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The relative efﬁcacy of aminoguanidine and pentoxifylline in
modulating endotoxin-induced cardiac stress
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This study investigates the effect of aminoguanidine (AG), a selective inducible nitric oxide synthase (iNOS) inhibitor, and pentoxifylline
(PTX), a tumour necrosis factor–alpha (TNF-a) inhibitor, on lipopolysaccharide (LPS)-induced cardiac stress. Rats were divided into four
groups: group I served as a control, group II (LPS) received a single intraperitoneal injection of LPS (10 mgkg–1), group III (LPS+AG)
and group IV (LPS+PTX) were injected with either AG (100 mgkg–1) or PTX (150 mgkg–1) intraperitoneally 10 days prior to LPS administration. Normalization of cardiac levels of nitrite/nitrate (NOX), malondialdehyde (MDA), glutathione (GSH), heme oxygenase-1 (HO-1),
glutathione peroxidase (GPx) and Na+, K+-ATPase activities was evident in the AG group. Both AG and PTX decreased the elevated serum
TNF-a levels, the activities of lactate dehydrogenase (LDH), creatine kinase (CK) and cardiac myeloperoxidase (MPO). The levels of
adenosine triphosphate (ATP), adenosine diphosphate (ADP) and phosphocreatine (PCr) were enhanced following AG and PTX pretreatments. Calcium (Ca2+) levels were altered, and the histopathological observations supported the described results. Conclusively, the study
highlights the cardioprotective potential of AG and PTX with superior results from AG. These ﬁndings reveal the relative contribution of
nitric oxide and TNF-a to oxidative stress and energy failure during endotoxemia. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION
Over the last few decades, the incidence of heart diseases was
progressively increased, contributing 16% of all registered
death (Health statistics and health information systems,
WHO, 2009). Bacteria or endotoxins are leading and growing
causes of cardiovascular failure.1 Diverse molecular mechanisms involving inﬂammation and cellular damage have been
implicated during endotoxemia. The overt production of nitric oxide (NO), the expression of proinﬂammatory cytokines
and oxidative stress have attracted intensive research because
of their intimate roles in the regulation of cardiovascular
function.2
It has been demonstrated that upon exposure to the bacterial
endotoxin [lipopolysaccharide (LPS)], an unregulated isoform
of NO synthase (NOS), inducible NOS (iNOS), often is
expressed in cardiovascular tissues.3 NO is produced in excess
amounts by iNOS and may contribute signiﬁcantly to the
deleterious effects of endotoxin, such as hypotension, cardiodepression, organ injury and dysfunction in septic shock.4
These ﬁndings led to the hypothesis that pharmacological
inhibition of iNOS might be of therapeutic value for the
treatment of LPS-induced complications.
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Aminoguanidine (AG) has been described as a potential
candidate for iNOS inhibition. Experiments from both aortic
rings5 and in vivo animal models6 have demonstrated the
highly selective inhibition of iNOS by AG without impairing
the normal production of NO by the endothelial NOS. This
latter enzyme is constitutively present in endothelial cells
and produces physiological levels of NO, leading to the maintenance of vascular tone and normal blood pressure. Additionally, AG has antioxidant and free radical scavenger
properties especially on peroxynitrite (ONOO–) production.7
AG treatment has been reported to alleviate the adverse
effects of doxorubicin in the heart8 and to protect against
the tissue damage associated with periodontitis.9 Studies have
shown that AG prevents gastric oxidative stress and NO formation as well as gastric haemorrhagic erosion.10 AG also
was effective in amelioration of cisplatin-induced nephrotoxicity11 and radiation-induced lung toxicity by increasing the
endogenous antioxidant defence mechanism in rats.12
Abdel-Zaher et al.13 have shown that AG markedly inhibits
acetaminophen-induced hepatic and renal depletion of antioxidants as well as NO overproduction.
As cytokines are involved in the pathogenesis of endotoxemia, drugs that modulate cytokine synthesis also may serve as
possible therapeutic tools. Pentoxifylline (PTX), a methyl
xanthine derivative, speciﬁcally blocks the synthesis of tumour
necrosis factor-alpha (TNF-a), among other cytokines, by
inhibiting its gene transcription, thereby reducing the accumulation of TNF-a messenger RNA (mRNA).14 Several lines of
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evidence, suggesting that PTX has beneﬁcial effects against
LPS-induced damage, have been documented.15,16 Moreover,
