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Summary

Sepsis is a systemic inflammatory response to infection and a major cause of
morbidity and mortality. Sildenafil (SLD) is a selective and potent inhibitor of
cyclic guanosine monophosphate (cGMP)-specific phosphodiesterase PDE5.
We aimed to investigate the protective effects of sildenafil on caecal ligation
and puncture (CLP)-induced sepsis in rats. Four groups of rats were used,
each composed of 10 rats: (i) 10 mg/kg SLD-treated CLP group; (ii) 20 mg/kg
SLD-treated CLP group; (iii) CLP group; and (iv) sham-operated control
group. A CLP polymicrobial sepsis model was applied to the rats. All groups
were killed 16 h later, and lung, kidney and blood samples were analysed
histopathologically and biochemically. Sildenafil increased glutathione (GSH)
and decreased the activation of myeloperoxidase (MPO) and of lipid peroxi-
dase (LPO) and levels of superoxide dismutase (SOD) in the septic rats. We
observed a significant decrease in LPO and MPO and a decrease in SOD
activity in the sildenafil-treated CLP rats compared with the sham group. In
addition, 20 mg/kg sildenafil treatment in the sham-operated rats improved
the biochemical status of lungs and kidneys. Histopathological analysis
revealed significant differences in inflammation scores between the sepsis
group and the other groups, except the CLP + sildenafil 10 mg/kg group. The
CLP + sildenafil 20 mg/kg group had the lowest inflammation score. Sildenafil
treatment decreased the serum tumour necrosis factor (TNF)-a level when
compared to the CLP group. Our results indicate that sildenafil is a highly
protective agent in preventing lung and kidney damage caused by CLP-
induced sepsis via maintenance of the oxidant–anti-oxidant status and
decrease in the level of TNF-a.
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Introduction

Sepsis is a systemic inflammatory response to infection and a
major cause of morbidity and mortality worldwide. Sepsis
may result in hypotension and organ dysfunction called
septic shock [1]. Sepsis/septic shock is characterized by pro-
found hypotension, progressive metabolic acidosis, systemic
inflammatory response syndrome (SIRS), tissue damage and
multiple organ dysfunction syndrome (MODS), acute respi-
ratory distress syndrome (ARDS) and/or acute lung injury
(ALI), or even death. Although its pathophysiology is not
well defined, monocytes orchestrate the innate immunity
response to Gram-positive and Gram-negative bacteria by
expressing a variety of inflammatory cytokines, including

tumour necrosis factor (TNF)-a and interleukin (IL)-6,
which are considered to play an essential role in the patho-
genesis of sepsis [2–6].

These mediators extend the inflammatory response and
can lead to multiple organ dysfunction syndrome [7] and,
ultimately, death [8].

Some of these oxidants are known to modulate the expres-
sion of various genes that are involved in immune and
inflammatory responses [9]. Sepsis and endotoxaemia lead
to the production of reactive oxygen species (ROS) [10,11],
which have been assumed to play a role in the induction of
many proinflammatory cytokines and mediators important
in producing the acute inflammatory responses associated
with sepsis [12].
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Endotoxaemia and sepsis are associated with a reduced
endogenous antioxidant capacity, and may therefore result in
an oxidant–anti-oxidant imbalance [13]. The proinflamma-
tory effects of ROS include endothelial damage, formation of
chemotactic factors, neutrophile reinforcement, cytokine
release and mitochondrial injury [14–16], all of which con-
tribute to free radical overload and to oxidant–anti-oxidant
imbalance. The processes that are implicated in microvascu-
lar dysfunction are followed by organ dysfunction [17]; renal
and respiratory functions are the major organs involved in
the multiple organ dysfunctions in sepsis [18].

Sildenafil is a selective and potent inhibitor of cyclic gua-
nosine monophosphate (cGMP)-specific phosphodiesterase
PDE5 for the cure of sexual dysfunction [19]. This inhibitor
preserves alveolar growth and angiogenesis and reduces
inflammation and airway reactivity in animal models
[20,21]. Inhibition of the metabolism of cGMP results in
increased relaxation of the smooth muscle surrounding the
arterioles that supply the human corpus cavernosum, acting
via a nitric oxide (NO)-dependent mechanism. Inhibition of
phosphodiesterase 5 leads to increased concentration of
cyclic adenosine monophosphate (AMP) and -GMP locally,
which in turn leads to relaxation of pulmonary vascular
smooth muscles [22]. Sildenafil induces endothelial nitric
oxide synthase (eNOS) and inducible nitric oxide synthase
(iNOS), which generate nitric oxide (NO). Therefore, the
cyclic nucleotides cAMP and cGMP are important second
messengers that are known to control many cellular pro-
cesses, such as inflammation [23,24].

