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inhibition of isoflurane-induced oxidative stress,  
mitochondrial dysfunction, and reduction in ATP levels
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Abstract: Objectives: The inhaled general anesthetic isoflurane has been shown to induce caspase-3 activation in 
vitro and in vivo. The underlying mechanisms and functional consequences of this activity remain unclear. Isoflu-
rane can induce caspase-3 activation by causing accumulation of reactive oxygen species (ROS), mitochondrial 
dysfunction, and reduction in adenosine triphosphate (ATP) levels. This study aimed to investigate the protective 
effect of hydrogen, a novel antioxidant, against isoflurane-induced caspase-3 activation and cognitive impairment. 
Methods: H4 human neuroglioma cells overexpressing human amyloid precursor protein were treated with saline or 
hydrogen-rich saline (HS, 300 μM), with or without 2% isoflurane, for 6 h or 3 h. Western blot analysis, fluorescence 
assays, and a mitochondrial swelling assay were used to evaluate caspase-3 activation, levels of ROS and ATP, 
and mitochondrial function. The effect of the interaction of isoflurane (1.4% for 2 h) and HS (5 mL/kg) on cognitive 
function in mice was also evaluated using a fear conditioning test. Results: We found that HS attenuated isoflurane-
induced caspase-3 activation. Moreover, HS treatment mitigated isoflurane-induced ROS accumulation, opening 
of mitochondrial permeability transition pores, reduction in mitochondrial membrane potential, and reduction in 
cellular ATP levels. Finally, HS significantly alleviated isoflurane-induced cognitive impairment in mice. Conclusions: 
Our results suggest that HS attenuates isoflurane-induced caspase-3 activation and cognitive impairment via inhibi-
tion of isoflurane-induced oxidative stress, mitochondrial dysfunction, and reduction in ATP levels. These findings 
warrant further research into the underlying mechanisms of this activity, and indicate that HS has the potential to 
attenuate anesthesia neurotoxicity.
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Introduction 

Alzheimer’s disease (AD) is the most common 
form of dementia among older adults, account-
ing for about two-thirds of all cases [1]. In vitro, 
animal, and human studies have demonstrated 
that some anesthetics are associated with 
changes in AD-related pathology, biomarkers of 
neuronal injury, and neurocognitive symptoms 
[1-11]. Findings from large retrospective stud-
ies and a randomized trial have indicated that 
exposure to surgery-related anesthesia may 
contribute to the development of AD, dementia, 

and progression of mild cognitive impairment 
[12-14]. However, other studies have found no 
association of prior exposure to general anes-
thesia during surgery with incident AD [15, 16]. 
Given the inconsistent evidence, well-designed 
and adequately powered clinical studies with 
longer follow-up periods are required to estab-
lish a clear causal association between surgery, 
anesthesia, and AD. Meanwhile, mechanistic 
studies performed in cells and animals are 
equally important to investigate the underlying 
mechanisms and possible targeted interven-
tions for anesthesia toxicity.
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The commonly used inhaled anesthetic isoflu-
rane has been shown to induce caspase-3 acti-
vation, increased β-amyloid peptide (Aβ) agg- 
regation, tau protein phosphorylation, and 
learning and memory impairment [8, 11, 17-23]. 
Xie et al. [19-21, 24-26] have shown that isoflu-
rane can increase levels of reactive oxygen spe-
cies (ROS), induce mitochondrial dysfunction 
(e.g., opening of mitochondrial permeability 
transition pores [mPTPs] and reduction in mito-
chondrial membrane potential [MMP]), and 
decrease ATP levels, which then may cause 
caspase-3 activation and lead to impairment of 
learning and memory. 

Hydrogen, a novel and effective antioxidant, 
could selectively scavenge the two most agg- 
ressive ROS, OH- and ONOO-; moreover, there is 
substantial evidence that hydrogen provides 
neuroprotection against oxidative-stress-indu- 
ced damage in neurological diseases such as 
AD and Parkinson’s disease, and in transient 
and permanent cerebral ischemia and spinal 
cord injury [27-29].

