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Abstract Sepsis-associated encephalopathy (SAE) is associ-
ated with increased mortality, morbidity, and long-term cog-
nitive impairments. Its pathophysiology remains to be deter-
mined and an effective pharmacologic treatment is lacking.
The goal of this study was to investigate the effects of the
mitochondria-targeted peptide SS-31 on mitochondrial func-
tion and cognitive deficits in SAE mice. C57BL/6 male mice
were randomly divided into sham, sham + SS-31, cecal liga-
tion and puncture (CLP), and CLP + SS-31 groups. Peptide
SS-31 (5 mg/kg) was intraperitoneally administrated immedi-
ately after operation and afterwards once daily for six consec-
utive days. Surviving mice were subjected to behavioral tests
and the hippocampus was collected for biochemical analysis
7 days after operation. The results showed that CLP resulted in
high mortality rate and cognitive deficits, representative char-
acteristics of SAE. A physiological mechanistic investigation
revealed that mitochondrial function of hippocampus was
severely impaired, coupled with reactive oxygen species
(ROS) generation, triggering neuronal apoptosis and inflam-
mation. Notably, administration of peptide SS-31 protected
the integrity of mitochondria, reversed the mitochondrial dys-
function, inhibited the apoptosis resulting from the release of
cytochrome c, diminished the response of inflammation, and
ultimately reversed the behavior deficits in the SAE mice. In
conclusion, our data demonstrate that daily treatment with
mitochondria-targeted peptide SS-31 reduces mortality rate
and ameliorates cognitive deficits, which is possibly through

a mechanism of reversing mitochondrial dysfunction and
partial inhibition of neuronal apoptosis and inflammation in
the hippocampus of the SAE mice.
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Introduction

Severe sepsis is associated with multiple organ dysfunctions
including acute brain dysfunction, termed here sepsis-
associated encephalopathy (SAE) in the present study, with
long-term cognitive impairment and functional disability
among survivors [1–6]. Plenty of evidence points to the role
of mitochondrial dysfunction in the pathogenesis of SAE. The
roles of mitochondria reach far beyond energy production and
involve diverse metabolic pathways, which can have remark-
able consequences for cells and the health of the organism [7].
Moreover, the available literature based on clinical studies and
experimental sepsis in animal models of SAE is controversial
regarding the involvement of mitochondrial functions [8–12].
Despite the importance of mitochondrial dysfunction, the
pathophysiology of SAE remains poorly understood. Since
much scientific knowledge on SAE is relatively new, pro-
posed sepsis treatments focus on prompt antibiotic therapy,
control of the infectious source, and global hemodynamic
goals. Brain dysfunction, or SAE, has been neglected until
recently because there are no precise, well-established clinical
or biological markers of damage to the brain during sepsis [2,
13]. As a result, there is no report concerning the effective
treatment to rapidly reverse mitochondrial dysfunctions and
high mortality rate in SAE [13, 14].

SS-31 is a new and innovative mitochondria-targeted anti-
oxidant and can readily cross the blood–brain barrier and cell
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membrane. It then concentrates >1,000-fold in the mitochon-
drial inner membrane, independent of mitochondrial mem-
brane potential (MMP) [15–18]. It can scavenge various
ROS (i.e., hydrogen peroxide [H2O2], superoxide [·O2

−],
and hydroxyl radicals [·OH]), improve ATP production, and
maintain MMP in many animal models of neurodegenerative
diseases [15–18]. These mitochondria-protective effects are
the basis of a new strategy to reverse cognitive deficits and
reduce mortality rate in the SAE mice. The goal of this study
was to investigate if a mitochondria-targeted peptide SS-31
may improve mitochondrial functions, ameliorate cognitive
deficits, and reduce mortality rate in a SAE mouse model. We
also explored the potentially mechanistic connections to apo-
ptosis and inflammation.

Materials and Methods

Animals

C57BL/6 male mice (26–32 g) were purchased from the
Animal Center of Jinling Hospital, Nanjing, China. All exper-
imental procedures and protocols used in the present study
were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals from the National
Institutes of Health, USA. The animals were housed under a
12-h light/dark cycle in a temperature-controlled room of 22–
24 °C with free access to food and water.

