
Abstract. – OBJECTIVE: Potential additive ef-
fects of estrogens and sevoflurane against cere-
bral infarction after transient or permanent mid-
dle cerebral artery occlusion (MCAO) have not
been addressed. We evaluated these using a rat
model of MCAO. 

MATERIALS AND METHODS: 60 adult female
Sprague-Dawley rats were used in the experi-
ments after ovariectomy. Animals were divided
into placebo/no MCAO, placebo + MCAO, and
estrogen + MCAO groups. Each group was fur-
ther subdivided into subgroups exposed to
sevoflurane or oxygen. Animals in the placebo
group received intraperitoneal injections of
saline, whereas the estrogen group animals re-
ceived intraperitoneal injections of estradiol (1
mg per day). MCAO was performed 1 week after
the ovariectomy. Sevoflurane and oxygen sub-
groups breathed either sevoflurane or oxygen
for 30 min during the surgery. Outcomes were
the levels of serum estradiol (E2), interleukin
(IL)-6, and beta-amyloid protein (β-AP) (all by
ELISA), neurological deficit scores (24 hours, 7
and 28 days after the operation), spatial learning
and memory (both by the Morris water maze test
on days 7 and 28). 

RESULTS: MCAO significantly up-regulated
serum levels of IL-6 and β-AP (p < 0.05 for both
comparisons). The animals that received the
combined treatment with estrogen and sevoflu-
rane showed less extensive up-regulation of
these markers (p < 0.05 vs. placebo-treated ani-
mals). Furthermore, MCAO induced severe neu-
rological dysfunction and disorders of spatial
learning and memory. All these were attenuated
by the combined treatment.

CONCLUSIONS: We demonstrate neuropro-
tective effects of pre-conditioning with estrogen
and post-conditioning sevoflurane in experimen-
tal animal undergoing MCAO.
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Introduction

Cerebral infarction and focal cerebral is-
chemia-reperfusion injury are the main injuries
leading to irreversible brain damage1. As is-
chemic tolerance of brain is limited, oxidative
metabolic abnormalities and free radical-induced
neuron damage occur. It would be beneficial to
be able to attenuate the extent of cerebral infarc-
tion and focal cerebral ischemia-reperfusion in-
jury to increase the windows of opportunity for
therapeutic interventions2. 

Neuroprotective properties of estrogens and
their analogues have been in the focus of re-
search for several years now3. The interest arises
from observations of gender differences in the
incidence and outcomes of stroke, which sug-
gests that factors related to sexual hormones may
modulate the susceptibility to stroke4. Specifical-
ly, neuroprotective effects of estrogens have
been documented in different types of neuronal
cells exposed to various harmful conditions, in-
cluding serum deprivation, oxidative stress, amy-
loid β peptide, and excitotoxicity5,6. These obser-
vations are applicable to both endogenous and
exogenous estrogens3. 

Another potential neuroprotective agent is
sevoflurane. Sevoflurane is a novel volatile anaes-
thetic with minimal pungency and is a preferable
drug for anaesthesia3,7. In this regard, it has recent-
ly been shown that post-conditioning for 15 min
with sevoflurane after 1-hour ischemia provides
neuroprotection in experimental animals8. 

To date, no studies have been conducted on
potential additive effects of estrogens and
sevoflurane against cerebral infarction after tran-
sient or permanent middle cerebral artery occlu-
sion (MCAO). To this end, we addressed this in
the present study using a rat model of MCAO. 

2016; 20: 1839-1844



1840

Materials and Methods

Animals
The study was conducted in strict accordance

with the National Committee for Animal Re-
search of our Hospital. The protocol has been ap-
proved by the Hospital Ethics Committee for An-
imal Care and Use.