Moreover, sildenafil has been proved to reduce oxidative
stress to decrease inflammatory events [25,26].Another study
has shown the renoprotective potential of sildenafil against
oxidative stress and inflammation in diabetic rats [27]. When
we searched the literature, we found many studies that concur
with the ability of sildenafil to affect conditions other than
sexual function, but we found no study using sildenafil for
preventing CLP-induced organ injury.

Therefore, in this study, we induced sepsis/septic shock in
rats with caecal ligation and puncture (CLP, a model of
polymicrobial sepsis) and hypothesized that sildenafil could
prevent CLP-induced tissue injury in vital organs such as the
kidney and the lungs by inhibiting the proinflammatory
cytokine response and ROS generation triggered by polymi-
crobial sepsis.

Materials and methods

Animals

A total of 40 male Wistar rats were used in the experiments.
Each rat weighed 220–250 g, and all were obtained from
Ataturk University’s Experimental Animal Laboratory of
Medicinal and Experimental Application and Research
Center (ATADEM). Animal experiments and procedures
were performed in accordance with national guidelines for

the use and care of laboratory animals and were approved by
Ataturk University’s local animal care committee. The rats
were housed in standard plastic cages on sawdust bedding in
an air-conditioned room at 22 � 1°C. Standard rat food and
tap water were given ad libitum.

Chemicals

All the chemicals used in our laboratory experiments were
purchased from Sigma Chemical Co. (Munich, Germany).
Sildenafil (SLD) was obtained from Pfizer (Istanbul, Turkey).

Experimental design

The rats were separated into four groups, each composed
of 10 individual rats: (i) 10 mg/kg SLD-treated CLP group;
(ii) 20 mg/kg SLD-treated CLP group; (iii) CLP group; and
(iv) sham-operated control group. The groups were housed
in separate cages.

Sepsis model

A CLP polymicrobial sepsis model was applied to the rats,
induced through caecal ligation and two-hole puncture. Ana-
esthesia was induced through the intraperitoneal administra-
tion of thiopental 25 mg/kg. The abdomen was shaved and
the peritoneum was opened.Once the diaphragm exposed the
abdominal organs, the caecum was isolated and ligated with a
3/0 silk ligature just distal to the ileocaecal valve. Two punc-
tures were made with a 22-gauge needle through the caecum
distal to the point of ligation, and the caecum was returned to
the peritoneal cavity. The abdominal incision was then closed
with a 4/0 sterile synthetic absorbable suture. The wound was
bathed in 1% lidocaine solution to ensure analgesia. The
sham-operated group received laparotomies, and the rats’
caeca were manipulated but not ligated or perforated. All the
animals were given 2 ml/100 g body weight of normal saline
subcutaneously at the time of surgery and 6 h afterwards for
fluid resuscitation. Immediately after the surgical procedure
was completed, the rats in the sham-operated and the SLD-
treated CLP groups received 10- or 20-mg/kg doses of SLD,
which were administered with an oral gavage suspended in
saline. There are many sildenafil doses for rats, varying from
0·4 mg/kg to 90 mg/kg, with different administration routes
[28–33]. The reason we selected 10- and 20-mg/kg doses of
oral sildenafil is that 10 mg/kg/day of sildenafil would result
approximately in the same plasma concentration as 50 mg in
humans [34]. These doses are very common for rats, and we
first aimed to determine if it is protective in CLP-induced
organ damage, as well as how the dose affects protection.
Therefore, we used 10- and 20-mg/kg oral doses of sildenafil,
as have previous authors [35–37]. An equal volume of saline
was administered to the sham-operated control group and
the CLP group. The rats were deprived of food postopera-
tively but had free access to water for the next 16 h, until they
were killed.
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The survival rate in CLP-induced sepsis models varies
according to the size of the needle used [38]. Otero-Anton
et al. reported that mortality after CLP in rats increased
gradually with the size of the caecal puncture. They evalu-
ated 0·5-cm blade incision; 13-gauge, 16-gauge and 18-gauge
puncture; and four punctures with a 22-gauge needle. Mor-
tality increased gradually with the puncture size, from 27%
with a 22-gauge needle to 95% with the blade incision
during a week of observation [38]. In addition, in our pre-
vious studies we observed mortality within 12–20 h after
sepsis induction with a 12-gauge needle [39–42]. However,
in studies performed with 21- and 22-gauge needles, mor-
tality was not as common [38,43,44]. Therefore, we evalu-
ated organ damage (lung and kidney) in this study after
sepsis induction with a 22-gauge needle.

