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Abstract Sepsis is one of the most common causes of

mortality in intensive care units. Although sepsis-associ-

ated encephalopathy (SAE) is reported to be a leading

manifestation of sepsis, its pathogenesis remains to be

elucidated. In this study, we investigated whether exoge-

nous recombinant human erythropoietin (rhEPO) could

protect brain from neuronal apoptosis in the model of SAE.

We showed that application of rhEPO enhanced Bcl-2,

decreased Bad in lipopolysaccharide treated neuronal cul-

tures, and improved neuronal apoptosis in hippocampus

of cecal ligation and peroration rats. We also found

that rhEPO increased the expression of phosphorylated

AKT, and the antiapoptotic role of rhEPO could be abol-

ished by phosphoinositide 3-kinase (PI3K)/AKT inhibitor

LY294002 or SH-5. In addition, systemic sepsis inhibited

the hippocampal-phosphorylated mammalian target of

rapamycin (mTOR) and p70S6K (downstream substrates of

PKB/AKT signaling), which were restored by administra-

tion of exogenous rhEPO. Moreover, treatment with

mTOR-signaling inhibitor rapamycin or transfection of

mTOR siRNA reversed the neuronal protective effects of

rhEPO. Finally, exogenous rhEPO rescued the emotional

and spatial cognitive defects without any influence on

locomotive activity. These results illustrated that exoge-

nous rhEPO improves brain dysfunction by reducing neu-

ronal apoptosis, and AKT/mTOR signaling is likely to be

involved in this process. Application of rhEPO may serve

as a potential therapy for the treatment of SAE.
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Abbreviations

CLP Cecal ligation and peroration

LPS Lipopolysaccharide

mTOR Mammalian target of rapamycin

MWM Morris water maze

rhEPO Recombinant human erythropoietin

SAE Sepsis-associated encephalopathy

TUNEL Terminal deoxynucleotidyl transferase-mediated

dUTP nick-end-labeling

Background

Sepsis and its consequences are the most common causes of

death in intensive care units. Sepsis-associated encepha-

lopathy (SAE), which manifests itself with symptoms such

as irritability, confusion, stupor, and even outright coma, is a

common complication of systemic sepsis [1]. Patients with

SAE have a higher mortality rate compared to those without

brain involvement, likely reflecting the severity of disease

and the direct adverse effects of central nervous system

(CNS) [2]. Recent study has demonstrated that cecal ligation

and peroration (CLP) rats manifest dysfunctions in the cre-

atine kinase activities and mitochondrial respiratory chain

[3]. In addition, the uncoupling of oxidative phosphorylation

in mitochondria also takes place in the brain of septic mice

[4]. These evidences illustrated that cell apoptosis and

mitochondrial dysfunction within the CNS may be involved

in the SAE pathogenesis. Moreover, a recent investigation

indicated that sepsis is associated with long-term neurolog-

ical disorder in animal models [5].
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Recombinant human erythropoietin (rhEPO) is a prom-

ising candidate for neuroprotective therapy in sepsis.

Endogenous erythropoietin (EPO) is a 30.4 kDa glyco-

protein that regulates red blood cell differentiation by

inhibiting apoptosis of erythroid progenitors in marrow.

Immunochemical staining with anti-EPOR antibody

showed that erythropoietin receptor (EPOR) is expressed in

rodent hippocampal areas, and also in primary-cultured

hippocampal neurons [6, 7]. With the use of radioiodinated
125I-labeled rhEPO, specific EPO-binding sites were also

found in some defined areas of the rodent brain including

the hippocampus [8]. Administration of rhEPO has been

used for many years to treat anemia resulting from various

causes including cancer, prematurity, and renal insuffi-

ciency [9]. Recently, several studies have shown that

exogenous rhEPO was beneficial in systemic sepsis. For

example, rhEPO application improved the tissue bioener-

getics and skeletal muscle microcirculation in septic model

[10]. In lipopolysaccharide (LPS)-treated rats, exogenous

rhEPO reduced the thymic and splenic apoptosis [11, 12].

