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Abstract

Reactive oxygen species have been postulated to play a crucial role in the pathogenesis of renal ischemia-reperfusion injury. However, the

intracellular sources of reactive oxygen species during ischemia-reperfusion are still unclear. In the present study, we examined whether

catecholamine-degrading enzymes monoamine oxidases contribute to hydrogen peroxide (H2O2) generation during ischemia-reperfusion

using an in vivo rat model of unilateral renal ischemia. The monoamine oxidases were characterized in homogenates of renal cortex by

enzyme assay and by Western blot analysis. The monoamine oxidase-dependent H2O2 production was measured by luminol-amplified

chemiluminescence assay. Renal monoamine oxidase activity and H2O2 generation by monoamine oxidases were suppressed during

ischemia. The monoamine oxidase-dependent H2O2 production was observed during the first 15 min of reperfusion. In addition, enzyme

assays showed that monoamine oxidase is also activated in this period. Rat pre-treatment with the irreversible inhibitor of monoamine

oxidase, pargyline, prevented H2O2 production. These data suggest that monoamine oxidases are a potential source of H2O2 generation in the

early reperfusion following ischemia, which could be involved in renal ischemia-reperfusion injury.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Renal ischemia-reperfusion injury is a complex phenom-

enon that involves specific sequences of cellular perturba-

tions and the interaction of multiple pathogenetic mech-

anisms. Although the exact mechanisms involved in the

pathogenesis of renal ischemia-reperfusion injury have not

been fully elucidated, it is generally believed that reactive

oxygen species are key mediators of the reperfusion-induced

damage to the kidney. The excessive formation of reactive

oxygen species causes lipid peroxidation of cell membranes

(Offord et al., 2000; Sevanian and Ursini, 2000; Waterfall et

al., 1995), protein and enzyme oxidation (Eaton et al., 1999;

Naskalski and Bartosz, 2000) and some irreversible DNA

changes (Burkitt and Duncan, 2000; Elliott et al., 2000;

Lopez-Torres et al., 2000) leading to cell death. Support for

the chain of events implicating reactive oxygen species in

ischemia-reperfusion injury stems from in vitro and in vivo

experiments in which administration of scavenging systems

or antioxidants attenuated ischemia-reperfusion injury (Cuz-

zocrea et al., 2001; Galang et al., 2000; Garcia et al., 2000).

Much research has been focused on identifying sources of

reactive oxygen species and determining whether increased

oxidant production is a component of the ischemia-reperfu-

sion injury. Monoamine oxidases, which catalyze the oxida-

tive deamination of biogenic amines such as noradrenaline,

tyramine, serotonin and dopamine, are a potential source of

reactive oxygen species. Monoamine oxidase exists in two

functional isoenzyme forms, monoamine oxidase-A and

monoamine oxidase-B, each of which shows preferential

affinity for substrates and specificity toward inhibitors (You-

dim and Finberg, 1991). It has been recently recognized that

monoamine oxidase-A is the predominant enzyme involved

in the deamination of endogenous or exogenous amines in rat

renal proximal tubule cells (Guimaraes and Soares-da Silva,

1998).

Recent studies suggest that monoamine oxidases con-

tribute to increase in H2O2 production (Simonson et al.,

1993) and catecholamine release (Damsma et al., 1990; Ishii
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et al., 1993) during brain ischemia and reperfusion.

Althought the kidney contains one of the highest mono-

amine oxidase activity, until now, the involvement of these

enzymes in reactive oxygen species generation during renal

ischemia-reperfusion is not clear.

To determine whether monoamine oxidase is a potential

source of H2O2 during renal ischemia-reperfusion, we meas-

ured the monoamine oxidase activity and monoamine oxi-

dase-dependent H2O2 production during ischemia and in

the early and late phases of reperfusion. Our results showed

that monoamine oxidases are a potential source of H2O2 in

the early reperfusion period following ischemia in the rat

kidney.

2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats weighing 140–190 g (Har-

lan ZI Du Malcourlet, France) were housed individually in

standard laboratory cages with ad libitum access to food and

water. Rats were anesthetized with sodium pentobarbital (60

mg/kg, intraperitoneally). The jugular vein was cannulated

with a polyethylene catheter (PE-10) for the administration

of drugs. Ischemia was induced by clamping of the right

renal artery for 45 min using a nontraumatic vascular clip.

