy volunteers and then treated 
with sevoflurane at different concentrations (group A, 0%; 
group S1, 1%; group S3, 3%; and group S5, 5%), in the pres-
ence or absence of 200 µmol/l hydrogen peroxide (H2O2, or H 
in group names). In order to evaluate the effects of sevoflurane 
on the antioxidant capacity and NO metabolism of erythro-
cytes, the hemolysis rate, catalase (CAT) content and eNOS 
content were determined, while the labeled phosphatidylserine 
rate and forward scatter of erythrocytes were detected using 
flow cytometry. Group S3 showed the highest hemolysis rate 
in the absence H2O2, while treatment with H2O2 increased 
the hemolysis rate of groups S1 and S3 (P=0.027). The CAT 
content in groups treated with sevoflurane was significantly 
lower compared with that in the control (group A, air group). 
The CAT content in groups S1+H, S3+H and S5+H remained 
significantly lower compared with group A+H (P<0.05). The 
eNOS content of group A was similar to that of group S3, while 
the content in group S1 was similar to that in group S5. In addi-
tion, the eNOS content of groups A and S3 increased, while 
that of groups S1 and S5 was reduced upon H2O2 treatment 
(P<0.05). The results indicated that sevoflurane reduced the 
antioxidative activity of erythrocytes, decreasing the resistant 
ability to H2O2 damage and increasing the hemolysis rate. The 
underlying mechanism may be associated with the inhibitory 
effect on the CAT activity of erythrocytes. Sevoflurane also 
inhibited the generation of nitric oxide in erythrocytes and 
reduced the tolerance of erythrocytes against oxidative stress 
damage due to H2O2.

Introduction

The quantity, size and function changes of erythrocytes have 
been demonstrated to be independent risk factors for the 
development of cardiovascular diseases  (1). Subsequent to 
general anesthesia, patients presented a reduction in erythro-
cyte counts in their peripheral blood, while the morphology of 
erythrocytes is also altered (2,3). Erythrocytes are the main 
component of the blood. The structure of mature erythrocytes 
is simple, without a nucleus and other subcellular organ-
elles (4). Notably, erythrocytes are the only carrier of oxygen 
in the blood circulation and supply cells with oxygen through 
deformation, adhesion and aggregation, while they also regu-
late the body blood flow and affect the immune function (5,6). 
Common pathological changes of erythrocytes include 
decay and necrosis. Erythrocyte death and phagocytosis by 
macrophages shorten the lifespan of erythrocytes and cause 
thrombus, which may result in severe anemia (7,8), such as 
uremia (9) or septicemia (10). The necrotic erythrocytes can 
release free hemoglobin (Hb) in order to reduce the bioavail-
ability of nitric oxide (NO), causing changes in the biochemical 
metabolism, function and morphology of erythrocytes and 
affecting the survival and function of erythrocytes. Hydrogen 
peroxide (H2O2), the primary active oxygen molecule in the 
body, can easily penetrate the cell membrane under normal 
physiological conditions (11,12), is involved in signal transduc-
tion and has antimicrobial and anti‑inflammatory properties; 
however, an excess of H2O2 induce hydroxyl radical oxidation 
and erythrocyte damage due to severe hemolysis necrosis. A 
large number of reactive oxygen species induce free radical 
damage to tissues and organs, as well as vascular system 
dysfunction, which is harmful to tissues and organs (13). 

Sevoflurane, an agent used in anesthesia, has been demon-
strated to reduce the antioxidant capacity of erythrocytes and 
release free radicals that damage erythrocytes (14). Whether 
sevoflurane contributes to the H2O2‑induced reduction of Hb 
in postoperative patients has been seldom reported. When 
erythrocytes are treated with H2O2 in vitro, the distribution 
of phospholipids in the lipid bilayer of cell membrane is 
altered  (15). Thus, H2O2 is usually used to imitate in vivo 
oxidation‑induced cell aging and pathological damages (15). 
Thus, the present study used this model to investigate the 
oxidative damage on erythrocytes, which was induced by a low 
dose of H2O2 (200 µM) in vitro. The aim of the present study 
was to observe the effects of sevoflurane on the antioxidant 
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capacity, NO metabolism and lifespan of erythrocytes, in the 
presence or absence of H2O2.