PTX has been used in the attenuation of the inﬂammatory
response after cardiopulmonary bypass in open-heart surgery
and acute respiratory distress syndrome in neonates.17 As a
non-speciﬁc phosphodiesterase inhibitor, it also has been
used clinically as an agent to improve peripheral circulation
in intermittent claudication.18
Based on this background, the present study was conducted to further stretch the conﬁrmatory role of these two
agents against LPS-induced cardiac stress in rats. This study
investigated the relative contribution of NO and TNF-a to
oxidative stress and energy failure during endotoxemia and
delineated their roles in the cardioprotective effects of AG
and PTX.
MATERIALS AND METHODS
Drugs and chemicals
Endotoxin (LPS from Escherichia coli serotype 055: B5),
AG and PTX were purchased from Sigma-Aldrich Chemicals Company Co. (St. Louis, MD). All other chemicals
were of the highest purity and analytical grade. Rat TNF-a
and rat heme oxygenase-1 (HO-1) enzyme-linked immunosorbent assay (ELISA) kits were obtained from Assaypro
(St. Charles, MO) and Assay Design (Ann Arbor, MI),
respectively.
Experimental design
Male Wistar albino rats, weighing 170–200 g, were used in this
study. The rats were obtained from the farm of the National
Institute for Vaccination, Helwan, Egypt. The rats received ad
libitum water and standard chow diet throughout the experimental period. After 1 week of acclimatization, the rats were
randomly divided into four groups. Group I served as the
saline-treated control; in Group II, animals were injected
intraperitoneally with a single dose of LPS [10 mgkg–1 body
weight (BW)] prepared in physiological saline.1 Thus, Group
II served as the stressed group. In Groups III and IV, rats were
treated with LPS (as in Group II) and AG (100 mgkg–1 BW)19
or PTX (150 mgkg–1 BW).20 AG and PTX were administered
intraperitoneally for 10 days prior to LPS injection.
The study was carried out according to The European
Communities Council Directive of 1986 (86/609/EEC) and
was approved by the Ethical Committee for Animal Experimentation at the Faculty of Pharmacy, Cairo University.
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in 10 volumes of ice-cold, double-distilled water using an
Ultra Turrax homogenizer. A suitable aliquot of resultant
homogenate (10% w/v) was centrifuged at 21 000 g for
15 min at 4  C using a Dupont Sorvall Ultracentrifuge (United
States). The supernatant was used to assay the cardiac NOx
levels. Another aliquot of the homogenate was mixed with
25 ml of 10 mmoll–1 of Tris-HCl buffer, pH 76, containing
250 mmoll–1 of sucrose and 04 mmoll–1 of phenylmethylsulphonyl ﬂuoride. The buffered homogenate was centrifuged at 800 g for 10 min and then at 13 500 g for 20 min
at 4  C. The resulting supernatant was used to assay HO-1
protein levels.
Glutathione (GSH) levels were estimated from a deproteinized aliquot of the homogenate, whereas another aliquot
was mixed with 23% KCl, then centrifuged at 600 g for
15 min, and the resulting supernatant was used for the determination of malondialdehyde (MDA) levels.
Cardiac GSH peroxidase (GPx) activity and calcium (Ca2+)
levels were determined from the heart cytosolic fraction
prepared by mixing equal volumes of 10% aqueous homogenate and Tris-ethylenediaminetetraacetic acid (EDTA)
buffer, pH 76 (100 mmoll–1 of Tris and 02 mmoll–1 of
EDTA), followed by centrifugation at 105 000 g at 4  C
for 15 min using a Dupont Sorvall ultracentrifuge (USA).
A sixth aliquot of the homogenate was mixed with an equal
volume of ice-cold 100 mmoll–1 of potassium phosphate
buffer, pH 60, containing 1% hexadecyltrimethylammonium bromide, after which, it was sonicated in an ice-bath
for 1 min. The tubes were then centrifuged at 10 000 g for
20 min at 4 οC, and the supernatant was used to determine
tissue myeloperoxidase (MPO) activity.
To determine the levels of high-energy phosphate (HEP)
compounds [adenosine triphosphate (ATP), adenosine diphosphate (ADP) and phosphocreatine (PCr)], an appropriate volume of the homogenate was mixed with ice-cold
48 moll–1 of perchloric acid. The tubes were centrifuged
at 600 g for 15 min at 4  C and were then neutralized with
033 ml of 2 moll–1 of KHCO3. Again, the tubes were centrifuged at 600 g for 10 min at 4  C to remove potassium
perchlorate precipitates, whereas the supernatants were
used for the estimation of ATP, ADP and PCr levels. The
last aliquot of the homogenate was mixed with 2 ml of
ice-cold 0435 moll–1 of sucrose and centrifuged at 600 g
for 15 min. The obtained supernatant was used to determine sodium–potassium adenosine triphosphatase (Na+,
K+-ATPase) activity.
Biochemical investigations