Our study was thus designed to determine 
whether HS could attenuate isoflurane-induced 
caspase-3 activation through a ROS-, mito-
chondria-, and ATP-associated mechanism in 
cultured H4 human neuroglioma cells overex-
pressing human amyloid precursor protein 
(H4-APP cells), and whether HS could amelio-
rate the cognitive impairment seen in rodents 
after isoflurane exposure. Our primary hypoth-
esis was that HS would attenuate isoflurane-
induced caspase-3 activation. Our secondary 
hypothesis was that HS would attenuate isoflu-
rane-induced ROS accumulation, mitochondrial 
dysfunction, and ATP reduction, and would miti-
gate isoflurane-induced cognitive impairment.

Here, we aim to explore targeted intervention 
for isoflurane neurotoxicity and associated cog-
nitive decline, and to further demonstrate the 
underlying mechanisms and related conse-
quences of isoflurane-induced caspase-3 acti-
vation, using both cell culture and mouse 
studies.

Methods 

IRB approval

All animal experiments were approved by the 
Ethics Committee for Animal Use of Shanghai 

Tenth People’s Hospital, Tongji University Sch- 
ool of Medicine.

Cell line

H4 human neuroglioma cells stably transfected 
to express full-length human amyloid precursor 
protein (H4-APP cells) [19] were used in mecha-
nistic studies to determine whether HS could 
attenuate isoflurane-induced cellular neurotox-
icity. Cells were cultured in high-glucose Dul- 
becco’s modified Eagle’s medium containing 
9% heat-inactivated fetal calf serum, 100 U/mL 
penicillin, 100 μg/mL streptomycin, and 2 mM 
L-glutamine, and were supplemented with 220 
μg/mL G418.

Production of hydrogen-rich water 

HS was prepared as described previously [27]. 
Briefly, H2 was dissolved in 0.9% saline for 6 h 
under high pressure (0.4 MPa) to a supersatu-
rated level using an HS-producing apparatus 
(Diving Medicine Department, Second Military 
Medical University, Shanghai, China). The pre-
pared HS was stored at 4°C. To confirm the 
concentration of hydrogen in the saline, gas 
chromatography was performed using the 
method described by Ohsawa et al. [27]. HS 
was freshly prepared every week to ensure that 
a concentration of at least 0.6 mmol/L was 
maintained.

Treatment of cells

Isoflurane was delivered from an anesthesia 
machine to a sealed plastic box in a 37°C incu-
bator containing six-well plates or 96-well pla- 
tes; six-well plates were seeded with one mil-
lion cells in 1.5 mL cell culture media per well, 
and 96-well plates were seeded with 50,000 
cells in 200 μL cell culture media per well, as 
described previously [19]. A Datex infrared  
gas analyzer (Puritan-Bennett, Tewksbury, MA, 
USA) was used to continuously monitor the 
delivered concentrations of carbon dioxide, 
oxygen, and isoflurane. Cells were treated with 
2% isoflurane plus 21% O2 and 5% CO2 for 6 h 
for caspase-3 activation studies and ROS mea-
surement, and for 3 h for studies of mPTP open-
ing, MMP, and ATP levels, as described by Xie et 
al. [30] and Zhang et al. [19]. Isoflurane treat-
ment durations were chosen according to find-
ings from previous studies, which revealed that 
treatment with 2% isoflurane for 6 h induced 
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caspase-3 activation and ROS accumulation, 
and treatment with 2% isoflurane for 3 h 
induced mPTP opening, MMP reduction, and 
decrease in ATP levels [19, 30]. Cells were 
treated with HS (300 μM) [31] 30 min before 
isoflurane treatment.

Cell lysis and protein quantification

Harvested cell pellets were detergent-extract-
ed on ice using an immunoprecipitation buffer 
(10 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM 
EDTA, 0.5% Nonidet P-40) plus protease inhibi-
tors (1 μg/mL aprotinin, 1 μg/mL leupeptin, 1 
μg/mL pepstatin A) as described previously 
[19]. Lysates were collected, centrifuged at 
13,000 rpm for 15 minutes, and quantified for 
total protein content using a bicinchoninic acid 
(BCA) protein assay kit (Pierce, Rockford, IL, 
USA).