Materials and methods

Materials. Fresh blood (12  ml) was collected from one 
healthy 34‑year‑old male volunteer at the Air Force General 
Hospital (Beijing, China). Following centrifugation at 
256 x g for 5 min at 4˚C, the plasma was removed and the 
erythrocytes were obtained. Ringer's solution containing 
1% glucose (Fuzhou Maixin Biotechnology Development 
Co., Ltd., Fuzhou, China) was added to the erythrocytes, 
then the 2% erythrocyte suspension in Ringer's solution was 
obtained. Next, the erythrocyte suspension was divided into 
eight groups as follows: Group A, without any treatment (only 
ventilation of air for 30 min; group S1, treated with 1% sevo-
flurane (Jiangsu Hengrui Medicine Co., Ltd, Jiangsu, China); 
group S3, treated with 3% sevoflurane; group S5, treated 
with 5% sevoflurane; group A+H, treated with air + H2O2 
(no. 110618; Beijing Haiderun Pharmacy Co., Ltd., Beijing, 
China); group S1+H, treated with 1% sevoflurane + H2O2; 
group S3+H, 3% sevoflurane + H2O2; and group S5+H, 5% 
sevoflurane + H2O2. In addition, a negative control group 
(with distilled water replacing glucose and CaCl2) and positive 
control group (with Ringer's solution replacing glucose and 
CaCl2) were established for calculating the hemolysis rate. The 
final concentration of H2O2 in each corresponding group was 
200 µmol/l. Each group was incubated at 37˚C for 15 h, then 
Ringer's solution was added, followed by incubation at 37˚C 

for 3 h. Subsequent to treatment, 2 ml erythrocyte suspension 
from each group was sent to the laboratory of the Beijing 
Huaying Biotechnology Institute (Beijing, China) in order to 
determine the content of catalase (CAT) and endothelial NO 
synthase (eNOS). The remaining erythrocyte suspension in 
each group was used to determine the hemolysis rate using 
a spectrophotometer (RT‑6000; Shenzhen Leidu Electronics 
Co., Ltd., Shenzhen, China). The hemolysis rate was calculated 
using the following formula: Hemolysis rate (%) = (absorbance 
in the experimental group ‑ absorbance in the negative control 
group) / (absorbance in the positive control group ‑ absorbance 
in the negative absorbance) x100. This study was conducted in 
accordance with the Declaration of Helsinki and with approval 
from the Ethics Committee of the Air Force General Hospital. 
Written informed consent was obtained from all participants.

Flow cytometric analysis. Flow cytometric analysis was 
performed to investigate the phosphatidylserine (PS) 
presentation and forward scatter (FSC) of erythrocytes. 
Fluorescence-activated cell sorting tubes (BD Biosciences, 
Franklin Lakes, NJ, USA) containing the erythrocyte suspen-
sion were placed in a flow cytometer (BD Biosciences), and 
each tube was marked by adding 2 ml binding buffer (dilu-
tion, X10) (BD Biosciences). Subsequently, samples of 6x105 
erythrocytes/tube were collected. Erythrocyte suspension was 
labeled with fluorescein isothiocyanate (BD Biosciences), and 
the labeled PS rate and FSC values were determined using a 
flow cytometer (FACS420; BD Biosciences). The results were 
analyzed using WinMDI version 2.9 (J. Trotter 1993‑1998) 
software.