Tissue sampling
Four hours after LPS injection, the rats were subjected to
light ether anaesthesia and sacriﬁced by cervical dislocation.
The blood was collected, and the separated serum was used
for assaying lactate dehydrogenase (LDH) and creatine
kinase (CK) activities as well as TNF-a, total nitrite/nitrate
(NOx) and HO-1 protein levels.
Meanwhile, the abdominal cavity was dissected immediately, and the heart was separated, weighed and homogenized
Copyright © 2011 John Wiley & Sons, Ltd.

Cardiac markers. Serum LDH and CK activities were
assayed using commercially available kits (Stanbio, Texas)
based on the method of Buhl and Jackson21 and Rosalki.22
Brieﬂy, LDH and CK speciﬁcally catalyze the oxidation of
lactate to pyruvate and the transphosphorylation of ADP to
ATP, respectively, with subsequent formation of NADH.
NADH production was monitored spectrophotometrically
per min at 340 nm, which was proportional to the enzymatic
activity.
Cell Biochem Funct 2011; 29: 694–702.
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TNF-a and NOx. Serum TNF-a levels were quantiﬁed with a
commercially available rat TNF-a ELISA kit.23 TNF-a in
both standards and samples was sandwiched by the immobilized antibody and a biotinylated polyclonal antibody speciﬁc
for rat TNF-a, which was recognized by a streptavidin–
peroxidase conjugate. All unbound material was then washed
away, and a peroxidase enzyme substrate was added. The
colour development was stopped with an acid stop solution,
which converts the end point colour to yellow. The intensity
of the colour was measured at 450 nm using a microtitration
plate reader.
NOx was measured in serum and heart tissue according to
the method described by Miranda et al.24 with a minor
modiﬁcation that involved using zinc sulphate instead of
ethanol for the protein precipitation. This method employs
the reduction of any nitrate to nitrite by vanadium chloride
followed by the detection of total nitrite by Griess reagent.
The formed azo derivative was measured colourimetrically
at 540 nm.
Oxidative stress markers. Malondialdehyde levels were measured according to the method of Uchiyama and Mihara25 as
an indicator of lipid peroxidation. MDA reacts with thiobarbituric acid, giving a coloured complex that can be measured
spectrophotometrically.
GSH levels were determined using 5,5-dithiobis-(2nitrobenzoic acid) (Ellman’s reagent). This reaction produces
a stable yellow colour that is measured colourimetrically at
412 nm.26 GPx activity was assessed by monitoring the rate
of GSH oxidation by hydrogen peroxide in the presence of
NADPH as a decrease in absorbance at 340 nm.27 MPO activity was measured according to the method of Renlund et al.28
This method is based on measuring the hydrogen peroxidedependent oxidation of O-dianisidine catalysed by MPO,
which results in the formation of a compound that exhibits
an increased absorbance at 460 nm.
HO-1 expression was quantiﬁed according to the method
of Katori et al.29 using a commercially available rat HO-1
ELISA kit. In this method, a blue colour, in proportion to
the amount of captured HO-1, is developed with tetramethyl
benzidine substrate. The intensity of the colour was measured at 450 nm using a microtitration plate reader.
Energy status. The simultaneous determination of HEP
compound concentrations (ATP, ADP and PCr) in myocardial tissue was achieved by high-performance liquid chromatography according to the method of Teerlink et al.30
using an isocratic elution instead of a gradient elution. The
peak areas of ATP, ADP and PCr were quantiﬁed using a
Shimadzu CR501 Chromatopac integrator and Glass-VP5
integration software.
Na+, K+-ATPase activity was measured according to the
method described by Rash.31 Total ATPase activity was
estimated from the amount of inorganic phosphorus (Pi)
released after incubation of the sample with ATP disodium
salt in the presence of Na+, K+ and Mg2+ ions and in the absence of ouabain. Mg2+-ATPase was estimated from the
amount of Pi released in the presence of ouabain. Na+, K+Copyright © 2011 John Wiley & Sons, Ltd.
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ATPase activity was calculated by subtracting the activity
assayed in the presence of ouabain from that assayed in its
absence. The amounts of liberated Pi were estimated using
the method of Weidman.32
Cardiac calcium and protein. Ca2+ levels were assessed in
the cytosolic fraction by the atomic absorption technique33
using a Unicam 929 atomic absorption spectrophotometer.
This method depends on the fact that free atoms of an element
absorb light of a very speciﬁc wavelength (l = 422 nm).
The protein levels of different fractions, resulting from
ultracentrifugation of the homogenate, were determined by
the method of Lowry et al.,34 using Folin–Ciocalteu reagent
with bovine serum albumin as a standard.
Histopathological studies
Heart specimens were ﬁxed with 10% formaldehyde and
processed for embedding in parafﬁn. Sections of 5 mm were
stained with hematoxylin and eosin and examined under a
light microscope.
Statistical analysis
The results are expressed as the mean  standard error of the
mean. Differences among means were tested for statistical
signiﬁcance using one-way analysis of variance. When differences were signiﬁcant, Tukey–Kramer’s test was used
for multiple comparisons between groups. Statistical signiﬁcance was considered when P < 005.
RESULTS
Effect of pretreatment with AG and PTX on LPS-induced
changes in TNF-a and NOx levels
Lipopolysaccharide injection caused a signiﬁcant increase in
serum TNF-a as well as serum and cardiac NOx levels.
These increases reached 281, 250 and 295%, respectively,
relative to normal levels. AG reversed the elevated levels
of serum and cardiac NOx to nearly the levels found in the
control group and signiﬁcantly reduced the TNF-a levels
by 48% compared with the stressed rats. Meanwhile, PTX
pretreatment markedly restored elevated TNF-a levels, and
it signiﬁcantly decreased NOx levels by 15% in serum and
by 17 % in cardiac tissue, compared with the LPS group
(Table 1).
Effect of pretreatment with AG and PTX on LPS-induced
changes in MDA, GSH and HO-1 protein levels as well as
GPx and MPO activities
Compared with normal control rats, LPS injection induced a
signiﬁcant reduction of cardiac GSH levels (39%) in
addition to a signiﬁcant elevation of MDA levels (194%).
AG administration clearly reversed the cardiac levels of
GSH and MDA back to their normal values, demonstrating
its protective effects, whereas early treatment with PTX
did not signiﬁcantly change cardiac levels compared with
Cell Biochem Funct 2011; 29: 694–702.
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Table 1. Effect of pretreatment with either aminoguanidine or pentoxifylline
on lipopolysaccharide-induced changes in tumour necrosis factor-a and total
nitrite/nitrate levels
Groups