Western blot analyses

Extracts from harvested cells were subjected 
to Western blot analyses as described previ-
ously [19]. Specifically, a caspase-3 antibody 
(1:1000 dilution; Cell Signaling Technology, 
Danvers, MA, USA) was used to recognize full-
length caspase-3 (35-40 kDa) and caspase-3 
fragments (17-20 kDa) resulting from cleavage 
at aspartate position 175. An anti-β-actin anti-
body (1:10,000, Sigma, St. Louis, MO, USA) was 
used to detect β-actin (42 kDa). Each lane in 
the Western blot represented an independent 
experiment, and results were averaged from six 
independent experiments. Signal intensity was 
analyzed using NIH Image software (ImageJ 
Version 1.49, U. S. National Institutes of Health, 
Bethesda, MD, USA). Western blots were quan-
tified in 2 steps. First, we used β-actin levels to 
normalize protein levels (e.g., determining the 
ratio of the amount of caspase-3 fragment to 
that of β-actin) and to control for loading differ-
ences. Second, we presented protein levels in 
treated cells as a percentage of those in the 
control group, with the control group values set 
to 100%.

ROS measurement 

An OxiSelect Intracellular ROS Assay Kit and an 
OxiSelect In Vitro ROS/RNS Assay Kit (Cell 
Biolabs, San Diego, CA, USA) were used to mea-
sure cellular ROS levels as described previously 
[19]. Briefly, cultured H4-APP cells were placed 

in a clear 96-well cell culture plate overnight in 
the incubator. We then added 2’,7’-dichlorofluo-
rescein-diacetate (DCFH-DA) solution to the 
cells for 30 min. The DCFH-DA-loaded H4-APP 
cells were subsequently exposed to 2% isoflu-
rane for 6 h. These treated cells were first lysed 
by adding 100 μL of cell lysis buffer, then mixed 
thoroughly and incubated for 5 min at room 
temperature. The lysate mixtures (150 μL each) 
were transferred to individual wells of a 96-well 
plate for fluorescence measurement. Finally, 
fluorescence was read with a fluorometric plate 
reader (Molecular Devices, Sunnyvale, CA, USA) 
at 480/530 nm.

Preparation of mitochondria

Mitochondria were isolated from H4-APP cells 
by standard differential centrifugation and 
resuspended in isolation buffer (0.2 M sucrose, 
10 mM Tris-MOPS pH 7.4, 0.1 mM EGTA-Tris) 
and stored on ice. Mitochondria were used 
immediately after preparation. Mitochondria 
were isolated using a mitochondrial fraction-
ation kit (Active Motif, Carlsbad, CA, USA). 
Mitochondrial protein content was quantified 
using a BCA protein assay kit (Pierce).

Mitochondrial swelling

The mitochondrial swelling assay was per-
formed according to a previously published 
method [32]. Mitochondria (0.5 mg/mL) were 
incubated in experimental buffer (125 mM KCl, 
10 mM Tris-MOPS pH 7.4, 1 mM Pi, 5 mM gluta-
mate, 2.5 mM malate, 10 μM EGTA-Tris pH 7.4) 
Mitochondrial swelling caused by influx of sol-
utes across the inner membrane was mea-
sured by recording the decrease in absorbance 
at 540 nm on a Beckman DU 640 spectropho-
tometer (Beckman, Brea, CA, USA).

Determination of MMP 

MMP was quantified by tetraethylbenzimidazo-
lylcarbocyanine iodide (JC-1) fluorescence ratio 
detection (Biotium, Hayword, CA) as described 
previously [11]. Specifically, H4-APP cells were 
seeded at a density of 50,000 per well in 
96-well plates and placed in the incubator over-
night. Cells were washed twice with 100 μL 
Dulbecco’s phosphate-buffered saline before 
isoflurane treatment. After treatment, cells 
were incubated with JC-1 reagents at 37°C for 
15 min, then washed twice with Hank’s bal-
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anced salt solution (HBSS). Finally, fluores-
cence was read with a fluorometric plate reader 
(Fluoroskan Ascent FL, Thermo Fisher Scientific, 
Waltham, MA, USA) for red and green fluores-
cence (excitation 590 nm, emission 610 nm; 
and excitation 490 nm, emission 520 nm, 
respectively). MMP was calculated as the ratio 
of red fluorescence to green fluorescence. We 
also measured MMP using tetramethylrhoda-
mine ethyl ester and perchlorate (TMRE; Sigma, 
St. Louis, MO, USA). TMRE is a cationic dye that 
is rapidly and reversibly accumulated by healthy 
mitochondria; thus, a decrease in levels of 
TMRE staining indicates reduction in MMP. 
TMRE studies were performed as described by 
Zhang et al. [19]. Briefly, after treatment, cells 
were stained with 100 nM TMRE for 30 min at 
37°C. Cells were washed twice with HBSS, then 
analyzed under a fluorescence microscope 
(40× objective).

