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Abstract The pathogenesis of sepsis is characterized by

an overwhelming systemic inflammatory response that can

lead to multiple organ failure. Considering that we have

recently demonstrated that mitochondrial respiratory chain

and creatine kinase (CK) are altered in the brain of rats

after cecal ligation and perforation (CLP) and that a

combination of N-acetylcysteine/deferoxamine (NAC/

DFX), taurine and RC-3095 were shown to be an effective

treatment of sepsis, we investigated whether the alterations

of these enzymes may be reversed by these drugs. The

results demonstrated that CLP inhibited complexes I and II,

and that all the treatments were able to reverse this inhi-

bition in all brain areas studied in the present work. On the

other hand, complexes III and IV were not affected by

sepsis neither by any of the treatments. An increase in CK

activity in brain of rats 12 h after CLP was also verified;

the administration of NAC/DFX and taurine reversed the

increase in CK activity in hippocampus, cerebral cortex,

cerebellum and striatum. On the other hand, RC-3095

significantly decreased CK activity, when compared to

sham group in all brain areas studied. This is a preliminary

study which showed beneficial effects of the treatments we

proposed.
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Introduction

Cell death within the central nervous system during sepsis

has been described in animal models and humans [1, 2]. It

has been demonstrated that several inflammatory mediators

released during sepsis development [cytokines and nitric

oxide (NO)] are potentially neurotoxic [3, 4]. In this con-

text, recent findings demonstrated that sepsis is associated

with long-term neurologic deficits [5–7]. However, the

mechanisms responsible for the development of brain

dysfunction during sepsis are not well understood.

We have previously demonstrated that oxidative damage

occurs early in the course of sepsis development in the

cecal ligation and perforation (CLP) animal model [6].

Increased generation of free radicals in rat brain 2 h after

lipopolysaccharide (LPS) administration [8] has also been

reported. In this context, treatments that reduce the gen-

eration or prevent/reverse the effects of reactive oxygen

species (ROS) exert beneficial effects in a variety of animal

models of endotoxemia and septic shock [9–13]. Among

the antioxidant therapeutic interventions we find N-ace-

tylcysteine (NAC) [9, 11, 12, 14, 15], deferoxamine (DFX)

[13] and taurine [16]. In this regard, we have recently

demonstrated that the combination of NAC and DFX is an

effective treatment of severe sepsis in a rodent animal

model [16], and in other models of inflammatory disease
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C. L. Gonçalves � G. K. Ferreira � F. Dal-Pizzol �
E. L. Streck (&)
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[15, 17–19]. Taurine is a naturally occurring free amino

acid that has been shown to have neurotrophic and neu-

roprotective properties [20, 21]. It has been demonstrated

that taurine has protective function against glutamate-

induced neuronal injury [20].

The pathogenesis of sepsis is also characterized by an

overwhelming systemic inflammatory response that can

lead to lethal multiple organ failure [22]. To date, anti-

inflammatory strategies produced modest clinical effects in

critically ill patients [23], and new therapeutic strategies

were described for the treatment of sepsis and its conse-

quences [16, 24]. Bombesin/gastrin releasing peptide

(GRP) receptor pathways were shown to participate in the

control of central nervous and gastrointestinal systems

functions [25–27], cancer growth [28], and immune cell

regulation [29, 30]. Thus, these pathways are probably

implicated in the pathogenesis of inflammatory diseases

[31, 32]. We have previously shown that a selective GRP

receptor antagonist, [D-Tpi6, Leu13 psi[CH2NH]-Leu14]

bombesin (RC-3095), attenuates the release of pro-

inflammatory cytokines in vitro and in vivo, and improved

survival after CLP [33].

It has been well described that metabolism impairment is

implicated in the pathogenesis of multiple organ dysfunc-

tion syndrome (MODS) and a wide variety of disease states

[22, 34, 35]. Cytopathic hypoxia hypothesis postulates that

a diminution in mitochondrial oxidative phosphorylation

reduces aerobic adenosine triphosphate (ATP) production

and induces MODS [36]. In this matter, some works

reported deficiencies within the mitochondrial respiratory

chain in sepsis [36, 37]. Mitochondrial-mediated apoptosis

in rat brain early in sepsis development was also demon-

strated [1]. We have also previously found that mitochon-

drial respiratory chain is inhibited 6 and 12 h after CLP. On

the other hand, we verified that creatine kinase (CK) activity

was increased at the same time. In that work, we hypothe-

sized that an increase in ATP-regenerating capacity via CK

reaction might be related to a delay in ATP depletion and,

thereby, protecting the brain from damage [38].