A total of 60 adult female Sprague-Dawley
(SD) rats weighing between 220 and 240 g were
used in the experiments. The rats were kept in
cages (3 animals per cage) at a constant room
temperature (23 ± 1º C) with free access to water
and standard rat chow, and with 12 hours of
light-dark cycle. All rats were subjected to
ovariectomy and randomly divided into the fol-
lowing study groups: placebo/no MCAO, place-
bo + MCAO, and estrogen + MCAO groups. In
addition, animals of each of the aforementioned
group have been randomly divided into sub-
groups exposed to sevoflurane or oxygen. Thus,
there were six subgroups in total: placebo with
MCAO and sevoflurane, placebo with MCAO
and oxygen, estrogen with MCAO and sevoflu-
rane, estrogen with MCAO and oxygen, placebo
without MCAO and sevoflurane, placebo without
MCAO and oxygen.

Animals in the placebo group received in-
traperitoneal injections of saline, whereas the es-
trogen group animals received intraperitoneal in-
jections of estradiol (1 mg per day). MCAO was
performed 1 week after the ovariectomy.
Sevoflurane subgroups breathed sevoflurane for
30 min during the surgery, whereas oxygen sub-
group breathed oxygen for 30 min during the
surgery. 

MCAO
Animals were anesthetized by intraperitoneal

injection of 10% kessodrate (350 mg/kg). For
this, rats were placed with their left side facing
up on a thermostatic heating pad, and rectal tem-
perature was maintained at 37.0 ± 0.5º C. The
right common carotid artery, right external
carotid artery, and right internal carotid artery
were exposed through the midline neck incision.
The proximal part of the common carotid artery
was ligated, and a monofilament nylon suture
wrapped in silicone was inserted into the internal
carotid artery to a point of approximately 18 mm
distal of the carotid bifurcation incision. The su-
ture was then pulled out for reperfusion after 90
min and the wound was closed. Rats that were
not exposed to MCAO underwent the same pro-

cedure with the exception of the suture. Blood
pressure, arterial pH, pO2, pCO2, heart beat rate,
and temperature were closely monitored during
the experiment. Two hours after the operation,
cerebrospinal fluid and serum specimens were
collected. After the operation, all rats recovered
from anaesthesia. 

As outcomes, we quantified the levels of
serum estradiol (E2), interleukin (IL)-6, and be-
ta-amyloid protein (β-AP) by respective ELISA
assays. Serum was obtained as follows. Two ml
of blood were collected, coagulated at room tem-
perature, and subjected to centrifugation at 300
rpm for 5 min. The supernatants were kept at -
30º C. ELISA assays were performed according
to the manufacturers’ instructions. 

Also, neurological deficit scores, spatial learn-
ing and memory were evaluated on days 7 and
28 after the operation. Furthermore, neurological
deficit scores were also evaluated at 24 hours af-
ter the operation9. The following scoring system
was utilized: “0” – no nerve injury symptoms,
“1” – the animal could not fully expend the left
forepaw, “2” – the animal circled to the left, “3”
– the animal dumped to the left, and “4” – the an-
imal could not walk spontaneously. The spatial
learning and memory were evaluated using the
Morris water maze test. The procedure followed
the previous reports 10. In experiments, we used
video image capturing which was analyzed with
computer image analysis software (Biological
Equipment, Zhenghua, Huaibei China).

Statistical Analysis
The data have been presented as mean ± SEM.

Results of the Morris water maze tests were com-
pared with the two-way analysis of variance
(ANOVA) followed by Tukey post-hoc test. Oth-
er data were compared using the t or one-way
ANOVA tests. The differences were considered
significant when p < 0.05.

Results

We analysed blood pressure, arterial pH, pO2,
pCO2, heart beat rate and rectal temperature at
three-time points of the operation: suture place-
ment, reperfusion, and 45 min after reperfusion.
There were no significant differences among
study subgroups in tested parameters (Table I). 