Surgical Procedure and Experimental Protocol

The mice were subjected to cecal ligation and puncture (CLP)
as previously described [19]. Each mouse was intraperitone-
ally anesthetized with 2 % sodium pentobarbital (40 mg/kg,
Sigma) in saline. The cecum was isolated carefully and then
ligated with 4.0 silk below the ileocecal junction, approxi-
mately 1.2 cm from the distal end. The cecum was then
perforated twice with a sterile 22-gauge needle and was gently
squeezed to extrude the fecal contents into the peritoneal
cavity. The cecum was then returned to the peritoneal cavity
and the laparotomy was closed with 4.0 silk sutures. For mice
that served as sham operations, the cecum was exposed in the
same manner as CLP but was neither ligated nor punctured.
All mice were then resuscitated with subcutaneous lactated
Ringers (30 ml/kg) immediately after surgery. The entire
procedure was completed within 8 min. All animals were
returned to their cages with free access to food and water.
Because this study was designed to assess endogenous im-
mune response in mice as well as ROS scavenging, anti-
apoptotic, and anti-inflammatory effects of SS-31, antibiotics
were not given.

The animals were randomly divided into the following four
groups: sham group (n=30), sham + SS-31 group (n=30),

CLP group (n=60), and CLP + SS-31 group (n=60). Mice
received injection of normal saline or SS-31 (5 mg/kg, China
Peptides Co. Ltd., China) immediately after operation and
once daily for six consecutive days thereafter. Injections
(20 ml/kg) were intraperitoneally given and alternated daily
between the left and right side of the abdomen. The dose of
SS-31 was selected based on previous studies showing that
repeated administration of SS-31 at 5 mg/kg presented
maximum neuroprotective effects without any side effect
in mice models [16, 18]. Seven days after operation,
surviving animals were subjected to behavioral tests and
the hippocampus was dissected for biochemical analysis.
Each animal performed only one single behavioral test.
All behavioral results and 7-day survival rates were
recorded with blind assignments.

Open Field Test

On the seventh day, mice were gently placed in the center of a
white plastic chamber (40 cm×40 cm×40 cm) for 5 min while
exploratory behavior was automatically recorded by a video
tracking system (XR-XZ301, Shanghai Xin Soft Information
Technology Co. Ltd., Shanghai, China). Travel speed lower
than 0.25 mm/s was defined as immobility. The total distance
and total time traveled in the open field were recorded. After
each test, the arena was cleaned with 75% alcohol to avoid the
presence of olfactory cues.

Fear Conditioning Test (FCT)

The FCTwas performed as described by Zhang et al. [20, 21]
with modifications. The training in FCT (XR-XC404,
Shanghai Xin Soft Information Technology Co. Ltd.) was
performed as follows. Each mouse was allowed to explore
the FCT chamber for 390 s followed by a 2-Hz pulsating tone
(80 dB, 3,600 Hz) that persisted for 60 s and a mild electric
foot shock (1 s, 0.75 mA). To test for short-term memory
(STM) and long-term memory (LTM), all mice were returned
to the training chamber 2 and 24 h later. A context test to
evaluate hippocampus-dependent memory was performed by
placing mice back in the same test chamber for a total of 390 s
without any stimulation. After the context test, each mouse
was placed for 390 s in a novel chamber altered in shape,
color, and smell. The same tone was presented for another
180 s without the foot shock to evaluate hippocampus-
independent memory [20, 22]. Cognitive deficits in the test
was assessed by measuring the amount of time the mouse
demonstrated “freezing behavior,” which is defined as a
completely immobile posture except for respiratory efforts.
Freezing behavior was automatically recorded by a video
tracking system.
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Hippocampus Mitochondria

The hippocampal tissues were harvested 7 days after operation
and 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 transferred into new
tubes and centrifuged at 8,000×g for 10 min at 4 °C.
Supernatants were removed and centrifuged at 12,000×g to
obtain pure cytosol fractions, and mitochondria-enriched pel-
lets were gently resuspended and washed again with isolation
buffer, then re-pelleted by centrifugation at 1,000 and 8,000×g
for 5 and 10 min, respectively. The cytosol fraction was
isolated to determine cytosolic cytochrome c (Cyt C) levels.
The concentration of mitochondrial protein was determined
using the Micro BCA protein assay kit (Beyotime Institute of
Biotechnology) with bovine serum albumin as standard.