Considering that we have recently demonstrated that

mitochondrial respiratory chain and CK are altered in the

brain of rats after CLP and that a combination of NAC/

DFX, taurine and RC-3095 were shown to be an effective

treatment of sepsis, we investigated whether the alterations

of these enzymes may be reversed by these drugs.

Experimental Procedure

Animals

Adult and male Wistar rats were obtained from the Central

Animal House of Universidade do Extremo Sul

Catarinense. They were caged in groups of five with free

access to food and water and were maintained on a 12-h

light–dark cycle [lights on 7:00 am], at a room temperature

of 22 ± 1�C. All experimental procedures were carried out

in accordance with the National Institutes of Health Guide

for Care and Use of Laboratory Animals, with the approval

of Ethics Committee from Universidade do Extremo Sul

Catarinense.

Cecal Ligation and Puncture (CLP) Model

Male Wistar rats 2–3 months old, subjected to CLP as

previously described [39], were used in this study. Rats

were anesthetized with a mixture of ketamine (80 mg/kg)

and xylazine (10 mg/kg), given intraperitoneally. Under

aseptic conditions, a 3-cm midline laparotomy was per-

formed to allow exposure of the cecum with adjoining

intestine. The cecum was tightly ligated with a 3.0 silk

suture at its base, below the ileocecal valve, and was per-

forated once with a 14-gauge needle. The cecum was then

gently squeezed to extrude a small amount of feces from

the perforation site. The cecum was then returned to the

peritoneal cavity and the laparotomy was closed with 4.0

silk sutures. All animals received isotonic saline solution

(50 ml/kg s.c.) immediately after CLP. All animals were

returned to their cages with free access to food and water.

Septic rats in this model become bacteremic with Gram-

negative enteric organisms. In the sham-operated group the

rats were submitted to all surgical procedures and received

isotonic saline solution (50 ml/kg s.c.) immediately after

surgical procedure but the cecum was neither ligated nor

perforated.

Experimental Protocols

Thirty animals were randomly divided into five groups:

group 1, sham-operated; group 2, isotonic saline solution

(50 ml/kg, s.c.) immediately after CLP; group 3, same as

group 2 plus NAC (20 mg/kg, s.c.) and DFX (20 mg/kg,

s.c.) 3 h after CLP; group 4, same as group 2 plus taurine

(50 mg/kg, s.c.) immediately after CLP; group 5, same as

group 2 plus RC-3095 (3 mg/kg, s.c.) immediately after

CLP. These doses were in accordance to previous works

[16, 33].

Homogenate Preparation

Twelve hours after CLP, the rats were killed by decapita-

tion, the brain was removed and cerebral cortex, hippo-

campus, striatum, and cerebellum were isolated. Brain

structures were homogenized (1:10, w/v) in SETH buffer

(250 mM sucrose, 2 mM EDTA, 10 mM Trizma base,

50 IU/ml heparin, pH 7.4). The homogenates were
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centrifuged at 800g for 10 min and the supernatants were

used for determination of mitochondrial respiratory chain

enzymes and creatine kinase activities. The maximal per-

iod between homogenate preparation and enzyme analysis

was always less than 5 days. Protein content was deter-

mined by the method described by Lowry et al. [40] using

bovine serum albumin as standard.

Activities of Mitochondrial Respiratory Chain Enzymes

NADH dehydrogenase (complex I) was evaluated by the

method described by Cassina and Radi [41] by the rate of

NADH-dependent ferricyanide reduction at 420 nm. The

activities of succinate-2,6-dichloroindophenol [DCIP]-

oxidoreductase (complex II) and succinate: cytochrome c

oxidoreductase (complex II–III) were determined by the

method described by Fischer et al. [42]. Complex II

activity was measured by following the decrease in

absorbance due to the reduction of 2,6-DCIP at 600 nm.

Complex II–III activity was measured by cytochrome c

reduction from succinate at 550 nm. The activity of cyto-

chrome c oxidase (complex IV) was assayed according to

the method described by Rustin et al. [43], measured by

following the decrease in absorbance due to the oxidation

of previously reduced cytochrome c at 550 nm. The

activities of the mitochondrial respiratory chain complexes

were calculated as nmol/min mg protein.