ATP measurement 

We used the ATP Determination Kit (Invitrogen, 
Waltham, MA, USA) to detect ATP levels, as 
described previously [19, 20]. Briefly, H4-APP 
cells were placed in six-well plates overnight in 
the incubator. Cells were then exposed to iso-
flurane treatment for 3 h. After treatment, the 
amount of fluorescence was measured and lev-
els of ATP in the experimental samples were 
calculated from a standard curve constructed 
using samples containing known amounts of 
ATP.

Mice

Wild-type C57BL/6J mice (8 months old, The 
Jackson Laboratory, Bar Harbor, ME, USA) were 
randomly assigned to the anesthesia group or 
control group, then were further divided into 
the HS treatment group or control group. Mice 
were housed in a controlled environment (20-
22°C; 12 h light/dark on a reversed light cycle) 
for 1 week prior to the studies. All animal exper-
iments were carried out in accordance with the 
guidelines set forth by the National Institutes of 
Health, and all efforts were made to minimize 
the number of animals utilized in the studies. 
Power analyses used to establish experimental 
group sizes are described in the Statistical 
Analyses section.

Mouse anesthesia 

Mice (ten per group) were randomized by weight 
and sex into either anesthesia groups that 

received 1.4% isoflurane plus 100% oxygen for 
2 h, or control groups that received 100% oxy-
gen for 2 h, at identical flow rates and in iden- 
tical anesthetizing chambers (20×20×7 cm). 
The induction flow rate was 2 L/min for the first 
3 min (for induction), then 0.2 L/min afterward 
(for maintenance). Isoflurane and oxygen con-
centrations were measured continuously using 
a gas analyzer (Ohmeda, GE Healthcare, Tew- 
ksbury, MA, USA). The temperature of the ane- 
sthetizing chamber was controlled using a  
DC Temperature Control System (FHC, Bow- 
doinham, ME, USA), a feedback-based system 
for monitoring and controlling temperature, to 
maintain the rectal temperature of the mice at 
37±0.5°C. For the interaction studies, HS (5 
mL/kg) or saline was administered intraperito-
neally to the mice 30 min before isoflurane 
anesthesia. The concentration of HS was cho-
sen according to previous studies [33, 34].

Fear conditioning test

Fear conditioning is a very sensitive and non-
effort-dependent test of learning and memory 
[35]. The fear conditioning test (FCT; Stoelting 
Co., Wood Dale, IL, USA) was performed exactly 
as described in previous studies [19, 36]. In 
short, the pairing phase of the FCT was per-
formed 2 h after isoflurane anesthesia. Each 
mouse was first allowed to explore the chamber 
for a 180-sec habituation period. A 2-Hz pulsat-
ing tone (80 dB, 3600 Hz) persisting for 60 sec 
was then presented. A mild foot shock (0.8 mA 
for 0.5 sec) was administered during the last 2 
sec of the tone presentation. The first context 
test was performed 30 min after pairing, and 
the first tone test was performed 90 min after 
pairing. During both the context test and the 
tone test, each mouse was allowed to stay in 
the chamber for a total of 390 sec. No tone was 
played during the context test; however, during 
the tone test, the 2-Hz pulsating tone was 
played during the second 180 sec, with no foot 
shock. In both the context test and the tone 
test, learning and memory function was asse- 
ssed by measuring the amount of time during 
which the mouse demonstrated freezing behav-
ior, which was defined as “absence of move-
ment except for respiration” [35] during the test 
period (the second 180 sec). The second and 
third context and tone tests were performed at 
48 h and 7 days after anesthesia, respectively. 
Freezing behavior was analyzed using an Any-
Maze video tracking system (Stoelting Co., 
Wood Dale, IL, USA) with the following settings: 
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freezing on threshold, 10 sec; freezing off 
threshold, 20 sec; minimum freezing duration, 
one sec.

