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stress biomarkers except for P-EIF2α and ATF-4, and 
reversed isoflurane-induced changes in apoptosis-related 
proteins. Moreover, isoflurane caused spatial working 
memory deficits in aged rats, which were prevented by 
taurine pretreatment. The results indicate that taurine pre-
treatment prevents anesthetic isoflurane-induced cognitive 
impairment by inhibiting ER stress-mediated activation of 
apoptosis pathways in the hippocampus in aged rats.
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Introduction

Postoperative cognitive dysfunction (POCD) is generally 
described as a decline in cognitive function that occurs in 
patients after surgery and has been recognized as an impor-
tant clinical complication of major surgery [1, 2]. POCD is 
a transient disturbance that can affect patients of any age, 
but elderly patients are particularly vulnerable to memory 
disturbances and other types of cognitive impairment after 
surgical operations due to physiologic, pharmacokinetic, 
and pharmacodynamic changes that are associated with 
aging. These changes may cause increased sensitivity and 
susceptibility to the insult from the surgical experience and 
anesthetic agents that are known to have negative cognitive 
outcomes [1, 3–5]. A recent study has showed that approxi-
mately 12 % of patients over age 60 have POCD 3 months 
after surgery [2]. This has become a critical issue in peri-
operative care as the incidence of surgery is high in elderly 
patients.

Isoflurane is a commonly used inhalation anesthetic 
in current clinical practice. Accumulating evidence from 
experimental and clinical studies has shown that isoflurane 

Abstract  Isoflurane, a commonly used inhalation anes-
thetic, may induce neurocognitive deficits, especially in 
elderly patients after surgery. Recent study demonstrated 
that isoflurane caused endoplasmic reticulum (ER) stress 
and subsequent neuronal apoptosis in the brain, contribut-
ing to cognitive deficits. Taurine, a major intracellular free 
amino acid, has been shown to inhibit ER stress and neu-
ronal apoptosis in several neurological disorders. Here, we 
examined whether taurine can prevent isoflurane-induced 
ER stress and cognitive impairment in aged rats. Thirty 
minutes prior to a 4-h 1.3 % isoflurane exposure, aged rats 
were treated with vehicle or taurine at low, middle and 
high doses. Aged rats without any treatment served as con-
trol. The brains were harvested 6 h after isoflurane expo-
sure for molecular measurements, and behavioral study 
was performed 2  weeks later. Compared with control, 
isoflurane increased expression of hippocampal ER stress 
biomarkers including glucose-regulated protein 78, phos-
phorylated (P-) inositol-requiring enzyme 1, P-eukaryotic 
initiation factor 2-α (EIF2α), activating transcription factor 
4 (ATF-4), cleaved ATF-6 and C/EBP homologous protein, 
along with activation of apoptosis pathways as indicated 
by decreased B cell lymphoma 2 (BCL-2)/BCL2-associ-
ated X protein, increased expressions of cytochrome-c and 
cleaved caspase-3. Taurine pretreatment dose-dependently 
inhibited isoflurane-induced increase in expression of ER 
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plus middle-dose (0.32 mmol/kg) taurine (ISO+T-M); and 
isoflurane plus high-dose (0.48 mmol/kg) taurine (ISO+T-
H). Taurine (Sigma-Aldrich, St. Louis, MO, USA) was dis-
solved in 1 ml 0.09 % saline and intraperitoneally injected 
30  min prior to isoflurane exposure. Isoflurane exposure 
was performed as previously described [7, 8]. Briefly, rats 
were placed in a temperature controlled chamber with two 
interfaces that were connected to an anesthesia machine and 
a multi-gas monitor, respectively. For rats assigned to iso-
flurane exposure groups, 1.3 % isoflurane was provided by a 
humidified 30 % O2 carrier gas from a calibrated vaporizer 
for 4 h. Rats assigned to control groups were also placed in 
the same chamber except no isoflurane was provided.