Creatine Kinase (CK) Activity

CK activity was measured in brain homogenates pre-trea-

ted with 0.625 mM lauryl maltoside according to the col-

orimetric method of Hughes [44] and the results were

expressed as units/min 9 mg protein.

Statistical Analysis

Data were analyzed by one-way analysis of variance

(ANOVA) followed by the Tukey test when F was sig-

nificant and are expressed as mean ± standard deviation.

All analyses were performed using the Statistical Package

for the Social Science software. Differences were consid-

ered significant when P \ 0.05.

Results

In the present study we measured mitochondrial respiratory

chain complexes I, II, III and IV and CK activity in the

brain of rats 12 h after CLP. The animals also received

isotonic saline solution and NAC/DFX, taurine or

RC-3095.

As seen in Figs. 1 and 2, we verified that CLP inhibited

complexes I and II. All the treatments were able to reverse

the inhibition of both enzymes in all brain areas evaluated.

Fig. 1 Mitochondrial

respiratory chain complex I

activity in hippocampus,

cerebral cortex, cerebellum and

striatum of rats 12 h after CLP.

Rats were submitted to CLP and

treated with isotonic saline

solution [SAL], NAC/DFX

[ATX], taurine [TAU] or

RC-3095 [RC]. Results are

expressed as mean ± SD

[n = 6]. For more details, see

‘‘Material and Methods’’.

* Different from sham-operated

group [P \ 0.05]; # Different

from CLP-SAL group

[P \ 0.05]
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On the other hand, complexes III and IV were not affected

by CLP neither by any of the treatments (Tables 1 and 2,

respectively).

We also verified an increase in CK activity in brain of

rats 12 h after CLP (Fig. 3). The administration of NAC/

DFX and taurine reversed the increase in CK activity in

hippocampus, cerebral cortex, cerebellum and striatum. On

the other hand, RC-3095 significantly decreased CK

activity, when compared to sham (control) group in all

brain areas studied in the present work.

Discussion

The results obtained in this study demonstrated that sepsis

inhibited the activity of respiratory chain complexes I and

II in the brain of rats, but had no effect on complexes III

and IV. This inhibition was reversed by the treatments

administered, NAC/DFX, taurine or RC-3095. We also

demonstrated a substantial increase in CK activity in all

brain areas. The alteration in CK activity was reversed by

most of the treatments proposed; RC-3095 had an unex-

pected effect.

Fig. 2 Mitochondrial

respiratory chain complex II

activity in hippocampus,

cerebral cortex, cerebellum and

striatum of rats 12 h after CLP.

Rats were submitted to CLP and

treated with isotonic saline

solution [SAL], NAC/DFX

[ATX], taurine [TAU] or

RC-3095 [RC]. Results are

expressed as mean ± SD

[n = 6]. For more details, see

‘‘Material and Methods’’.

* Different from sham-operated

group [P \ 0.05]; # Different

from CLP-SAL group

[P \ 0.05]

Table 1 Mitochondrial respiratory chain complex III activity in brain

of rats 12 h after CLP

Group Hippocampus Cerebellum Cerebral

cortex

Striatum

Sham 1.02 ± 0.15 1.12 ± 0.09 1.07 ± 0.15 0.99 ± 0.11

CLP ? SAL 0.93 ± 0.14 1.11 ± 0.11 0.99 ± 0.12 0.97 ± 0.10

CLP ? ATX 1.11 ± 0.11 1.01 ± 0.12 1.02 ± 0.10 0.94 ± 0.12

CLP ? TAU 1.04 ± 0.16 1.09 ± 0.08 1.03 ± 0.12 1.01 ± 0.12

CLP ? RC 0.96 ± 0.13 1.13 ± 0.10 0.98 ± 0.07 1.05 ± 0.08

Rats were submitted to CLP and treated with isotonic saline solution

(SAL), NAC/DFX (ATX), taurine (TAU) or RC-3095 (RC). Results

are expressed as mean ± S.D. (n = 6; nmol/min 9 mg protein). For

more details, see ‘‘Material and Methods’’

