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Abstract

Reactive oxygen species contribute to the multiple organ failure in endotoxic shock. Here, we investigate the effects of a salen-manganese

complex, which exhibits both superoxide dismutase and catalase activity (EUK-8), on the circulatory failure, renal and liver injury and

dysfunction caused by endotoxin in the anaesthetised rat. Endotoxaemia (6 mg/kg i.v., Escherichia coli lipopolysaccharide) for 6 h caused

hypotension, renal dysfunction and liver injury. Treatment of rats with EUK-8 (0.3 or 1 mg/kg bolus injection followed by an infusion of 0.3

or 1 mg/kg/h) attenuated the renal and liver injury and dysfunction in a dose-related fashion. In addition, the higher dose of EUK-8 attenuated

the delayed hypotension caused by endotoxin in the rat. Thus, an enhanced formation of reactive oxygen species importantly contributes to

the circulatory failure, as well as the organ injury and dysfunction associated with endotoxic shock. We propose that small molecules, which

have the catalytic activity of both superoxide dismutase and catalase, may represent a novel therapeutic approach for the therapy of endotoxic

shock.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction the presence of nitric oxide, superoxide anions generate the
There is good evidence that septic or endotoxic shock is

associated with the generation of reactive oxygen species,

such as superoxide anions, hydrogen peroxide and perox-

ynitrite (Redl et al., 1993). For instance, neutrophils obtained

from either rats with endotoxaemia (Simons et al., 1987) or

patients with septic shock (Vespasiano et al., 1993) sponta-

neously generate large quantities of superoxide anions. An

enhanced formation of superoxide anions has also been

detected by electron spin resonance from heart and liver

challenged with endotoxin in vivo (Brackett et al., 1989). In
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potent oxidant peroxynitrite (Beckman et al., 1990). An

enhanced formation of peroxynitrite may contribute to the

circulatory dysfunction in rats with endotoxic shock (Zin-

garelli et al., 1997). Interventions that reduce the generation

or the effects of reactive oxygen species exert beneficial

effects in a variety of models of endotoxic and septic shock.

These therapeutic interventions include N-acetylcysteine, a-

tocopherol, allopurinol, deferoxamine, catalase and super-

oxide dismutase (Redl et al., 1993; Simon et al., 1996).

The therapeutic efficacy of superoxide dismutase in ani-

mals with endotoxic or septic shock is controversial. When

given as a pretreatment, superoxide dismutase does improve

survival in rodents with endotoxaemia (Warner et al., 1986;

Kunimoto et al., 1987; Schineder et al., 1989). In contrast,

superoxide dismutase does not reduce or even enhance the

respiratory dysfunction caused by endotoxin (or sepsis) in
ed.
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sheep, dogs, pigs, rabbits or rats (Traber et al., 1985; Olson et

al., 1987; Novotny et al., 1988; Broner et al., 1989; McKech-

nie et al., 1986; Redl et al., 1990). The following reasons may

explain the lack of effect of superoxide dismutase against the

organ injury associated with hemorrhagic or septic shock:

superoxide dismutase scavenges superoxide, but without

efficient removal of the hydrogen peroxide which is pro-

duced, levels of hydroxyl radicals may increase (Goode and

Webster, 1993). Indeed, superoxide dismutase may function

as a pro-oxidant by catalysing the conversion of hydrogen

peroxide to hydroxyl radicals (Yim et al., 1990). Neither

superoxide dismutase nor superoxide anions easily cross

biological membranes. Thus, extracellular superoxide dis-

mutase does not attenuate the effects of superoxide anions

generated by intracellular sources (Fridovich, 1995).