The concentrations of isoflurane, O2 and CO2 in the 
chamber were continuously monitored with a gas analyzer 
(Datex Ohmeda, Mississauga, ON, Canada). The rectal 
temperature was maintained at 37 °C during the experi-
ment. Blood pressure (BP) and heart rate were measured 
hourly using a CODA Monitor (Kent Scientific Corp., Tor-
rington, CT, USA). Arterial blood gases and blood glucose 
were measured in some rats (n = 6 for each group) imme-
diately after isoflurane exposure. Six hours after isoflurane 
exposure, these rats were sacrificed and brains were quickly 
removed for molecular studies. The rest of rats from each 
group (n = 6 for each group) were used to assess cognitive 
function after 2 weeks.

Western Blot Analysis

The hippocampus was dissociated from brain and homog-
enized in a mammalian tissue lysis buffer with protease 
inhibitor (Sigma-Aldrich, St. Louis, MO, USA). The west-
ern blot was performed as previously described [17], using 
the following primary antibodies: anti- glucose-regulated 
protein 78 (GRP78), anti-phosphorylated (P-) inositol-
requiring enzyme 1 (P-IRE-1), anti-activating transcription 
factor 4 (ATF-4) (Abcam, Cambridge, MA, USA), anti-B 
cell lymphoma 2 (BCL-2), anti-BCL2-associated X pro-
tein (BAX), anti-caspase-3, anti-cytochrome-c, anti-C/EBP 
homologous protein (CHOP) (Cell Signaling Technology, 
Danvers, MA, USA), anti-activating transcription factor 6 
(ATF-6, imgenex, San Diego, CA, USA), anti-P-eukaryotic 
initiation factor 2-α (EIF2α) and anti-β-actin (Santa Cruz 
Biotechnology, Dallas, USA). After incubation with horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse 
second antibodies (Abcam, Cambridge, MA, USA), the sig-
nal was visualized with the enhanced chemiluminescence 
(ECL) detection reagents (Amersham, UK), and the den-
sities of the immunobands were analyzed by NIH ImageJ 
software (Bethesda, MD, USA). Each sample was measured 
in duplicate and the average of duplicate measurements was 
used for analysis. All data were corrected by β-actin.

can induce neuroapoptosis and cognitive impairment, espe-
cially in elderly animals and humans [6–10]. Thus, it is 
important to understand the mechanisms underlying isoflu-
rane-induced neurotoxicity and develop strategies to avoid 
or ameliorate potential brain injury in the elderly population.

Endoplasmic reticulum (ER) stress has been considered 
as an initial or early response of cells under stress and is 
associated with neuronal death in various neurodegenera-
tive diseases [7, 11]. Recent studies have demonstrated that 
isoflurane induces ER stress and subsequent caspase-3 acti-
vation in the brain, contributing to neuroapoptosis and cog-
nitive impairment in aged rats [7, 12].

Taurine, one of the most abundant amino acids in the 
brain, has been proposed as a neurotransmitter, neuromodu-
lator and membrane stabilizer [13]. Taurine serves a wide 
variety of functions in the brain. It has been reported that 
taurine treatment protects against neuronal damage and 
epilepsy in several experimental studies [13–15]. In addi-
tion, taurine inhibited ER stress and caspase-3 activation, 
and thereby prevented P2X7 receptor-mediated apoptosis 
in neuronal cells [16] and reduced neurological deficits 
in animal stroke models of cerebral artery occlusion [17, 
18]. However, no study to date has examined the effects 
of taurine on isoflurane-induced cognitive impairment. In 
the present study, we tested the hypothesis that taurine pre-
treatment would suppress isoflurane-induced ER stress and 
inhibit activation of apoptosis pathways in the hippocam-
pus, and prevent cognitive impairment in aged rats.

Methods

Animals

All animal experiments were conducted in accordance with 
the guidelines of the Institutional Animal Care and Use 
Committee (IACUC) at Shandong University. The research 
protocols and procedures were approved by IACUC of 
Shandong University. All efforts were made to minimize 
animal suffering and the number of animals used. Twenty-
month old male Sprague-Dawley rats weighing 350 ± 400 g 
were purchased from Beijing Laboratory Animal Research 
Center (Beijing, China) and were housed in a temperature-
controlled (23–25 °C) room under a 12-h light/dark cycle; 
standard rat chow and water were provided ad libitum.