All four groups were killed 16 h postoperative with an
overdose of a general anaesthetic (thiopental sodium, 50 mg/
kg). The lungs and kidneys were removed quickly from all the
rats and washed in ice-cold saline. Half the tissues were
transferred to a biochemistry laboratory to be kept at -80°C
for biochemical analyses, and the other half of the tissues were
fixed in 10% formalin solution for histopathological analyses.

Biochemical investigation of lung and kidney tissues

After macroscopic analyses, activities of superoxide dismu-
tase (SOD) and myeloperoxidase (MPO) and amounts of
lipid peroxidase (LPO) and glutathione (GSH) enzymes in
the rat lung and kidney tissues were determined. To prepare
the tissue homogenates, the tissues were ground with liquid
nitrogen in a mortar. The ground tissues (0·5 g each) were
then treated with 4·5 ml of the appropriate buffer. The mix-
tures were homogenized on ice using an Ultra-Turrax
Homogenizer for 15 min. The homogenates were filtered and
centrifuged, using a refrigerated centrifuge at 4°C. These
supernatants were then used to determine enzymatic activity.
All assays were performed at room temperature in triplicate.

SOD activity

Measurements were made according to the method of Sun
et al. [45]. SOD estimation was based on the generation of
superoxide radicals produced by xanthine and xanthine
oxidase, which react with nitroblue tetrazolium (NTB) to
form formazan dye. SOD activity was then measured at
560 nm by the degree of inhibition of this reaction and was
expressed as mmol/min/mg/tissue.

MPO activity

MPO activity was measured according to the modified
method of Bradley et al. [46]. The homogenized samples were
frozen and thawed three times and then centrifuged at 1500 g
for 10 min at 4°C. MPO activity was determined by adding
100 ml of the supernatant to 1·9 ml of 10 mmol/l phosphate

buffer (pH 6·0) and 1 ml of 1·5 mmol/l o-dianisidine hydro-
chloride containing 0·0005% (wt/vol) hydrogen peroxide.
The changes in each sample’s absorbance at 450 nm were
recorded on a UV–vis spectrophotometer. MPO activity in all
tissues was expressed as mmol/min/mg/tissue.

Determination of LPO

LPO in the tissues was determined by estimating the level of
malondialdehyde (MDA) using the thiobarbituric acid test
[47]. The rat tissues were excised promptly and rinsed with
cold saline. To minimize the possibility of the interference of
haemoglobin with the free radicals, any blood adhering to
the mucosa was removed carefully. The tissues were weighed
and homogenized in 10 ml of 100 g/l KCl. The homogenate
(0·5 ml) was added to a solution containing 0·2 ml of 80 g/l
sodium lauryl sulphate, 1·5 ml of 200 g/l acetic acid, 1·5 ml
of 8 g/l 2-thiobarbiturate and 0·3 ml of distilled water. The
mixture was incubated at 98°C for 1 h. After the mixture
cooled, 5 ml of n-butanol : pyridine (15 : l) was added. The
mixture was centrifuged for 30 min at 896 g. The superna-
tant was measured at 532 nm, and a standard curve was
obtained using 1,1,3,3-tetramethoxypropane. The recovery
was more than 90%. The results were expressed as nmol
MDA g/tissue.