During the operation animals were kept on a surgical

thermostatically controlled table at 38F 1 jC under anes-

thesia. The right and left kidneys were removed at the end of

the ischemic period (0 h) and after 5 min, 15 min, 30 min, 1

h, 6 h, 24 h, 48 h, 72 h and 168 h of reperfusion. Both

postischemic and contralateral kidneys were immediately

frozen in liquid nitrogen and stored at � 80 jC until further

assay.

2.2. Experimental protocol

The rats were divided into three groups. Saline (group 1)

or pargyline (group 2) at the dose of 6 mg/kg was admin-

istered intravenously 15 min prior to ischemia. All drugs

were administered in a volume of 100 Al/100 g of body

weight. Sham-operated animals (group 3) were subjected to

the same surgical procedure without clamping the right renal

artery.

2.3. Western blot

Homogenate extracts were solubilized in loading buffer

(60 mM Tris–HCl, pH 6.8, containing 2% SDS, 10%

glycerol, 1% h-mercaptoethanol and 0.05% bromophenol

blue) at 100 jC for 5 min and subjected to 10% SDS-

polyacrylamide gel electrophoresis. Proteins (30 Ag) were
transferred to polyvinylidene difluoride membranes with a

semidry electroblotter (Transblot, Biorad) for 1 h at 450

mA. The blots were saturated with 5% nonfat dried milk for

monoamine oxidase immunoblot overnight at 4 jC. Then,
blots were washed twice, and incubated for 1 h at room

temperature with a rabbit polyclonal antisera to monoamine

oxidase-A and monoamine oxidase-B (Gargalidis-Mouda-

nos et al., 1997). After washing, membranes were incubated

with peroxidase labeled anti-rabbit for 40 min, bands were

detected using the ECL reaction.

2.4. Monoamine oxidase activity

The monoamine oxidase-A activity was measured from

renal cortex homogenates by a modification of method of

Yu (1986) using [14C]serotonin as substrate. Just prior to

analysis frozen renal cortex was homogenized in 50 mM

phosphate buffer, pH 7.4 (NaH2PO4 0.2 M, Na2HPO4 0.2

M, phenylmethylsulfonylfluoride 0.1 mM, Bacitracine 10

Ag/ml, Soybean trypsin inhibitor 2 Ag/ml) with a Potter

homogenizer (Bioblock Scientific, Illkirch, France). The

sonicated samples containing approximately 50-Ag protein

were incubated at 37 jC for 10 min in a final volume of 50

Al in the same buffer in the presence of [14C]serotonin (300

AM). Pargyline (10 � 5 M) was used to define specific

monoamine oxidase activity. The reaction was terminated

by the addition of 100 Al HCl, 4 N at 4 jC. The acid

oxidation products were extracted with the addition of 1 ml

toluene–ethylacetate (1:1, v/v) and the radioactivity con-

tained in the organic phase was analysed by liquid scintilla-

tion spectrometry at 97% efficiency.

2.5. Assay of H2O2 production

H2O2 production was measured in the nonsonicated renal

cortex homogenates by chemiluminescence in the presence

of luminol (30 AM) and peroxidase (0.1 U/ml) using a

thermostatically (37 jC) controlled luminometer (Bio-Orbit

1251), as described previously (Pizzinat et al., 1999). The

generation of chemiluminescence triggered with 10 AM of

tyramine, was continuously monitored for 60 min, and the

area under the curve was analysed by the Bio-Orbit Multi-

Use program. To determine if selective and nonselective

inhibitors of monoamine oxidases affect H2O2 formation,

the renal cortex homogenates were preincubated for 20 min

prior to tyramine addition at 37 jC with 1 AM clorgyline (to

inhibit monoamine oxidase-A activity) and 1 AM lazabe-

mide (to inhibit monoamine oxidase-B activity).

2.6. Quantification of proteins

Protein concentration was determined with the Bio-rad

DC protein assay reagents (Bio-rad Lab), with g globulins

as the standard.

2.7. Statistical analysis

The data were analyzed and presented as meansF S.E.M.

Statistical analyses were performed using analysis of var-
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iance (ANOVA) followed by Mann–Whitney U test. Differ-

ences were considered significant at P < 0.05.