In addition, rhEPO treatment also ameliorated the renal

dysfunction during endotoxaemia [13]. The neuronal pro-

tective effect or rhEPO on sepsis-induced brain dysfunc-

tion, especially the neuronal apoptosis and cognitive

disorders, remains unclear.

The serine/threonine kinase PKB/AKT has emerged as a

critical signaling node within CNS and as one of the most

important and versatile protein kinases at the core of neu-

rodegenerative disease [14]. The mammalian target of

rapamycin (mTOR), which is the downstream substrate of

PKB/AKT signaling, was reported to regulate many major

cellular processes and is implicated in an increasing num-

ber of pathological conditions, including neuronal apop-

tosis [15]. EPO was shown to regulate PKB/AKT pathway

in several models. For example, EPO activates PKB/AKT

signaling in erythroid cells [16]. In addition, EPO also

protects cardiac myocytes from hypoxia-induced apoptosis

through an AKT-dependent pathway [17]. The present

study was designed to test the hypothesis that AKT/mTOR

pathway may mediate the neuronal protective effects of

EPO in septic models, using LPS-treated neuronal cultures

and CLP rat.

Materials and methods

Animals and regents

All studies performed on animals were approved by the

Institutional Animal Care and Use Committee (Medical

College, Zhejiang University, Hangzhou, China). Sprague–

Dawley rats were gained from Zhejiang University

(Hangzhou, China). The rats (120 days old and each

weighing 240–280 g) were housed four per cage at 21 �C

under a 12:12 h light: dark regime and received standard

laboratory food and tap water ad libitum. Every effort was

made to minimize the extent of suffering and the number of

animals.

The primary antibodies total AKT (Rabbit IgG),

P-AKT-Ser-473 (Rabbit IgG), mTOR (Rabbit IgG),

P-mTOR-Ser-2448 (Rabbit IgG), total p70S6K and

P-p70S6K-Thr-389 were purchased from Cell Signaling

Technology (Beverly, MA, USA). The primary antibodies

Bcl-2 (Rabbit IgG), Bad (Rabbit IgG), Actin (Rabbit IgG),

and secondary antibodies goat anti-rabbit IgG[HRP] and

goat anti-Mouse IgG[HRP] were obtained from Sigma-

Aldrich (St. Louis, MO, USA). The TUNEL-staining

reaction solution was purchased from Roche Applied Sci-

ence (Indianapolis, IN, USA). Other regents were pur-

chased from GIBCO Invitrogen (Carlsbad, CA, USA)

unless specified.

Primary neuronal cultures and cell transfection

The primary rat hippocampal neurons were derived from

embryonic days of 17–18 SD rat embryos as described

previously [18]. In Brief, hippocampal tissue was dissected

in 1 9 HBSS, minced gently, and trypsinized (trypsin

0.1 %; 37 �C, 5 % CO2 for 10 min), and the digestion was

stopped by DMEM and 10 % FBS. Cells were plated on

dishes or coverslips, which were coated with 100 mg/ml of

poly-L-lysine (Sigma, St. Louis, Missouri, USA). Neurons

were maintained at 37 �C, 5 % CO2, and fed with Neu-

robasal media supplemented with 2 % B27, 0.5 mM of

L-glutamine (all from Invitrogen). Half of the medium was

replaced once in every 2–3 days. Cells were used at

14 days in vitro. The neuronal cultures were infected with

the recombinant mTOR short interfering RNA (mTOR

siRNA) lentiviruses for 48 h using Lipofectamine 2000

(Invitrogen), according to the manufacturer’s instructions.