Isoflurane Exposure and Taurine Treatment

The rats were randomly divided into five groups (n = 12 for 
each group): control (CON); isoflurane (Baxter, Deerfield, 
IL, USA) plus vehicle (saline, ISO+VEH); isoflurane plus 
low-dose (0.16  mmol/kg) taurine (ISO+T-L); isoflurane 
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two-way repeated measures ANOVA (treatment as between-
groups and time as repeated measures factors) followed by 
Bonferroni multiple comparison testing. Comparisons of 
other data among multiple groups were analyzed using one-
way ANOVA followed by Tukey’s multiple comparison 
tests. P < 0.05 was considered statistically significant in all 
experiments. All statistical analyses were performed using 
the Statistical Package for the Social Sciences (SPSS 15.0, 
SPSS Inc., Chicago, IL, USA).

Results

Taurine Treatment Prevents Isoflurane-Induced ER 
Stress in the Hippocampus

As shown in Fig.  1, compared with control, isoflurane 
exposure induced ER stress in the hippocampus of rats as 
evidenced by increased expression of GRP-78, P-IRE-1, 
cleaved ATF-6, P-EIF2α, ATF-4 and CHOP protein. Pre-
treatment with taurine dose-dependently attenuated isoflu-
rane-induced increase in expression of GRP-78, P-IRE-1, 
cleaved ATF-6 and CHOP protein without altering expres-
sion of P-EIF2α and ATF-4 protein. Notably, pretreatment 
with a middle-dose of taurine (0.32 mmol/kg) completely 
normalized expressions of these ER stress biomarkers 
except for P-EIF2α and ATF-4. Pretreatment with a high-
dose of taurine (0.48  mmol/kg) had no further effects on 
expression of ER stress biomarkers.

Taurine Treatment Inhibits Isoflurane-Induced 
Activation of Apoptosis Pathways in the Hippocampus

ER stress, especially increased transcription factor CHOP, 
has been demonstrated to play a key role in the regula-
tion of apoptosis by altering the balance of pro- and anti-
apoptotic proteins. We next examined whether attenuation 
of ER stress by taurine would inhibit isoflurane-induced 
activation of apoptosis pathways in the hippocampus of 
rats. Our results showed that isoflurane exposure induced 
activation of apoptosis pathways as indicated by decreased 
ratio of BCL-2 protein (an inhibitor of apoptosis) to BAX 
protein (an inducer of apoptosis), increased expressions 
of cytochrome-c and cleaved caspase-3 protein, compared 
with control (Fig. 2). Importantly, pretreatment with taurine 
before exposure to isoflurane significantly increased the 
ratio of BCL-2 protein to BAX protein, decreased expres-
sions of cytochrome-c and cleaved caspase-3 protein in a 
dose-dependent manner. Of note, pretreatment with a mid-
dle-dose of taurine completely reversed isoflurane-induced 
changes in apoptosis-related proteins. Pretreatment with a 
high-dose of taurine did not exhibit further beneficial effects 
on expression of apoptosis-related proteins.

Open-Field Test

Open-field test was carried out to evaluate the emotional 
responses and exploration activity to a novel environment 
[7, 19]. Fifteen days after isoflurane exposure and taurine 
treatment, each rat was released in the center of the arena 
and the activity was measured as the total distance (meters) 
traveled by rats in 10 min time period. After every test, the 
arena was carefully cleaned with 75 % alcohol and rinsed 
with water to avoid olfactory cues.

Morris Water Maze

Morris water maze (MWM) was performed to evaluate 
the learning and memory functions of rats as previously 
described [7, 20]. Briefly, a circular tank (diameter, 150 cm; 
depth, 50 cm) was filled with opaque water (25 ± 1 °C) and 
the escape platform in the third quadrant was submerged 
1.5 cm below the water level. The rats swim patterns were 
recorded by a video tracking system, and the data were ana-
lyzed with motion-detection software for the MWM (Acti-
metrics Software, Evanston, IL, USA).