2.8. Materials

[14C]serotonin: 5-hydroxytryptamine binoxalatate (52.3

mCi/mmol) was purchased from NENk Life Science Prod-

ucts (Boston, MA, USA); Bio-rad DC protein assay reagents

were obtained from Bio-rad Laboratories (Hercules, CA,

USA). Clorgyline hydrochloride was purchased from

Research Biochemicals International (MA, USA). Lazabe-

mide was provided by F. Hoffmann La Roche (Basel,

Switzerland). Pargyline hydrochloride and all other chem-

icals were purchased from Sigma (Paris, France).

3. Results

In order to assess whether monoamine oxidase activity is

changed during ischemia-reperfusion, we characterized

monoamine oxidase by enzyme assay using [14C]serotonin

as substrate for monoamine oxidase-A in homogenates of

ischemic-reperfused and control sham-operated kidneys. As

shown in Fig. 1, renal ischemia caused a marked decrease in

monoamine oxidase-A activity (66F 2% vs. control),

whereas reperfusion during the first 5 min resulted in a rapid

increase in enzyme activity reaching values similar to those

observed in control kidneys. However, this full recovery of

monoamine oxidase-A activity in the early phase of reperfu-

sion was transient and gradually decreased during the first 24

h. A strong inhibition of monoamine oxidase-A activity was

still observed 3 days upon reperfusion (Fig. 1). In addition,

monoamine oxidases were also identified and characterized

by Western blot analysis using an antiserum obtained from

rabbit immunized with a peptide common to both mono-

amine oxidase-A and -B (Gargalidis-Moudanos et al., 1997).

As shown in Fig. 2, Western blot analysis performed in renal

cortex from control sham-operated rats and rats subjected to

ischemia followed by 15 min of reperfusion revealed two

Fig. 1. Time course of changes in monoamine oxidase activity in control

and ischemic kidneys during ischemia (I) and reperfusion. The monoamine

oxidase-A activity was measured using [14C]serotonin as substrate in renal

cortex homogenates from control (-o-) and ischemic (-.-) kidneys. Data
represent meansF S.E.M. of six experiments. *P < 0.001 compared with

control kidney.

Fig. 2. Effect of ischemia-reperfusion on renal monoamine oxidase-A and

monoamine oxidase-B expression. Kidneys from control sham-operated

rats (C) and ischemic kidneys were removed after 15 min, 24 h and 72 h of

reperfusion. The monoamine oxidase-A (MAO-A) and monoamine

oxidase-B (MAO-B) expression were revealed in homogenates from renal

cortex (30 Ag of proteins) by Western blot analysis using an anti-

monoamine oxidase-A/B antiserum. The blots are representative of the

results obtained from four animals.

Fig. 3. Time course of changes in monoamine oxidase-dependent H2O2

production in control and ischemic kidneys during ischemia (I) and

reperfusion. (B) The total chemiluminescence (CL) emission (area under

the curve) was monitored for 60 min after tyramine (10 AM) addition in

renal cortex homogenates from control (-o-) and ischemic (-.-) kidneys.
Data represent meansF S.E.M. of six experiments. *P < 0.001 compared

with control kidney.

Fig. 4. Effect of pargyline pre-treatment on monoamine oxidase-dependent

H2O2 after 15 min of reperfusion following unilateral ischemia.

Representative traces (of six experiments) of the generation of chemilumi-

nescence (CL) after 10 AM tyramine addition in renal cortex homogenates

from rats pre-treated with saline (-o-) or 6 mg/kg (i.v.) pargyline (-.-) 15
min before ischemia (45 min). Histograms show the total CL emission (area

under the curve) monitored for 60 min and expressed as meansF S.E.M. of

values from six independent experiments. *P < 0.001 compared with

saline-treated rats.
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proteins with the apparent molecular weight expected for

monoamine oxidase-A and -B (f 60 and 58 kDa, respec-

tively). After 15 min of reperfusion, the immunoreactivity of

the bands corresponding to monoamine oxidase-A and -B

was similar to that found in control kidneys. In contrast,

monoamine oxidase-A and -B bands were undetectable after

24 and 72 h of reperfusion (Fig. 2).