Small molecules, which have the catalytic activity of both

superoxide dismutase and catalase, such as EUK-8 or EUK-

134, have recently been developed (Baker et al., 1998). These

agents remove both superoxide anions and hydrogen per-

oxide and have been shown to exert beneficial effects in a

rodent models of ischaemia–reperfusion of the brain (Baker

et al., 1998), kidney (Gianello et al., 1996) and heart (Pucheu

et al., 1996). These agents also reduce the oxidative stress and

mortality in a murine model of amyotrophic lateral sclerosis

(Jung et al., 2001). In addition, there is one report that EUK-8

reduces the lung injury caused by endotoxin in the pig (Gon-

zalez et al., 1995). Here, we investigate the effects of EUK-8

on the circulatory failure and the renal and liver injury/

dysfunction caused by endotoxin in the anaesthetised rat.
2. Materials and methods

2.1. Surgical procedure

This study was carried out on 78 male Wistar rats (Tuck,

Rayleigh, Essex, UK) weighing 250–320 g receiving a

standard diet and water ad libitum. The investigation was

performed in accordance with the Home Office Guidance

on the Operation of the Animals (Scientific Procedures) Act

1986, published by HMSO, London. All animals were

anaesthetised with thiopentone sodium (120 mg/kg i.p.)

and anaesthesia was maintained by supplementary injections

of thiopentone sodium as required. The trachea was cannu-

lated to facilitate respiration and rectal temperature was

maintained at 37 jC with a homeothermic blanket. The

right carotid artery was catheterised and connected to a

pressure transducer (Senso-Nor 840, Senso-Nor, Horten,

Norway) for the measurement of phasic and mean arterial

blood pressure and heart rate, which were continuously

recorded on a data acquisition system (PowerlabR Version

4.0.4, AD Instruments, Hastings, UK) installed on a Dell

Dimension 4100 personal computer. The jugular vein was

cannulated for the administration of drugs. The bladder was

also cannulated to facilitate urine flow and to prevent the

possibility of the development of post-renal failure. Upon
completion of the surgical procedure, cardiovascular param-

eters were allowed to stabilise for 15 min. Then, Escher-

ichia coli lipopolysaccharide (serotype: 0127:B8, 6 mg/kg

i.v.) was injected slowly over 20 min to minimise any acute

fall in blood pressure. Thereafter, all animals received an

infusion of saline (at 2 ml/kg/h) for a further 6 h, after which

blood was taken for further biochemical analysis and the

animals were killed by an overdose of anaesthetic.

2.2. Evaluation of the effects of EUK-8 on circulatory

failure and multiple organ dysfunction syndrome: exper-

imental design

Initially, five experimental groups were used for the

study.

1. LPS Vehicle Group: rats received a bolus injection of

vehicle (saline 1 ml/kg i.v.) and 15 min later a slow bolus

injection of endotoxin (6 mg/kg i.v.) followed at 30 min

later by a continuous infusion of saline (2 ml/kg/h i.v.,

n = 15).

2. LPS EUK-8 0.3 mg/kg Group: rats received a bolus

injection of EUK-8 (0.3 mg/kg i.v.) and 15 min later a slow

bolus injection of endotoxin (6 mg/kg i.v.) followed at 30

min later by a continuous infusion of EUK-8 (0.3 mg/kg/h at

a rate of 2 ml/kg/h i.v., n = 9).

3. LPS EUK-8 1 mg/kg Group: rats received a bolus

injection of EUK-8 (1 mg/kg i.v.) and 15 min later a slow

bolus injection of endotoxin (6 mg/kg i.v.) followed at 30

min later by a continuous infusion of EUK-8 (1 mg/kg/h at a

rate of 2 ml/kg/h i.v., n= 10).

4. Sham Vehicle Group: rats received a bolus injection of

vehicle (saline 1 mg/kg) and 15 min later a bolus injection

of saline (instead of endotoxin) followed at 30 min later by a

continuous infusion of saline (2 ml/kg/h i.v., n = 13).

5. Sham EUK-8 Group: rats received a bolus injection of

EUK-8 (1 mg/kg) and 15 min later a bolus injection of

saline (instead of endotoxin) followed at 30 min later by a

continuous infusion of EUK-8 (1 mg/kg/h at a rate of 2 ml/

kg/h i.v. saline, n = 8).

After the effects of pretreatment with EUK-8 were

determined, additional experiments were carried out to

ascertain whether posttreatment (after endotoxin adminis-

tration) with EUK-8 had any effect on the multiple organ

failure and circulatory failure caused by endotoxaemia in the

rat. The additional groups include the following.