Statistical analyses 

Data were expressed as mean ± standard devi-
ation (SD). To determine sample sizes, a power 
calculation was performed using information 
collected from a preliminary study that was 
conducted under the same conditions. The pre-
liminary data indicated that, assuming a two-
sided Student’s t test, sample sizes of six and 
10 for the in vitro and vivo studies, respectively, 
would lead to 90% power and 95% significance. 
Two-way analysis of variance (ANOVA) was used 
to assess the interaction of HS with isoflurane, 

(lanes 2) did not significantly alter the level of 
caspase-3 fragment compared with the control 
condition plus saline (lanes 1; quantitative data 
not shown). However, treatment with isoflurane 
plus 300 μM HS (lanes 4) led to a smaller 
increase in the caspase-3 fragment band com-
pared with isoflurane plus saline (lanes 3). 
There were no significant differences in the lev-
els of full-length caspase-3 or β-actin among 
the above treatments (data not shown). 
Quantification of the Western blots based on 
the ratio of caspase-3 fragments to full-length 
caspase-3 (Figure 1B) showed that treatment 
with 2% isoflurane plus saline for 6 h induced 
more caspase-3 activation compared with the 
control condition plus saline. Two-way ANOVA 
revealed a significant interaction between the 

Figure 1. HS attenuates isoflurane-induced caspase-3 activation in H4-
APP cells. A: Treatment with 2% isoflurane plus saline for 6 h (lanes 3) 
induces caspase-3 activation compared with the control condition plus sa-
line (lanes 1) in H4-APP cells. Treatment with the control condition plus HS 
(lanes 2) does not induce caspase-3 activation compared with the control 
condition plus saline (lanes 1). Treatment with 2% isoflurane plus 300 
μM HS for 6 h (lanes 4) induces less caspase-3 activation compared with 
treatment with 2% isoflurane plus saline (lanes 3). There is no substan-
tial difference in the levels of full-length caspase-3 and β-actin among the 
above treatments. B: Quantification of the Western blots shows that treat-
ment with 2% isoflurane plus saline for 6 h (black bar), but not the control 
condition plus 300 μM HS (gray bar), induces caspase-3 activation com-
pared with the control condition plus saline (white bar) in H4-APP cells. 
Treatment with 300 μM HS (striped bar) attenuates the isoflurane-induced 
caspase-3 activation. N=6 in each group. FL: full length, APP: amyloid pre-
cursor protein, HS: hydrogen-rich saline.

and to test the hypothesis that 
HS would mitigate the effects of 
isoflurane on caspase-3 activa-
tion, ROS, mPTP opening, MMP, 
ATP levels, and freezing time. 
Post-hoc analyses were con-
ducted if the main effects were 
found to be statistically signifi-
cant. The cutoff P value was 
Bonferroni-adjusted to correct 
for subset analysis, e.g., com-
paring the level of isoflurane-
mediated caspase-3 activation 
between HS and saline treat-
ments. The nature of the hypoth-
esis testing was two-tailed. P 
values less than 0.05 were con-
sidered statistically significant. 
SAS software, version 9.1 (Cary, 
NC, USA) and GraphPad Prism 
software, version 5 (La Jolla, CA, 
USA) were used to analyze the 
data.

Results 

HS attenuates isoflurane-in-
duced caspase-3 activation 

Caspase-3 immunoblotting (Fi- 
gure 1A) showed that treatment 
with 2% isoflurane plus saline 
for 6 h (lanes 3) increased the 
intensity of the caspase-3 frag-
ment band compared with the 
control condition plus saline 
(lanes 1). Treatment with the 
control condition plus HS for 6 h 
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effects of group (control condition vs. isoflu-
rane) and treatment (saline vs. HS) on cas-
pase-3 activation (F=5.649, P=0.0085). A 
post-hoc Bonferroni test showed that treatment 
with 2% isoflurane plus saline for 6 hours 
induced more caspase-3 activation compared 
with the control condition plus saline 

(P=0.0303), and treatment with isoflurane plus 
HS led to less caspase-3 activation compared 
with isoflurane plus saline (P=0.028).

HS attenuates isoflurane-induced increases in 
ROS levels

Isoflurane has been shown to increase ROS lev-
els in vitro and in vivo, which may lead to cas-
pase-3 activation [11, 26]. Therefore, we inves-
tigated whether treatment with 300 μM HS was 
able to mitigate isoflurane-induced ROS accu-
mulation in H4-APP cells. Two-way ANOVA of 
results from the quantitative ROS assay (Figure 
2) showed that there was a significant interac-
tion between the effects of group (control con-
dition vs. isoflurane) and treatment (saline vs. 
HS) on ROS levels (F=32.38, P<0.001). A post-
hoc Bonferroni test showed that isoflurane sig-
nificantly increased ROS levels compared with 
the control condition (P<0.001) and treatment 
with isoflurane plus HS led to lower ROS levels 
compared with isoflurane plus saline (P<0.001). 
Moreover, HS treatment decreased baseline 
ROS levels in the control condition. Taken 
together, these data suggest that HS could alle-
viate isoflurane-induced ROS accumulation.

