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Abstract In our previous work, we demonstrated that the
intracerebroventricular (i.c.v.) injection of an interleukin-1 re-
ceptor antagonist (IL-1ra) prevented the impairment in vaso-
pressin secretion and increased survival rate in septic rats.
Additionally, we saw a reduction in nitric oxide (NO) levels
in cerebroventricular spinal fluid (CSF), suggesting that the
IL-1ra prevents apoptosis that seems to occur in
vasopressinergic neurons. Here, we investigated the effect of
IL-1ra pre-treatment on the sepsis-induced increase in oxida-
tive stress markers in the hypothalamus of rats. The animals
were pre-treated by an i.c.v. injection of IL-1ra (9 nmol) or
vehicle (0.01 M PBS) before being subjected to cecal ligation
and puncture (CLP) or left as control (sham-operation or na-
ive). After 4, 6, and 24 h, the animals were decapitated (n=9/
group) and the brain removed for hypothalamic tissue collec-
tion. Transcript and protein levels of IL-1, inducible nitric
oxide synthase (iNOS), caspase-3, and hypoxia-inducible fac-
tor 1-alpha (HIF-1α) were measured by quantitative polymer-
ase chain reaction (qPCR) and western blot, respectively. Hy-
pothalamic mRNA levels of all these genes were significantly
(P<0.005) increased at 4, 6, and 24 h CLP, as compared to
sham-operated animals. IL-1ra pre-treatment in these CLP
animals significantly decreased IL-1 gene expression at all
time points and also of iNOS, caspase-3, and HIF-1α at 24 h

when compared to vehicle-treated CLP animals. The effect of
the pre-treatment on protein expression was most clearly seen
for IL-1β and iNOS at 24 h. Our results showed that blocking
the IL-1-IL-1r signaling pathway by central administration of
an IL-1ra decreases hypothalamic oxidative stress markers
during sepsis.

Keywords Neuroendocrine dysfunction . Cytokines . Nitric
oxide . Caspases . Apoptosis

Introduction

Impairment of the secretion of arginine vasopressin (AVP), an
important vasopressor hormone, is a major pathophysiological
change associated with sepsis. AVP secretion during sepsis
can be separated into two distinct phases [1–3]. In the initial
phase, AVP secretion is increased in response to the drop in
blood pressure, representing a normal endocrine response pat-
tern, but in the late phase, its secretion is inappropriately low
regardless of progressive, life-threatening hypotension [1–7].

The exact cause(s) of this drop in AVP secretion in the late
phase of severe sepsis are still not fully elucidated. Thus, we
consider that a better understanding of the cascade of events
occurring in the hypothalamus during sepsis should aid in
deciphering the causes of lower AVP secretion in the late
phase of severe sepsis. The currently available data suggest
the involvement of a large array of molecular factors in induc-
ing alterations in AVP secretion during sepsis [8]. Among
these, IL-1, NO, cleaved caspase 3, and HIF-1 have been
pinpointed as important factors for the impairment of AVP
secretion during the late phase of severe sepsis [1, 6, 8–10].

IL-1 concentrations, both in the periphery as well as cen-
trally, are greatly increased in both phases of sepsis [8–11].
The activation of the immune system following an attack of
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the body by infectious agents leads to a well-described event
known as cytokine storm, characterized by a robust increase
of proinflammatory factors such as interleukin-6, NO, and
tumor necrosis factor (TNF) into the systemic circulation.
The rise of this systemic proinflammatory factors, caused by
both direct and indirect mechanisms, subsequently contributes
to the augmentation of IL-1 concentrations in parts of the
central nervous system [8, 11]. In different parts of the brain,
including the hypothalamus, IL-1 and other cytokines lead to
the activation of iNOS, which in turn causes the excessive
production of NO, this resulting in the expression of HIF-1
and several markers of oxidative stress and apoptosis [8–10,
12–15].