6. LPS Vehicle POST Group: rats received a slow bolus

injection of endotoxin (6 mg/kg i.v.) followed at 120 min

later by a continuous infusion of saline (n = 9).

7. LPS EUK-8 0.3 mg/kg POST Group: rats received a

slow bolus injection of endotoxin (6 mg/kg i.v.) followed at

120 min later by a continuous infusion of EUK-8 (0.3 mg/

kg/h i.v., n = 7).

8. LPS EUK-8 1 mg/kg POST Group: rats received a

slow bolus injection of endotoxin (6 mg/kg i.v.) followed at

120 min later by a continuous infusion of EUK-8 (1 mg/kg/h

i.v., n = 7).



Fig. 1. Alterations in (A) mean arterial blood pressure and (B) heart rate in

all experimental groups studied. The following groups were studied: Rats

were subjected to the surgical procedure without giving endotoxin and

treated with vehicle for EUK-8 (black square, saline, 2 ml/kg i.v. bolus

followed by an infusion of 2 ml/kg/h i.v.; Sham Vehicle) or with EUK-8

(open square, 1 mg/kg i.v. bolus injection followed by an infusion of 1 mg/

kg i.v.; Sham EUK-8). Alternatively, rats were subjected to 6 h of

endotoxaemia and treated with either vehicle (black circle, saline, 2 ml/kg

i.v. bolus followed by an infusion of 2 ml/kg/h i.v.; LPS Vehicle), low dose

of EUK-8 (black diamond, 0.3 mg/kg i.v. bolus injection followed by an

infusion of 0.3 mg/kg i.v.; LPS EUK-8 0.3 mg/kg) or high dose of EUK-8

(open diamond, 1 mg/kg i.v. bolus injection followed by an infusion of 1

mg/kg i.v.; LPS EUK-8 1 mg/kg). aP < 0.05 when compared to LPS Vehicle

Group (black circle).
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2.3. Quantification of organ function and injury

Four hours after resuscitation (end of the experiment),

1.5 ml of blood was collected into a serum gel S/1.3 tube

(Sarstedt, Germany) from the catheter placed in the right

carotid artery. The blood sample was centrifuged (1610� g

for 3 min at room temperature) to separate serum. All serum

samples were analysed within 24 h by a contract laboratory

for veterinary clinical chemistry (Vetlab Services, Sussex,

UK). The following marker enzymes were measured in the

serum as biochemical indicators of multiple organ injury/

dysfunction: Liver injury was assessed by measuring the

rise in serum levels of alanine aminotransferase, g-glutamyl

transferase (specific markers for hepatic parenchymal

injury) and aspartate aminotransferase (a nonspecific marker

for hepatic injury). Renal dysfunction was assessed by

measuring the rises in serum levels of creatinine (an

indicator of reduced glomerular filtration rate, and hence,

renal failure) and urea (an indicator of impaired excretory

function of the kidney and/or increased catabolism) (see

Baue, 1993; Thiemermann et al., 1995).

2.4. Light microscopy

Organ (lung, liver and kidney) biopsies were taken at the

end of the experiment. The biopsies were fixed for 1 week

in buffered formaldehyde solution (10% in phosphate-buf-

fered saline, PBS) at room temperature, dehydrated by

graded ethanol and embedded in Paraplast (Sherwood

Medical, Mahwah, NJ). Sections (thickness: 7 Am) were

deparaffinized with xylene, stained with trichromic Van

Gieson and studied using light microscopy (Dialux 22

Leitz).

2.5. Immunohistochemical localisation of nitrotyrosine

Tyrosine nitration, an index of the nitrosylation of

proteins by peroxynitrite and/or oxygen-derived free radi-

cals, was determined by immunohistochemistry as previ-

ously described (Cuzzocrea et al., 1998). At the end of the

experiment, the relevant organs were fixed in 10% buffered

formaldehyde and 8 Am sections were prepared from

paraffin embedded tissues. After deparaffinization, endoge-

nous peroxidase was quenched with 0.3% H2O2 in 60%

methanol for 30 min. The sections were permeabilized with

0.1% Triton X-100 in PBS for 20 min. Nonspecific adsorp-

tion was minimised by incubating the section in 2% normal

goat serum in phosphate-buffered saline for 20 min. Endog-

enous biotin or avidin binding sites were blocked by

sequential incubation for 15 min with avidin and biotin.

