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Abstract

Isoflurane possesses neurotoxicity and can induce cognitive deficits, particularly in aging

mammals. Mitochondrial reactive oxygen species (mtROS) have been linked to the early

pathogenesis of this disorder. However, the role of mtROS remains to be evaluated due to a

lack of targeted method to treat mtROS. Here, we determined in aging mice the effects of

the mitochondrion-targeted antioxidant SS-31, on cognitive deficits induced by isoflurane, a

general inhalation anesthetic. We further investigated the possible mechanisms underlying

the effects of SS-31 on hippocampal neuro-inflammation and apoptosis. The results

showed that isoflurane induced hippocampus-dependent memory deficit, which was asso-

ciated with mitochondrial dysfunction including reduced ATP contents, increased ROS lev-

els, and mitochondrial swelling. Treatment with SS-31 significantly ameliorated isoflurane-

induced cognitive deficits through the improvement of mitochondrial integrity and function.

Mechanistically, SS-31 treatment suppressed pro-inflammatory responses by decreasing

the levels of NF-κB, NLRP3, caspase 1, IL-1β, and TNF-α; and inhibited the apoptotic path-

way by decreasing the Bax/Bcl-2 ratio, reducing the release of cytochrome C, and blocking

the cleavage of caspase 3. Our results indicate that isoflurane-induced cognitive deficits

may be attenuated by mitochondrion-targeted antioxidants, such as SS-31. Therefore, SS-

31 may have therapeutic potentials in preventing injuries from oxidative stresses that con-

tribute to anesthetic-induced neurotoxicity.

Introduction

Postoperative cognitive dysfunction (POCD) tends to be a major health concern in elderly

patients after surgery and anesthesia [1]. General anesthesia (GA)-induced neurotoxicity is

increasingly emphasized as a key factor in the pathogenesis of POCD. Current hypotheses

attribute direct neuro-inflammatory and apoptotic effects of anesthetics as the pathophysiolog-

ical basis of GA-induced learning and memory impairments. The exact mechanisms by which
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GA-induced neurotoxicity are still not fully understood, and an effective pharmacologic treat-

ment to rapidly reverse GA-induced cognitive deficits is lacking [2–6].

Mitochondrial reactive oxygen species (mtROS) have been linked to the earliest pathogene-

sis of isoflurane-induced cognitive deficits [7–9]. It is thought to initiate the pathogenesis of

pro-inflammatory responses and apoptotic activation, which can subsequently lead to cogni-

tive dysfunction in several neurodegenerative diseases [7–9]. Moreover, an increasing number

of studies point to targeting mtROS as a novel therapy for inflammatory diseases and cancers,

indicating that mitochondrion-targeted antioxidants can be powerful tools for investigating

the role of mtROS in many processes both in vitro and in vivo [10–14]. However, little is

known of the role of mitochondrion-targeted antioxidants in GA-induced neurotoxicity and

their implications for cognitive function in aging brain.

The peptide Szeto-Schiller (SS)-31 (D-Arg-dimethylTyr-Lys-Phe-NH2) has an alternating

aromatic-cationic structure that allows it to freely cross the blood-brain barrier and cell mem-

brane, then concentrates>1000 fold in the mitochondrial inner membrane independently of

mitochondrial membrane potential. It can scavenge various ROS and improve ATP production

in many animal models [15–19]. These antioxidative effects are the basis of a new strategy to

rapidly reverse cognitive deficits in GA-induced neurotoxicity, at least in mouse models.

In a model of isoflurane-induced cognitive deficits in aging mice, the hippocampus, an

important tissue for learning and memory, is an affected area [20, 21]. We hypothesized that

the activation of the mtROS-mediated inflammation and apoptosis is involved in the develop-

ment of GA-induced cognitive deficits and that mitochondrion-targeted antioxidants might

deactivate mtROS-mediated inflammation and apoptosis, and thus attenuate GA-induced cog-

nitive deficits. In this study, we used a model of isoflurane-induced cognitive deficits in aging

mice and SS-31, a mitochondrion-targeted antioxidant, to test our hypothesis.

Materials and Methods

Animals

Seventy-two fifteen-month-old male C57BL/6 mice were purchased from the Animal Center of

Jinling Hospital, Nanjing, China. All experimental procedures and protocols were reviewed

and approved by the Animal Investigation Ethics Committee of Jinling Hospital and were

done in accordance with the Guidelines for the Care and Use of Laboratory Animals from the

National Institutes of Health, USA. The mice were housed in a room maintained under con-

stant environmental conditions with temperature 22–24°C and a 12-h light/dark cycle.

Experimental protocols

Mice were randomly assigned to one of the following four groups (n = 18 each): control, con-

trol + SS-31, isoflurane, and isoflurane + SS-31. SS-31 (5 mg/kg, China Peptides Co, Ltd,

Shanghai, China) or phosphate-buffered saline (PBS; vehicle) was intraperitoneally adminis-

tered to the mice with a volume of 0.4 mL/kg 30 min before gas inhalation. The dose of SS-31

was chosen based on previous optimization in mouse models [15–18]. Anesthesia was induced

by placing the mice in an anesthetizing chamber prefilled with 1.8% isoflurane plus 30% oxy-

gen (O2) for 10 min and then changed to 1.5% isoflurane for 110 min. For control experiments,

30% O2 was delivered for 2 h at the same flow rate. The composition of the chamber gas was

continuously monitored using a DatexTM infrared analyzer (Capnomac, Helsinki, Finland).

Mice were kept normothermic throughout the experiment.