Recently, we saw the expression of these apoptosis markers
in the supraoptic hypothalamic nucleus, an area harboring
vasopressinergic magnocellular neurons [8–10]. Strikingly,
the sepsis-induced increase in cellular apoptotic markers
expressed in vasopressinergic neurons coincides with the pre-
viously observed diminished systemic AVP secretion, sug-
gesting that apoptosis of vasopressinergic neurons might be
a primary cause for the diminished AVP secretion in the late
phase of sepsis.

We, thus, hypothesized that the increase in IL-1, which is
capable of stimulating the AVP release in the initial phase of
sepsis, activates the iNOS-dependent NO production and,
consequently, the strong expression of apoptotic genes in
vasopressinergic neurons [8–10]. In a recent study [1], we
observed that blocking the IL-1-IL-1r signaling pathway in
the central nervous system by i.c.v. injection of IL-1ra, an
antagonist of the IL-1 receptor, greatly reduced iNOS activity
in the hypothalamus and diminished the NO concentration in
CSF. More importantly, IL-1ra pre-treatment of septic rats
caused a significant augmentation of AVP secretion in the late
phase of sepsis. Even more strikingly, this modulation of
sepsis-induced alterations in iNOS, NO, and AVP via
blocking of the IL-1-IL-1r signaling pathway resulted in
higher survival rate among septic rats. Nevertheless, the ef-
fects of IL-1ra on blocking the oxidative stress on the hypo-
thalamus are still poorly understood. Therefore, in this study,
we investigated the effect of IL-1ra pre-treatment on the
sepsis-induced increase in IL-1, iNOS, CASP3, and HIF-1α
transcript and protein levels in the hypothalamus of septic rats.

Material and Methods

Animals

All experiments in the present study were done in Wistar rats
with an average body weight of 280±30 g. The animals were
obtained from the Central Animal Facility at the University of
São Paulo, Campus at Ribeirão Preto, and they were housed in
the same room under temperature- (25±2 °C), and light-

(06:00–18:00) controlled conditions in the animal facility of
the School of Dentistry of Ribeirão Preto-USP. The animals
were given free access to water and a commercial balanced
rodent diet. All experiments in this study were carried out
according to an Institutional Ethics Committee-approved pro-
tocol (CEUA protocol number: 12.1.1205.53.0).

Cecal Ligation and Puncture Surgery

Sepsis was induced in experimental rats by the surgical pro-
cedure of cecal ligation and puncture (CLP). We used this
model because, like colon ascendents stent peritonitis
(CASP), it has more similarity with human sepsis causing a
polymicrobial infection and patterns of release of inflamma-
tory mediators which differ from LPS injection [16].

Briefly, we gave to the animals an intraperitoneal injection
(250 mg/kg) of tribromoethanol for induction of procedural
sedation. A midline laparotomy was carried out under sterile
conditions. The cecum was exposed, ligated below the ileo-
cecal valve, and then punctured 10 times with a sterile 16-
gauge needle. Subsequently, the abdominal cavity was closed
by aseptic surgical suture. These rats were then given a sub-
cutaneous injection of NaCl (0.9%; 5mL/250 g; bodyweight)
solution to compensate for fluid loss during surgery. Control
animals were either naive or sham-operated, whereby in the
latter the cecum was manipulated but neither ligated nor
punctured.

Working Solution of IL-1ra

Recombinant human IL-1ra (50 μg) was purchased from
R&D systems (Minneapolis, MN, USA). Phosphate
buffer saline (PBS), containing 0.1 % bovine serum al-
bumin, was used to prepare stock and working solutions
of IL-1ra.