The sections were then incubated overnight with 1:1000

dilution of primary antinitrotyrosine antibody or with con-

trol solutions. Controls included buffer alone or nonspecific

purified rabbit IgG. Specific labelling was detected with a

biotin-conjugated goat antirabbit IgG and avidin–biotin

peroxidase complex.
2.6. Materials

Unless otherwise stated, all compounds were obtained

from Sigma-Aldrich (Poole, Dorset, UK). Thiopentone

sodium (Intraval SodiumR) was obtained from Rhône

Mérieux (Harlow, Essex, UK). Biotin blocking kit, biotin-

conjugated goat antirabbit IgG, primary antinitrotyrosine

and avidin–biotin peroxidase complex were obtained from



Fig. 2. Alterations in the serum levels of (A) urea and (B) creatinine in rats

subjected to (i) the surgical procedure without causing endotoxaemia and

treated with vehicle for EUK-8 (open column, saline, 2 ml/kg i.v. bolus

followed by an infusion of 2 ml/kg/h i.v.) or with EUK-8 (striped column, 1

mg/kg i.v. bolus injection followed by an infusion of 1 mg/kg/h i.v.), or (ii)

endotoxaemia for 6 h and treated with the vehicle for EUK-8 (black

column, saline, 2 ml/kg i.v. bolus followed by an infusion of 2 ml/kg/h i.v.),

low dose of EUK-8 (grey column, 0.3 mg/kg i.v. bolus injection followed

by an infusion of 0.3 mg/kg/h i.v.) or high dose of EUK-8 (hatched column,

1 mg/kg i.v. bolus injection followed by an infusion of 1 mg/kg/h i.v.).
aP < 0.05 when compared to LPS Vehicle Group (black column).
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DBA (Milan, Italy). All stock solutions were prepared in

nonpyrogenic saline (0.9% NaCl; Baxter Healthcare, Thet-

ford, Norfolk, UK).

2.7. Statistical evaluation

All data are presented as meansF S.E.M. of n observa-

tions, where n represents the number of animals or blood

samples studied. For repeated measurements (haemodynam-

ics), a two-factorial analysis of variance was performed.
Table 1

The effects of EUK-8 when given as a posttreatment 120 min after the

administration of endotoxin

Parameter LPS vehicle

(n= 9)

LPS EUK-8 0.3

mg/kg (n= 7)

LPS EUK-8 1

mg/kg (n= 7)

Urea (mmol/l) 18.6F 1.1 16.8F 1.4 17.7F 1.1

Creatinine (Amol/l) 102F 13 67F 6 86F 10

Aspartate aminotransferase

(IU/l)

565F 97 599F 109 657F 91

Alanine aminotransferase

(IU/l)

327F 89 355F 123 453F 140

g-Glutamyl transferase

(IU/l)

4.8F 0.8 4.7F 1.2 4.6F 1.2

Rats were treated with either vehicle for EUK-8 (saline, 1 ml/kg i.v. bolus

followed by an infusion of 1 ml/kg/h i.v.; LPS vehicle), low dose of EUK-8

(0.3 mg/kg i.v. bolus injection followed by an infusion of 0.3 mg/kg/h i.v.;

LPS EUK-8 0.3 mg/kg) or high dose of EUK-8 (1 mg/kg i.v. bolus injection

followed by an infusion of 1 mg/kg/h i.v.; LPS EUK-8 1 mg/kg).
Data without repeated measurements (multiple organ injury/

failure) was analysed by one-factorial analysis of variance,

followed by a Dunnett’s test for multiple comparisons. A P-

value of less than 0.05 was considered to be statistically

significant.
3. Results

3.1. Effects of EUK-8 on the delayed fall in blood pressure

caused by endotoxin

Baseline values of mean arterial blood pressure in all

groups of animals ranged from 113F 5 to 119F 3 mm Hg

and were not significantly different between groups (Fig.