Two experiments were performed. In experiment one, six of ten mice in each group were

immediately decapitated 2 h after gas inhalation, and the hippocampus was rapidly removed and

separated into two halves for mitochondria isolation and biochemical assays, respectively. The
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other four mice in each group were perfused for immunohistochemical analyses. In experiment

two, eight mice in each group were used for behavioral tests 24 h after the 2 h-gas inhalation.

Isolation of hippocampus mitochondria

Hippocampal tissues were homogenized in ice-chilled Dounce homogenizers (1:10, w/v) using

isolation buffer (Beyotime Institute of Biotechnology, Shanghai, China) and centrifuged at

1,000 g for 5 min at 4°C. Supernatants were removed and centrifuged at 12,000 g to obtain

pure cytosol fractions, which were isolated to determine cytosolic cytochrome C (Cyt C) levels.

The mitochondria-enriched pellets were gently resuspended and washed with isolation buffer,

then pelleted by centrifugation at 12,000 g for 5 min. Mitochondria were lysed and the protein

was determined by the Micro BCA protein assay kit (Beyotime Institute of Biotechnology).

Determination of mitochondrial swelling

The hippocampal mitochondrial swelling assay was performed by measuring the changes in

the absorbance of the mitochondrial suspensions at 540 nm using a colorimetric assay kit

(Genmed Scientifics Inc., Arlington, MA). A decrease in absorbance represents brain mito-

chondrial swelling.

ROS and ATP content

Intracellular ROS was detected using a ROS assay kit (Genmed Scientifics Inc.) containing an

oxidation-sensitive fluorescent probe (DCFH-DA) in a spectrofluorometer (excitation 490 nm,

emission 520 nm). Assessment of relative ATP contents was performed using the ATP biolu-

minescence assay kit (Beyotime Institute of Biotechnology) following the manufacturer’s

instructions.

Western blotting analysis

The hippocampus from each animal was harvested and homogenized. Total protein (35 μg/

lane) was electrophoretically separated and blotted onto nitrocellulose membranes. Protein lev-

els were determined via incubation with antibodies against Inhibitory Nuclear Factor kappa

(IκBα, 1:500; Santa Cruz Biotechnology), Bcl (1:500; Santa Cruz Biotechnology), Bax (1:500;

Santa Cruz Biotechnology), Cyt C (1:5,000; Abcam), cleaved caspase 3 (1:1,000; Cell Signaling

Technology), NLRP3 (1:500; Thermo Scientific), caspase 1 (cleaved p10, 1:200; Santa Cruz Bio-

technology), voltage-dependent anion channel (VDAC, 1:1,000; Cell Signaling Technology),

and β-actin (1:1,000; Cell Signaling Technology). Bands were visualized by enhanced chemilu-

minescence and quantified with the Image Quant Software (Syngene).

Enzyme-linked immunosorbent assay (ELISA)

We detected the hippocampal levels of IL-1β and TNF-α at 24 h after isoflurane exposure by

ELISA kits following the protocols provided by the manufacturer (Abcam). Readings were nor-

malized to the amount of a standard protein.

Immunohistochemical analysis

Animals (n = 4 for each group) were perfused with normal saline, followed by 4% paraformal-

dehyde 2 h after isoflurane or O2 exposure. Brain tissues were then immersed in 4% parafor-

maldehyde for later embedding. Paraffin sections were deparaffinized and hydrated using the

following incubation steps: 10 min in xylene twice; 5 min in 100%, 10 min in 95%, 10 min in

85%, and 10 min in 70% ethanol; and 5 min three times in PBS at room temperature. Antigen
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retrieval was achieved by boiling the sections in 10 mM sodium citrate for 10 min in a micro-

wave oven. The sections were washed with PBS three times, and treated with 3% H2O2-metha-

nol for 15 min. Immunostaining was performed by incubation with antibodies against cleaved

caspase 3 (1:200; Cell Signaling Technology), nuclear factor κB (NF-κB) p65 (1:100, Jiancheng

Biological Technology Co. Ltd., Nanjing, China), Bax (1:100, Jiancheng Biological Technology

Co. Ltd.) and Bcl-2 (1:100, Jiancheng Biological Technology Co. Ltd.) for 2 h. Sections were

then washed three times and incubated with secondary antibodies labeled with horseradish

peroxidase for 30 min at room temperature. Cells with brownish-yellow cytoplasm were

counted as positive cells. The numbers of caspase 3, NF-κB, Bax and Bcl-2 immunoreactive

cells in the hippocampal CA1 region were counted by an investigator blinded to the treatment

conditions.

TUNEL fluorescent assay

The TUNEL assay was carried out with the In Situ Cell Death Detection Kit (Roche Inc., India-

napolis, IN) following the protocols. Sections were counterstained by Anti-NeuN Antibody

(1:200, Merck Millipore) for 3 min, washed with PBS three times, and covered by microscopic

glass with Antifade Mounting Medium (Beyotime) for further analyses. TUNEL-positive cells

in the hippocampal CA1 region were visualized and counted using a ZEISS HB050 inverted

microscope system (Zeiss, Jena, Germany). The density of TUNEL positive cells in CA1 region

was calculated by dividing the number of TUNEL-positive cells by the area of CA1 region.

Open field test

To evaluate the anxiety behavior and general locomotor activity, mice were gently placed in the

center of a white plastic chamber (40 cm × 40 cm × 40 cm) for 5 min, while exploratory behav-

ior was automatically recorded by a video tracking system (XR-XZ301, Shanghai Soft maze

Information Technology Co, Ltd., Shanghai, China). After each test, the arena was cleaned

with 75% alcohol to avoid the presence of olfactory cues.