Eighteen days after isoflurane exposure and taurine treat-
ment, the place trials were carried out for 4 days to determine 
the rats’ ability to obtain spatial information. The pool was 
surrounded by a dark black curtain to prevent confounding 
visual cues. Each rats received four trials per day in each 
of the four quadrants of the swimming pool. On each trial, 
rats were released into the water facing the pool wall, and 
allowed to search for the platform for a maximum of 120 s 
and sit on the platform for 20 s before being removed from 
the pool. A rat that failed to find the platform within 120 s 
was guided to the platform and remained there for 20 s. For 
all training trials, the time required for a rat to reach the hid-
den platform (escape latency), swimming speed and swim-
ming path were automatically digitized and recorded. The 
average of four trials per day was calculated as the escape 
latency.

The day after the completion of the hidden platform 
training, probe trials were performed to determine whether 
the rats had developed a spatial bias for the former platform 
quadrant. The platform in the third quadrant was removed 
from the pool and rats were allowed to swim for 120 s in any 
of the four quadrants of the swimming pool. The number of 
crossings over the original position of the platform and time 
spent in each quadrant were recorded.

Statistical Analysis

All data are presented as mean ± SE. The normality of the 
data was checked by the Shapiro–Wilk statistics (W test) 
prior to further analysis. Hemodynamic, physiologic and 
some behavioral data (place trials) were analyzed by a 
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significant differences in travel distances among five experi-
mental groups (Fig. 3b). In the place trial, no differences in 
swimming speeds were observed among five experimental 
groups (Fig. 3c). However, rats exposed to isoflurane spent sig-
nificantly more time to find the submerged platform at trial day 

Taurine Treatment Protects Against Cognitive 
Impairment Induced by Isoflurane

The protocol of behavior study was illustrated in Fig.  3a. 
Results of the Open-field test revealed that there were no 
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location (Fig. 4a) and spent significantly less time in the third 
quadrant where the platform was located (Fig.  4b), com-
pared with control group. Pretreatment with taurine before 
exposure to isoflurane in rats significantly improved the per-
formance. Rats pretreated with a middle-dose or a high-dose 
of taurine before exposure to isoflurane performed similar 

2 and trial day 3 when compared with control group (Fig. 3d). 
While the time spent to find the submerged platform in rats 
pretreated with a middle-dose or a high-dose of taurine before 
exposure to isoflurane was similar to that in control group.

In the probe trial, rats exposed to isoflurane had a 
decreased number of crossings over the former platform 
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deficits in aged rats and these beneficial effects are mediated 
by inhibition of ER stress-associated apoptosis in the hip-
pocampus, a brain region that plays a key role in learning 
and memory.

The ER is an important organelle responsible for the syn-
thesis and folding of proteins that traffic through the secre-
tory pathway [21–23]. Multiple disturbances can induce 
accumulation of unfolded proteins in the ER, a cellular 
condition termed ER stress [22, 23]. There are three ER 
transmembrane receptors: pancreatic ER kinase (PKR)-like 
ER kinase (PERK), ATF6 and IRE1 [22, 23]. On accumula-
tion of unfolded proteins, ER chaperone GRP78 dissociates 
from the three receptors, which leads to their activation and 
triggers an evolutionarily conserved response termed the 
unfolded protein response (UPR) [21–23]. The initial intent 
of the UPR serves as a pro-survival response to reduce the 
accumulation of unfolded proteins and restore normal ER 
functioning [24]. However, if protein aggregation is per-
sistent and ER homeostasis cannot be recovered, signaling 
switches from pro-survival to pro-apoptotic by activat-
ing apoptosis pathways [24]. The BCL-2 protein family 
plays an essential role in the control of apoptosis under ER 
stress conditions [21, 24]. Activated PERK blocks general 
protein synthesis by phosphorylating eukaryotic initiation 
factor 2α (eIF2α), which increases the specific translation 
of ATF4 [21, 24]. Following dissociation of GRP78, ATF6 
moves to the Golgi apparatus where it is cleaved into its 
active form [21, 24]. Both ATF4 and cleaved ATF6 can lead 
to the induction of transcription factor CHOP in the nucleus  
[21, 24]. Chop is known to regulate the mitochondria-mediated 

with the control group. The representative swimming paths 
of each group were showed in Fig. 4c.