1A). In sham-operated rats (no endotoxin), administration

of EUK-8 (at 90 min) did not affect mean arterial blood
Fig. 3. Alterations in the serum levels of (A) aspartate aminotransferase, (B)

alanine aminotransferase and (C) g-glutamyl transferase in rats subjected to

(i) the surgical procedure without causing endotoxaemia and treated with

vehicle for EUK-8 (open column, saline, 2 ml/kg i.v. bolus followed by an

infusion of 2 ml/kg/h i.v.) or with EUK-8 (striped column, 1 mg/kg i.v.

bolus injection followed by an infusion of 1 mg/kg/h i.v.), or (ii)

endotoxaemia for 6 h and treated with the vehicle for EUK-8 (black

column, saline, 2 ml/kg i.v. bolus followed by an infusion of 2 ml/kg/h i.v.),

low dose of EUK-8 (grey column, 0.3 mg/kg i.v. bolus injection followed

by an infusion of 0.3 mg/kg/h i.v.) or high dose of EUK-8 (hatched column,

1 mg/kg i.v. bolus injection followed by an infusion of 1 mg/kg/h i.v.).
aP< 0.05 when compared to LPS Vehicle Group (black column).



Fig. 5. Representative histological sections of the liver obtained from (A)

rats subjected to the surgical procedure without causing endotoxaemia and

treated with vehicle for EUK-8 (saline), (B) rats subjected to endotoxaemia

and treated with vehicle for EUK-8 (saline) and (C) rats subjected to

endotoxaemia and treated with the high dose of EUK-8.

Fig. 4. Representative histological sections of a kidney obtained from (A)

rats subjected to the surgical procedure without causing endotoxaemia and

treated with vehicle for EUK-8 (saline), (B) rats subjected to endotoxaemia

and treated with vehicle for EUK-8 (saline) and (C) rats subjected to

endotoxaemia and treated with the high dose of EUK-8.
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pressure (Fig. 1A, P > 0.05 when compared to sham-

operated rats treated with vehicle). In rats subjected to 6

h of endotoxaemia, there was a fall in blood pressure, so

that the mean arterial blood pressure at the end of the

experiment had fallen to 77F 5 mm Hg (P < 0.05, Fig.

1A). Treatment of rats with EUK-8 attenuated the fall in
mean arterial blood pressure caused by endotoxin (Fig.

1A).

Baseline values of heart rate in all groups of animals

ranged from 336F 13 to 428F 18 beats/min and were not

significantly different between groups (Fig. 1B). In control

animals, administration of EUK-8 did not result in any



Fig. 6. Representative histological sections of a kidney obtained from (A)

rats subjected to the surgical procedure without causing endotoxaemia and

treated with vehicle for EUK-8 (saline), (B) rats subjected to endotoxaemia

and treated with vehicle for EUK-8 (saline) and (C) rats subjected to

endotoxaemia and treated with the high dose of EUK-8. When compared to

sham-operated animals (A), endotoxic shock results in substantial renal

injury as well as positive (brown) staining for nitrotyrosine (determined by

immunohistochemistry), indicating the nitrosylation of proteins. Pretreat-

ment with EUK-8 largely attenuated these pathological alterations

associated with endotoxaemia.

Fig. 7. Representative histological sections of a liver obtained from (A) rats

subjected to the surgical procedure without causing endotoxaemia and

treated with vehicle for EUK-8 (saline), (B) rats subjected to endotoxaemia

and treated with vehicle for EUK-8 (saline) and (C) rats subjected to

endotoxaemia and treated with the high dose of EUK-8. When compared to

sham-operated animals (A), endotoxic shock results in substantial liver

injury as well as positive (brown) staining for nitrotyrosine (determined by

immunohistochemistry), indicating the nitrosylation of proteins. Pretreat-

ment with EUK-8 largely attenuated these pathological alterations

associated with endotoxaemia.
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significant alterations in heart rate. Endotoxic shock caused

a significant increase in heart rate over time (tachycardia)

when compared to sham operated animals (P < 0.05, Fig.
1B). Treatment with EUK-8 had no significant effect on