Group I

Group II

Group III

Group IV

Parameters

(Control)

(LPS)

(LPS + AG)

(LPS + PTX)

Serum TNF-a
39  023 1096  06* 57  019*† 472  029†
(pgml–1)
287  084 719  229* 257  12† 614  19*†
Serum NOx
–1
(mmoll )
Cardiac NOx
023  001 068  003* 031  001† 057  002*†
(mmolg–1 tissue)
Values represent mean  standard error of the mean (SEM) for eight rats.
AG, aminoguanidine; LPS, lipopolysaccharide; NOx, total nitrite/nitrate;
PTX, pentoxifylline; TNF-a, tumour necrosis factor-a.
*Signiﬁcant difference from control group at P < 005.
†
Signiﬁcant difference from LPS group at P < 005.

the LPS-treated group. Moreover, LPS caused a signiﬁcant
increase in cardiac GPx (176%) and MPO (320%) activities
relative to the normal control. AG normalized GPx and signiﬁcantly reduced MPO activities by 35% compared with
the LPS-treated group. PTX caused a signiﬁcant reduction
in the LPS-elevated MPO activity by almost twofold and
failed to signiﬁcantly alter the elevated GPx activity. Signiﬁcant increases in cardiac and serum HO-1 protein levels also
were detected after LPS injection. AG restored cardiac
protein levels and signiﬁcantly reduced serum HO-1 levels.
However, PTX did not alter the LPS-elevated HO-1 level to
a signiﬁcant value (Table 2).
Effect of pretreatment with AG and PTX on LPS-induced
changes in Ca2+levels as well as LDH and CK activities
Administration of LPS caused a 1.5-fold increase in Ca2+
levels relative to the control rats. AG did not exert a pronounced change in cardiac Ca2+ levels compared with the
LPS-treated group. However, PTX nearly returned the cardiac Ca2+ back to normal levels. A substantial increase in
serum LDH and CK activities that reached 260 and 210%,
respectively, relative to the control group also was observed
in the LPS-treated group. AG effectively normalized the elevated CK activity while causing a signiﬁcant decrease in the
LDH activity compared with the stressed group. However,
Table 2.