Taurine Treatment has no Effects on Hemodynamic 
and Physiologic Parameters

Hemodynamic and physiologic parameters before (0 h) and 
4 h after isoflurane exposure were shown in Table 1. Com-
pared with control, isoflurane exposure slightly decreased 
mean BP and heart rate but the differences did not reach sta-
tistical significance. Pretreatment with taurine at any dose 
had no effects on mean BP and heart rate. Four hours after 
isoflurane exposure, there were no differences in blood gas 
values and blood glucose levels across five experimental 
groups. These results excluded the possibility that molecu-
lar and behavioral changes observed in the study were due 
to hemodynamic or physiologic side effects of isoflurane or 
taurine.

Discussion

The present study examined the effects of taurine on anes-
thetic isoflurane-induced cognitive deficits and underlying 
mechanisms in aged rats. The novel finding of this study 
is that pretreatment with taurine before isoflurane exposure 
inhibits isoflurane-induced ER stress and activation of apop-
tosis pathways in the hippocampus, thereby preventing the 
cognitive impairment in aged rats. This finding demonstrate 
a protective role of taurine in isoflurane-induced cognitive 

Table 1  Hemodynamic and physiologic parameters before (0 h) and 4 h after isoflurane exposure

MBP (mmHg) HR (beat/min) pH PaCO2 (mmHg) PaO2
(mmHg)

SaO2
(%)

Glucose 
(mg/dl)

0 h
  CON 119 ± 8 328 ± 19 7.38 ± 0.06 39.5 ± 3.3 168 ± 13 98.3 ± 2.1 108 ± 10
  ISO+VEH 118 ± 7 322 ± 13 7.40 ± 0.03 40.2 ± 4.2 160 ± 19 98.0 ± 1.8 110 ± 15
  ISO+T-L 113 ± 6 327 ± 16 7.41 ± 0.03 38.7 ± 2.9 163 ± 15 98.2 ± 1.6 112 ± 12
  ISO+T-M 115 ± 7 330 ± 18 7.39 ± 0.05 41.6 ± 3.8 165 ± 17 98.8 ± 1.9 109 ± 17
  ISO+T-H 114 ± 8 321 ± 15 7.40 ± 0.08 40.1 ± 3.5 162 ± 14 98.5 ± 2.0 113 ± 14
4 h
  CON 115 ± 6 320 ± 15 7.40 ± 0.07 38.9 ± 4.0 165 ± 14 98.7 ± 1.9 109 ± 11
  ISO+VEH 107 ± 9 309 ± 19 7.41 ± 0.04 39.3 ± 3.6 163 ± 12 98.1 ± 1.4 113 ± 14
  ISO+T-L 104 ± 7 307 ± 15 7.39 ± 0.05 38.6 ± 3.8 160 ± 15 98.5 ± 2.0 112 ± 13
  ISO+T-M 108 ± 7 310 ± 20 7.38 ± 0.04 40.3 ± 3.9 166 ± 18 98.6 ± 1.5 117 ± 16
  ISO+T-H 107 ± 6 312 ± 18 7.39 ± 0.07 38.8 ± 3.1 161 ± 15 98.2 ± 1.7 115 ± 17

Data are presented as mean ± SE (n = 12 per group for hemodynamic parameters; n = 6 per group for physiologic parameters). Data were analyzed 
by two-way repeated measures ANOVA
MBP mean blood pressure, HR heart rate, PaCO2 arterial carbon dioxide tension, PaO2 arterial oxygen tension, SaO2 arterial oxygen saturation, 
CON control, ISO isoflurane, T-L low dose (0.16 mmol/kg) of taurine, T-M middle dose (0.32 mmol/kg) of taurine, T-H high dose (0.48 mmol/
kg) of taurine
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the hippocampus. Of note, isoflurane-induced increase in 
expression of ER stress biomarkers P-EIF2α and ATF-4 was 
not altered by pretreatment with taurine. These results are 
consistent with recent in vitro and in vivo studies suggest-
ing that taurine prevents the ER stress-induced apoptosis by 
mediating ATF6 and the IRE1 pathways, but not the PERK 
pathway [17, 18, 27].