Total glutathione (GSH) determination

The amount of GSH in the tissues was measured according to
the method of Sedlak and Lindsay [48]. The tissues were
weighed and homogenized in 2 ml of 50 mm Tris–HCl buffer
containing 20 mm erthylenediamine tetraacetic acid (EDTA)
and 0·2 m sucrose, pH 7·5. The homogenate was precipitated
immediately with 0·1 ml of 25% trichloroacetic acid, and the
precipitate was removed after centrifugation at 987.84 g for
40 min at 4°C. The supernatant was used to determine GSH
using 5,5′-dithiobis (2-nitrobenzoic acid). Absorbance was
measured at 412 nm using a spectrophotometer. The results
of GSH levels in the tissues were expressed as nmol mg/tissue.

Histological procedure

Light microscopy. Lung and kidney tissue samples were fixed
in 10% buffered formalin for 48 h. After fixation, each lung
tissue sample was processed routinely and embedded in
paraffin. After embedding, 5-mm sections were taken from
the tissue blocks and stained with haematoxylin and eosin
(H&E), after which they were photographed for histopatho-
logical examination using a light microscope with a digital
camera attachment.

Inflammation scoring for lungs and kidneys. Sections were
obtained systematically and sampled randomly, and they
were then scored depending on the degree of inflammation
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in the perivascular area as follows: 0: no cell; 1: a few cells; 2:
many cells in the peripheral parts of the perivascular area;
and 3: numerous cells in the perivascular area [49].

TNF-a cytokine measurement in serum

All the rats were killed 16 h later by an overdose of general
anaesthetic (thiopental sodium, 50 mg/kg). Cardiac blood
samples were collected immediately and transferred to the
laboratory for the estimation of TNF-a levels in serum.
Sera from the four rat groups were separated and stored at
-80°C until thawing at the time of the assay. TNF-a was
measured from one sample with highly sensitive enzyme-
linked immunosorbent assay kits (Biosource International,
Inc., Camarillo, CA, USA) specific for rat cytokines, accord-
ing to the manufacturer’s instructions. Cytokine assays for
each animal and matched controls were run in the same
lot.

Statistical analysis

A statistical analysis of oxidant and antioxidant enzymes was
carried out using one-way analysis of variance (anova) fol-
lowed by Duncan’s multiple range test (DMRT) using spss
software package version 12·0; results were considered sig-
nificant at P < 0·05. Significance between histopathological
scorings was determined with the c2 test and Fisher’s exact
test.

Results

Biochemical results for oxidant and anti-oxidant levels
of lung tissue in rats

SOD activity, GSH levels, lipid peroxidation levels and MPO
enzymatic activity were evaluated in all lung tissues. The
results, presented in Table 1, show that SOD activity and
GSH levels for the CLP-induced sepsis group were lower
than, and MPO and LPO levels were higher than,
those of the sham-operated rat group (P < 0·05). Both doses
of SLD had preventive effects on the alterations that
occurred in the lung tissues after CLP operation. Both
doses of SLD increased GSH levels significantly when
compared to the CLP group, and the 20-mg/kg dose of
SLD increased GSH levels significantly when compared to
the sham-operated group. In addition, both doses of SLD
were found to decrease the levels of MPO and LPO signifi-
cantly when compared to the CLP group (P < 0·05).
Furthermore, 20-mg/kg sildenafil treatment in the sham-
operated rats improved the biochemical status of their lungs.

Biochemical results for oxidant and anti-oxidant levels
of kidney tissue in rats

To explore the effects of anti-oxidant defences on the sepsis
process, the anti-oxidant levels (SOD and GSH) were evalu-
ated in all kidney tissues. The levels of oxidant parameters,
such as lipid peroxidation levels and MPO enzymatic activ-

Table 1. Effects of sildenafil (SLD) treatments on changes in activities of myeloperoxidase (MPO), superoxide dismutase (SOD) and with levels of lipid

peroxidation (LPO) and total glutathione (GSH) in lung tissues of rats.