Fear conditioning test

To measure the abilities of learning and memory, we employed the fear conditioning paradigm

(30 cm long × 26 cm wide × 22 cm high, XR-XC404, Shanghai Softmaze Information Technol-

ogy Co. Ltd.). Each mouse was exposed in the conditioning chamber for 3 min of accommoda-

tion then one tone-foot-shock pairing (tone, 30 s, 65 dB, 3 kHz; foot-shock, 3 s, 0.75 mA) was

delivered. The contextual fear conditioning test was performed 24 h later by placing mice back

to the same test chamber for 5 min without any stimulation. Two hours later, each mouse was

placed in a novel chamber altered in shape, color, and smell, and the same tone was presented

for 3 min without the foot shock to evaluate tone fear conditioning. Cognitive deficits in the

test were assessed by measuring the length of time of “freezing behavior”, which is defined as a

completely immobile posture except for respiratory efforts. Freezing behaviors were automati-

cally recorded by the video tracking system.

Statistical analysis

Data are presented as the mean ± SEM and analyzed by the Statistical Product for Social Sci-

ences (SPSS; version 17.0, IL). The difference between groups was determined by one-way anal-

ysis of variance followed by the Bonferroni test. A p value<0.05 was regarded as statistically

significant.
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Results

SS-31 prevented ROS generation and improved ATP synthesis in the
hippocampus in aging mice exposed to isoflurane

Since isoflurane-induced cognitive deficits are accompanied with increased ROS levels and

decreased ATP generation [21–23], we examined whether the mitochondrion-targeted antioxi-

dant SS-31 could prevent ROS generation and improve ATP synthesis in the hippocampus

after exposure to isoflurane in aging mice. The results confirmed that isoflurane induced a sig-

nificant increase in ROS levels (Fig 1A) and a reduction in ATP contents in the hippocampus

(Fig 1B). Moreover, the changes were completely reversed by SS-31 pretreatment (Fig 1A and

1B). These results indicate that SS-31 provides protective effects most likely through scaveng-

ing mitochondrial ROS and improving energetics in the hippocampus of aging mice exposed

to isoflurane for 2 h.

Fig 1. Effects of isoflurane on anesthesia and SS-31 pretreatment on ROS generation and ATP content in the hippocampus of agingmice. Peptide
SS-31 (5 mg/kg) or PBS (vehicle) was intraperitoneally administered to 15-months old mice with a volume of 0.4 mL/kg 30 min before gas inhalation.
Anesthesia was induced by placing the mice in an anesthetizing chamber prefilled with 1.8% isoflurane plus 30% oxygen for 10 min then changed to 1.5%
isoflurane for 2 h. For control experiments, 30%O2 was delivered for 2 h at the same flow rate. Con: control group without any intervention; Con + SS-31:
control mice treated with SS-31; Iso: mice treated with isoflurane; Iso + SS-31: mice treated with SS-31 and isoflurane. ROS levels (A) and ATP production
(B) in the hippocampus were measured immediately after the samples were prepared (See Materials and Methods) in six mice from each group. Values are
presented as mean ± SEM (n = 6). *p < 0.05 versus the control group; #p < 0.05 versus the isoflurane group.

doi:10.1371/journal.pone.0138256.g001
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SS-31 suppressed the NLRP3 inflammasome-mediated cytokines in
aging mice exposed to isoflurane

An increasing body of evidence linking mtROS to inflammation suggests that mtROS act as

signaling molecules to trigger pro-inflammatory cytokine production [24–27]. Here, we

detected the protein levels of NLRP3, a marker of the inflammasome, which may further acti-

vate caspase 1. The downstream inflammatory cytokines IL-1β and TNF-α as critical patho-

physiological cues of GA-induced neurotoxicity, were also determined. The results showed that

NLRP3, cleaved caspase 1, IL-1β, and TNF-α (Fig 2A and 2B) were all upregulated 24 h after

isoflurane exposure in the hippocampus of mice, but SS-31 pretreatment significantly sup-

pressed the expression of NLRP3, cleaved caspase 1, and inflammatory cytokines (Fig 2A and

Fig 2. Effects of SS-31 pretreatment on the NLRP3 inflammasome-mediated inflammatory cytokines in the hippocampus of agingmice. (A)
Western blotting analyses of NLRP3 and cleaved caspase 1 levels. (B) ELISA assays of IL-1β and TNF-α levels. Values are presented as mean ± SEM
(n = 6). *p < 0.05 versus the control group; #p < 0.05 versus the isoflurane group.

doi:10.1371/journal.pone.0138256.g002
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2B). Therefore, our results suggest that activation of NLRP3 inflammasome is involved in GA-

induced neurotoxicity and mtROS are crucial to this activation.

SS-31 suppressed mitochondrial apoptosis in aging mice exposed to
isoflurane

Isoflurane may induce ROS accumulation inside the mitochondria, leading to the opening of

the mitochondrial permeability transition pore and releasing Cyt C to the cytosol, which initi-

ates apoptosis through the mitochondrial pathway [4–6]. Consistently, our results showed that

a 2h exposure to isoflurane induced an increase in mitochondrial permeability (Fig 3A), conse-

quently leakage of Cyt C (Fig 3B, 3C and 3D), activation of caspase 3 (Figs 3B, 3D and 4), and

apoptosis (Fig 5) in mouse hippocampus. However, SS-31 was protective against the intrinsic

apoptosis in the hippocampus after anesthesia (Figs 3–5). These results support that isoflurane

induces mitochondrion-dependent apoptosis and the mitochondrion-targeted peptide SS-31

presents therapeutic effects by inhibiting the activation of the apoptotic Cyt C-caspase 3 signal-

ing pathway.