HS attenuates isoflurane-induced opening of 
mPTP

To assess mPTP opening, we measured mito-
chondrial swelling in response to Ca2+. Mito- 
chondria from both isoflurane-treated and con-
trol-treated H4-APP cells showed swelling in 
response to Ca2+, with mitochondria from isoflu-
rane-treated cells showing more swelling than 
those from control cells (Figure 3). Notably, 
mitochondria from cells treated with isoflurane 
plus HS were more resistant to Ca2+-induced 
swelling and permeability transition than were 
mitochondria from cells treated with isoflurane 
plus saline (Figure 3).

HS attenuates isoflurane-induced reduction in 
MMP

Cytochemistry staining with TMRE, an indicator 
of MMP (Figure 4A), showed that treatment 
with 2% isoflurane plus saline for 3 h (panel b) 
decreased MMP detected by confocal micros-
copy compared with the control condition 
(panel a) in H4-APP cells. Moreover, HS inhibit-
ed the isoflurane-induced reduction in MMP, as 
evidenced by greater TMRE staining in cells 

Figure 2. HS attenuates isoflurane-induced ROS ac-
cumulation in H4-APP cells. Fluorescence staining 
for ROS shows that treatment with 2% isoflurane plus 
saline for 6 h (black bar) increases ROS levels com-
pared with the control condition plus saline (white 
bar). Treatment with isoflurane plus HS (striped bar) 
leads to lower ROS levels compared with treatment 
with isoflurane plus saline (black bar). N=6 in each 
group. ROS: reactive oxygen species, APP: amyloid 
precursor protein, HS: hydrogen-rich saline.

Figure 3. HS attenuates isoflurane-induced open-
ing of mPTP. Data are shown as the relative percent 
of the initial OD at an absorbance of 540 nm. Mi-
tochondria from H4-APP cells treated with both the 
isoflurane condition and the control condition show 
swelling in response to Ca2+, with mitochondria 
from isoflurane-treated cells showing greater swell-
ing than those from control cells. Mitochondria from 
cells treated with isoflurane plus HS are more resis-
tant to Ca2+-induced swelling and permeability tran-
sition than those from cells treated with isoflurane 
plus saline.
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treated with isoflurane plus HS (panel d) com-
pared with those treated with isoflurane plus 
saline (panel b). JC-1 fluorescence ratio detec-
tion (Figure 4B) showed that treatment with 2% 
isoflurane plus saline for 3 h decreased MMP 
compared with treatment with the control con-
dition plus saline. Two-way ANOVA revealed a 
significant interaction between the effects of 

mice. Anesthesia with 1.4% isoflurane for 3 h 
induced cognitive deficit in mice, as evidenced 
by decreased freezing time in the FCT context 
test at 7 days (two-way ANOVA, F=17.66, P< 
0.0001; post-hoc Bonferroni test, P<0.0001; 
Figure 6A) and in the FCT tone test at 2 days 
(two-way ANOVA, F=7.893, P=0.0006; post-hoc 
Bonferroni test, P<0.0001; Figure 6B). A post-

Figure 4. HS attenuates the isoflurane-induced reduction in mitochondrial 
membrane potential in H4-APP cells. A: Staining with tetramethylrhoda-
mine ethyl ester and perchlorate, a MMP-dependent fluorescent indica-
tor, shows that treatment with 2% isoflurane plus saline for 3 h (panel b) 
decreases MMP levels compared with the control condition plus saline 
(panel a). Treatment with 2% isoflurane plus 300 μM HS for 3 h (panel d) 
attenuates the isoflurane-induced MMP reduction (panel b). B: Tetraeth-
ylbenzimidazolylcarbocyanine iodide (JC-1) fluorescence analysis shows 
that treatment with 2% isoflurane plus saline for 3 h (black bar) decreases 
MMP compared with the control condition plus saline (white bar) in H4-
APP cells. Treatment with 300 μM HS for 3 h (gray bar) does not signifi-
cantly alter MMP compared with the control condition plus saline (white 
bar). Treatment with 2% isoflurane plus 300 μM HS for 3 h (striped bar) 
leads to a smaller reduction in MMP compared with treatment with 2% 
isoflurane plus saline (black bar). N=6 in each group. MMP: mitochondrial 
membrane potential, HS: hydrogen-rich saline.