PTX signiﬁcantly decreased CK activity to approximately
67% of the stressed value, whereas only a slight, insigniﬁcant decrease in LDH activity was observed (Table 3).
Effect of pretreatment with AG and PTX on LPS-induced
changes in energy status
A signiﬁcant attenuation in Na+, K+-ATPase activity and in
ATP, ADP and PCr levels was obvious in the LPS-treated
rats. This attenuation caused a signiﬁcant reduction of the
ATP : PCr ratio along with an insigniﬁcant decrease in the
ATP : ADP ratio when compared with control values
(Table 3).
AG restored the LPS-reduced Na+, K+-ATPase activity in
addition to the reduced ADP and PCr levels. AG also
reversed the decrease in ATP and the ATP : PCr ratio by almost twofold and 15-fold, respectively, but it did not signiﬁcantly alter the ATP : ADP ratio with respect to the
LPS group. Treatment with PTX signiﬁcantly enhanced
the activity of Na+,K+-ATPase compared with both normal
and stressed rats. This result was accompanied by increases
in ADP and PCr to some extent rather than ATP levels. Such
effects resulted in a marked decrease in the cardiac ATP :
ADP ratio and an insigniﬁcant change in the ATP : PCr ratio
as compared with the LPS group.
Histopathological examination
The histopathological examination supported the above biochemical analysis. Figure 1a shows a normal architecture of
the control heart. Fibres are grouped into bundles with connective tissues in between. Each muscle ﬁbre has an acidophilic cytoplasm and a central nucleus. In contrast, the
animals receiving LPS were greatly affected. Focal inﬂammatory cell inﬁltration, haemorrhages, swelling, edema and
degeneration with dilated blood vessels were detected in
between the myocardial bundles (Figure 1b, c and d).
Animals that received AG displayed minimal negative
effects in the cardiac muscles with an image similar to the control sections (Figure 1e and f). However, pretreatment with
PTX showed minimal improvement in the histopathology. A
few mononuclear leukocytes and inﬂammatory cell inﬁltration in a focal manner between the cardiac bundles were
observed (Figure 1g). This result was associated with

Effect of pretreatment with either aminoguanidine or pentoxifylline on lipopolysaccharide-induced changes in oxidative stress markers

Groups
Parameters
–1

Cardiac MDA (nmolg tissue)
Cardiac GSH (mmolg–1 tissue)
Cardiac GPx (mUmg–1 tissue)
Cardiac MPO (Umg–1 protein)
Cardiac HO-1 (ngmg–1 tissue)
Serum HO-1 (ngml–1)

Group I

Group II

Group III

(Control)

(LPS)

(LPS + AG)

4305  16
263  0102
1374  497
069  004
282  111
452  035

836  36*
1051  0076*
2422  162*
221  008*
6856  35*
143  042

Group IV

†

465  281
267  006†
1365  575†
144  006*†
3065  159†
66  029*†

(LPS + PTX)
717  47*
141  012*
2247  954*
124  004*†
619  361*
134  032*

Values represent mean  SEM for eight rats.
MDA, malondialdehyde; GPx, glutathione peroxidase; GSH, glutathione; HO-1, heme oxygenase-1.
*Signiﬁcant difference from control group at P < 005.
†
Signiﬁcant difference from LPS group at P < 005.
Copyright © 2011 John Wiley & Sons, Ltd.
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Table 3. Effect of pretreatment with either aminoguanidine or pentoxifylline on lipopolysaccharide-induced changes in Ca2+levels, lactate dehydrogenase
and creatine kinase activities and energy status
Groups

Group I

Group II

Group III

Group IV

Parameters

(Control)

(LPS)

(LPS + AG)

(LPS + PTX)

785  42
1758  33
2227  997
135  03
293  112
313  044
46  016
043  0004
36  28

1105  39*
4566  23*
466  299*
578  033*
141  005*
257  073*
41  02
023  001*
188  09*

100  3.4*
315  1405*†
2313  1702†
108  018*†
266  015†
339  067†
41  025
031  0004*†
31  189†

709  32†
434  262*
314  181*†
78  059*†
431  012*†
344  098†
18  012*†
023  001*
435  34*†

Ca2+ (ugg–1 tissue)
LDH (UL–1)
CK (UL–1)
Cardiac ATP (mmolg–1 tissue)
Cardiac ADP (mmolg–1 tissue)
Cardiac PCr (mmolg–1 tissue)
Cardiac ATP : ADP ratio
Cardiac ATP : PCr ratio
Cardiac Na+, K+-ATPase (mmol. Pih–1mg–1 of protein)

Values represent mean  SEM for eight rats.
ADP, adenosine diphosphate; ATP, adenosine triphosphate; CK, creatine kinase; LDH, lactate dehydrogenase; PCr, phosphocreatine.
*Signiﬁcant difference from control group at P < 005.
†
Signiﬁcant difference from LPS group at P < 005.

impaction of the lumen of the dilated blood vessels by the
leukocytes (Figure 1h). Such observations support our ﬁndings that AG was more potent than PTX in ameliorating
LPS-induced cardiac stress in rats.