SS-31 alleviated changes of IκBα, Bax, and Bcl-2 levels in the aging
mice exposed to isoflurane

To further investigate the role of mtROS and the effects of SS-31, we explored possible

upstream signaling molecules in regulating inflammatory and apoptotic responses. One of the

most important transcription factors, NF-κB, and two members of the Bcl-2 family, Bax and

Bcl-2, were examined in the hippocampus of aging mice exposed to isoflurane. Western blot-

ting analyses and immunohistochemical analyses revealed that SS-31 reduced the activation of

NF-κB and Bax (Fig 6) and increased the expression of IκBα and Bcl-2 (Figs 6 and 7), which is

consistent with a previous report [28]. Our results reveal that NF-κB and Bcl-2 family are asso-

ciated with mtROS-induced neuroinflammation and apoptosis following anesthesia.

SS-31 pretreatment ameliorates isoflurane-induced cognitive deficits in
aging mice

To further verify the beneficial effects of SS-31 beyond histological improvement, open field

and fear conditioning tests were performed to evaluate prevention of anesthesia-induced cog-

nitive deficits 24 h after anesthesia. The values from these tests represent the general locomotor

activity and abilities of the associated learning and memory. The results showed that the total

distance traveled, time spent in the open field test, and freezing time in the 24 h-tone test were

not different among the four groups (Fig 8A, 8B, and 8C). However, decreased freezing time in

the 24 h-context test was observed in isoflurane-treated mice compared to that in the control

mice (Fig 8D). Pretreatment with SS-31 reversed isoflurane-induced effects on freezing time

(Fig 8D), reflecting an amelioration of hippocampus-dependent memory loss. These results

reveal protective effects of SS-31 on isoflurane-induced cognitive deficits.

Discussion

Here we show that, for the first time to our knowledge, SS-31 could ameliorate isoflurane-

induced cognitive deficits in aging mice. The mechanism was that isoflurane induces the gener-

ation of mtROS, leading to the activation of NF-κB and upregulation of the pro-apoptotic fac-

tor Bax. The mitochondrion-targeted antioxidant SS-31 scavenges isoflurane-induced mtROS

to prevent the occurrence of inflammation and apoptosis, protecting mice from hippocampus-

dependent memory deficit.
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Neuro-inflammation, more related to pro-inflammatory cytokine accumulation than

microglia activation, has been proposed to be a possible pathogenic mechanism for GA-

induced cognitive deficits [29, 30]. NLRP3 is the most widely studied inflammasome. It may

activate caspase 1 and result in processing and secretion of the pro-inflammatory IL-1β and IL-

18, which is implicated in several metabolic and inflammatory diseases [31–34]. In the present

study, isoflurane consistently induced activation of NLRP3, cleaved caspase 1, IL-1β and TNF-

αin the hippocampus of aging mice. Many factors are involved in the activation of the NLRP3

Fig 3. Effects of SS-31 pretreatment on the intrinsic mitochondrion-dependent apoptotic signaling pathway activity in the hippocampus of aging
mice. (A) Swelling of mitochondria. (B) and (C) Protein levels of activated caspase 3, total Cyt C, and cytosolic Cyt C, revealed by western blotting analyses.
Protein levels were normalized to VDAC for total protein and β-actin for the cytosolic fraction, respectively. Values are presented as mean ± SEM (n = 6).
*p < 0.05 versus the control group; #p < 0.05 versus the isoflurane group.

doi:10.1371/journal.pone.0138256.g003
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inflammasome. NF-κB is one of the most important transcription factors associated with

inflammation, immune responses, cell survival, and proliferation. It is also reported as an

essential signal that promotes the expression of NLRP3 and substrates IL-1β and IL-18 [35].

Here, our results support that NF-κB is associated with isoflurane-induced activation of

NLRP3 inflammasome. Several lines of evidence have demonstrated that mtROS are essential

for priming the activation of NF-κB and NLRP3 inflammasome [24, 36, 37]. Thus, it is rational

that scavenging mtROS by SS-31 could suppress the increases of NF-κB, NLRP3, cleaved cas-

pase 1, IL-1β, and TNF-α in aging mice after isoflurane exposure. To clarify that the activation

Fig 4. Activation of caspase 3 was attenuated by SS-31 pretreatment in mouse hippocampal CA1 and DG regions.Representative images of cleaved
caspase 3 immunohistochemical (IHC) staining in the hippocampal CA1 and DG regions are shown. Cells with brownish-yellow cytoplasm are positive for
cleaved caspase 3. Scale bar indicates 100 μm. Lower panel presents statistic data from the four experimental groups.

doi:10.1371/journal.pone.0138256.g004
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Fig 5. The number of TUNEL-positive cells was diminished by SS-31 pretreatment in mouse hippocampal CA1 regions. Representative images of
TUNEL in the hippocampal CA1 region are shown. Green color indicates TUNEL-positive cells; blue, NeuN. Scale bar: 25 μm. The low panel shows
statistical numbers of TUNEL-positive cells.