Table 2 Mitochondrial respiratory chain complex IV activity in

brain of rats 12 h after CLP

Group Hippocampus Cerebellum Cerebral

cortex

Striatum

Sham 121 ± 17 155 ± 27 145 ± 31 176 ± 23

CLP ? SAL 134 ± 26 163 ± 23 149 ± 24 186 ± 19

CLP ? ATX 103 ± 31 148 ± 20 125 ± 23 190 ± 28

CLP ? TAU 124 ± 25 171 ± 29 133 ± 28 177 ± 21

CLP ? RC 111 ± 18 161 ± 25 161 ± 22 171 ± 20

Rats were submitted to CLP and treated with isotonic saline solution

(SAL), NAC/DFX (ATX), taurine (TAU) or RC-3095 (RC). Results

are expressed as mean ± SD (n = 6; nmol/min 9 mg protein). For

more details, see ‘‘Material and Methods’’
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These data reinforce the hypothesis of mitochondrial

injury during sepsis as being the primary target in systemic

organs during acute phase of sepsis [45], since our treat-

ment ameliorated the mitochondrial function. Damage/

inhibition of respiratory chain complexes could decrease

mitochondrial capacity of energy production to generate

ATP, activating another source of energy, such as CK

pathway. This enzyme plays a crucial role in cell metab-

olism by maintaining energy homeostasis at sites where

energy turnover is high, such as muscle fibers, spermatozoa

and neuronal cells, by catalyzing the following reversible

reaction: phosphocreatine ? MgADP ? H? $ creatine ?

MgATP, providing rapid regeneration of ATP in cells [46,

47]. An increase in its activity, as seen in our results, may

be related to the augmented necessity of ATP production

during sepsis due to decreased activity of mitochondrial

respiratory chain.

Our present results showed that the use of antioxidants

re-established CK and complexes I and II activities to

sham-operated levels, contributing to a positive effect of in

sepsis by diminishing the deleterious effects of ROS. It has

been reported that the combination of NAC/DFX have

reduced systemic inflammation, organic oxidative stress

and mitochondrial dysfunction, resulting in survival

improvement [16].

Taurine also reversed inhibition of complexes I and II

and the increase of CK, perhaps by its antioxidant effects

and by maintaining the vascular tone through vasodilata-

tion action, thus ameliorating blood flow and O2 delivery

[48]. It has been reported that taurine has a neuroprotective

effect on the brain after ischemia/reperfusion injury [49].

Previous studies reported several functions of taurine,

including membrane stabilization [50], neuroprotection,

neuromodulation, and also an important factor on the

development of central nervous system [20, 21, 51].

The use of RC-3095 also reversed the inhibition of

respiratory chain complexes I and II. Dal-Pizzol et al. [33]

have described the beneficial effects of the selective

bombesin/GRP receptor antagonist, RC-3095, in a well-

established model for experimental sepsis and acute lung

injury, leading to a diminution of inflammatory infiltration

and organ dysfunction, thus improving mortality in a

clinically relevant model of sepsis. It was also indicated a

memory retention improvement after systemic adminis-

tration of GRPR in rodent models [52, 53].

RC-3095 also decreased CK activity in all brain areas

studied, rising up questions about the beneficial effects of

this antagonist in central nervous system in sepsis.

Decrease of CK activity, as shown in several studies, is

associated with neurodegenerative pathway resulting in

Fig. 3 Creatine kinase activity

in hippocampus, cerebral

cortex, cerebellum and striatum

of rats 12 h after CLP. Rats

were submitted to CLP and

treated with isotonic saline

solution [SAL], NAC/DFX

[ATX], taurine [TAU] or

RC-3095 [RC]. Results are

expressed as mean ± SD

[n = 6]. For more details, see

‘‘Material and Methods’’.

* Different from sham-operated

group [P \ 0.05]; # Different

from CLP-SAL group

[P \ 0.05]
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neuronal loss and cell death [54, 55]. Furthermore, Dantas

et al. [56] showed dose-dependent beneficial or deleterious

effects on memory formation after the infusion of RC-3095

into the dorsal hippocampus in rats.

Brain injury seems to occur during sepsis development

and several proposed mechanisms for the CNS dysfunction

induced by sepsis include alterations in the blood-brain

barrier (BBB), amino acid disruption, and brain ischemia

resulting from a global or regional reduction in the cerebral

blood flow. In animal models of sepsis, acute encephalop-

athy occurs, and survivors present cognitive impairment.

Moreover, septic patients which survive from critical care

units may have persistent brain-related morbidity, including

neurocognitive deficits, and development of psychiatric

disorders [57, 58]. We hypothesize that mitochondrial

dysfunction may be related to CNS damage in sepsis.
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