Hydrogen peroxide generation by monoamine oxidases

after ischemia-reperfusion was determined by a chemilumi-

nescence-based assay using the monoamine oxidase-A/B

substrate tyramine. We have previously shown that this

technique allows to evaluate the relative contribution of

each monoamine oxidase isoenzyme to the H2O2 production

(Pizzinat et al., 1999). The results presented in Fig. 3 show

that the profile of monoamine oxidase-dependent H2O2

generation measured in renal cortex homogenates from

ischemic-reperfused and control sham-operated groups of

rats was similar to that found for monoamine oxidase-A

activity. Indeed, H2O2 produced during tyramine degrada-

tion was (i) decreased by 84F 0.3% after ischemia alone,

(ii) recovered to the control levels after 5–15 min of

reperfusion and (iii) returned to the ischemic level at 6 h

after reperfusion. The decrease in H2O2 generation was

maintained up to 7 days after reperfusion.

In order to determine whether the transient recovery of

monoamine oxidase activity and monoamine oxidase-

dependent H2O2 production in the early phase of reperfu-

sion could be prevented, we treated rats with the irreversible

monoamine oxidase-A/B inhibitor, pargyline. As shown in

Fig. 4, rat pre-treatment with a single dose of pargyline (6

mg/kg, i.v.) significantly decreased monoamine oxidase-A

activity and H2O2-generated chemiluminescence by

86F 2% and 81F1%, respectively, after 5 min of reperfu-

sion.

In addition, to specify the isoenzymes responsible for

H2O2 production, renal cortex from rats after 5 min of

reperfusion following ischemia was pre-incubated with

monoamine oxidase-A (clorgyline) or monoamine oxidase-

B (lazabemide) inhibitors for 20 min before tyramine

addition. As shown in Fig. 5, H2O2 production was strongly

inhibited by the monoamine oxidase-A inhibitor and to a

less extent by the monoamine oxidase-B inhibitor. These

data suggest the predominant role of monoamine oxidase-A

in H2O2 production after reperfusion.

4. Discussion

This study examines the role of monoamine oxidases as a

possible source of H2O2 produced in rat kidney after

ischemia-reperfusion. Our results demonstrate that mono-

amine oxidase-A activity dramatically changes in response

to the different phases of ischemia-reperfusion in rat kidney.

In addition, we also provide evidence that monoamine

oxidase inhibition by pargyline pre-treatment prevented

the monoamine oxidase-dependent H2O2 production in the

early reperfusion period.

In the present study, we show for the first time the

expression of monoamine oxidases at the different time

points after ischemia-reperfusion. Our data provide evidence

for a strong inhibition of renal monoamine oxidase activity

and monoamine oxidase-dependent H2O2 generation during

ischemic period. Similar observations have been also

reported in an in vivo model of brain ischemia where

monoamine oxidase activity was dramatically reduced dur-

ing ischemia (Goroshinskaia et al., 1989; Ishii et al., 1993).

A loss of enzymatic activity in this period could led to the

accumulation of catecholamines, which may modulate the

final responses of cells to the ischemic injury. There is

considerable evidence that ischemia is accompanied by a

massive release of neurotransmitters such as dopamine,

noradrenaline and serotonin (Baker et al., 1991; Obreno-

vitch and Richards, 1995).

One of the most relevant result of our study is the

demonstration that monoamine oxidases are a potential

source of H2O2 generation in the early reperfusion period

(5–15 min), whereas prolonged reperfusion induced a

strong suppression of monoamine oxidase-dependent

H2O2 production and monoamine oxidase activity. Western

blot analysis showed that the recovery of the enzyme

activity and H2O2 generation in the early phase of reperfu-

sion were not due to a change in the amount of monoamine

oxidase-A protein. Therefore, it is conceivable that the

restoration of the enzyme activity is related to conforma-

tional changes of monoamine oxidase-A. In contrast, the

loss of monoamine oxidase-A activity after prolonged

reperfusion may related to a modification of protein syn-

thesis or degradation as shown by the disappearance of the

monoamine oxidase immunoreactive bands.