Statistical analysis. All data were presented as the mean ± stan-
dard deviation and compared using the one‑way analysis of 
variance method. Experiments in each group were performed 
in four parallel samples and each sample was analyzed in 
triplicate. All statistical analyses were performed using SPSS 
version 13.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

Hemolysis rate. Following treatment of the erythrocyte suspen
sion with different concentrations of sevoflurane, the hemolysis 
rates in group S1, S3 and S5 (10.949±0.265, 12.417±0.716 and 
10.561±0.128%, respectively) exhibited no significant differ-
ences compared with group A (11.637±0.624%). However, the 
hemolysis rate in group S3 was significantly higher compared 
with that in group  S1 (P=0.038) and group  S5 (P=0.017) 
(Fig. 1A). By contrast, upon addition of H2O2, the hemolysis 
rate in group S3+H increased markedly (17.384±1.976%), and 
was prominently higher compared with that in group A+H 
(10.848±0.274%; P=0.007) and group S5+H (9.777±0.576%; 
P=0.007, Fig.  1A). Furthermore, the hemolysis rate in 
group S3+H was significantly higher compared with that in 
group S3 (P=0.027; Fig. 1A).

CAT content. The CAT content of erythrocytes was found 
to be reduced with increasing sevoflurane concentration. 
The CAT content of erythrocytes in groups  S3  and  S5 
(5.431±0.531 and 5.175±0.658  U/mg hemoglobin, 

Figure 1. Hemolysis rate, CAT content and eNOS in different groups. 
(A) Hemolysis rate. *P<0.05 vs. group S3; #P<0.05 vs. group S3+H. (B) CAT 
content. *P<0.05 vs. group  A; #P<0.05 vs. group  A+H. (C)  *P<0.05 vs. 
group S1; #P<0.05 vs. group A. CAT, catalase; eNOS, endothelial nitric oxide 
synthase.
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respectively) decreased sharply, as compared with that in 
group A (17.301±4.222 U/mg hemoglobin; P=0.009; Fig. 1B). 
Similarly, the CAT content of erythrocytes in group  S1 
(13.534±1.906 U/mg hemoglobin) decreased as well, but no 
statistically significant difference was observed compared 
with that in group A (P=0.217). Upon addition of H2O2, 1% 
sevoflurane was able to markedly reduce the CAT content of 
erythrocytes (4.319±0.235 U/mg hemoglobin), as compared 
with that in group A+H (13.689±2.003 U/mg hemoglobin; 
P=0.002; Fig. 1B). However, the CAT content of erythrocytes 
increased with increasing concentration of sevoflurane (group 
S3+H, 8.257±1.389  U/mg hemoglobin, and group  S5+H, 
9.156±0.742 U/mg hemoglobin); however, the CAT content 
in groups  S3+H and S5+H remained significantly lower 
compared with that in group  A+H (P<0.05; Fig.  1B). 
Furthermore, the CAT content in group S1+H was markedly 
lower compared with that in group S1 (P<0.001), whereas it 
was notably higher in groups S3+H and S5+H compared with 
that in groups S3 and S5, respectively (P<0.05; Fig. 1B).

eNOS content. The eNOS content of erythrocytes was not 
evidently affected by sevoflurane treatment alone. However, in 
the H2O2 groups, it was significantly reduced by 1% sevoflu-
rane (group S1+H; P=0.002), but not by 3 or 5% sevoflurane 
(groups S3+H and S5+H; Fig. 1C). In the air‑treated groups, 
H2O2 treatment markedly increased the eNOS content of 
erythrocytes (P<0.001; Fig. 1C).

PS exposure. As compared with group  A, treatment with 
200 µmol/l H2O2, 600 mmol/l glucose or 5 mmol/l CaCl2 
did not prominently increase the labeled PS rate. By contrast, 
sevoflurane was found to increase the labeled PS rate in a 
concentration‑dependent manner (Fig.  2A  and  B). In the 
groups treated with H2O2 or glucose, sevoflurane increased the 
labeled PS rate, which reached a peak value upon treatment 
with 3% sevoflurane (P<0.01), but then decreased. However, 
in the groups treated with air or CaCl2, the labeled PS rate 
increased gradually with increasing concentration of sevoflu-
rane (Fig. 2A and B).