doi:10.1371/journal.pone.0138256.g005
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Fig 6. Effects of SS-31 pretreatment on cells positive for NF-κB p65, Bax, and Bcl-2 in the mouse hippocampal CA1 region.Representative images
of NF-κB p65, Bax, and Bcl-2 cells immunohistochemical (IHC) staining in the hippocampal CA1 region are shown. Cells with brownish-yellow cytoplasm are
positive for NF-κB p65, Bax, and Bcl-2. Scale bar: 25 μm. Lower panel represents statistic data from the four experimental groups.

doi:10.1371/journal.pone.0138256.g006
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Fig 7. Effects of SS-31 pretreatment on IκBα, Bax, and Bcl-2 expression in the hippocampus of agingmice. Protein levels of IκBα, Bax, and Bcl-2
were revealed by western blotting analyses. Values are presented as mean ± SEM (n = 6). *p < 0.05 versus the control group; #p < 0.05 versus the isoflurane
group.

doi:10.1371/journal.pone.0138256.g007
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Fig 8. SS-31 pretreatment mitigated isoflurane-induced learning andmemory impairments. Panels
represent total distance traveled (A), time spent in the center (B), freezing time to tone (C), and freezing time
to context (D), respectively. Values are presented as mean ± SEM (n = 8). *p < 0.05 versus the control group;
#p < 0.05 versus the isoflurane group. The procedures of the open field test and fear conditioning test are in
Materials and Methods.

doi:10.1371/journal.pone.0138256.g008
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of the NLRP3 inflammasome directly results from upregualted NF-κB and results in the activa-

tion of caspase 1, treatment of mice with NF-κB or caspase 1 inhibitors will be needed.

Whether other canonical inflammasomes including NLRP1, NLRC4, and AIM2 are involved

in the process remains unknown.

Activation of the intrinsic mitochondria-dependent apoptotic pathway appears to be the

earliest sign of GA-induced developmental neuronal injury [38–40]. Overproduction of

mtROS inhibits mitochondrial electron transport, which may result in mitochondrial mem-

brane depolarization to initiate apoptosis by releasing Cyt C, as demonstrated in this study and

previous work [41, 42]. Though recent views point to targeting mtROS as a novel therapy for

GA-induced apoptosis, extensive studies are still lacking [43, 44]. Our study also provided evi-

dence that the mitochondrion-targeted antioxidant SS-31 significantly inhibited apoptosis and

prevented cognitive deficits in GA-treated mice. Thus, removal of mtROS protects mitochon-

drial integrity and function from damage and further reduces hippocampus-dependent mem-

ory defects in aging mice. These results indicate that mtROS play an important role after

isoflurane exposure and that SS-31 might be considered as a promising agent for the treatment

of POCD.

In conclusion, our results suggest that isoflurane-induced cognitive deficits are associated

with generation of mtROS, which activates the NLRP3 inflammasome and the apoptotic Cyt

C-caspase 3 signaling pathway. The mitochondrion-targeted antioxidant SS-31 may attenuate

isoflurane-induced loss of hippocampus-dependent memory in aging mice. The therapeutic

implication points to mtROS as a potent target for GA-induced cognitive deficits.

Author Contributions

Conceived and designed the experiments: JW JY KL. Performed the experiments: JW HL XS.

Analyzed the data: JW HZ SHMJ JY KL. Wrote the paper: JW JY KL.

References
1. Fodale V, Santamaria LB, Schifilliti D, Mandal PK. Anaesthetics and postoperative cognitive dysfunc-

tion: a pathological mechanismmimicking Alzheimer's disease. Anaesthesia. 2010; 65(4):388–95. doi:
10.1111/j.1365-2044.2010.06244.x PMID: 20136805.

2. Shen X, Dong Y, Xu Z, Wang H, Miao C, Soriano SG, et al. Selective anesthesia-induced neuroinflam-
mation in developing mouse brain and cognitive impairment. Anesthesiology. 2013; 118(3):502–15.
doi: 10.1097/ALN.0b013e3182834d77 PMID: 23314110; PubMed Central PMCID: PMC3580002.

3. Blum FE, Zuo Z. Volatile anesthetics-induced neuroinflammatory and anti-inflammatory responses.
Medical gas research. 2013; 3(1):16. doi: 10.1186/2045-9912-3-16 PMID: 23915963; PubMed Central
PMCID: PMC3733838.

4. Loop T, Dovi-Akue D, Frick M, Roesslein M, Egger L, Humar M, et al. Volatile anesthetics induce cas-
pase-dependent, mitochondria-mediated apoptosis in human T lymphocytes in vitro. Anesthesiology.
2005; 102(6):1147–57. PMID: 15915027.

5. Sun Y, Cheng B, Dong Y, Li T, Xie Z, Zhang Y. Time-Dependent Effects of Anesthetic Isoflurane on
Reactive Oxygen Species Levels in HEK-293 Cells. Brain sciences. 2014; 4(2):311–20. doi: 10.3390/
brainsci4020311 PMID: 24961763; PubMed Central PMCID: PMC4101479.

6. Zhang Y, Dong Y, Wu X, Lu Y, Xu Z, Knapp A, et al. The mitochondrial pathway of anesthetic isoflur-
ane-induced apoptosis. The Journal of biological chemistry. 2010; 285(6):4025–37. doi: 10.1074/jbc.
M109.065664 PMID: 20007710; PubMed Central PMCID: PMC2823544.

7. Reddy PH. Mitochondrial dysfunction in aging and Alzheimer's disease: strategies to protect neurons.
Antioxidants & redox signaling. 2007; 9(10):1647–58. doi: 10.1089/ars.2007.1754 PMID: 17696767.