The data on E2, IL-6 and β-AP levels are
presented in Table II. E2 levels in the subgroups
that received estrogen were significantly (p <

J.-J. Liu, S.-Y. Pan



Blood
Stage of the operation and pressure Arterial Heart beat rate 

study groups (mm Hg) pH pO2 pCO2 (beats per min)

Suture placement
Placebo with MCAO and sevoflurane 115 ± 4 7.39 ± 0.02 75.7 ± 0.7 48.0 ± 1.9 96 ± 4
Placebo with MCAO and oxygen 102 ± 3 7.38 ± 0.02 75.3 ± 1.7 47.2 ± 0.9 106 ± 12
Estrogen with MCAO and sevoflurane 103 ± 6 7.40 ± 0.01 76.9 ± 2.7 49.3 ± 2.1 116 ± 11
Estrogen with MCAO and oxygen 101 ± 3 7.38 ± 0.02 75.3 ± 0.3 47.6 ± 1.6 102 ± 11
Placebo without MCAO and sevoflurane 110 ± 8 7.41 ± 0.02 74.0 ± 2.2 46.4 ± 1.4 111 ± 7
Placebo without MCAO and oxygen 112 ± 9 7.37 ± 0.01 75.2 ± 1.9 45.9 ± 1.8 108 ± 9

Reperfusion
Placebo with MCAO and sevoflurane 113 ± 6 7.42 ± 0.01 75.0 ± 1.1 46.6 ± 1.4 99 ± 7
Placebo with MCAO and oxygen 109 ± 3 7.40 ± 0.02 74.7 ± 2.2 47.3 ± 1.6 106 ± 8
Estrogen with MCAO and sevoflurane 108 ± 6 7.39 ± 0.02 74.3 ± 1.2 48.3 ± 1.5 99 ± 8
Estrogen with MCAO and oxygen 107 ± 7 7.37 ± 0.02 73.2 ± 2.3 48.6 ± 1.5 102 ± 7
Placebo without MCAO and sevoflurane 106 ± 9 7.42 ± 0.02 75.7 ± 0.7 47.2 ± 1.3 101 ± 9
Placebo without MCAO and oxygen 107 ± 8 7.38 ± 0.01 75.7 ± 0.7 48.5 ± 2.5 112 ± 4

45 min after reperfusion
Placebo with MCAO and sevoflurane 110 ± 6 7.39 ± 0.02 75.7 ± 0.7 46.0 ± 2.1 96 ± 14
Placebo with MCAO and oxygen 105 ± 3 7.38 ± 0.01 75.7 ± 0.7 45.9 ± 2.9 104 ± 12
Estrogen with MCAO and sevoflurane 110 ± 8 7.40 ± 0.01 75.7 ± 0.7 48.3 ± 1.9 101 ± 13
Estrogen with MCAO and oxygen 104 ± 7 7.41 ± 0.02 75.7 ± 0.7 47.0 ± 1.3 102 ± 7
Placebo without MCAO and sevoflurane 107 ± 2 7.38 ± 0.02 75.7 ± 0.7 46.3 ± 2.5 104 ± 6
Placebo without MCAO and oxygen 113 ± 5 7.37 ± 0.02 75.7 ± 0.7 46.4 ± 2.2 103 ± 7

Table I. Physiological indices.

Footnote: Data are expressed as mean ± SEM.

Study groups E2 (pg/ml) IL-6 (pg/mL) β-AP (µg/L)

Placebo with MCAO and sevoflurane 3.55 ± 0.54 362.66 ± 55.53 25.03 ± 2.49
Placebo with MCAO and oxygen 3.67 ± 0.36 385.21 ± 43.42 27.30 ± 2.35
Estrogen with MCAO and sevoflurane 16.71 ± 3.07 200.57 ± 37.49 19.03 ± 4.02
Estrogen with MCAO and oxygen 17.07 ± 2.67 209.64 ± 39.43 21.31 ± 3.21
Placebo without MCAO and sevoflurane 3.37 ± 0.47 90.27 ± 12.92 16.30 ± 2.09
Placebo without MCAO and oxygen 3.21 ± 0.27 89.67 ± 14.32 15.02 ± 1.89

Table II. Levels of E2, IL-6 and β-AP.