Cecal ligation and perforation (CLP) Surgery

Sepsis was induced by the well-established CLP model as

described previously [3]. Briefly, rats were anesthetized

with sodium pentobarbital (50 mg/kg) by intraperitoneal

injection. A 2.5-cm ventral midline incision was performed

to allow exposure of the cecum with the adjoining intes-

tine. The cecum was then ligated, and perforated with a

14-gauge needle. The cecum was gently compressed to

extrude a small amount of cecal contents and then returned

to the peritoneal cavity. Animals of control group under-

went the same procedure with the exception that the cecum

was neither ligated nor punctured. After surgery, the CLP
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rats received saline of 50 ml/kg s.c. immediately and 12 h

after CLP plus ceftriaxone at 30 mg/kg and clindamycin at

25 mg/kg every 6 h over a total of three days. The sham-

operated group received only saline (50 mL/kg, immedi-

ately and 12 h after CLP surgery). All animals were

observed after CLP to determine the signs of infection

(pyloerection, lethargy, tachypnoea and weight loss). Sur-

vival was 100 % in the sham group, and approximately

34 % in the sepsis group, which is in accordance with

previous reports [19].

Minipump implantation and drug administration

An osmotic Alza minipump (Durect, Cupertino, California,

USA) was implanted subcutaneously into the back of each

animal, and a needle from the minipump was placed in the

lateral ventricle [20]. Recombinant human erythropoietin

was dissolved in 0.01 M PBS and 0.1 % BSA. rhEPO at a

dose of 5 units per day was infused consecutively for

7 days into the left lateral ventricle of rat. Control animals

received the same volume of vehicle infusion. After 6 h of

CLP or sham operation, the infusion of rhEPO or vehicle

was started. The rats were deeply anesthetized with sodium

pentobarbital (120 mg/kg, i.p.) followed by cervical dis-

location after rhEPO delivery, and hippocampal samples

were collected for western blot. Other animals were

recruited to the behavior study later. For the in vitro study,

cells were incubated with LPS (1.0 lg/ml), 10 lM of

LY294002 (Calbiochem, La Jolla, CA), 20 nM of Rapa-

mycin (Tocris, Ellisville, MO), 20 lM of SH-5 (Calbio-

chem, Merck KGaA, Darmstadt, Germany), or vehicle

(0.01 M of PBS) for 24 h.

Western blot

The hippocampal tissues and neuronal cultures were sub-

jected to lysis buffer. The concentrations of sample were

determined by Bradford Protein Assay (Bio-Rad, Hercules,

CA). Samples were separated by 10–15 % SDS-PAGE and

transferred to PVDF membranes by electroelution. The

membranes were blocked by 2 % bovine serum albumin

for 1 h, and then incubated overnight at 4 �C with the

appropriate primary antibodies followed by washes and

incubation with HRP-conjugated appropriate secondary

antibodies. The membranes were washed and processed

with an enhanced chemiluminescence kit, and then the

results were developed using Kodak (Fuji, Tokyo, Japan)

radiography film. Actin was probed and normalized as a

loading control. Bands were digitally scanned and analyzed

using ImageJ software (developed by the National Insti-

tutes of Health; available at: http://rsb.info.nih.gov/ij/).

TUNEL-staining

Genomic DNA fragmentation was determined by the

TUNEL assay according to the protocol of manufacturer.

In Brief, neuron-bearing coverslips were fixed, and per-

meabilized with 0.01 % Triton X-100 in PBS containing

1 % sodium citrate. The cells were then incubated (30 min,

37 �C) with the TUNEL reaction mixture. The coverslips

were washed, and incubated with Rhodamine (TRITC)-

Streptavidin (Jackson, West Grove, PA, USA) at 37 �C for

1 h. The nuclei were stained with DAPI. Twenty fields per

culture and three separate cultures were conducted in each

experimental group. Immunofluorescence was captured by

Laser scanning confocal microscope (Zeiss, Germany).

Behavioral study

Open-field exploration

The rats were allowed to recover from CLP or sham sur-

gery for 1 week before evaluation of the behavioral study.

The open-field exploration test was performed to determine

the rats’ emotional responses to a novel environment. The

rats were placed in the center of a dimly lit chamber of the

open-field apparatus (100 x 100 x 50 cm). Movements of

the animals were tracked by an automatic monitoring

system. Activity was measured as the total distance trav-

eled (meters) in 10 min.