DISCUSSION
It is widely accepted that endotoxin produces multiple organ
failure, which is a frequent cause of death among patients
who succumb to endotoxic shock.35 NO emerged as a potentially important player in the pathogenesis of endotoxemia because it has major interactions with the pathways of gene
expression controlled by the transcription factor NF-kB.
When activated by various extracellular inﬂammatory triggers (e.g. stimulation of CD14 by LPS, stimulation of TNF
or interleukin-1 receptors and oxidant stress), NF-kB translocates to the nucleus where it induces the transcription of numerous genes coding for proteins involved in inﬂammation,
such as cytokines, leukocyte-endothelial adhesion molecules
and iNOS.36 In agreement with previous studies, the present
study revealed elevated levels of NOx and TNF-a after administrating LPS to rats. These levels were reversed by pretreatment with AG and PTX.
Aminoguanidine is regarded as a selective inhibitor of
both iNOS activity and iNOS protein induction, which has
been demonstrated in vitro and in vivo.37,38 Tracey et al.39
have shown that AG was able to elicit 95% inhibition of
the LPS-induced increase in plasma NOx in addition to abolishing the LPS-caused mortality in mice. The mechanism of
inhibition of NOS by guanidines is thought to be mediated
either through their binding to the heme iron present at the
catalytic site of NOS or through their competitive binding
with L–arginine, thereby causing the observed decrease in
NO levels.40
On the other hand, PTX has shown multiple beneﬁcial
effects in the inﬂammatory cascade through its ability to
inhibit TNF-a synthesis.41 As a phosphodiesterase inhibitor, PTX increases the intracellular 3,5-cyclic adenosine
monophosphate (cAMP) levels in inﬂammatory and
Copyright © 2011 John Wiley & Sons, Ltd.

immunocompetent cells. The elevated cAMP levels reduce
the release of potent proinﬂammatory cytokines, such as
TNF-a and interleukin-2. Certain proinﬂammatory cytokines are related to the generation of chemokines and the
expression of cell adhesion molecules in addition to the
production of other molecules related to inﬂammation such
as NO.42
TNF-a levels have been formerly correlated to the production of NO. Studies by Rahat et al.43 showed that NO
increases the level of TNF-a mRNA in the lungs of rats submitted to intestinal ischaemia/reperfusion, suggesting a role
for NO in regulating TNF transcription. Based on this ﬁnding, one can speculate that decreased NOx levels observed in
both pretreated groups might account for the amelioration of
their TNF-a levels (Table 1).
Myeloperoxidase plays a major role in a variety of inﬂammatory responses.44 Increased MPO activity after LPS injection is an indication of the injurious state as a result of
neutrophil inﬁltration. Enhanced neutrophil inﬁltration was
attributed to the reported increases in TNF-a and leukotriene
synthesis during endotoxemia.45 These inﬂammatory mediators were capable of stimulating neutrophil adherence by
the upregulation of intercellular adhesion molecule-1
(ICAM-1) expression. ICAM-1 has been shown to be
essential for neutrophil recruitment into organs, and for their
subsequent injury, after endotoxin exposure (Madjdpour et al.,
2000).46 Suppression of MPO activity following pretreatment
with PTX might be related to its ability to suppress ICAM-1
expression via inhibition of TNF-a. 19,47
Importantly, Eiserich et al.48 provided evidence indicating
that MPO functions as an NO oxidase and that endothelialassociated MPO is responsible for endothelial dysfunction.
Other studies also have demonstrated that MPO utilizes
hydrogen peroxide and nitrite to generate nitrogen dioxide,
resulting in nitrative death.49,50 Thus, one of the beneﬁcial
effects of AG and PTX lies in their ability to diminish MPO
activity and NO production, preventing cell death.
Oxidative stress resulting from increased oxidant production, reduced antioxidant levels or both contributes to a
major mechanism of LPS-induced cardiac damage.2 In the
Cell Biochem Funct 2011; 29: 694–702.
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Figure 1. Histopathology of the heart in the four experimental groups (hematoxylin and eosin). (a  40): Shows normal architecture of the control heart. (b, c
and d  160): Cardiac muscle ﬁbres of the lipopolysaccharide group showing focal inﬂammatory cell inﬁltration (arrow) in between the cardiac bundles and
degeneration of myocardium (d) with dilated blood vessels (v). (e  40): Cardiac muscle ﬁbres of aminoguanidine (AG)-pretreated group showing normal
histological structure of the myocardium (m). (f  64): Cardiac muscle ﬁbers of AG-pretreated group with magniﬁcation to identify the normal histological
structure of myocardium. (g and h  160): Cardiac muscle ﬁbres of pentoxifylline-pretreated group showing inﬂammatory cell inﬁltration (arrow) with impaction of blood vessels (v) by the leukocytes