Footnote: Data are expressed as mean ± SEM.

Figure 1. Neurological deficit scores in study groups. Data
are expressed as mean ± SEM.

0.05) higher than those in placebo subgroups,
whereas there was no difference among sub-
groups that received placebo. MCAO let to up-
regulation of serum IL-6 levels (Table II). The
estrogen-treated animals showed significantly
lower up-regulation of IL-6 levels than animals
on placebo (p < 0.05; Table II). Comparable
differences were observed with regard to the
levels of β-AP in animals that received estrogen
vs. placebo (Table II).

The cerebral infarction and focal cerebral is-
chemia-reperfusion of rats induced severe neu-
rological dysfunction, as demonstrated by ele-
vated neurological deficit scores (Figure 1).
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Figure 2. Escape latency in study groups. Data are expressed as mean ± SEM.
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Discussion

We demonstrated in this work that precondi-
tioning of experimental animals with estrogen
and post-conditioning with sevoflurane attenuat-
ed negative consequences of focal cerebral is-
chemia and reperfusion injury. Specifically, the
intervention improved neurological deficit score
and indices of learning and memory. Post-condi-

Specifically, neurological deficit scores of ani-
mals that received placebo and MCAO were
higher than those of animals exposed to estro-
gen with MCAO (p < 0.05; Figure 1). In addi-
tion, animals in sevoflurane and oxygen sub-
groups also showed significantly different neu-
rological deficit scores (p < 0.05; Figure 1). In
contrast, there was no significant difference be-
tween animals in placebo/MCAO subgroups
treated with sevoflurane and animals in place-
bo/MCAO subgroups treated with oxygen (Fig-
ure 1). 

We next assessed spatial learning and memory
by the Morris water maze test. Rats in all study
subgroups showed a gradual decline in escape la-
tency (Figure 2). However, on day 5 rats in the
subgroup exposed to placebo/MCAO and oxygen
required more time to find the platform than
those that were treated estrogen and sevoflurane
(Figure 2). This finding was corroborated by the
number of target crosses, which was lower in the
rats exposed to placebo and oxygen than in those
treated with estrogen and sevoflurane (Figure 3).
The swimming speed was also significantly dif-
ferent between the rats treated with estrogen and
sevoflurane group and those treated with placebo
and oxygen group (Figure 4). 
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Figure 3. Number of target crosses in study groups. Data
are expressed as mean ± SEM.



tioning with sevoflurane, thus, seems to be a safe
and easy option to diminish the neurotoxicity. 

Furthermore, when estrogen and sevoflurane
were combined, they decreased systemic levels
of the pro-inflammatory cytokine IL-6 in MCAO
animals. This implies that the combination of
both compounds may reduce the inflammatory
damage to nerve cells11-13. In addition, we docu-
mented that combination of both compounds
modulated the levels of β-AP. β-AP is one of the
breakdown products of the Amyloid Precursor
Protein. β-AP has multiple biochemical func-
tions14, including regulation of cell apoptosis15,
complement system16, and inflammation17. Lev-
els of β-AP indicate the extent of the cerebral in-
farction. Estrogen and sevoflurane may block the
P13K/Akt signalling pathway by diminishing the
deposition of β-AP in cerebral vessels18, and this
could explain the neuroprotective mechanism of
the combined treatment19. As a result, animals
treated with both estrogen and sevoflurane
showed better neurological deficit scores and in-
dices of spatial learning and memory. The mech-
anism of estrogen and sevoflurane may be addi-
tive20,21 or complementary22,23. 

Conclusions

We demonstrate neuroprotective effects of
pre-conditioning with estrogen and post-condi-
tioning sevoflurane in experimental animal un-
dergoing MCAO. This suggests that this combi-
nation could be used as an intervention to pro-
long the therapeutic window of cerebral circula-
tion intervention for the neurosurgical procedure.