Inhibitory avoidance training and test

Before behavior training, all animals were habituated to the

experimental arena for 20 min per day for consecutive 3 days

in the absence of stimulus objects. The IA apparatus is a

trough-shaped alley (15cm deep, 20cm wide at the top, and

6.5cm wide at the floor). When the animal turned to face the

door, the door was lifted out of the way to reveal the dark shock

compartment. After the rat crossed from the illuminated to the

dark compartment of the alley, the door was closed, and a

single foot shock (0.5 mA for 2 s) was delivered. All animals

were trained once a day for 5 consecutive days. The IA test was

performed on the sixth day. All animals were tested only once.

Latency was defined as the time taken to enter the dark com-

partment, which reflects emotional memory retention.

Morris water maze

The spatial learning and memory functions were evaluated

by Morris water maze (MWM) as previously described

with some modifications [21]. The place trials were

employed to assess the rats’ ability to learn the spatial
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relationship between distant cues and the escape platform

(submerged 2.5 cm, not visible). All rats received 4 trials

each day for 4 consecutive days. The rats were released

randomly facing the pool wall, and were allowed 60 s to

find the platform upon which they sat for 30 s. If a rat did

not find the platform, then it was guided gently to the

platform and allowed to stay there for 30 s. The traveled

distance (swimming length), swimming speed, and time

taken to reach the platform (latency) were recorded for

later analysis. The probe test was conducted to determine

the capability of spatial memory retention. One day after

the last place trial, the platform was removed, and the rats

were started to swim in a same quadrant facing the pool

wall, and all rats were allowed to swim for 60 s. We

recorded the swimming time spent in each quadrant, as

well as the number of crossings over the place where the

platform used to be. Movements of the rat in MWM were

tracked by a video-monitoring system for further analysis.

Statistical analysis

All data are presented as mean ± SEM. Comparisons

among multiple groups involved one-way analysis of var-

iance followed by Tukey’s multiple comparison testing.

Specially, we analyzed the place trials of the MWM using

two-way analysis of variance followed by Bonferroni

multiple comparison testing. Significant differences were

considered to be P \ 0.05 through all experiments.

Results

Administration of rhEPO prevents neuronal apoptosis

through regulating Bcl-2 and Bad

To evaluate the possible neuroprotective role of rhEPO in

sepsis, the rhEPO was delivered 5 units per day consecu-

tively for 7 days after CLP surgery. We found that the

hippocampal expression of Bcl-2 was inhibited, and the

Bad was enhanced in CLP rats (P \ 0.05, Fig. 1a, b, lane

2). Administration of rhEPO significantly improved the

changes of Bcl-2 and Bad (P \ 0.05, Fig. 1a, b, lane 3) in

CLP rats, while rhEPO alone had no effects on the

expressions of Bcl-2 and Bad in sham surgery group. To

confirm this result, the different doses of rhEPO (25, 50,

and 100 ng/mL) or vehicles were incubated with hippo-

campal neurons before LPS treatment (1.0 lg/mL for

24 h). We found that LPS treatment triggered significant

neuronal apoptosis (about 32.3 %, P \ 0.01, Fig. 1c).

Addition of 50 or 100 ng/mL of rhEPO statistically

reduced the neuronal apoptosis to 21.2 % (P \ 0.05) and

14.2 % (P \ 0.01) respectively (Fig. 1c). 100 ng/ml of

rhEPO treatment was selected for the subsequent in vitro

study.

The phosphorylated AKT is involved in the neuronal

protective role of rhEPO against sepsis

We next detected the total AKT (t-AKT) and phosphory-

lated AKT (p-AKT-Ser-473) expressions by western blot in

the presence or absence of rhEPO of CLP rats. We found

that p-AKT expression was suppressed (P \ 0.05, Fig. 2a),

and the t-AKT expression was unchanged in CLP rats.