Treatments (lung tissue) n

SOD activity

(mmol/min/mg tissue)

MPO activity

(mmol/min/mg tissue)

Amount of LPO

(nmol/g tissue)

Amount of GSH

(nmol/mg tissue)

CLP + SLD (10 mg/kg) 10 124·6 � 0·4b 20·5 � 0·3d 15·0 � 0·4c 4·3 � 0·1b

CLP + SLD (20 mg/kg) 10 121·0 � 0·6a 14·2 � 0·2b 11·6 � 0·3b 5·6 � 0·1c

Sham + SLD (20 mg/kg) 10 137·0 � 0·4d 10·0 � 0·2a 10·0 � 0·2a 6·2 � 0·1d

CLP 10 129·0 � 0·6c 27·8 � 0·1e 18·4 � 0·2d 3·4 � 0·1a

Sham 10 144·7 � 0·8e 16·7 � 0·2c 15·0 � 0·1c 4·4 � 0·2b

Means in the same column by the same letter are not significantly different to the Duncan test (a = 0·05). Results are means � standard error of three

measurements. n, number of rats; CLP, caecal ligation and puncture.

Table 2. Effects of sildenafil (SLD) treatments on changes in activities of myeloperoxidase (MPO) and superoxide dismutase (SOD) and with levels of

lipid peroxidation (LPO) and total glutathion (GSH) in kidney tissues of rats.

Treatments (kidney tissue) n

SOD activity

(mmol/min/mg tissue)

MPO activity

(mmol/min/mg tissue)

Amount of LPO

(nmol/g tissue)

Amount of GSH

(nmol/mg tissue)

CLP + SLD (10 mg/kg) 10 126·6 � 1·2a 19·0 � 0·1d 17·3 � 0·6c 4·8 � 0·1c

CLP + SLD (20 mg/kg) 10 125·6 � 0·3a 15·0 � 0·4c 15·0 � 0·1b 6·4 � 0·2e

Sham + SLD (20 mg/kg) 10 139·5 � 0·7c 12·1 � 0·2a 13·1 � 0·2a 5·2 � 0·2d

CLP 10 132·0 � 0·5b 25·6 � 0·3e 19·0 � 0·2d 3·1 � 0·1a

Sham 10 143·0 � 0·8d 14·0 � 0·2b 14·5 � 0·2b 4·0 � 0·1b

Means in the same column by the same letter are not significantly different to the Duncan test (a = 0·05). Results are means � standard error of three

measurements. n, number of rats; CLP, caecal ligation and puncture.
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ity, were also evaluated in all kidney tissues. The results,
presented in Table 2, show that SOD activity decreased but
the GSH levels increased in the CLP-induced sepsis group.
The 10- and 20-mg/kg doses of SLD were found to have an
increasing effect on SOD activity when the SLD-treated
groups were compared to the CLP control group. Adminis-
tration of SLD also increased the levels of GSH significantly
when the SLD-treated groups were compared to both the
sham-operated and the CLP groups (P < 0·05). In the kidney
tissues of the CLP-induced septic rats, MPO activity
decreased significantly compared to the sham group. Admin-
istration of SLD to the CLP-operated rats and the sham-
operated rats decreased MPO activity significantly. The
lowest MPO activity was found in the sham-operated rats
that were treated with 20 mg/kg SLD. Conversely, the CLP
operation increased the level of LPO in kidney tissue when
compared to the sham operation. Furthermore, 20-mg/kg
sildenafil treatment in the sham-operated rats improved the
biochemical status of their kidneys.

Histopathological results for lung tissues

Inflammation scoring. Semiquantitative data analysis of the
inflammation score and histopathological evaluation is sum-
marized in Table 3. According to our analysis, significant
differences were found in binary comparisons between the
sepsis group and the other groups, with the exception of the
CLP + sildenafil 10 mg group, in terms of inflammation
scores. As seen in Table 3, the mean inflammation score in
the CLP group was 2·3, in the CLP + sildenafil 20 mg group
it was 1·3 and in the CLP + sildenafil 10 mg group it was 2·1.

Conventional light microscopic examination. In evaluating
the lung tissues in the sham group, vascular structures, such
as the pulmonary artery branch, arterioles, terminal bron-
chioles, interstitium and alveoli, all had a normal appearance
(Fig. 1a–d). In addition, in Clara cells in the terminal bron-
chiole, type 1 and type 2 pneumocytes in the alveolus were
observed to be normal in high-magnification H&E-stained
sections (Fig. 1b,c).