–––––––––––––––––-––––
Conflict of Interest
The Authors declare that there are no conflicts of interest.

References

1) LIU Y, ZHU S, WANG Y, HU J, XU L, DING L, LIU G.
Neuroprotective effect of ischemic precondition-
ing in focal cerebral infarction: relationship with
upregulation of vascular endothelial growth fac-
tor. Neural Regen Res 2014; 9: 1117-1121.

2) ONTEDDU SR, GODDEAU RP JR., MINAEIAN A, HEN-
NINGER N. Clinical impact of leukoaraiosis burden
and chronological age on neurological deficit re-
covery and 90-day outcome after minor ischemic
stroke. J Neurol Sci 2015; 359: 418-423.

3) EVSEN MS, OZLER A, GOCMEZ C, VAROL S, TUNC SY,
AKIL E, UZAR E, KAPLAN I. Effects of estrogen, estro-
gen/progesteron combination and genistein treat-
ments on oxidant/antioxidant status in the brain of
ovariectomized rats. Eur Rev Med Pharmacol Sci
2013; 17: 1869-1873.

4) WANG MG, LI CS, GAO CJ, WANG S, DU AN CM.
[The therapeutic effect of small dose of estrogen
on cerebral infarction]. Zhongguo Wei Zhong
Bing Ji Jiu Yi Xue 2008; 20: 671-673. in Chinese.

5) LETAIF OB, CRISTANTE AF, BARROS FILHO TE, FERREIRA R,
SANTOS GB, ROCHA ID, MARCON RM. Effects of es-
trogen on functional and neurological recovery af-
ter spinal cord injury: An experimental study with
rats. Clinics (Sao Paulo) 2015; 70: 700-705.

6) TAY A, TAMAM Y, YOKUS B, USTUNDAG M, ORAK M.
Serum myeloperoxidase levels in predicting the
severity of stroke and mortality in acute ischemic
stroke patients. Eur Rev Med Pharmacol Sci
2015; 19: 1983-1988.

7) FJOUJI S, BENSGHIR M, YAFAT B, BOUHABBA N,
BOUTAYEB E, AZENDOUR H, KAMILI ND. Postoperative
neurological aggravation after anesthesia with
sevoflurane in a patient with xeroderma pigmen-
tosum: a case report. J Med Case Rep 2013; 7:
73.

8) LI B, SUN J, LV G, YU Y, WANG G, XIE K, JIAO Y, YU Y.
Sevoflurane postconditioning attenuates cerebral
ischemia-reperfusion injury via protein kinase
B/nuclear factor-erythroid 2-related factor 2 path-
way activation. Int J Dev Neurosci 2014; 38: 79-
86.

9) BELAYEV L, SAUL I, BUSTO R, DANIELYAN K, VIG-
DORCHIK A, KHOUTOROVA L, GINSBERG MD. Albumin
treatment reduces neurological deficit and pro-
tects blood-brain barrier integrity after acute in-
tracortical hematoma in the rat. Stroke 2005;
36: 326-331.

10) SINGH S, KAUR H, SANDHIR R. Fractal dimensions: a
new paradigm to assess spatial memory and
learning using Morris water maze. Behav Brain
Res 2016; 299: 141-146.

11) LI P, LIU H, SUN P, WANG X, WANG C, WANG L, WANG

T. Chronic vagus nerve stimulation attenuates

1843

Protective effects of estrogen combined with sevoflurane in MCAO

Figure 4. Swimming speed in study groups. Data are ex-
pressed as mean ± SEM.



1844

vascular endothelial impairments and reduces the
inflammatory profile via inhibition of the NF-kap-
paB signaling pathway in ovariectomized rats.
Exp Gerontol 2016; 74: 43-55.