Intracerebroventricular Cannulation

Under anesthesia induced by a mixture of ketamine and
xylazine, a permanent 22-gauge stainless steel guide cannulae
(0.7 mm OD, 10 mm long) was stereotaxically implanted into
the right lateral ventricle. The position of the guide cannulae
was 1.5 mm posterior to the bregma, 1.6 mm lateral to the
midline, and 2.5 mm below the skull. The cannulae were fixed
to the skull with screws and dental acrylic. All animals were
given an antibiotic treatment after surgery, and they were
allowed to recover for at least 5 days before experimentation.
Animals showing misplaced or blocked cannulae, abnormal
behavior, or abnormal patterns of weight gain were excluded
from the study.
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Experimental Protocol

Experimental rats were given an i.c.v. injection of IL-1ra
(9 nmol in a total volume of 2 μL) or PBS (2 μL) as control
or none (naive). After 15 min of IL-1ra or PBS injection, they
were anesthetized with TBE and then sham-operated or sub-
jected to CLP surgery. After 4 and 6 h (early phase of sepsis)
or 24 h (late phase of sepsis), the rats were decapitated for
brain removal. The hypothalamus was dissected from the
brain and then stored at −70 °C until used for quantification
of mRNA levels by qPCR and protein analysis by western
blotting for IL-1, HIF-1α, cleaved casp-3, and iNOS.

Total RNA Extraction

The hypothalami were immersed in Trizol Reagent and proc-
essed according to the manufacturer’s instructions for extrac-
tion of total RNA. The concentration and purity of RNAwere
determined spectrophotometrically by absorbance readings at
260/280 nm.

cDNA Synthesis from Total RNA

Total RNA extracts from individual samples were used for
cDNA synthesis by mixing with oligodT primers and Super-
script II enzyme (Life Technologies). The mixture was incu-
bated with RNase H to remove any remaining RNA. The
cDNAwas diluted with deionized water to a final concentra-
tion of 0.25 μg/μL and stored at −20 ° C.

Quantitative PCR

Quantitative analysis of mRNA for IL-1, iNOS, CASP3, HIF-
1, and GAPDH was performed by real-time PCR using
TaqMan technology. The primers for these genes were pur-
chased from Life Technologies (Il1b-Rn00580432_m1,
Casp3-Rn00563902_m1,Nos2-Rn00561646_m1,Hif1a-
Rn00577560_m1,Gapdh-Rn01775763_g1). The reactions
were performed in volumes of 20 μL, containing 2 μL cDNA,
10 μLTaqMan Fast Advance Master Mix, 1 μLTaqMan gene
expression assay (Applied Biosystems), and 7 μL nuclease-
free water. Fluorescence intensities of two standard deviations
above the mean intensities of negative controls (without
RNA) were considered for analysis. Expression of each gene
was normalized using the expression of housekeeping gene:
glyceraldehyde3-phosphate dehydrogenase (GAPDH) ac-
cording to the 2−ΔΔCT method.

Western Blot Analysis

Hypothalamus tissue was placed in RIPA buffer (Sigma-
Aldrich) with 10 % of diluted 1:10 protease inhibitor cocktail
(P2714, Sigma-Aldrich) and 0.5 % of phenylmethylsulfonyl

fluoride (PMSF, Sigma-Aldrich) 200 mM in methanol for
homogenization by sonication. After shaking for 2 h on ice,
the samples were centrifuged at 3500×g for 20 min at 4 °C to
collect the supernatant. Total protein content was measured at
592 nm by means of a bicinchoninic acid (BCA) assay fol-
lowing the manufacturer’s instructions (BCA protein assay
kit, Pierce). Equal amounts of total protein (50 μg) were di-
luted in 2× Laemmli buffer (Sigma-Aldrich) and separated by
SDS-PAGE in a 10 % polyacrylamide gel (125 V for 1.5 h).
Molecular mass markers of 10–245 kDa (Prism ultraprotein
ladder, Abcam) were applied on the gel to visualize separation
and transfer quality.