group (control condition vs. iso-
flurane) and treatment (saline 
vs. HS) on MMP (F=17.25, P< 
0.0001). A post-hoc Bonferroni 
test showed that treatment with 
isoflurane led to a smaller MMP 
compared with the control con-
dition (P<0.0001), and treat-
ment with isoflurane plus HS led 
to a higher MMP compared with 
treatment with isoflurane plus 
saline (P<0.01).

HS attenuates isoflurane-in-
duced reduction in ATP levels

Two-way ANOVA showed a sig-
nificant interaction between the 
effect of group (control condi-
tion vs. isoflurane) and treat-
ment (saline vs. HS) on ATP lev-
els (F=7.475, P=0.0027; Figure 
5). A post-hoc Bonferroni test 
showed that ATP levels were 
lower in H4-APP cells treated 
with isoflurane than in those 
treated with the control condi-
tion (P=0.0388), and ATP levels 
were higher in cells treated with 
isoflurane plus HS than in those 
treated with isoflurane plus 
saline (P=0.014). Taken togeth-
er, these results suggest that 
HS alleviated isoflurane-indu-
ced mitochondrial dysfunction, 
including both mPTP opening 
and reduction of MMP and ATP, 
in H4-APP cells.

HS ameliorates isoflurane-
induced cognitive impairment

As the in vitro studies sugge- 
sted that HS could alleviate  
isoflurane-induced cytotoxicity, 
we then assessed whether HS 
would ameliorate isoflurane-
induced cognitive impairment in 
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hoc Bonferroni test showed that freezing times 
were greater for mice treated with isoflurane 
plus HS than for those treated with isoflurane 
plus saline in the FCT context test at 7 days 
(P=0.015; Figure 6A) and in the FCT tone test 
at 2 days (P=0.004; Figure 6B). These findings 
suggest that HS has the ability to mitigate iso-
flurane-induced cognitive decline in mice.

Discussion

In the current study, we evaluated the interac-
tion between isoflurane and HS on caspase-3 
activation, ROS accumulation, mitochondrial 
function, ATP levels, and cognitive change. We 
found that HS treatment ameliorated isoflu-
rane-induced caspase-3 activation in H4-APP 
cells (Figure 1). These findings suggest that HS 
could mitigate the cytotoxicity of isoflurane, 
and could thus serve as a targeted intervention 
for anesthetic neurotoxicity.

Studies have convincingly demonstrated that 
hydrogen has cytoprotective effects in different 
cell types and disease models, including AD 
[37, 38], ischemia-reperfusion injury [31], drug 
toxicity [39], and trauma [40]. Hong et al. [34] 
showed that hydrogen seemed to reduce neu-
ronal apoptosis through regulation of the Bcl-2 
family and caspase-3 in acute brain injury after 
subarachnoid hemorrhage. The neuronal pro-
tective effect of hydrogen against isoflurane 

observed in our study warrants future studies 
to assess HS as a potential therapeutic candi-
date in for treating and preventing anesthesia 
neurotoxicity.

ROS accumulation, mitochondrial dysfunction, 
and reduction in ATP levels have all been pro-
posed as underlying mechanisms of isoflurane-
induced caspase-3 activation [19, 20, 41]. 
Hydrogen, a small gas molecule, is capable of 
penetrating cell membranes and entering the 
cytosol, mitochondria, and nucleus to selective-
ly scavenge the reactive oxygen species OH- 
and ONOO-, thereby preventing their interfer-
ence in normal metabolism and signal trans- 
mission [27]. The application of saline contain-
ing a therapeutic dose of hydrogen (HS) is a 
useful method of delivering molecular hydrogen 
[33]. Here, we utilized HS to investigate the 

Figure 5. HS attenuates isoflurane-induced reduction 
in ATP levels in H4-APP cells. Treatment with 2% iso-
flurane plus saline for 3 h (black bar) decreases ATP 
levels compared with the control condition plus sa-
line (white bar). Treatment with 300 μM HS (gray bar) 
does not significantly alter ATP levels compared with 
the control condition plus saline (white bar). More-
over, treatment with 2% isoflurane plus 300 μM HS 
for (striped bar) leads to a smaller reduction in ATP 
levels compared with treatment with 2% isoflurane 
plus saline (black bar). N=6 in each group. ATP: ad-
enosine triphosphate, HS: hydrogen-rich saline.