In the CLP group, inflammation and haemorrhage in the
interstitial area were conspicuous (Fig. 2a,d). The inflamma-
tion was composed of many lymphocytes and a few eosino-
phils (Fig. 2d). Inflammation was also seen in both the

lamina propria of the terminal bronchioles and the wall of
the pulmonary artery (Fig. 2a,c,d). The terminal bronchiole
had erythrocytes and inflammatory cells in its lamina
(Fig. 2a,c) and its epithelium was covered with hyaline mate-
rial (Fig. 2d). Haemosiderin remnants were seen in the inter-
alveolar septum and near the pulmonary artery (Fig. 2b and
c). In addition, the alveoli had erythrocytes in their sacs and
hyaline deposits on their walls (Fig. 2b,c).

In the CLP + sildenafil 10 mg group, interstitial inflam-
mation and haemorrhage did not differ from the CLP group
(Fig. 3b,c). Our findings of the vascular and bronchial tree
structures were also similar to the CLP group (Fig. 3a–e).

When the CLP + sildenafil 20 mg group was evaluated for
arteriolar and venular damage, arteriolar inflammation was

Table 3. Inflammation scores and evaluation of some histopathological changes for all groups’ lungs.

Animal

number

Mean

inflammation

score

Venular

degeneration

Alveolar

degeneration

Sham group 10 0 – –

CLP group 10 2·3 ++ +++
CLP + sildenafil 10 mg group 10 2·1 ++ +++
CLP + sildenafil 20 mg group 10 1·7 ++ ++

CLP, caecal ligation and puncture.

20 μm

20 μm

10 μm

5 μm

i

P

Tb

a

a

Pa

PaDa

Da

(a) (c)

(b)

(d)

Fig. 1. Light micrograph of the sham group lung section. P:

pulmonary artery; Tb: terminal bronchiole; i: interstitial; double

heated arrow: Clara cells in terminal bronchiol; black arrowhead: type

1 pneumocyte; transparent arrowhead: type 2 pneumocyte; Da:

ductus alveolaris; a: alveoli; Pa: pulmonary arteriole. Sections were

stained with haematoxylin and eosin.
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very low, despite clear damage. The groups’ vascular and
interstitial pathological changes, such as interstitial haemor-
rhage, arteriolar obstruction and haemosiderin remnants,
were similar, expect for inflammation in the CLP and
CLP + sildenafil 10 mg groups (Fig. 4a–d). In addition,
aneurism in the pulmonary artery wall was observed.

Histopathological results for kidney tissues

Inflammation scoring. Data analysis of the inflammation
score for kidneys is summarized in Table 4. Significant dif-
ferences were found in binary comparisons between the
sepsis group and the other groups, but not in the
CLP + sildenafil 10 mg group. As seen in Table 4, the mean
inflammation score in the CLP group was 2·1, in the
CLP + sildenafil 20 mg group it was 1·8 and in the
CLP + sildenafil 10 mg group it was 2.

Conventional light microscopic examination. Glomeruli,
tubules, interstitium and vascular structures were observed
to be normal when kidney tissue sections were evaluated in
the sham group (Fig. 5a–d).

In the CLP group, the glomeruli showed different histo-
pathological changes via hyperchromasia in intraglomerular
mesangial cells (Fig. 6a) and a decrease of Bowman space
(Fig. 2b). Tubules with hyperchromatic nuclei were observed
(Fig. 6a), and some tubules were composed of only hyaline
material (Fig. 6b). An increase of fibroblast, erythrocyte and

Tb

Tb

P

P

a

Da

a

a

(a)

(c) (d)

(b)

50 μm 10 μm

10 μm

20 μm

Fig. 2. Light micrograph of the caecal ligation and puncture (CLP)

group lung section. Tb: terminal bronchiole; transparent arrow:

inflammation; P: pulmonary artery; Da: ductus alveolaris; a: alveoli;

thin black arrow: haemosiderin remnants; thick black arrow:

eosinophilic deposits on the terminal bronchiol epithelia and alveoli.

Sections were stained with haematoxylin and eosin.

20 μm

10 μm

10 μm

50 μm

50 μm

(a)

(d)

(c)

(b) (e)

Tb

Tb

Tb

P

P

Da

Da

Pa

a

a

Fig. 3. Light micrograph of the caecal ligation and puncture

(CLP) + sildenafil 10 mg group lung section. Tb: terminal bronchiole;

P: pulmonary artery; transparent arrow: inflammation; Da: ductus

alveolaris; a: alveoli; thick black arrow: eosinophilic deposits on the

alveolus wall; Pa: arteriole which has hyperchromatic endothelial cells.