It is worth noting that GRP78 is primarily located in the 
ER lumen with a subfraction detected as a transmembrane 
protein in non-stressed cells. Under ER stress conditions, 
the induction of GRP78 not only leads to an increase in 
GRP78 in the ER compartment, but also promotes GRP78 
relocalization from the ER to the cell surface, mitochondria, 
cytoplasm or nucleus where it acts in multifaceted cellular 
activities [34]. For example, ER stress induces promotion of 
cell surface expression of GRP78, which has been consid-
ered as an important receptor in cell signaling, viability and 
therapeutic targeting [34]. The cytoplasmic GRP78 isoform 
induced by ER stress is a newly identified regulator of the 
ER stress signaling pathway, in addition to the function of 
canonical GRP78 in the cytoplasm [34]. Beyond the ER, the 
mitochondrial, nuclear and secreted forms of GRP78 have 
been associated with cellular homeostasis and therapeutic 
resistance [34]. Therefore, taurine might exert beneficial 
effects on isoflurane-induced cognitive impairment in part 
by regulating GRP78 expression in the cell surface, mito-
chondria, cytoplasm or nucleus.

The present study focused on the effects of taurine on 
isoflurane-induced ER stress pathways. However, other 
mechanisms may also be involved in neuroprotective actions 
of taurine in isoflurane-induced cognitive impairment in 
aged rats. For example, intracellular calcium overload has 
been demonstrated to induce ER stress and mitochondrial 
membrane potential collapse, eventually resulting in cell 
apoptosis [35]. Isoflurane can induce neuronal apoptosis in 
developing rat brain by intracellular calcium overload [36]. 
Taurine has been shown to prevent intracellular calcium 
overload in primary neurons by inhibiting the reverse mode 
of Na+/Ca2+ exchanger, voltage-gated Ca2+ channels and 
NMDA receptors [37, 38]. In addition, taurine can regulate 
intracellular calcium homeostasis by reducing the release of 
calcium from intracellular storage pools and increasing the 
capacity of mitochondria to sequester calcium [18]. Thus, 
the possibility could not be excluded that taurine prevents 
isoflurane-induced ER stress and neuronal apoptosis in the 
hippocampus by inhibiting intracellular calcium overload 
in our study. Moreover, aging is associated with reduced 
hippocampal neurogenesis, alteration of the GABAergic 
system and impaired long-term potentiation of synaptic 
transmission in the hippocampus, all of which contribute 
to cognitive impairment [39–41]. Taurine has been shown 
to ameliorate cognitive impairment by increasing hippo-
campal neurogenesis and improving the function of the 

apoptosis by downregulation of anti-apoptotic protein 
BCL-2 and upregulation of pro-apoptotic protein BAX, 
which lead to the release of cytochrome c and activation 
of downstream effector caspases (caspase-3 in particular), 
resulting in apoptosis [21, 24]. In the third ER stress path-
way, activation of IRE1 induces activation of apoptosis sig-
nal-regulating kinase 1 (ASK1) and c-Jun N-terminal kinase 
(JNK), which targets BCL2 proteins and allow the activa-
tion of BAX and BAK, leading to the execution of apoptosis 
[24]. It has been widely accepted that the neuronal apoptosis 
in the hippocampus disturbs learning ability and memory 
function, causing cognitive deficits [25, 26]. In the present 
study, we found that isoflurane exposure induced signifi-
cantly increase in expression of GRP-78, P-IRE-1, cleaved 
ATF-6, P-EIF2α, ATF-4 and CHOP protein in the hippo-
campus of aged rats, which was associated with decreased 
ratio of BCL-2 to BAX protein and increased expressions 
of cytochrome-c and cleaved caspase-3 protein. The Morris 
water maze test revealed that aged rats exposed to isoflurane 
had longer escape latency to reach the platform, less number 
of original platform crossing and less time spent in the tar-
get quadrant. These results confirm previous in vitro and in 
vivo studies indicating that isoflurane exposure causes ER 
stress, which leads to activation of apoptosis pathways in 
the hippocampus, contributing to cognitive dysfunction [7, 
12]. Importantly, our results demonstrated that pretreatment 
with taurine inhibited isoflurane-induced ER stress and acti-
vation of apoptosis pathways in the hippocampus, prevent-
ing the cognitive dysfunction in aged rats.