Figure 6. HS Ameliorates isoflurane-induced cogni-
tive impairment. Anesthesia with 1.4% isoflurane for 
2 h induces cognitive deficit in mice, as evidenced by 
decreased freezing time in the FCT context test at 7 
days (two-way ANOVA, F=8.032, P=0.008; post-hoc 
Bonferroni test, P=0.034) and in the FCT tone test at 
2 days (two-way ANOVA, F=10.050, P=0.003; post-
hoc Bonferroni test, P=0.041). A post-hoc Bonferroni 
test showed that freezing times were greater for mice 
treated with isoflurane plus HS than for those treated 
with isoflurane plus saline in the FCT context test at 
7 days (P=0.015) and in the FCT tone test at 2 days 
(P=0.004).
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possible mechanisms of isoflurane-induced 
caspase-3 activation. We found that HS ame- 
liorated isoflurane-induced effects including 
accumulation of ROS (Figure 2), opening of 
mPTP (Figure 3), reduction in MMP (Figure 4), 
and reduction in ATP levels (Figure 5) in H4-APP 
cells. This study provides evidence that HS 
inhibits caspase-3 activation by inhibiting oxi-
dative stress and maintaining mitochondrial 
function. Moreover, these data suggest that 
ROS and mitochondrial dysfunction may be 
upstream mechanisms of isoflurane-induced 
caspase-3 activation.

Further, we demonstrated that HS attenuated 
isoflurane-induced cognitive decline in mice. 
These data suggest that HS could mitigate the 
neurobehavioral impairment induced by anes-
thesia. Previously, Li et al. [37] showed that HS 
improved memory function in a rat model of 
amyloid-β-induced AD. Taken together, these 
findings indicate that the benefits of HS may 
not be limited to a specific cognitive disease.

This study has several limitations. First, we did 
not assess dose-dependent effects of HS on 
caspase-3 activation and cognitive function. It 
is likely that different concentrations of HS may 
have different effects on isoflurane-induced 
caspase-3 activation, increases in ROS levels, 
mitochondrial dysfunction, and reductions in 
ATP levels. Runtuwene et al. [42] showed that 
high-content hydrogen water (0.8 mM H2 satu-
ration) exhibited a stronger anti-oxidative effect 
than natural hydrogen water (NHW, 0.125 mM 
hydrogen), and increased the survival rate of 
cancer-bearing mice to a greater degree. 
Second, we did not measure caspase-3 activa-
tion in vivo. Wang et al. showed that HS reduced 
caspase-3 overexpression in spinal cord injury 
model rats [40]. Thus, future studies are 
required to determine whether isoflurane-
induced caspase-3 activation is causally asso-
ciated with neurodegeneration. Third, we did 
not determine whether HS could ameliorate 
isoflurane-induced cognitive decline as mea-
sured via other behavioral methods. Future 
studies should include other methods (e.g., the 
Morris water maze) to further assess whether 
treatment with HS can improve isoflurane-
induced neurobehavioral deficits. Nevertheless, 
the aim of the present study was to establish a 
system and to generate a concept. In the future, 
we will use this established system to system-
atically investigate the interaction of HS (as well 

as other antioxidant agents; e.g., carbon mon-
oxide and hydrogen sulfide) and isoflurane (as 
well as other anesthetics; e.g., sevoflurane) on 
neurotoxicity and neurobehavioral decline.

In conclusion, we found that HS attenuated 
isoflurane-induced cytotoxicity, including cas-
pase-3 activation, ROS accumulation, mPTP 
opening, decreases in MMP, and reduction in 
ATP levels, in H4-APP cells. Moreover, HS allevi-
ated isoflurane-induced cognitive impairment 
in mice. Pending further studies, these results 
suggest that HS might mitigate isoflurane-
induced caspase-3 activation via ROS-, mito-
chondria-, and ATP-associated mechanisms, 
thus inhibiting the isoflurane-induced cognitive 
deficit. The findings of the current study may 
help guide the design of new therapies to 
address the underlying mechanisms of anes-
thetic neurotoxicity, and develop targeted inter-
ventions for anesthesia neurotoxicity.
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