Following electrophoresis, the proteins were blotted
onto a nitrocellulose membrane (0.45 μm; Millipore)
in a tank blotting system. Western blotting was per-
formed under a current of 200 V for 2 h in transfer
buffer containing 20 % methanol. After remaining in
blocking solution (5 % bovine serum albumin (BSA)
in 0.1 M PBS with 0.2 % Tween 20 (Sigma-Aldrich)
(PBS-T)) for 1 h, the membranes were rinsed in PBS-T
and then incubated overnight under agitation at room
temperature with specific antibodies diluted in PBS-T
with BSA 1 %. For IL-1β detection, a rabbit polyclonal
antibody (ab9787, Abcam) was used at a 1:500 dilution.
iNOS detection was done with a rabbit polyclonal IgG
antibody (ab153223, Abcam) at a 1:150 dilution and
HIF-1α detection with a 1:500 diluted mouse monoclo-
nal IgG (sc-53546, Santa Cruz Biotech). For cleaved
caspase-3 detection, a rabbit monoclonal IgG antibody
(9661S, Cell Signaling Tech) was used at a 1:200 dilu-
tion, and β-actin detection was done with a mouse
monoclonal IgG antibody (sc-47778, Santa Cruz
Biotechnology) at a 1:2000 dilution. Secondary HRP-
conjugated antibodies (anti-rabbit (Abcam) and anti-
mouse (Santa Cruz Biotechnology)) were diluted 1:10,
000 in PBS-T supplemented with 1 % BSA and the
membranes incubated under agitation for 2 h at room
temperature. Membrane images were captured using a
chemiluminescence reaction kit (Enhanced Chemilumi-
nescence (ECL), GE Healthcare) and an image acquisi-
tion system (ChemiDoc MP System, BIO-RAD). ECL-
detected protein bands were quantified by Image Lab™

software (BIO-RAD). The results were transformed into
arbitrary units of optical density and expressed as their
ratio to β-actin (internal control).

Statistical Analysis

All results are expressed as mean±SEM. For statistical anal-
ysis, we used two-way ANOVA followed by appropriate post
hoc tests for each analysis. P values of <0.05 were considered
statistically significant in all cases.
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Results

Hypothalamic IL-1, iNOS, HIF-1α, and CASP3 Gene
Expression Following IL-1ra Pre-treatment

IL-1ra administration significantly decreased (P<0,05) IL-1
mRNA expression in CLP rats, at each time point when com-
pared to vehicle-treated animals (Fig. 1). IL-1ra pre-treatment
in CLP rats decreased iNOS mRNA expression when com-
pared to vehicle-treated animals, only at 24 h. There was no
significant difference in expression at different time points for
any group of sham-operated animals. IL-1ra administration
caused a significant decrease in HIF-1α mRNA levels at 4
and 24 h after CLP surgery compared to vehicle administra-
tion. CASP3 gene expression was strongly increased at each
time point in vehicle-treated CLP animals as compared to
sham-operated rats. However, the mRNA levels were signifi-
cantly lower at 24 h in IL-1ra-treated CLP animals when com-
pared to the vehicle-treated animals. There was no significant
difference in IL-1, iNOS, HIF-1α, and CASP3 transcripts at

the different time points in vehicle and IL-1ra-administered
sham-operated control animals.

Hypothalamic IL-1, iNOS, HIF-1α, and Cleaved Casp-3
Protein Levels Following IL-1ra Pre-treatment

Hypothalamic protein levels of IL-1, iNOS, HIF-1α, and
cleaved casp-3 at 4 and 24 h of IL-1ra and vehicle pre-
treatment are shown in Fig. 2. IL-1 and iNOS protein levels
were greatly increased at 24 h in vehicle-administered CLP
animals, when compared to vehicle and IL-ra pre-treated naive
and CLP rats at 4 h. Furthermore, IL-1ra administration re-
sulted in significantly decreased (P<0.05) IL-1 and iNOS
expression in CLP rats as compared to vehicle treatment at
24 h. There was no effect of IL-1ra administration on IL-1 and
iNOS expression at 4 h as compared to naive and vehicle
treatment. Moreover, no significant effect of IL-1ra
pre-treatment was observed on cleaved casp-3 and
HIF-1α protein expression. AU = Arbitray Unity

Fig. 1 IL-1, iNOS, HIF-1α, and CASP3 transcript levels. a
Administration of IL-1ra significantly (P<0.05) decreased IL-1 mRNA
expression at all time points in CLP animals as compared to vehicle
treatment. b Administration of IL-1ra significantly (#P<0.01) decreased
iNOS mRNA expression at 24 h in CLP animals as compared to vehicle
treatment. There was no significant difference between iNOS mRNA of
IL-1ra and vehicle-treated rats at post-CLP 4 and 6 h. cAdministration of
IL-1ra significantly (P<0.05) decreased HIF-1α mRNA expression at 4
and 24 h in CLP animals as compared to vehicle treatment at same time
points. There was no significant difference between HIF-1α mRNA of