8. Al-Mansoori KM, Hasan MY, Al-Hayani A, El-Agnaf OM. The role of alpha-synuclein in neurodegenera-
tive diseases: frommolecular pathways in disease to therapeutic approaches. Current Alzheimer
research. 2013; 10(6):559–68. PMID: 23899170.

9. Liu B, Hong J-S. Role of microglia in inflammation-mediated neurodegenerative diseases: mechanisms
and strategies for therapeutic intervention. Journal of Pharmacology and Experimental Therapeutics.
2003; 304(1):1–7. PMID: 12490568

SS-31 Ameliorates Isoflurane-Induced Cognitive Deficits in Aging Mice

PLOS ONE | DOI:10.1371/journal.pone.0138256 September 17, 2015 14 / 16

http://dx.doi.org/10.1111/j.1365-2044.2010.06244.x
http://www.ncbi.nlm.nih.gov/pubmed/20136805
http://dx.doi.org/10.1097/ALN.0b013e3182834d77
http://www.ncbi.nlm.nih.gov/pubmed/23314110
http://dx.doi.org/10.1186/2045-9912-3-16
http://www.ncbi.nlm.nih.gov/pubmed/23915963
http://www.ncbi.nlm.nih.gov/pubmed/15915027
http://dx.doi.org/10.3390/brainsci4020311
http://dx.doi.org/10.3390/brainsci4020311
http://www.ncbi.nlm.nih.gov/pubmed/24961763
http://dx.doi.org/10.1074/jbc.M109.065664
http://dx.doi.org/10.1074/jbc.M109.065664
http://www.ncbi.nlm.nih.gov/pubmed/20007710
http://dx.doi.org/10.1089/ars.2007.1754
http://www.ncbi.nlm.nih.gov/pubmed/17696767
http://www.ncbi.nlm.nih.gov/pubmed/23899170
http://www.ncbi.nlm.nih.gov/pubmed/12490568


10. Dashdorj A, Jyothi KR, Lim S, Jo A, Nguyen MN, Ha J, et al. Mitochondria-targeted antioxidant MitoQ
ameliorates experimental mouse colitis by suppressing NLRP3 inflammasome-mediated inflammatory
cytokines. BMCmedicine. 2013; 11:178. doi: 10.1186/1741-7015-11-178 PMID: 23915129; PubMed
Central PMCID: PMC3750576.

11. Li X, Fang P, Mai J, Choi ET, Wang H, Yang XF. Targeting mitochondrial reactive oxygen species as
novel therapy for inflammatory diseases and cancers. Journal of hematology & oncology. 2013; 6:19.
doi: 10.1186/1756-8722-6-19 PMID: 23442817; PubMed Central PMCID: PMC3599349.

12. Szeto HH, Liu S, Soong Y, Wu D, Darrah SF, Cheng FY, et al. Mitochondria-targeted peptide acceler-
ates ATP recovery and reduces ischemic kidney injury. Journal of the American Society of Nephrology:
JASN. 2011; 22(6):1041–52. doi: 10.1681/ASN.2010080808 PMID: 21546574; PubMed Central
PMCID: PMC3103724.

13. Popova EN, Pletjushkina OY, Dugina VB, Domnina LV, Ivanova OY, Izyumov DS, et al. Scavenging of
reactive oxygen species in mitochondria induces myofibroblast differentiation. Antioxidants & redox sig-
naling. 2010; 13(9):1297–307.

14. Smith RA, Hartley RC, Murphy MP. Mitochondria-targeted small molecule therapeutics and probes.
Antioxidants & redox signaling. 2011; 15(12):3021–38.

15. Manczak M, Mao P, Calkins MJ, Cornea A, Reddy AP, Murphy MP, et al. Mitochondria-targeted antioxi-
dants protect against amyloid-β toxicity in Alzheimer's disease neurons. Journal of Alzheimer's Dis-
ease. 2010; 20:609–31.

16. Petri S, Kiaei M, Damiano M, Hiller A, Wille E, Manfredi G, et al. Cell-permeable peptide antioxidants as
a novel therapeutic approach in a mouse model of amyotrophic lateral sclerosis. Journal of neurochem-
istry. 2006; 98(4):1141–8. doi: 10.1111/j.1471-4159.2006.04018.x PMID: 16895581.

17. Siegel MP, Kruse SE, Percival JM, Goh J, White CC, Hopkins HC, et al. Mitochondrial-targeted peptide
rapidly improves mitochondrial energetics and skeletal muscle performance in aged mice. Aging cell.
2013; 12(5):763–71. doi: 10.1111/acel.12102 PMID: 23692570; PubMed Central PMCID:
PMC3772966.

18. Yang L, Zhao K, Calingasan NY, Luo G, Szeto HH, Beal MF. Mitochondria targeted peptides protect
against 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine neurotoxicity. Antioxidants & redox signaling.
2009; 11(9):2095–104.

19. Wu J, Zhang M, Hao S, Jia M, Ji M, Qiu L, et al. Mitochondria-Targeted Peptide Reverses Mitochondrial
Dysfunction and Cognitive Deficits in Sepsis-Associated Encephalopathy. Molecular neurobiology.
2014:1–9.

20. Li X-M, Su F, Ji M-H, Zhang G-F, Qiu L-L, Jia M, et al. Disruption of hippocampal neuregulin 1-ErbB4
signaling contributes to the hippocampus-dependent cognitive impairment induced by isoflurane in
aged mice. Anesthesiology. 2014; 121(1):79–88. doi: 10.1097/ALN.0000000000000191 PMID:
24589481

21. Zhang Y, Xu Z, Wang H, Dong Y, Shi HN, Culley DJ, et al. Anesthetics isoflurane and desflurane differ-
ently affect mitochondrial function, learning, and memory. Annals of neurology. 2012; 71(5):687–98.
doi: 10.1002/ana.23536 PMID: 22368036; PubMed Central PMCID: PMC3942786.