Electron Transport Chain (ETC) Enzymes Activities

ETC enzyme activity was assayed spectrophotometrically as
specific donor-acceptor oxidoreductase activity according to
the ETC assay kit (Genmed Scientifics Inc., Shanghai, China)
following the manufacturer’s protocols. Purified mitochondria
samples were freeze-thawed three times to fully expose the
enzymes to substrates and achieve maximal activities.

Complex I (NADH-ubiquinone oxidoreductase) activity
was evaluated by measuring the decrease in absorbance due
to the oxidation of NADH at 340 nm. Complex II (succinate
decylubiquinone 2,6-dichloroindophenol [DCIP] oxidoreduc-
tase) activity was determined by measuring the reduction of
the absorbance of DCIP at 600 nm. Complex III (ubiquinol-
cytochrome c reductase) activity was determined by measur-
ing the reduction of the absorbance of cytochrome c at
550 nm. Complex IV (cytochrome c oxidase) activity was
determined by measuring the absorbance at 550 nm due to the
oxidation of ferrocytochrome c.

Mitochondrial Membrane Potential (MMP) Level

The MMP level was determined following the manufacturer’s
p r o t o c o l s o f a 5 , 5 ′ , 6 , 6 ′ - t e t r a c h l o r o - 1 , 1 ′ , 3 , 3 ′
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) mitochon-
drial membrane potential detection kit (Genmed Scientifics
Inc.) by measuring fluorescence intensity (exCitation 490 nm,
emission 520 nm) in a spectrofluorometer.

Mitochondrial Permeability Transition Pore (mPTP) Opening

mPTP opening was determined by a colorimetric assay kit
(Genmed Scientifics Inc.). Opening of the mPTP causes mi-
tochondrial swelling, which can be conveniently detected

spectrophotometrically as a decrease in light scattering (and
thus absorbance) at 540 nm.

ROS and ATP Content

Hippocampal tissues were harvested 7 days after the operation
and homogenized to quantify the amount of ROS and ATP.
Intracellular ROS was detected using a ROS assay kit
(Genmed Scientifics Inc.) by means of an oxidation-
sensitive fluorescent probe (DCFH-DA) in a spectrofluorom-
eter (excitation 490 nm, emission 520 nm). Assessment of
relative ATP content based on the reaction of ATP with
recombinant firefly luciferase and its substrate luciferin was
performed using the ATP bioluminescence assay kit
(Beyotime Institute of Biotechnology) following the manu-
facturer’s instructions.

Western Blotting

The hippocampus was harvested 7 days after the operation for
the determination of total Cyt C (1:5,000; Abcam), caspase 3
(1:1,000; Cell Signaling Technology), and Nlrp3 (1:500;
Thermo Scientific) levels. Cytosolic Cyt C levels were also
determined. Bands were visualized by enhanced chemilumi-
nescence and quantitated with the Image Quant Software
(Syngene).

Enzyme-Linked Immunosorbent Assay (ELISA)

We detected interleukin-1β and neuron-specific enolase
(NSE) levels of the hippocampus by ELISA kits (Abcam)
following the protocols provided by the manufacturer.
Readings were normalized to the amount of a standard
protein.

Data Analysis

Data are presented as mean±SEM and analyzed by the
Statistical Product for Social Sciences (SPSS; version 17.0,
IL). The difference among the groups was determined by one-
way analysis of variance followed by the Bonferroni test. The
survival rate was estimated using the Kaplan-Meier method
and compared using the log-rank test. A p value <0.05 was
regarded as statistical significance.

