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a b s t r a c t

Sepsis is a complication of an infection which imbalance the normal regulation of several organ systems,
including the central nervous system (CNS). Evidence points towards inflammation and oxidative stress
as major steps associated with brain dysfunction in sepsis. Thus, we investigated the a-lipoic acid (ALA)
effect as an important antioxidant compound on brain dysfunction in rats. Wistar rats were subjected to
sepsis by cecal ligation and perforation (CLP) or sham (control) and treated orally with ALA (200 mg/kg
after CLP) or vehicle. Animals were divided into sham þ saline, sham þ ALA, CLP þ saline and CLP þ ALA
groups. Twelve, 24 h and 10 days after surgery, the hippocampus, prefrontal cortex and cortex were
obtained and assayed for levels of TNF-a and IL-1b, blood brain barrier (BBB) permeability, nitrite/nitrate
concentration, myeloperoxidase (MPO) activity, thiobarbituric acid reactive species (TBARS) formation,
protein carbonyls, superoxide dismutase (SOD) and catalase (CAT) activity and neurotrophins levels.
Behavioral tasks were performed 10 days after surgery. ALA reduced BBB permeability and TNF-a levels
in hippocampus in 24 h and IL-1b levels and MPO activity in hippocampus and prefrontal cortex in 24 h.
ALA reduced nitrite/nitrate concentration and lipid peroxidation in 24 h in all structures and protein
carbonylation in 12 and 24 h in hippocampus and cortex. CAT activity increased in the hippocampus and
cortex in all times. ALA enhanced NGF levels in hippocampus and cortex and prevented cognitive
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impairment. Our data demonstrates that ALA reduces the consequences of polymicrobial sepsis in rats by
decreasing inflammatory and oxidative stress parameters in the brain.

© 2017 Published by Elsevier Ltd.

1. Introduction

Sepsis-associated encephalopathy (SAE) is defined as a diffuse
cerebral dysfunction caused by a systemic inflammatory response
to infection and is associated with an increased rate of morbidity
and mortality in Intensive Care Units (Hotchkiss and Karl, 2003;
Warren, 1997). Moreover, SAE is clinically characterized by slow-
ing of mental processes, impaired attention, disorientation,
confusion, agitation, lethargy, delirium or coma (Gofton and Young,
2012). Studies show that 71% of septic patients develop irreversible
acute brain dysfunction and about 70% of the sepsis survivors
present, still in the hospital, neurocognitive impairment, and 40% of
this cognitive impairment persists up to one year after hospitali-
zation, evidencing the wide clinical importance of SAE (Gofton and
Young, 2012; Sprung et al., 1990; Winters et al., 2010).

The exact mechanisms for brain dysfunction in septic patients
are far from clear. Currently, it is known that pathophysiology of
SAE involves blood-brain barrier (BBB) disruption (Blom et al.,
2015), mitochondrial and endothelial dysfunction and distur-
bances in neurotransmission (Blom et al., 2015; Bozza et al., 2013),
as well as impairment of neuronal metabolism and direct cellular
damage to the brain (Yao et al., 2014). However, the involvement of
oxidative stress is indeed the most tested and proven hypothesis,
which may culminate in these pathophysiological events (Berg
et al., 2011; Bozza et al., 2013). With regards to experimental
data, brain dysfunction due to sepsis usually promotes behavior
alterations in animals and affects the expression of growth factors
involved in neuroplasticity, such as nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF), which reflects learning
andmemory impairment (Lipsky andMarini, 2007). Animalmodels
of sepsis remain essential for early translational research, and to
date the murine model that best resembles the human septic
response is the cecal ligation and perforation (CLP) (Hubbard et al.,
2005; Wichterman et al., 1980). In a model of polymicrobial sepsis
induced by CLP, oxidative damage occurs in the hippocampus of
animals in 0e96 h after the induction of sepsis due to increased
production of free radicals (Barichello et al., 2006) and it may last
up for 10 days (Comim et al., 2011a,b).