22. Boscolo A, Milanovic D, Starr JA, Sanchez V, Oklopcic A, Moy L, et al. Early exposure to general anes-
thesia disturbs mitochondrial fission and fusion in the developing rat brain. Anesthesiology. 2013; 118
(5):1086–97. doi: 10.1097/ALN.0b013e318289bc9b PMID: 23411726; PubMed Central PMCID:
PMC3879793.

23. Boscolo A, Starr JA, Sanchez V, Lunardi N, DiGruccio MR, Ori C, et al. The abolishment of anesthesia-
induced cognitive impairment by timely protection of mitochondria in the developing rat brain: the impor-
tance of free oxygen radicals and mitochondrial integrity. Neurobiology of disease. 2012; 45(3):1031–
41. doi: 10.1016/j.nbd.2011.12.022 PMID: 22198380; PubMed Central PMCID: PMC3276740.

24. Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in NLRP3 inflammasome activation.
Nature. 2011; 469(7329):221–5. doi: 10.1038/nature09663 PMID: 21124315.

25. Sorbara MT, Girardin SE. Mitochondrial ROS fuel the inflammasome. Cell research. 2011; 21(4):558–
60. doi: 10.1038/cr.2011.20 PMID: 21283134; PubMed Central PMCID: PMC3203657.

26. Kim SR, Kim DI, Kim SH, Lee H, Lee KS, Cho SH, et al. NLRP3 inflammasome activation by mitochon-
drial ROS in bronchial epithelial cells is required for allergic inflammation. Cell death & disease. 2014;
5:e1498. doi: 10.1038/cddis.2014.460 PMID: 25356867; PubMed Central PMCID: PMC4237270.

27. Naik E, Dixit VM. Mitochondrial reactive oxygen species drive proinflammatory cytokine production.
The Journal of experimental medicine. 2011; 208(3):417–20. doi: 10.1084/jem.20110367 PMID:
21357740; PubMed Central PMCID: PMC3058577.

28. Li XM, Zhou MT, Wang XM, Ji MH, Zhou ZQ, Yang JJ. Resveratrol pretreatment attenuates the isoflur-
ane-induced cognitive impairment through its anti-inflammation and -apoptosis actions in aged mice.

SS-31 Ameliorates Isoflurane-Induced Cognitive Deficits in Aging Mice

PLOS ONE | DOI:10.1371/journal.pone.0138256 September 17, 2015 15 / 16

http://dx.doi.org/10.1186/1741-7015-11-178
http://www.ncbi.nlm.nih.gov/pubmed/23915129
http://dx.doi.org/10.1186/1756-8722-6-19
http://www.ncbi.nlm.nih.gov/pubmed/23442817
http://dx.doi.org/10.1681/ASN.2010080808
http://www.ncbi.nlm.nih.gov/pubmed/21546574
http://dx.doi.org/10.1111/j.1471-4159.2006.04018.x
http://www.ncbi.nlm.nih.gov/pubmed/16895581
http://dx.doi.org/10.1111/acel.12102
http://www.ncbi.nlm.nih.gov/pubmed/23692570
http://dx.doi.org/10.1097/ALN.0000000000000191
http://www.ncbi.nlm.nih.gov/pubmed/24589481
http://dx.doi.org/10.1002/ana.23536
http://www.ncbi.nlm.nih.gov/pubmed/22368036
http://dx.doi.org/10.1097/ALN.0b013e318289bc9b
http://www.ncbi.nlm.nih.gov/pubmed/23411726
http://dx.doi.org/10.1016/j.nbd.2011.12.022
http://www.ncbi.nlm.nih.gov/pubmed/22198380
http://dx.doi.org/10.1038/nature09663
http://www.ncbi.nlm.nih.gov/pubmed/21124315
http://dx.doi.org/10.1038/cr.2011.20
http://www.ncbi.nlm.nih.gov/pubmed/21283134
http://dx.doi.org/10.1038/cddis.2014.460
http://www.ncbi.nlm.nih.gov/pubmed/25356867
http://dx.doi.org/10.1084/jem.20110367
http://www.ncbi.nlm.nih.gov/pubmed/21357740


Journal of molecular neuroscience: MN. 2014; 52(2):286–93. doi: 10.1007/s12031-013-0141-2 PMID:
24126892.

29. Lin D, Zuo Z. Isoflurane induces hippocampal cell injury and cognitive impairments in adult rats. Neuro-
pharmacology. 2011; 61(8):1354–9. doi: 10.1016/j.neuropharm.2011.08.011 PMID: 21864548

30. Li Z-Q, Rong X-Y, Liu Y-J, Ni C, Tian X-S, Mo N, et al. Activation of the canonical nuclear factor-κB path-
way is involved in isoflurane-induced hippocampal interleukin-1β elevation and the resultant cognitive
deficits in aged rats. Biochemical and biophysical research communications. 2013; 438(4):628–34. doi:
10.1016/j.bbrc.2013.08.003 PMID: 23933318

31. Kanneganti T-D, Özören N, Body-Malapel M, Amer A, Park J-H, Franchi L, et al. Bacterial RNA and
small antiviral compounds activate caspase-1 through cryopyrin/Nalp3. Nature. 2006; 440(7081):233–
6. PMID: 16407888