Results

SS-31 Improved Survival Rate in CLP Mice

Our previous study demonstrated that CLP mice showed
high mortality rate within 7 days [19]. Therefore, the rapid
therapeutic effect of SS-31 on the survival rate of CLP mice
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was evaluated within 7 days in the present study. When
SS-31 was immediately administrated after CLP for six
consecutive days, there was a significant increase in
survival rate in the SS-31-treated CLP (CLP + SS-31)
group compared to the normal saline-treated CLP group
(71.67 versus 53.33 %) (Fig. 1).

SS-31 Attenuated Cognitive Deficits in SAE Mice

SAE is characterized by functional disabilities and long-term
cognitive impairment among survivors [1–5]. We checked
whether the improved survival rate after the administration
of SS-31 was associated with ameliorations in functional
disabilities and cognitive impairment.

First, we used an open field test to evaluate general loco-
motors activities. The results showed that the two CLP groups
(+/− SS-31) displayed significant decreases in total distance
compared to the two sham groups (+/− SS-31), while no

difference was observed between the two sham groups.
However, the CLP + SS-31 group showed a remarkable
increase in total distance compared to the CLP-only group
(Fig. 2a). Interestingly, there is no difference in total traveling
time among the four groups (Fig. 2b), which was probably the
remaining effect of systemic organ dysfunction besides the
cognitive impairment 7 days post CLP operation.

Next, a fear conditioning test was performed to assess
whether SS-31 could improve the ability of mice to learn
and remember an association between environmental cues
and aversive experiences. The freezing time in a 24-h (but
not a 2-h) context test was significantly shorter in the CLP
group than in the sham groups, indicating that CLP induces
hippocampus-dependent long-term memory deficit in the
SAE mice, which could be attenuated by SS-31 treatment
(Fig. 3c). There was no significant difference in freezing time
in the 2-h context (Fig. 3a), 2-h tone (Fig. 3b), and 24-h tone
tests among the four groups (Fig. 3d).

SS-31 Protected Activities of Complexes I and III
in the Hippocampus of SAE Mice

We hypothesized that sepsis-induced mouse cognitive deficits
in learning and memory result from hippocampus injury.
Mitochondrial dysfunctions in different tissues associated
with the severity of sepsis and septic shock were proposed
to be the pathological mechanism [8–12]. In the current study,
complexes I, II, III, and IV activities of the ETC in mouse
hippocampal cells were measured. The results showed that
the activities of complexes I and III decreased in the two CLP
groups compared to the two sham groups (Fig. 4a, c), while
there were no significant differences in complexes II and IV

Fig. 1 SS-31 treatment improved survival rate within 7 days after CLP.
The mice were randomly divided into sham, sham + SS-31, CLP, and
CLP + SS-31 groups to receive normal saline or SS-31 (5 mg/kg) imme-
diately after operation and afterwards once daily for six consecutive days.
Survival rate was evaluated within 7 days

Fig. 2 SS-31 treatment
ameliorated the behavior
performance of CLP-induced
SAE mice revealed by the open
field test. a Total traveling
distance. b Total traveling time.
Grouping and SS-31 treatment
were defined the same as in
Fig. 1. Data were presented as
mean±SEM (n=8). *p<0.05,
versus the sham group; #p<0.05
versus the CLP group. For the
procedure of the open field test,
see “Materials and Methods”
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activities among the four groups (Fig. 4b, d). However,
SS-31 treatment reversed the decreases in complexes I and
III activities compared to the CLP group (Fig. 4a, c).
Combining the results above, we conclude that the
protective effect of the mitochondria-targeted antioxidant
SS-31 is based on the recovery of complexes I and III
activities in hippocampus.

SS-31 Prevented ROS Generation and Protected the Integrity
of Mitochondria

Complexes I and III are the major sources in mitochondria for
ROS [23, 24], which may further damage the integrity and
structure of the mitochondria. We then measured the effects of
SS-31 on ROS levels and mitochondrial function-related

indices. The results showed that CLP-induced increases in
ROS levels were repressed, and ATP levels were elevated,
by the administration of SS-31 (Fig. 5a, b), suggesting recov-
ery of mitochondrial functions.