Delivery of rhEPO rescued the p-AKT level was as

expected (P \ 0.05, Fig. 2a, lane 3). To specify the role of

p-AKT in sepsis, LY294002 (10 lM) or SH-5 (20 lM),

Fig. 1 Treatment with rhEPO ameliorates neuronal apoptosis both

in vitro and in vivo (a) and (b). Five units of rhEPO or vehicle (saline)

were applied consecutively for 7 days after CLP surgery. The

hippocampal tissues were collected for detecting the protein levels

of Bcl-2 and Bad by western blot. Actin expression was re-probed as a

loading control. The histogram represents the relative expressions of

Bcl-2 and Bad (n = 5). c The neuronal cultures were treated with

different doses of rhEPO (0, 25, 50 or ,100 ng/ml), and then co-

incubated with or without 1 lg/ml of LPS for 24 h. Genomic DNA

fragmentation was examined by the TUNEL assay. The neuronal

apoptosis was determined by counting the TUNEL-positive neurons

in a blinded manner. We evaluated 20 microscopic fields per culture

and three separate experiments. Error bars reflect SEM. We

determined statistical significance as *P \ 0.05 and # P \ 0.01
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inhibitors of PI3K/AKT signaling, was co-incubated with

LPS (1.0 lg/ml)-treated neuronal cultures for 24 h. We

found that both LY294002 and SH-5 reversed the neuronal

protective effects of rhEPO assessed by determining the

protein levels of Bcl-2 and Bad (P \ 0.05, Fig 2b, c).

Treatment with rhEPO protects brain against sepsis

by controlling phosphorylated mTOR

We found that hippocampal-phosphorylated mTOR (p-

mTOR-Ser-2448) level was reduced in CLP rat (P \ 0.05,

Fig. 3a, lane 2). Treatment with rhEPO (5 U per day for

7 days) restored the p-mTOR expression (P \ 0.05,

Fig. 3a, lane 3). In addition, administration of rhEPO also

rescued the expression of phosphorylated p70S6K (p-

p70S6K-Thr-389), a downstream target of mTOR

(P \ 0.05, Fig. 3c, d). To further explore the involvement

of mTOR signaling in sepsis, we transfected the mTOR

siRNA in LPS-treated neuronal cultures. The transfection

efficiency is shown in Fig. 3e, f. We found that the neu-

ronal protective effects of rhEPO were abolished by the

p-mTOR inhibitor, Rapamycin (20 nM), or mTOR siRNA

transfection (P \ 0.05, Fig. 3g).

Application of rhEPO improves the emotional

and spatial cognitive disabilities in CLP rats

The behavior study was conducted 1 week after the CLP

surgery (n = 18, 22, and 20 in control, CLP, and

CLP ? EPO group, respectively). In open-field explora-

tion, the total distance traveled (meters) in 10 min

was similar among groups (Control group: 33.5 ± 3.2 m;

CLP group: 30.9 ± 4.1 m and CLP ? EPO group: 32.6 ±

3.5 m respectively, P [ 0.05), suggesting that rhEPO

delivery may not alter the locomotor activity. In IA test,

the CLP rats exhibited a worse performance, and had a

lower latency to the illuminated compartment (P \ 0.05,

Fig. 4a). However, CLP rats treated with rhEPO were

comparable to those of the sham group (P [ 0.05, Fig 4a).

In the place trials of MWM, we detected no significant

differences in terms of average swimming speed (P [ 0.05,

Fig. 4b), confirming that rhEPO delivery had no effects on

locomotor activity. However, the CLP rats spent signifi-

cantly longer time to find the submerged platform at trial

days 3 and 4 than those in the control group (P \ 0.05,

Fig. 4c). Rats in the CLP ? rhEPO group were comparable

to those in the control group in terms of latency to find the

submerged platform (P [ 0.05, Fig. 4c). Analysis of

swimming length in place trials coincided with latency

(data not shown). In the probe test, CLP rats spent signif-

icantly less time in searching the target quadrant than those

in the control group (P \ 0.05, Fig. 4d). Animals applied

with rhEPO performed similar to the control rats

(P [ 0.05, Fig. 4d). Similar results were obtained by ana-

lyzing the number of crossings (data not shown). These

results indicate that sepsis induces emotional and cognitive

deficits that can be attenuated by the administration of

rhEPO.