Sections were stained with haematoxylin and eosin.

Tb

(a)

(c) (d)

(b)

P V

a

a

a

20 μm

20 μm

10 μm

5 μm

Pa

Pa

Pa

Fig. 4. Light micrograph of the caecal ligation and puncture

(CLP) + sildenafil 20 mg group lung section. Tb: terminal bronchiole;

P: pulmonary artery; a: alveoli; Pa: pulmonary arteriole with

degenerated endothelial cells; V: pulmonary vein. Sections were

stained with haematoxylin and eosin.
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inflammatory cells was conspicuous in the interstitial area
(Fig. 6c,d), and vessel walls were damaged in many areas
(Fig. 6a).

In the CLP + sildenafil 10 mg group, glomerular capillary
dilatation and segmental degeneration were observed
(Fig. 7a). The lumens of the medullar tubules were
obstructed, and their cells had more eosinophilic cytoplasm
and hyperchromatic nuclei than those of the control group
(Fig. 7c). The cytoplasm of these cells also showed vacuoliza-

tion (Fig. 7d). In addition, some medullar tubules were com-
posed of hyaline material (Fig. 7b), and there were many
mesenchymal cells in the interstitial area (Fig. 7b,c).

In the CLP + sildenafil 20 mg group, an increase of extra-
glomerular mesangial cells and fibroblast that close to glom-
eruli (Fig. 8a) were seen. However, the glomerular structure
was similar to that of the control group. The cortical tubule
cells had both eosinophilic cytoplasm and hyperchromatic
nuclei (Fig. 8a,b). Increases of fibroblast were conspicuous in
the medullar area. There were many mesangial cells in the
medulla, as in the CLP + sildenafil 10 mg group. In addition,
extravasation of the red blood cells was seen in the medulla
(Fig. 8c,d).

Effects of SLD on serum TNF-a levels in CLP-induced
sepsis of rats

In the present study, the serum levels of TNF-a, which is an
inflammatory cytokine, were studied in the CLP model in
the sera of rats (Fig. 9). Levels of TNF-a were found to be
increased in the CLP group when compared with the sham-
operated animals, as seen in Fig. 9 (P < 0·01). In contrast to
the CLP group, the serum levels of TNF-a were found to be
decreased by the administration of SLD in septic rats

Table 4. Inflammation scores and evaluation of some histopathological changes for all groups’ kidneys.

Animal

number

Mean

inflammation

score

Venular

degeneration

Tubular

degeneration

Sham group 10 0 – –

CLP group 10 2·1 ++ ++++
CLP + sildenafil 10 mg group 10 2 ++ +++
CLP + sildenafil 20 mg group 10 1·8 ++ ++

CLP, caecal ligation and puncture.
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(CLP + SLD groups) (P < 0·01). As shown in Fig. 9, admin-
istration of SLD alone in sham-operated rats did not affect
the serum levels of TNF-a when compared with the non-
treated sham group.

Discussion and conclusion

In this present study, we determined that sildenafil has mark-
edly protective effects against CLP, attenuating kidney and
lung tissue injury, especially in the vascular bed, and decreas-
ing oxidative stress, as confirmed by biochemical assays and
histopathological study. This protection is due primarily to
the inhibition of oxidative stress, which is one of the impor-
tant mechanisms of organ injury of polymicrobial sepsis,
and inhibition of the degree of inflammation, as revealed
clearly by our finding that pretreatment with sildenafil
increased GSH and decreased the activation of MPO and
LPO and levels of SOD. We observed a significant decrease
in LPO and MPO and a decrease in SOD activity in the
sildenafil-treated CLP rats compared with the vehicle-
treated sham-operated rats, demonstrating the protective
capacity of sildenafil in septic rats. Another result of our

study is that sildenafil treatment improves inflammatory
cells that accumulate in the lungs and result in lung injury in
septic rats. According to our histopathological analysis, sig-
nificant differences were found in terms of inflammation
scores between the sepsis group and the other groups, except
in the CLP + sildenafil 10 mg group. The CLP + sildenafil
20 mg/kg group had the lowest inflammation score in our
study.