heart rate (P>0.05, when compared to rats subjected to

endotoxaemia and treated with vehicle; Fig. 1B).
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3.2. Effects of EUK-8 on the multiple organ dysfunction

syndrome caused by endotoxaemia in the rat

In sham-operated rats, administration EUK-8 did not

result in any significant alterations in the serum levels of

urea or creatinine (Fig. 2). When compared with sham-

operated rats, endotoxaemia resulted in significant rises in

the serum levels of urea and creatinine, demonstrating the

development of renal dysfunction. Treatment of rats sub-

jected to endotoxaemia with EUK-8 resulted in a significant

attenuation of the renal dysfunction caused by endotoxin

(Fig. 2). Although posttreatment with EUK-8, 120 min after

the administration of endotoxin, caused a small reduction in

the serum levels of creatinine (P>0.05, Table 1), overall,

posttreatment with EUK-8 had no significant effect on the

renal dysfunction caused by endotoxin (Table 1).

In sham-operated rats, administration of EUK-8 did not

result in any significant alterations in the serum levels of

aspartate aminotransferase, alanine aminotransferase and g-

glutamyl transferase (Fig. 3). When compared with sham-

operated rats, endotoxaemia resulted in significant rises in

the serum levels of aspartate aminotransferase, alanine

aminotransferase and g-glutamyl transferase, demonstrating

the development of hepatocellular injury. Treatment of rats

(prior to endotoxin administration) subjected to endotoxae-

mia with EUK-8 resulted in an attenuation of the liver injury

caused by endotoxin (Fig. 3). However, posttreatment with

EUK-8 had no significant effect on the liver injury caused

by endotoxin (P>0.05, Table 1).

3.3. Effects of EUK-8 on the formation of nitrotyrosine in

the kidney and liver of rats subjected to endotoxaemia

When compared to organs obtained from sham-operated

rats, the kidneys and the liver of rats subjected to endotox-

aemia showed substantial histological alterations consistent

with shock-induced organ injury (Figs. 4 and 5, Panels A

and B). The degree of organ injury (as assessed by histol-

ogy) caused by endotoxaemia was reduced in kidneys (Fig.

4C) and the liver (Fig. 5C) of rats, which were treated with

EUK-8 (1 mg/kg i.v.). In addition, the kidneys (Fig. 6B) and

liver (Fig. 7B) of rats subjected to endotoxaemia exhibited a

marked staining for nitrotyrosine when compared to organs

obtained from sham-operated rats (Figs. 6A and 7A). In

contrast, the degree of nitrotyrosine staining in these organs

(Figs. 6C and 7C) was markedly reduced in rats pretreated

with EUK-8 (1 mg/kg i.v.). It should be noted that the

administration of EUK-8 in sham-operated rats caused

neither any histological alterations nor staining for nitro-

tyrosine (data not shown).
4. Discussion

Endotoxaemia for 6 h resulted in a substantial increase in

the serum levels of urea and creatinine indicating the
development of acute renal dysfunction. In addition, endo-

toxaemia also caused an increase in the serum levels of the

aspartate aminotransferase and alanine aminotransferase as

well g-glutamyl transferase, indicating the development of

hepatocellular injury. Histological examination confirmed

that the rodent model of endotoxic shock used here caused a

substantial degree of tissue injury to the kidney and liver.

This was associated with tyrosine nitration of proteins in all

of these organs, which indicates the formation of peroxyni-

trite and/or oxygen-derived free radicals (Cuzzocrea et al.

1998). We report here that treatment of rats with EUK-8

(Baker et al., 1998) attenuates both the hepatocellular injury

as well as the renal dysfunction (to a lesser extent) caused

by endotoxin in the rat. In addition, EUK-8 substantially

reduced the nitrosylation of proteins by peroxynitrite/reac-

tive oxygen radicals in the kidney and the liver. Finally, we

investigated the effects of EUK-8 when given as a posttreat-

ment (120 min after the administration of LPS). Posttreat-

ment with EUK-8 had no significant effect on the organ

injury caused by endotoxaemia, which indicates that (in this

rodent model of endotoxaemia) the reactive oxygen species

responsible for the development of organ injury are pro-

duced within the first 2 h after endotoxin challenge.