Fig. 2 rhEPO prevents neuronal apoptosis by regulating the phos-

phorylated AKT level a After CLP surgery, 5 units of rhEPO were

delivered each day consecutively for 7 days, and the hippocampal

tissues were subjected for probing the protein expressions of total

AKT and p-AKT-Ser-473. The histogram reflects the relative quantity

of p-AKT-Ser-473 expression (n = 4–6). b, c The hippocampal

neuronal cultures were treated with LY294002 (10 lM) or SH-5

(20 lM), and then further co-incubated with or without rhEPO

(100 ng/ml) before LPS treatment (1.0 lg/ml for 24 h). The whole

cell protein was extracted to detect the protein levels of Bcl-2 and

Bad. The histogram represents the relative protein expressions

(n = 5–6). Error bars reflect SEM. The statistical significance was

determined as *P \ 0.05
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Discussion

Septic-associated encephalopathy is clinically character-

ized by changes in mental status that range in severity from

reversible, transient encephalopathy, to irreversible brain

damage [22]. In CLP treated rat model, studied herein, we

showed that septic rats exhibited emotional and spatial

cognitive deficits paralleling with neuronal apoptosis.

Moreover, application of rhEPO prevented neuronal

apoptosis and dramatically improved the brain dysfunction

without any influence on locomotor activity. In addition,

we demonstrated that AKT/mTOR signaling is likely

involved in the neuroprotective effects of rhEPO. These

results extended the notion that rhEPO plays a critical role

in regulating neuronal survival against sepsis.

Although endogenous EPO is produced mostly by adult

kidney and fetal liver, its receptors are expressed exten-

sively in the CNS, including hippocampus [23]. In addition

to its role in erythropoiesis, several studies have investi-

gated that the administration of exogenous EPO in animal

models can protect brain against hypoxic-ischemic injury

[20, 24]. Furthermore, exogenous EPO also possess the

neuroprotective role in several neurodegenerative diseases,

such as Parkinson and Alzheimer diseases [25, 26]. Our

data support the hypothesis that rhEPO improved

neuronal apoptosis and hippocampus-dependent cognitive

Fig. 3 rhEPO protects brain against sepsis through modulating

phosphorylated mTOR a Administration of rhEPO (5 U/day consec-

utively for 7 days) was performed after the CLP or sham surgery. The

hippocampal protein expressions of p-mTOR-Ser-2448, mTOR, and

Actin were determined by western blot. b The histogram represents the

relative protein expression of p-mTOR-Ser-2448 (n = 4). c The rhEPO

(5 U) was infused into rat lateral ventricle consecutively for 7 days

after surgery. The hippocampal tissues were collected for probing the

expressions of p70S6K and p-p70S6K-Thr-389 by western blot.

d Representative image reflects the quantitative analysis of

p-p70S6K-Thr-389 expression (n = 4). e The mTOR siRNA transfec-

tion efficiency was shown by western blot. The nonspecific scrambled

siRNA was transfected as a negative control. f Representative image

reflects the quantitative analysis of mTOR expression (n = 4). g The

hippocampal neuronal cultures were treated with Rapamycin (20 nM)

or mTOR siRNA transfection, and combined with rhEPO (100 ng/ml)

during LPS incubation (1.0 lg/ml for 24 h). The neuronal apoptosis

was evaluated in a blinded manner 24 h later. Error bars indicate SEM.