The post-reperfusion H2O2 production fully prevented by

pargyline treatment suggests that pharmacological treatment

with monoamine oxidase inhibitors could be a potential

Fig. 5. Effect of monoamine oxidase-A and monoamine oxidase-B

inhibitors on tyramine-induced H2O2 production after 5 min of reperfusion

following unilateral ischemia. The total chemiluminescence (CL) emission

(area under the curve) was measured for 60 min after 10 AM tyramine (T)

addition in renal cortex homogenates in the absence and presence of

monoamine oxidase-A (clorgyline, 1 AM) or monoamine oxidase-B

(lazabemide, 1 AM) inhibitor. Data represent meansF S.E.M. of three

experiments. *P< 0.01 compared with value in the absence of inhibitors.
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approach to decrease the H2O2-mediated tissue injury. To

determine whether monoamine oxidase-A and/or mono-

amine oxidase-B affect ischemia-induced H2O2 production

after reperfusion, we evaluated monoamine oxidase-depend-

ent H2O2 production in the presence of selective mono-

amine oxidase inhibitors by chemiluminescence assay. Our

study demonstrates that monoamine oxidase-A predomi-

nantly contributes to H2O2 generation during early reperfu-

sion. The evidence for the importance of these enzymes as a

significant source of H2O2 in an in vivo model of brain

ischemia has been also provided by Simonson et al. (1993),

who demonstrated that monoamine oxidase inhibitors block

increased H2O2 production observed during the first 5 min

of reperfusion. The excessive formation of free radicals in

the early phase of reperfusion following ischemia has been

documented in a number of organs including kidney (Hower

et al., 1996; Kadkhodaee et al., 1996; Pincemail et al.,

1993), brain (Lancelot et al., 1995; Li et al., 1999; Simonson

et al., 1993), heart (Premaratne et al., 1994; Ravingerova et

al., 1999) and skeletal muscle (Schlag et al., 1999). It is

possible that the enhanced generation of reactive oxygen

species during early reperfusion, leading to membrane lipid

peroxidation, may initiate cascade of events that ultimately

contribute to cell death and tissue damage. This view agrees

with results obtained in the rat kidney, where increased lipid

peroxidation was shown as measured by the enhanced levels

of malondialdehyde after 5–10 min of reperfusion (Akcetin

et al., 2000). Furthermore, it has recently been recognized

that oxidative stress induced by ischemia-reperfusion acti-

vates in the early reperfusion period certain members of the

mitogen-activated protein kinase (MAPK) cascade includ-

ing extracellular signal–regulated kinases (ERKs), c-Jun

NH2-terminal protein kinases (JNKs) or stress-activated

protein kinases (SAPKs), and p38 MAPKs (Pombo et al.,

1994; Wei et al., 2001; Fryer et al., 2001; Wu et al., 2000).

Altogether, these different observations clearly demonstrate

that the critical reactive oxygen species-mediated injury

occurs in the early reperfusion period.

After transient recovery of enzymatic activity and mono-

amine oxidase-dependent H2O2 production in the early

reperfusion period (5–15 min), we have observed a sig-

nificant reduction in monoamine oxidase activity within 3

days and, to a less degree, 7 days after reperfusion, indicat-

ing either overall depression of mitochondrial metabolism or

dysfunction of mitochondrial enzyme systems. Similarly,

Ishii et al. (1993) demonstrated the suppression of mono-

amine oxidase activity after reperfusion in brain model of

ischemia in gerbils. Futhermore, Ishii et al. were able to

demonstrate the changes in catecholamine metabolism dur-

ing reperfusion caused by monoamine oxidase inhibition

and a consequent shift toward catechol-O-methyltransferase

metabolism and possibly other catabolic routes. The

changes occurring in monoamine metabolism after reperfu-

sion are of interest because they may play a critical role in

the progression of ischemia-reperfusion injury. It has been

suggested that inhibition of monoamine oxidase could

represent a protective action from ischemia-reperfusion

injury in the kidney (Troncoso et al., 1995). However,

mechanisms by which monoamine oxidase prevents com-

plications associated with ischemia-induced changes in

renal function are largely unknown.

In summary, we have demonstrated for the first time that

monoamine oxidases are a potential source of H2O2 gen-

eration in the early reperfusion period following ischemia in

the rat kidney. If the monoamine oxidase-mediated increase

in production of H2O2 is indeed involved in the generation

of renal ischemia-reperfusion damage, then the pre-treat-

ment with monoamine oxidase inhibitors might have poten-

tial clinical relevance. Currently, efforts are under way to

further investigate the possible protective effect of pargyline

and the mechanisms involved in the renal ischemia-reperfu-

sion injury.
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