present study, LPS induced a signiﬁcant increase in cardiac
GPx activity and MDA levels along with a signiﬁcant decrease
of GSH content. The elevated GPx activity observed in the
LPS group implied a reduced redox status (GSH : GSSG ratio),
which might be expected to guard against the encountered
oxidative stress.
The primary targets of ROS-mediated attack are the
polyunsaturated acids within the membrane lipids, causing
lipid peroxidation that may lead to disorganization of cell
structure and function.51 The association between the elevated cardiac MDA and lowered cardiac GSH levels
clearly indicated the oxidative damage caused by LPS.
Depletion of GSH has been shown to markedly increase
NO-dependent cytotoxicity.52 S-nitrosothiols, including
the S-nitroso-adduct of GSH itself (S-nitrosoglutathione),
may inhibit several enzymatic pathways involved in the
Copyright © 2011 John Wiley & Sons, Ltd.

maintenance of the GSH pool. It appears that nitrosative
stress enhances the cellular susceptibility to oxidantmediated damage in circumstances associated with high
NO production, providing an important cycle of cytotoxic
ampliﬁcation in inﬂammatory conditions.53
The current study showed a signiﬁcant amelioration of
oxidative stress parameters following AG administration
yet insigniﬁcant changes after PTX administration (Table 2).
The protective effect of AG may be achieved through two
mechanisms. First, AG reduces the formation of ONOO–.
Most of the deleterious effects of NO are believed to be
mediated by ONOO–, a potent oxidant that is produced by
the reaction of NO with superoxide radical.54 Peroxynitrite
depletes the antioxidant defences, which include GSH, protein thiols and antioxidant enzymes.55 Inadequacy of the
protective antioxidant system results in enhanced lipid
Cell Biochem Funct 2011; 29: 694–702.
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peroxidation and tissue injury. However, when the production of NO is decreased by the administration of the iNOS
inhibitor AG, the source of ONOO– is reduced, the oxidative
damage to lipids and proteins is decreased and the cellular
antioxidant systems are spared. AG also might reduce
ROS production indirectly by inhibiting cyclooxygenase-2,
resulting in reducing arachidonic acid metabolism and, subsequently, ROS generation.56 This possible dual inhibition
of ROS obtained with AG could account for its marked antioxidative stress effects. However, the insigniﬁcant PTX effect might be related to its mild amelioration of NOx levels
that was insufﬁcient to block ONOO– formation.
The heme oxygenase (HO) system is involved in the
regulation of many physiological and pathological processes
in stress.57 HO-1 is an inducible isoform of the enzyme
whose expression is upregulated in response to hypoxia,
ROS, cytokines and endotoxin as an adaptive means to oxidative stress.57,58 Lee et al.59 demonstrated that the expression of HO-1 was completely inhibited by administration
of antioxidative agents in rats subjected to ovariectomized
stress. Our ﬁndings were consistent with this report, demonstrating that inhibition of HO-1 expression decreased cardiac stress in rats treated with AG.
Interestingly, the present study showed a positive correlation between NO and HO-1 levels in the LPS group. Indeed, NO is an HO-1 inducer.60 Several studies have
demonstrated the NO-mediated upregulation of HO-1 expression in macrophages stimulated with LPS.61,62 AG, as
a selective iNOS inhibitor, signiﬁcantly reduced both NO
and HO-1 levels. These data implied that LPS-elicited HO-1
expression might be mediated, at least in part, by NO. Nevertheless, proinﬂammatory cytokines also were reported to be
involved in LPS-induced upregulation of HO-1.63 However,
this was not conﬁrmed in this study as PTX normalized
TNF-a levels but displayed little effect on the LPS-induced
upregulation of HO-1.
Quantiﬁcation of creatine compounds and adenine
nucleotides in myocardial tissue is signiﬁcant for determining changes in its energetic state.64 A signiﬁcant reduction
of Na+, K+-ATPase, ATP, ADP and PCr levels as well as
their ratios was observed in endotoxin-stressed rats relative
to the control group. It is likely that the reduced energetic