We determined statistical significance as *P \ 0.05 and # P \ 0.01

Fig. 4 Application of rhEPO improves emotional and spatial cogni-

tive disorders in CLP rats The behavior studies were performed one

week after surgery (n = 18, 22, and 20 in Control, CLP, and

CLP ? EPO group, respectively). a IA test was chosen to assess the

function of emotional memory of experimental rats. Latency to enter

the dark compartment was recorded as memory retention. b In place

trials of MWM, the average swimming speeds were calculated. c In

place trials of MWM, the latency was determined as the time to reach

the submerged platform. d For the probe test, we removed the

platform and rats started to swim (1 min) in the same quadrant facing

the pool wall. The histogram represents the percentage of swimming

time spent in the target quadrant. Statistical significance was

determined as *P \ 0.05. Data are expressed as mean ± standard

error of the mean
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impairments in septic model. Other beneficial effects of

rhEPO administration on sepsis were reported to be rele-

vant to inhibition of tissue hypoxia and nitric oxide pro-

duction [27].

As regards to neuroprotection, high-dose of rhEPO

(ranging from 1,000 to 30,000 U/kg) was used in the previous

literature, which is well above the range used to treat anemia

(about\500 U/kg). Only a small fraction (\2 %) of circu-

lating rhEPO crossed the blood–brain barrier (BBB), peak-

ing 3 h after its application [28]. To address this issue, we

employed a continuous lateral ventricle microinjection for

7 days to ensure the stable concentration of rhEPO in the

brain. High-dose of rhEPO was examined in adult stroke

model, and has not been associated with complications [29].

In neonates, long-term rhEPO treatment of anemia has been

studied extensively, and no adverse outcomes were found

[30]. We had postulated that sepsis-induced cognitive dis-

orders may also benefit from the high-dose of systemic

rhEPO employment. In fact, the preliminary data from our

lab illustrated that the cognitive disorders of septic rats had

improved statistically after systemic administration of high-

dose rhEPO (500–1,000 U/kg, i.p.). Just to focus on the role

of neuroprotection of rhEPO, the minipump implantation

and lateral ventricle rhEPO microinjection were chosen in

the subsequent experiments.

The key mechanism for controlling cell survival, divi-

sion, and metabolism is the phosphatidylinositol 3-kinase

(PI3K)-mammalian target of rapamycin (mTOR) pathway

[31]. In the present study, the neuronal protective role of

rhEPO was abrogated by LY294002, SH-5, and rapamycin

or mTOR siRNA transfection, strongly indicating that

AKT/mTOR signaling was involved. Notably, AKT acti-

vation controls the cell survival also through phosphory-

lation of multiple downstream effector proteins, such as

glycogen synthase kinase-3b, Bad, Bid, Bax, caspase-9,

FOXO, and possibly apoptosis-inducing factor [32–34]

which may also contribute to the improvement of neuronal

apoptosis in sepsis. Further studies are needed to compre-

hensively examine the underlying mechanisms of neuronal

protection of rhEPO in SAE.

The proteins of Bcl-2 family play a pivotal role in

neuronal apoptosis. As a proapoptotic Bcl-2 family mem-

ber, Bad can be phosphorylated through AKT, bind to the

cytosolic protein 14-3-3 to release Bcl-xl, and allow Bcl-xl

to bind to the pro-apoptotic protein Bax [35–37]. Hypo-

phosphorylated Bad interacts with and neutralizes the

prosurvival Bcl-2 family proteins, which frees Bax and Bak

to induce apoptosis at the mitochondria [38]. As an anti-

apoptotic protein, Bcl-2 prevents cell apoptosis while the

proapoptotic members such as Bad, can lead to impairment

of mitochondrial membrane potential, cytochrome c

release, and caspase-3 activation [39]. Our results illus-

trated that the enhanced PKB/AKT signaling exert its

neuroprotective effects through triggering the cascade of

intrinsic antiapoptotic pathway.

In conclusion, exogenous EPO manifests antiapoptotic

role in CNS through mitochondria mechanism in SAE

model. The AKT/mTOR pathway is likely involved in this

process. The rhEPO treatment may serve as a potential

strategy for SAE clinical therapy.
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MF, Bozza FA (2008) Sepsis induces brain mitochondrial dys-

function. Crit Care Med 36:1925–1932

5. Weberpals M, Hermes M, Hermann S, Kummer MP, Terwel D,
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