IL-1ra and vehicle-treated rats at post-CLP 6 h. d Administration of IL-
1ra significantly (#P<0.05) decreased CASP3 mRNA expression at 24 h
in CLP animals as compared to vehicle treatment at same time point.
There was no significant difference between CASP3 mRNA of IL-1ra
and vehicle-treated rats at post-CLP 4 and 6 h. There was no noteworthy
effect of IL-1ra and vehicle treatments on the IL-1, iNOS, HIF-1α, and
CASP3 mRNA expression in sham-operated animals at all time points.
*P<0.05, **P<0.01, ***P<0.001 difference of V-CLP against sham
groups; the number sign represents a P<0.05 difference of V-CLP against
IL-1ra-CLP groups at 4, 6, and 24 h. Number of animals=4 each column
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Discussion

Sepsis is a life-threatening condition, which develops as a
result of an overwhelming systemic inflammatory re-
sponse to infection [8, 17, 18]. It is marked by wide-
spread alterations in major biochemical regulatory path-
ways. Several studies have reported alterations in IL-1,
NO, and AVP signaling pathways during sepsis [1, 6,
8–10, 19–25]. In the current study, in agreement with
results of previous reports, we also noted that the hypo-
thalamic gene and protein expressions of IL-1 and iNOS
are significantly increased during sepsis. Additionally,
mRNA levels of hypothalamic HIF-1α and CASP3 were
also greatly enhanced.

Several studies have implicated excessive hypothalamic
production of IL-1 with neuroendocrine alterations seen in
sepsis [8, 22]. Specifically, in a previous study, we had ob-
served an increase in IL-1β, iNOS, and cytochrome c expres-
sion and in annexin Vaffinity in neurons of supraoptic nuclei
during sepsis in rats, with all these parameters representing
strong evidence that apoptosis may affect AVP synthesis and
secretion [9]. More recently, in another study, we observed
that central IL-1ra treatment resulted in augmentation in sys-
temic AVP levels, accompanied by a reduction in hypothalam-
ic iNOS activity and diminished CSF NO levels in the late
phase of sepsis [1].

We designed the current study, to gain insights into the
mechanism of how an IL-1ra administration affects AVP

Fig. 2 iNOS, IL-1, HIF-1α, and
cleaved casp-3 protein levels. a
Image of a representative western
blot showing the effect of IL-1ra
pre-treatment on the expression of
IL-1β and iNOS expression in
naive, vehicle, and IL-1ra pre-
treated CLP animals. Administra-
tion of IL-1ra significantly
(P<0.05) decreased IL-1β (b)
and iNOS (c) protein expression
at 24 h in CLP animals as com-
pared to vehicle treatment. No
significant effect was observed on
HIF-1α (d) and cleaved casp-3 (e)
protein expression. Number of
animals=5 each column
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secretion and hypothalamic nitric oxide. We observed that the
hypothalamic mRNA and protein levels of IL-1β and iNOS
are lowered following the IL-1ra administration. Furthermore,
we also observed a significant reduction in hypothalamic HIF-
1α and CASP 3 transcript levels. As these genes have been
extensively involved in inducing neuronal apoptosis [9, 10],
our findings suggest that by causing a reduction of HIF-1α
and CASP3 gene expression, IL-1ra administration leads to
blockade of apoptotic pathways in hypothalamic
vasopressinergic neurons.