12) MARUYAMA N, WAKIMOTO M, INAMORI N, NISHIMURA S,
MORI T. [Anesthetic Management of Three Pa-
tients with Chronic Inflammatory Demyelinating
Polyradiculoneuropathy]. Masui 2015; 64: 852-
855.

13) ZHANG Y, TIAN SY, LI YW, ZHANG L, YU JB, LI J, CHEN
YY, WANG YX, LIANG Y, ZHANG XS, WANG WS, LIU
HG. Sevoflurane preconditioning improving cere-
bral focal ischemia-reperfusion damage in a rat
model via PI3K/Akt signaling pathway. Gene
2015; 569: 60-65.

14) JIANG J, LIN X, WEN J, HUANG Z, YAN Z. A method of
semi-quantifying beta-AP in brain PET-CT 11C-
PiB images. Biomed Mater Eng 2014; 24: 1367-
1373.

15) YALVAC ME, YARAT A, MERCAN D, RIZVANOV AA,
PALOTAS A, SAHIN F. Characterization of the secre-
tome of human tooth germ stem cells (hTGSCs)
reveals neuro-protection by fine-tuning micro-en-
vironment. Brain Behav Immun 2013; 32: 122-
130.

16) ROGERS J, COOPER NR, WEBSTER S, SCHULTZ J, MCGEER

PL, STYREN SD, CIVIN WH, BRACHOVA L, BRADT B,
WARD P, ET AL. Complement activation by beta-
amyloid in Alzheimer disease. Proc Natl Acad Sci
U S A 1992; 89: 10016-10020.

17) CASAL C, SERRATOSA J, TUSELL JM. Relationship
between beta-AP peptide aggregation and mi-
croglial activation. Brain Res 2002; 928: 76-
84.

18) CHOI H, PARK HH, KOH SH, CHOI NY, YU HJ, PARK J,
LEE YJ, LEE KY. Coenzyme Q10 protects against
amyloid beta-induced neuronal cell death by in-
hibiting oxidative stress and activating the P13K
pathway. Neurotoxicology 2012; 33: 85-90.

19) PAVENTI S, SANTEVECCHI A, RANIERI R. Efficacy of a
single-dose ondansetron for preventing post-op-
erative nausea and vomiting after laparoscopic
cholecystectomy with sevoflurane and remifen-
tanil infusion anaesthesia. Eur Rev Med Pharma-
col Sci 2001; 5: 59-63.

20) YE Z, XIA P, CHENG ZG, GUO Q. Neuroprotection in-
duced by sevoflurane-delayed post-conditioning
is attributable to increased phosphorylation of mi-
tochondrial GSK-3beta through the PI3K/Akt sur-
vival pathway. J Neurol Sci 2015; 348: 216-225.

21) BROUGHTON BR, BRAIT VH, KIM HA, LEE S, CHU HX,
GARDINER-MANN CV, GUIDA E, EVANS MA, MILLER AA,
ARUMUGAM TV, DRUMMOND GR, SOBEY CG. Sex-de-
pendent effects of G protein-coupled estrogen re-
ceptor activity on outcome after ischemic stroke.
Stroke 2014; 45: 835-841.

22) MA YL, QIN P, LI Y, SHEN L, WANG SQ, DONG HL,
HOU WG, XIONG LZ. The effects of different doses
of estradiol (E2) on cerebral ischemia in an in vit-
ro model of oxygen and glucose deprivation and
reperfusion and in a rat model of middle carotid
artery occlusion. BMC Neurosci 2013; 14: 118.

23) WANG JK, WU HF, ZHOU H, YANG B, LIU XZ. Post-
conditioning with sevoflurane protects against fo-
cal cerebral ischemia and reperfusion injury in-
volving mitochondrial ATP-dependent potassium
channel and mitochondrial permeability transition
pore. Neurol Res 2015; 37: 77-83.

J.-J. Liu, S.-Y. Pan