32. Miao EA, Leaf IA, Treuting PM, Mao DP, Dors M, Sarkar A, et al. Caspase-1-induced pyroptosis is an
innate immune effector mechanism against intracellular bacteria. Nature immunology. 2010; 11
(12):1136–42. doi: 10.1038/ni.1960 PMID: 21057511

33. Schroder K, Tschopp J. The inflammasomes. Cell. 2010; 140(6):821–32. doi: 10.1016/j.cell.2010.01.
040 PMID: 20303873

34. Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated uric acid crystals activate the
NALP3 inflammasome. Nature. 2006; 440(7081):237–41. PMID: 16407889

35. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al. Cutting edge: NF-κB
activating pattern recognition and cytokine receptors license NLRP3 inflammasome activation by regu-
lating NLRP3 expression. The Journal of Immunology. 2009; 183(2):787–91. doi: 10.4049/jimmunol.
0901363 PMID: 19570822

36. Sato T, Machida T, Takahashi S, Iyama S, Sato Y, Kuribayashi K, et al. Fas-mediated apoptosome for-
mation is dependent on reactive oxygen species derived frommitochondrial permeability transition in
Jurkat cells. The Journal of Immunology. 2004; 173(1):285–96. PMID: 15210786

37. Nakahira K, Haspel JA, Rathinam VA, Lee S- J, Dolinay T, Lam HC, et al. Autophagy proteins regulate
innate immune responses by inhibiting the release of mitochondrial DNAmediated by the NALP3
inflammasome. Nature immunology. 2011; 12(3):222–30. doi: 10.1038/ni.1980 PMID: 21151103

38. Yon J-H, Daniel-Johnson J, Carter L, Jevtovic-Todorovic V. Anesthesia induces neuronal cell death in
the developing rat brain via the intrinsic and extrinsic apoptotic pathways. Neuroscience. 2005; 135
(3):815–27. PMID: 16154281

39. Zhang Y, Dong Y, Wu X, Lu Y, Xu Z, Knapp A, et al. The mitochondrial pathway of anesthetic isoflur-
ane-induced apoptosis. Journal of Biological Chemistry. 2010; 285(6):4025–37. doi: 10.1074/jbc.M109.
065664 PMID: 20007710

40. Loop T, Dovi-Akue D, Frick M, Roesslein M, Egger L, Humar M, et al. Volatile anesthetics induce cas-
pase-dependent, mitochondria-mediated apoptosis in human T lymphocytes in vitro. Anesthesiology-
Hagerstown. 2005; 102(6):1147–57.

41. CampoML, Kinnally K, Tedeschi H. The effect of antimycin A on mouse liver inner mitochondrial mem-
brane channel activity. Journal of Biological Chemistry. 1992; 267(12):8123–7. PMID: 1569069

42. Fleury C, Mignotte B, Vayssière J-L. Mitochondrial reactive oxygen species in cell death signaling. Bio-
chimie. 2002; 84(2):131–41.

43. Boscolo A, Starr J, Sanchez V, Lunardi N, DiGruccio M, Ori C, et al. The abolishment of anesthesia-
induced cognitive impairment by timely protection of mitochondria in the developing rat brain: the impor-
tance of free oxygen radicals and mitochondrial integrity. Neurobiology of disease. 2012; 45(3):1031–
41. doi: 10.1016/j.nbd.2011.12.022 PMID: 22198380

44. Jevtovic-Todorovic V, Boscolo A, Sanchez V, Lunardi N. Anesthesia-induced developmental neurode-
generation: The role of neuronal organelles. Frontiers in neurology. 2012; 3.

SS-31 Ameliorates Isoflurane-Induced Cognitive Deficits in Aging Mice

PLOS ONE | DOI:10.1371/journal.pone.0138256 September 17, 2015 16 / 16

http://dx.doi.org/10.1007/s12031-013-0141-2
http://www.ncbi.nlm.nih.gov/pubmed/24126892
http://dx.doi.org/10.1016/j.neuropharm.2011.08.011
http://www.ncbi.nlm.nih.gov/pubmed/21864548
http://dx.doi.org/10.1016/j.bbrc.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23933318
http://www.ncbi.nlm.nih.gov/pubmed/16407888
http://dx.doi.org/10.1038/ni.1960
http://www.ncbi.nlm.nih.gov/pubmed/21057511
http://dx.doi.org/10.1016/j.cell.2010.01.040
http://dx.doi.org/10.1016/j.cell.2010.01.040
http://www.ncbi.nlm.nih.gov/pubmed/20303873
http://www.ncbi.nlm.nih.gov/pubmed/16407889
http://dx.doi.org/10.4049/jimmunol.0901363
http://dx.doi.org/10.4049/jimmunol.0901363
http://www.ncbi.nlm.nih.gov/pubmed/19570822
http://www.ncbi.nlm.nih.gov/pubmed/15210786
http://dx.doi.org/10.1038/ni.1980
http://www.ncbi.nlm.nih.gov/pubmed/21151103
http://www.ncbi.nlm.nih.gov/pubmed/16154281
http://dx.doi.org/10.1074/jbc.M109.065664
http://dx.doi.org/10.1074/jbc.M109.065664
http://www.ncbi.nlm.nih.gov/pubmed/20007710
http://www.ncbi.nlm.nih.gov/pubmed/1569069
http://dx.doi.org/10.1016/j.nbd.2011.12.022
http://www.ncbi.nlm.nih.gov/pubmed/22198380