The exact mechanism(s) bywhich IL-1 andNO are causing
alterations in activities of vasopressinergic neurons during se-
vere sepsis are still poorly understood. It has been noted that
high NO concentrations cause metabolic hypoxia, which leads
to impaired mitochondrial respiration through its competition
with oxygen, and inhibits the transient and reversible cyto-
chrome c oxidase [26, 27]. The impairment of mitochondrial
respiration favors the generation of superoxide anions [27]
and, therefore, of peroxynitrite and hydrogen peroxide
(H2O2) [28], which in turn may further stimulate the
expression/activity of iNOS [13] and hence increased NO
production. Likewise, the state of hypoxia generated by the
increase in NO can also induce the expression and stabiliza-
tion of the HIF-1 subunits, thus leading to activation of the
HIF-1 pathway during sepsis [29]. HIF-1 not only regulates
the expression of several genes related to energy metabolism
but also induces the expression of CASP3 and genes of the
proapoptotic Bcl2 family [29, 30]. Moreover, HIF-1 can also
be activated in other conditions, for example, when there is an
increase in cytokines and growth factors like TNF, IL-1ß, and
IGF-1 (insulin-like growth factor) [29], such as what happens
in sepsis [9]. Therefore, our findings suggest that blocking the
IL-1 pathway leads to decreased expression of IL-1 and iNOS,
which in turn decreases the transcription of HIF-1 and CASP3
genes in vasopressinergic neurons of the hypothalamus. This
condition may prevent apoptosis of vasopressinergic neurons
and thus ameliorate the response of these neurons to the de-
crease in blood pressure and other sepsis-induced changes
requiring an AVP response.

Previously, it has been shown that mutual communication
between the immune system and the brain takes place at the
circumventricular organs (CVOs), which are highly
vascularized structures lacking a blood–brain barrier [11, 21,
31]. The vascular walls of the CVOs and perivascular glia
constitutively express IL-1R1, which, when activated, induces
IL-1β expression [11, 20]. Additionally in this context, IL-1β
activates iNOS expression [11, 20], thus contributing to oxi-
dative stress. In line with the increased expression of IL-1β
and IL-1R1 seen in supraoptic neurons in previous work [9]
and of IL-1 in the hypothalamus shown here, we observed that
CLP-induced polymicrobial sepsis was accompanied by a
progressively increased expression of the iNOS encoding
gene until 24 h. IL-1ra administration blocked these pathways,

which led to an attenuation of hypothalamus IL-1, iNOS, HIF-
1α, and CASP3 expression preventing apoptosis and improv-
ing systemic AVP secretion.

In addition to the hypothalamus, sepsis-related oxidative
stress and apoptosis have also been reported to occur in car-
diovascular medullary autonomic regions of the brain as well
as in areas related to cognitive functions, like the hippocampus
[32, 33]. These results can explain, at least partially, the car-
diovascular and cognitive dysfunctions seen during or follow-
ing sepsis. Recently, a role for the microglia was reported in
the development of cognitive impairment in septic rats, sug-
gesting that neuronal damage seen in the hippocampus may be
driven by these brain resident cells [34]. We presently conduct
experiments on the role of microglial cells in the damage seen
in hypothalamic neurons of our septic rats.

Moreover, as brain dysfunction can also alter neurotrans-
mitter metabolism [35], neuropeptides like substance P, oxy-
tocin,α-melanocyte-stimulating hormone, and neurotensin al-
so deserve further attention. Higher levels of plasma
neurotensin for example have been shown to result in lower
survival rate of septic mice, while neurotensin antagonist and
neurotensin null mice have high survival rates [36]. Hence, it
should be interesting to investigate a possible IL-1ra effect on
neurotensin concentrations in plasma and the brain. Similarly,
IL-1ra effects on other cellular and biochemical mediators of
sepsis should also be studied.

In conclusion, our results provide evidence that blocking of
the IL-1/IL-1r signaling pathway by central administration of
an IL-1r antagonist decreases oxidative stress in the hypothal-
amus in the late phase of sepsis, and this may be beneficial for
survival. We believe that the mechanism for this effect of IL-
1ra is through a reduction in the expression of IL-1, iNOS,
HIF-1α, and CASP3 encoding genes in the hypothalamus of
septic rats. As a consequence, this can favor vasopressin se-
cretion and, thus, improve blood pressure and survival of
animals.
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