Previous reports have suggested that administration of antiox-
idants can protect mitochondria and decrease oxidative stress in
brain regions in animal model of sepsis induced by CLP (Barichello
et al., 2007a,b; Cassol-Jr et al., 2010a,b; Petronilho et al., 2012;
Silvestre et al., 2014). The alpha-lipoic acid (ALA) or 1,2-
dithiolane-3-pentanoic acid has been described in the literature
as an “ideal” antioxidant. It is a naturally occurring dithiol com-
pound synthesized enzymatically in the mitochondria from octa-
noic acid and exhibits unique antioxidant aspects. ALA chelates
several metal ions, such as Cu2þ, Zn2þ, Pb2þ, Hg2þ and Fe3 (Ou et al.,
1995) and scavenges reactive oxygen species (ROS) and nitrogen
species (RNS) in vitro and in vivo (Rochette et al., 2013). Added to
this, it can regenerate antioxidant molecules such as glutathione,
vitamin C and vitamin E (Shay et al., 2009). Further, lipoic acid is a
potent inhibitor of NF-kappaB (Packer et al., 1995) and decreased

the expression of matrix metalloproteinase-9 (Kim et al., 2007) and
TNF-a dependent on the transcriptional activity of this nuclear
factor (Zhang and Frei, 2001). ALA shows solubility in water and
lipids and together with its small chemical structure this facilitates
its permeability through biological membranes, including the BBB
(Holmquist et al., 2007; Maczurek et al., 2008).

Lipoic acid has been tested in different therapeutic situations,
such as weight management (Kim et al., 2016; Li et al., 2017),
multiple sclerosis (Khalili et al., 2014), male fertility (Haghighian
et al., 2015) and type 2 diabetes (Ametov et al., 2003; Garcia-
Alcala et al., 2015) and promoted positive results. Considering
that ALA has been shown to have an antioxidant and a neuro-
protective role, the potential value in improving long-term cogni-
tive impairment has not been evaluated. Therefore, in this study,
we examine the effects of ALA on brain oxidative stress, BBB
permeability, inflammatory parameters, neurotrophins expression
and cognitive function in rats after polymicrobial sepsis.

2. Materials and methods

2.1. Animals

Adult male Wistar rats, approximately 60 days old, weighing
250e350 g, from breeding colonies maintained at the Universidade
do Sul de Santa Catarina were used. The animals were housed four
per cage during the entire experiment, under controlled conditions
of temperature (22 ± 1 �C), relative humidity (45e55%) and day/
light cycle (12:12 h, light on at 06:00 h). Rat chow (standard diet for
laboratory animals e NUVILAB CR-1®, Brazil) and tap water were
available ad libitum. This study was approved by the Animal
Research Ethic Committee of the Universidade do Sul de Santa
Catarina (protocol # 15.043.4.01.IV). All experiments were carried
out in accordancewith the Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 8023, revised 1978), making sure
that all efforts were made to minimize the number of animals used
and their suffering.

2.2. Sepsis inductioneCLP model

Rats were subjected to polymicrobial sepsis induction by CLP as
previously described (Hubbard et al., 2005). Briefly, they 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 performed to expose the cecum and
adjoining intestine. The cecum was tightly ligated with a 3.0 silk
suture at its base, below the ileocecal valve, and was perforated
oncewith 14-gauge needle. The cecumwas then squeezed gently to
extrude a small amount of feces through the perforation site. The
cecum was then returned to the peritoneal cavity, and the lapa-
rotomy was closed with 4.0 silk sutures. Animals were resuscitated
with regular saline (50 mL/kg) subcutaneously (s.c.) immediately
after CLP. All animals received ceftriaxone (30 mg/kg) and dipyrone
(80 mg/kg) subcutaneously (s.c.) immediately after and 12 h after
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