To test whether SS-31 could protect the integrity of
mitochondria after CLP, we measured MMP and the
opening of mPTP, two important parameters of mito-
chondria membrane. The administration of SS-31 re-
stored MMP and prevented the opening of mPTP,
counteracting the effect of CLP (Fig. 6a, b).

SS-31 Inhibited the Occurrence of Apoptosis and Neuronal
Injury in the Hippocampus of SAE Mice

Injured membrane of mitochondria would leak Cyt C from the
intermembrane space to initiate apoptosis. In our current SAE
model, CLP triggered the leakage of Cyt C frommitochondria

Fig. 4 SS-31 treatment reversed the decreases of enzyme activities of
ETC in SAE mice. The CLP group showed decreases in complexes I and
III activities (a, c) compared to the sham groups, while there was no
significant difference in complexes II and IV activities among the four
groups (b, d). Data were presented as mean±SEM (n=6). *p<0.05,
versus the sham group; #p<0.05, versus the CLP group

Fig. 3 Effect of SS-31 treatment on the freezing time of SAE mice
revealed by the fear conditioning test. SS-31 treatment only increased
the freezing time in 24 h context test (c). There was no significant
difference in freezing time in the 2-h context test (a), 2-h tone test (b),
and 24-h tone test (d) among the four groups. Data were presented as
mean±SEM (n=10). *p<0.05, versus the sham group; #p<0.05, versus
the CLP group. For the procedure of the fear conditioning test, see
“Materials and Methods”
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to the cytosol, which in turn induced the cleavage of caspase
3, a major apoptotic biomarker (Fig. 7a, b). SS-31 treatment
inhibited the release of Cyt C and cleavage of caspase 3
(Fig. 7a, b). We then checked a specific biomarker for neuro-
nal injury, NSE, which exists in mature neurons and cells of
neuronal origin and increases following neuronal injuries [25].
The results showed that CLP induced a significant increase of
NSE level, which was reduced by the administration of SS-31
(Fig. 7c). Taken together, the results suggest that SS-31 has
protective effects against apoptosis and neuronal injury in the
hippocampus of SAE mice.

SS-31 Reduced Inflammatory Response in the Hippocampus
of SAE Mice

The process of inflammation, occurring in response of a
variety of injuries, is orchestrated by an array of molecules
produced locally, among of which Nlrp3 and IL-1β are mem-
bers of the inflammasome and proinflammatory factors, re-
spectively. We checked the level of Nlrp3 byWestern blot and
that of IL-1β by ELISA to assess whether the protective effect
of SS-31 on mitochondrial injury would diminish inflamma-
tory responses in the hippocampus area. The result showed

Fig. 5 SS-31 treatment reversed
the increase of ROS (a) and
decrease of ATP (b) content in the
hippocampus of CLP-induced
SAE mice. Data were presented
as mean±SEM (n=6). *p<0.05,
versus the sham group; #p<0.05,
versus the CLP group

Fig. 6 SS-31 treatment protected
the integrity of mitochondrial
membrane from damage. a
Mitochondrial membrane
potential (MMP) in the
hippocampal place cells. b
Mitochondrial permeability
transition pore (mPTP) opening in
the hippocampal place cells. Data
were presented as mean±SEM
(n=6). *p<0.05, versus the sham
group; #p<0.05, versus the CLP
group
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that the levels of Nlrp3 and IL-1β increased significantly in
the CLP group compared to the sham groups, and SS-31
treatment inhibited the activation of Nlrp3 and IL-1β
(Fig. 8a, b). Therefore, administration of SS-31 reduced the
inflammatory response.