Figure 2. Effect of sevoflurane on the labeled rate of H2O2‑induced PS (n=4). (A) Representative histograms of each group. (B) Bar gragh for all groups. Red 
columns, control samples, not treated with H2O2; green columns, treated with 200 µmol/l H2O2; yellow columns, treated with 600 mmol/l GS; brown, treated 
with 5 mmol/l CaCl2; PS, phosphatidylserine; GS, glucose; sev, sevoflurane; H2O2, hydrogen peroxide.
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FSC. In order to investigate the effects of sevoflurane on the 
volume of erythrocytes, the FSC of erythrocytes was also 
determined by flow cytometry (Fig. 3A). Upon treatment of 
the erythrocyte suspension with air or 200 µmol/l H2O2, sevo-
flurane was able to gradually reduce the FSC of erythrocytes 
(P<0.05). However, in the groups treated with 600 mmol/l 
glucose or 5 mmol/l CaCl2, sevoflurane exerted no significant 
effect on the volume of erythrocytes (P>0.05; Fig. 3B).

Discussion

The primary source of reactive oxygen species in erythrocytes 
is Hb. The underlying mechanism involves polarization of the 
Fe‑O bond (between heme iron and oxygen), after which Hb 
is oxidized spontaneously and produces peroxide (16). CAT is 
a type of conjugase that uses iron porphyrin as its prosthetic 
group and has a strong radical scavenging function, which can 
protect the tissues from oxidative damage (17). With the action 
of CAT, H2O2 transforms into water and O2, preventing H2O2 
from reacting with O2

‑ and producing OH‑ in the presence 
of iron chelating agents (16). When CAT inactivates H2O2, 
its consumption increases and thereby causes the deteriora-
tion of its activity. In endothelial cells, 200 µmol/l H2O2 can 
induce erythrocyte decay and death in vitro, characterized by 
PS exposure and cell size reduction. Its underlying mecha-
nism mainly includes peroxidation damage on erythrocytes 
caused by free radicals, which is induced by H2O2 (18). The 
present study identified that with the increase of the sevo-
flurane concentration, the hemolysis rate of erythrocytes 
increased initially and then showed a downward trend. The 

results indicated that the CAT content of erythrocytes was 
significantly reduced following sevoflurane treatment when 
compared with the air group, and the reduction was positively 
correlated with the concentration of sevoflurane; these findings 
have also been confirmed in humans in a previous study (19). 
In terms of the hemolysis rate of erythrocytes, there was no 
statistically significant difference in the air group treated with 
or without H2O2. In the presence of H2O2, sevoflurane had a 
more significant effect on the hemolysis rate of erythrocytes, 
with its effect reaching a peak at the concentration of 3% and 
then reducing at a higher sevoflurane concentration. A previous 
study reported that sevoflurane can also cause liver and kidney 
function damage through the damage of red blood cells (20). 
Compared with intravenous anesthesia, sevoflurane reduces 
the antioxidant capacity of erythrocytes (21) and improves 
lipid peroxidation by inhibiting the content of CAT and other 
antioxidant enzymes, and thereby causing cell hemolysis and 
necrosis. However, the effects of sevoflurane on animal and 
humans are not similar (22), and thus, the results of in vitro 
experiments should be generalized with caution.

As a relatively stable gas free radical, NO exerts a dual 
biological function in humans. Under normal physiological 
conditions, NO can adjust the normal physiological func-
tion of the human body (23); however, NO is harmful to the 
body when present at extremely high or low concentrations 
in vivo (24). NO can induce the production of CAT, strength-
ening the cell’s resistance against H2O2  (25). The classic 
pathway for the production of NO depends on the activity of 
NOS, which gradually oxidizes L‑arginine into L‑guanidine 
amino acid and produces NO. In addition, NO is able to dilate 
blood vessels, relax the vascular smooth muscle and inhibit 
the proliferation of endothelial cells (26). Previous studies 
on sevoflurane revealed its direct role in the inhibition of 
endothelial cells, releasing NO (27). In the present study, the 
eNOS content in group S1+H was lower compared with that in 
group A+H, indicating that in the presence of H2O2, sevoflu-
rane is able to inhibit the activity of eNOS and thereby reduce 
the NO content in red blood cells.