There is evidence that EUK-8 also reduces the acute lung

injury caused by endotoxin in the anaesthetised pig (Gon-

zalez et al., 1995). Gonzalez and colleagues provide good

evidence that a high dose of EUK-8 (10 mg/kg bolus

followed by an infusion of 3 mg/kg/h) significantly reduces

many of the features of endotoxin-induced acute lung injury,

including arterial hypoxaemia, pulmonary hypertension,

decreased dynamic pulmonary compliance and pulmonary

oedema.

What then is the mechanism by which EUK-8 protects

the kidney and the liver of the rat against injury and

dysfunction? EUK-8 is a low-molecular weight, salen-man-

ganese complex that exhibits the catalytic activities of both

superoxide dismutase and catalase (Baker et al., 1998).

Thus, EUK-8 should remove superoxide anions and hydro-

gen peroxide and, hence, protect the kidney and the liver

against the injury caused by the reactive oxygen species

including superoxide anions and hydroxyl radicals.

Although it is not known whether EUK-8 scavenges perox-

ynitrite, EUK-8 should prevent the formation of peroxyni-

trite by scavenging superoxide anions (Beckman et al.,

1990). This study demonstrates that treatment with EUK-8

attenuates the nitrosylation of proteins in the kidney and

liver of rats treated subjected to endotoxic shock. This

formation of nitrotyrosine moieties is most likely due to

the formation of peroxynitrite (Szabo et al., 1998; Zingarelli

et al., 1998), although nitrotyrosine formation may also be

generated when nitrite interacts with myeloperoxidase

(Eiserich et al., 1998). Hence, it is possible that the nitro-

sylation of proteins observed in organs from rats subjected

to shock is the net result of a complex interaction between

various oxygen- and nitrogen-derived radicals and oxidants.

We, therefore, propose that the beneficial effects of EUK-8
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on organ integrity and function are due to the ability of this

compound to function as an intracellular superoxide dis-

mutase-mimetic with catalase activity, attenuate the level of

superoxide anions in vivo (including tempol and EUK-8)

and, hence, reduce the formation of peroxynitrite and the

subsequent nitration of proteins.

We have previously reported that tempol reduces the

organ injury and dysfunction caused by endotoxic (Leach et

al., 1998) and hemorrhagic shock (Mota-Filipe et al., 1999).

However, it should be noted that tempol is not very potent

and, hence, fairly large quantities (f 30–100 mg/kg) of this

compound are needed to protect tissues in vivo against

oxidative stress (Sledzinski et al., 1995; McDonald et al.,

1999). In contrast, EUK-8 has the catalytic activity of

superoxide dismutase and catalase and, hence, relatively

small doses of these compounds exert beneficial effects in

the model of endotoxaemia used here.

We also report here that the higher dose of EUK-8 used

in our study attenuates the delayed fall in blood pressure

caused by endotoxin. The mechanism of this beneficial

haemodynamic effect of EUK-8 (or of other superoxide

dismutase-mimetics) is not entirely clear. MacArthur and

colleagues suggest that deactivation of catecholamines via

superoxide anions may account for the vascular hyporeac-

tivity to exogenous catecholamines observed in sepsis, as

administration of a superoxide dismutase-mimetic attenu-

ated the hypotension and restored the pressor response to

noradrenaline in rats subjected to endotoxaemia (MacArthur

et al., 2000).

In conclusion, this study demonstrates for the first time

that EUK-8, a water-soluble, cell-permeable salen-manga-

nese complex that exhibits both superoxide dismutase and

catalase activity, attenuates the liver injury and (to a lesser

extent) the renal dysfunction caused by endotoxin in the rat.

These results support the view that the overproduction of

reactive oxygen free radicals contributes to the organ injury

associated with endotoxic shock. We propose that small

molecules such as EUK-8, which permeate biological mem-

branes and function as intracellular superoxide dismutase-

mimetic with catalase activity, may be useful in the therapy

of conditions associated with endotoxic shock.
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