Koksal et al. [50] reported that in caecal ligation and
puncture (CLP)-induced sepsis, increased oxidative stress in
tissue in parallel with plasma are important mechanisms due
to the output of free radicals [50]. Moreover, according to
Sakaguchi et al. [51], endotoxin injection resulted in lipid
peroxide formation and membrane damage in experimental
animals, causing a decreased level of free radical scavengers
or quenchers [51]. ROS have been assumed to play a role in
the induction of many proinflammatory cytokines and
mediators important in producing the acute inflammatory
responses associated with sepsis [12]. In our previous studies
we determined that kidney, heart, lung and liver tissue exhib-
ited oxidative stress in septic rats [40–42]. The proinflam-
matory effects of ROS include endothelial damage,
formation of chemotactic factors, neutrophil reinforcement,
cytokine release and mitochondrial injury [14–16], which all
contribute to free radical overload and to oxidant–anti-
oxidant imbalance. The processes that are implicated in
microvascular dysfunction are followed by organ dysfunc-
tion [17]. Dysfunction of very important tissues have been
reported during septic shock, as well as ARDS, ALI and acute
kidney injury (AKI), which are characterized by the accumu-
lation of a large number of neutrophils in the lungs [52].
Yildirim et al. showed that sildenafil provided a significant
decrease in tissue MDA levels in a sildenafil-treated lung
fibrosis group, and they also found that endogenous anti-
oxidant glutathione was restored in the sildenafil-treated
group [24]; these data support our study. A possible expla-
nation for this finding might be that glutathione was con-
served due to a lower level of lipid oxidation. Thus, our
results showing the inhibition of tissue lipid peroxidation
along with the replenishment of GSH content by sildenafil
imply that the compound is beneficial in maintaining
oxidant–anti-oxidant balance.

In a clinical study, Starkopf et al. demonstrated an increase
in lipid peroxidation levels and a decrease in serum anti-
oxidant capacity induced by sepsis [53]. In septic shock, the
levels and activities of SOD and GSH are due to the oppres-
sive production of free radicals [54]. Therefore, taking these
established results into account, we decided to offer insight
into the possible mechanism that explains the role of oxida-
tive stress in sepsis. The results are shown in our data, and
they are in accordance with our hypothesis that sildenafil
exerts ameliorating effects by decreasing LPO and MPO
activities as markers of lipid peroxidation. Increased concen-
trations of LPO and MPO are found in rats with sepsis
[55–57], and tissue MPO is a marker of lipid peroxidation
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levels that increase when septic shock is induced by CLP in
rats [58]. GSH is an important constituent of intracellular
protective mechanisms against oxidative stress [59].
Ortoloni et al. showed that plasma GSH was decreased in
septic shock patients [60]. Another study showed that
plasma GSH levels were decreased in children with sepsis
[61]. Carbonell et al. showed that depletion of liver GSH
potentiated the oxidative stress induced by endotoxins in
rats, in which plasma lipid peroxide levels were raised [62].
Ritter et al. showed that MDA and plasma superoxide dis-
mutase levels are markers of early mortality in septic rats
[63]. Our study showed increased tissue LPO and MPO
levels and decreased GSH and SOD after CLP, consistent
with the literature [56]. Another important finding of
the present study was that sildenafil attenuated the
up-regulation of proinflammatory cytokine TNF-a.
Increased serum early release of proinflammatory cytokines
is important in the pathogenesis of septic shock [64]. Fol-
lowing tissue infiltration and activation by phagocytic cells,
the release of a cascade of pathophysiologically uncontrolled
proinflammatory mediators occurs, such as TNF-a [65],
which can be responsible for the ongoing interactions of
different cell types and can aggravate inflammation and
cause multi-system organ failure in experimental models of
sepsis and in clinical settings [66]. These data suggest that the
ability of these septic rats to produce more inflammatory
cytokines in response to CLP-induced sepsis may account in
part for a significant increase in the survival of ‘septic-only’
rats. The mechanisms by which CLP exerts a stimulator
effect on proinflammatory cytokine levels may involve the
activation of this proinflammatory expression.

In conclusion, our results indicate that sildenafil is a highly
protective agent in preventing lung and kidney damage
caused by CLP-induced sepsis via maintenance of the
oxidant–anti-oxidant status and decrease in the level of
TNF-a.
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