As detected by flow cytometry, the labeled rate of PS 
represents the decay and death rate of erythrocytes (28), while 
changes in the FSC value represent changes in the volume of 
erythrocytes, with a decreased FSC value indicating a reduced 
cell size (29). In the present study, the labeled rate of PS was 
found to increase with increasing concentration of sevoflurane, 
while the FSC was found to be reduced. Furthermore, in the 
presence of H2O2, the effect of sevoflurane in reducing the 
erythrocyte antioxidative capacity was improved. As a result, 
a high concentration of inhaled sevoflurane is able to induce 
red blood cell decay and death, and reduce the antioxidant 
capacity of erythrocytes.

H2O2, a metabolite of cells in an aerobic environment, is a 
type of primary active oxygen molecule with crucial biological 
functions, including its function as a signaling molecule and 
the regulation of cell division, differentiation, migration, aging 
or death (30). The oxidative stress or pathological conditions 
inducing more H2O2, as well as the defected or decreased 
anti‑oxidation system of red blood cells, may cause H2O2 to 
easily react with divalent metal ions (such as Fe2+ and Cu2+) 
and form hydroxyl free radicals (also known as the Fenton 
reaction) with stronger oxidation capabilities, leading to 

Figure 3. Effects of sevoflurane on the FSC of erythrocytes (n=4). 
(A) Representative histogram of forward scatter. (B) Bar gragh for all groups. 
Red columns, control samples, not treated with H2O2; green columns, treated 
with 200 µmol/l H2O2; yellow columns, treated with 600 mmol/l GS; brown, 
treated with 5 mmol/l CaCl2; GS, glucose; sev, sevoflurane; H2O2, hydrogen 
peroxide; FSC, forward scatter.
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oxidative damage on cells (12). The degree of H2O2‑induced 
oxidative damage on cells mainly depends on the strength of 
the oxidative stress factors. The present study identified that 
a low dose of H2O2 can stimulate red blood cells exposing PS 
and result in cell size reduction, inducing red blood cell decay 
and death in vitro.

Excessive amounts of free radicals induce oxidative stress 
reaction in red blood cells, causing membrane lipid peroxida-
tion damage and protein denaturation and degradation (31). 
Oxidative stress itself is able to selectively oxidize amino-
phospholipids, in particular PS, and cause their translocation 
and exposure, as well as cause aminophospholipid translocase 
deactivation. In addition, oxidative stress can activate the 
Fas‑caspase signaling pathway and lead to PS exposure (32). 
Exposed PS then activates the blood clotting system, leading 
to local thrombosis or ischemia. Thus, high concentration 
of sevoflurane inhaled can induce PS exposure and cell size 
reduction, causing red blood cell decay and death, and can 
reduce the antioxidant capacity of erythrocytes.

In conclusion, sevoflurane is able to reduce the anti-
oxidative activity of erythrocytes, decreasing their ability to 
resist H2O2 damage and increase their hemolysis rate. The 
underlying mechanism may be associated with the inhibitory 
effect of sevoflurane on the CAT activity in erythrocytes. 
Furthermore, sevoflurane is able to inhibit the generation of 
NO in erythrocytes, and reduce the tolerance of erythrocytes 
against oxidative stress damage induced by H2O2. The mecha-
nism may be associated with its inhibition of eNOS activity in 
erythrocytes. However, the present study was conducted using 
an in vitro model. The function of sevoflurane requires further 
study in vivo and in clinical settings in order to evaluate poten-
tial hazards associated with its use.
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