state in response to endotoxemia leads to a reduced maximal
rate of sustainable ATP turnover in the heart. That is, the
range of ATP turnover rates over which the CK reaction
can temporally buffer ATP may be reduced by virtue of
the lower PCr and adenine nucleotide pools.65
Reductions of HEP as a result of increased NO were
clearly demonstrated in the present study. NO reversibly
inhibits O2 uptake by binding to cytochrome oxidase found
in rat skeletal muscle and heart mitochondria, implying a
likely transitory impairment of ATP available for muscle
contraction.66 Moreover, ONOO– also impairs cellular energetics through an indirect mechanism, implicating DNA
damage and activation of the nuclear enzyme poly-(ADP-ribose) polymerase (PARP), a pathway increasingly recognized as a major mechanism of NO/ONOO–-mediated
cytotoxicity. DNA single-strand breakage is the obligatory
Copyright © 2011 John Wiley & Sons, Ltd.
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trigger for the activation of PARP, which then catalyses
the cleavage of its substrate, nicotinamide adenine dinucleotide, into ADP-ribose and nicotinamide. PARP covalently
attaches ADP-ribose to various nuclear proteins and rapidly
depletes the cellular nicotinamide adenine dinucleotide
stores, thereby slowing the rate of glycolysis, electron transport and ATP formation, which results in cell dysfunction
and death via the necrotic pathway.67,68
In the current study, AG signiﬁcantly improved the LPSinduced energy depletion in cardiac tissue. The protective
effect offered by AG was attributed to the decreased NO
levels as a result of iNOS inhibition.19 This result is in
agreement with the report of Seven et al.69 that found a
negative correlation between iNOS and Na+, K+-ATPase
activity in guinea pig kidney exposed to LPS, which suggested the possibility that NO may play a crucial role in energy depletion during endotoxemia. As with AG, PTX
ameliorated almost all of the energy status parameters.
However, the obvious decrease in ATP : ADP ratio could
be related to the marked increase of Na+, K+-ATPase activity that, in turn, augmented the utilization of ATP and the
production of ADP.70
Myocardial contractility is essentially dependent on Ca2+
handling in cardiac myocytes and myoﬁlament sensitivity to
Ca2+. In this study, LPS induced a signiﬁcant increase in
cytosolic Ca2+ concentration. A lack of energy has been shown
to cause inhibition of Ca2+-ATPases and Na+, K+-ATPase
present in the sarcoplasmic reticulum,71 leading to the intracellular Ca2+ overloads observed in our study. In addition,
Sudharsan et al.72 suggested the possibility that a decrease in
Na+, K+-ATPase activity would lead to the accumulation of
intracellular sodium, which favours an increase in levels of
intracellular Ca2+ owing to increased Na+/Ca2+ exchange.
In view of the potential role of NO in Ca2+ homeostasis
and myocardial contractility, it has been shown that ONOO–
can inactivate Ca2+-ATPase73 and modify actin properties.74
Nevertheless, NOS inhibition by AG failed to signiﬁcantly
affect Ca2+ levels relative to the LPS group. These results
suggested that other NO-independent pathways might be
involved.75 Conversely, PTX pretreatment inhibited the
Ca2+ increase triggered by endotoxin. The exact mechanisms
of PTX on abnormal cardiac Ca2+ levels are not fully known.
It has been proposed that PTX possibly chelated Ca2+,
causing a decrease of Ca2+-caused K+ efﬂux and activation of ATPase in cardiac tissue membranes.70
Depending on the result of the present study, it could
be concluded that sustained excessive NO production
along with oxidative stress during endotoxemia caused
mitochondrial dysfunction, resulting in myocardial energy depletion. The study highlights the efﬁcacy of AG
and PTX, but especially AG, in protecting the heart
from the biochemical abnormalities caused by LPS administration. The histopathological data conﬁrmed the
cytoprotection rendered by AG. Eventually, the study
warranted further research to support the ﬁnding that
the use of a speciﬁc iNOS inhibitor, rather than TNF-a
inhibitor, may be a good candidate for the treatment of
cardiac stress.
Cell Biochem Funct 2011; 29: 694–702.
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