Taurine as a semi-essential amino acid has recently been 
shown to exert neuroprotective effects in several neurologi-
cal disorders such as stroke, traumatic brain injury, hypoxia 
and epilepsy [13, 16, 17, 27, 28]. Taurine may confer neu-
roprotection by preventing mitochondrial dysfunction and 
ER stress [18, 29, 30] and by decreasing ER stress-induced 
apoptosis in the brain [16, 17, 27]. As a neuroprotective 
agent, taurine needs to cross the blood–brain barrier and 
enter into the brain under neuropathological conditions. 
Previous studies have demonstrated that taurine crosses 
the blood–brain barrier [31, 32] using a specific beta amino 
acid taurine transporter (TAUT) [31], which is abundantly 
expressed in hippocampal neurons [33]. In the present 
study, pretreatment with taurine dose-dependently attenu-
ated isoflurane-induced increase in expression of ER stress 
biomarkers GRP-78, P-IRE-1, cleaved ATF-6 and CHOP, 
which was associated with reduction in activation of apop-
tosis pathways in the hippocampus. Pretreatment with a 
middle-dose or a high-dose of taurine completely reversed 
expressions of above ER stress biomarkers, resulting in inhi-
bition of apoptosis pathways and normalization of cognitive 
dysfunction in aged rats. These data clearly demonstrated 
that taurine protects against cognitive deficits induced by 
isoflurane via inhibition of ER stress-mediated apoptosis in 
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related structural differences between the brains of adults up to 
51 years. J Neurosci 28:828–842
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mann G, Vutskits L, Xie Z, Hemmings HC Jr (2013) Anaes-
thetic neurotoxicity and neuroplasticity: an expert group report 
and statement based on the BJA Salzburg Seminar. Br J Anaesth 
111:143–151

  7.	 Ge HW, Hu WW, Ma LL, Kong FJ (2015) Endoplasmic reticulum 
stress pathway mediates isoflurane-induced neuroapoptosis and 
cognitive impairments in aged rats. Physiol Behav 151:16–23

  8.	 Ni C, Li Z, Qian M, Zhou Y, Wang J, Guo X (2015) Isoflurane 
induced cognitive impairment in aged rats through hippocampal 
calcineurin/NFAT signaling. Biochem Biophys Res Commun 
460:889–895

  9.	 Kong FJ, Ma LL, Zhang HH, Zhou JQ (2015) Alpha 7 nico-
tinic acetylcholine receptor agonist GTS-21 mitigates isoflu-
rane-induced cognitive impairment in aged rats. J Surg Res 
194:255–261

10.	 Zhang B, Tian M, Zhen Y, Yue Y, Sherman J, Zheng H, Li S, Tanzi 
RE, Marcantonio ER, Xie Z (2012) The effects of isoflurane 

GABAergic system in aged mice [39, 40]. Taurine also 
induces long-term potentiation in the rat hippocampus [42]. 
Further studies are needed to determine whether reduced 
hippocampal neurogenesis, dysfunction of GABAergic sys-
tem or impaired long-term potentiation in aged animals is 
exaggerated by isoflurane but improved by taurine.

In summary, the present study demonstrates that pretreat-
ment with taurine prevents anesthetic isoflurane-induced 
cognitive impairment in aged rats and that these beneficial 
effects are mediated by inhibition of ER stress, which sup-
presses activation of apoptosis pathways in the hippocam-
pus (Fig. 5). These findings may provide new insights into 
potential therapeutic use of taurine for preventing anesthetic 
isoflurane-induced cognitive impairment in elderly patients.
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