Discussion

We have previously demonstrated that CLPmice showed high
mortality rate in the first 7 days after operation and survivors
exhibited significant cognitive deficits [19]. Here, we show
that daily treatment of the mitochondria-targeted peptide SS-
31 produced effective therapeutic outcomes by reducing the 7-
day mortality rate and improving cognitive deficits of CLP-
induced SAE mice. The protective effect of SS-31 is achieved
through reversing mitochondrial dysfunction, inhibiting

apoptosis, and suppressing inflammation in mouse hippocam-
pus. To the best of our knowledge, the present study is the first
report on the protective effect of SS-31 in CLP-induced SAE
mouse model.

Although it has been proposed that severe sepsis induces
brain mitochondrial dysfunction in experimental models, the
affected brain functional area has not been accurately identi-
fied [9, 11]. This study points to the hippocampus, an impor-
tant tissue for learning and memory as an affected area. The
hippocampus, together with the cortex, was also found by
magnetic resonance imaging to exhibit tissue-specific early
damage [26]. Although SS-31 may target mitochondria in
other tissues, our data definitively support that SS-31 protects
hippocampus from damage in the SAE mice. Interestingly,
when hippocampus-dependent and hippocampus-independent
memory was measured by the context test and tone test,
respectively, we found that CLP could decrease freezing time
in the context test 24 h after training, but not in the tone test,

Fig. 7 SS-31 treatment
prevented apoptosis and neuronal
damage. a The levels of total Cyt
C, cytosolic Cyt C, and activated
caspase 3 in the hippocampus
revealed by Western blotting. b
Quantitative data of a. c The
levels of NSE in the hippocampus
revealed by ELISA. Data were
presented as mean±SEM (n=6).
*p<0.05, versus the sham group;
#p<0.05, versus the CLP group
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suggesting that CLP impairs hippocampus-dependent memo-
ry and SS-31 does act on the hippocampus area to reverse the
effect.

The mitochondria do not only function in energy produc-
tion, but are also involved in diverse metabolic pathways. It is
possible that some mitochondria functions are tissue-specific.
For example, it was observed that rats submitted to CLP
presented decreased ETC activity in complex I, but not in
complexes II, III, and IV, 24, 48, and 96 h post CLP in
cerebellum, hippocampus, striatum, and cortex [9], while
others found a reduction in complex IV activity only in the
brain tissue 24 h after CLP [11]. Selective dysfunctions of the
ETC complexes were also demonstrated in the liver, heart,
skeletal muscle, and ileum [27–29]. Here, we showed signif-
icant decreases in ETC activities for complexes I and III in
hippocampus 7 days after CLP, but not for complexes II and
IV. The difference may also depend on the animal model,
tissue, and duration of experiments [9, 11, 27–29].
Regardless of the complex impaired, the downstream effect
on ATP production, ROS generation, MMP, and opening of
mPTP are quite similar [30–32]. From this point of view, the
mitochondria-targeted peptide SS-31 maintains mitochondrial
functions by acting more than a simple antioxidant to scav-
enge mitochondrial ROS [15–18].

The stimulation in ROS generation due to defects in mito-
chondrial energy metabolism can also modulate mitochondrial
dynamics. The reciprocal interactions between ETC
impairment-induced ROS and ROS modulation on ETC func-
tion may cause a feed forward, self-amplifying loop that creates
cellular damages far beyond direct ROS-induced effects. For
instance, mitochondrial dysfunction triggers cell death

pathways and inflammatory signaling pathways [33, 34].
Consistent with this scenario, our data demonstrated the in-
volvement of mitochondria in apoptosis and inflammation,
with typical features such as the release of cytochrome c,
cleavage of caspase 3, and increases of Nlrp3 and IL-1β.
Hence, dysfunctions in the ETC, increases of the mPTP,
ROS generation, apoptosis, and inflammation in hippocampus
could be a network (rather than disconnected individual events)
that causes encephalopathy, leading to cognitive deficits.

In conclusion, CLP impairs hippocampus-dependent cog-
nition, induces mitochondrial dysfunction, and triggers
mitochondria-associated apoptosis and inflammation. All the-
se effects are reversed by daily treatment of the mitochondria-
targeted peptide SS-31. Our results could lead to a new strat-
egy for the early treatment of SAE.
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