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Summary

The main goal of the present studies was to investigate the mechanisms involved in 
mediation of the vascular endothelial and/or vascular dysfunction and the intestinal epithelial 
dysfunction in various circulatory disorders. The endothelial dysfunction was evaluated during 
ischemia/reperfusion and hemorrhagic shock. To this end, segmental intestinal ischemia of 
various durations in the canine small intestine and splanchnic artery occlusion in the rat small 
intestine were induced, and the roles of nitric oxide (NO) and of poly (ADP-ribose) synthetase 
(PARS) were evaluated. In a porcine model of hemorrhagic shock, the effect of 
mercaptoethylguanidine (MEG), a peroxynitrite scavenger and inducible nitric oxide synthase 
inhibitor, was examined. The intestinal epithelial dysfunction was examined during 
ischemia/reperfusion. Specifically, epithelial permeability measurements were performed in the 
small intestine, and the contribution of mast cells and the role of PARS activation were
investigated.

In response to various durations of segmental mesenteric ischemia, the endothelial 
dysfunction was evaluated in dogs by means of in vivo hemodynamic measurements, and the 
endothelium-dependent portion of the vascular dysfunction was estimated via inhibition of an 
endothelium-dependent enzyme, nitric oxide synthase. The endothelial dysfunction was also 
evaluated by the splanchnic artery occlusion in rats in ex vivo organ bath studies, whereby the 
dilatative capacity of the preconstricted thoracic aortae to acetylcholine and the effect of 
PARS inhibition were examined. In hemorrhagic shock studies, pigs were bled until the 
cardiac output reached 40 ml/kg/min, then resuscitated with saline or saline containing MEG. 
The effects of MEG on the hemodynamic decompensation and on various indicators of tissue 
injury such as the malondialdehyde (MDA) and myeloperoxidase (MPO) accumulation in the 
intestine and lung were evaluated.

The changes in the intestinal barrier function were examined by means of epithelial 
permeability measurements. In order to examine the role of mast cell-induced reactions in 
mediating the epithelial dysfunction, dogs were treated with various mast cell 
stabilizing/depleting agents and the permeability was measured continuously during 
ischemia/reperfusion. The contribution of PARS to the postischemic mucosal 
hyperpermeability was clarified in rats by using two structurally unrelated inhibitors of PARS 
before the ischemic challenge. The effects of the depletion of endogenous glutathione and 
small-dose nitric oxide synthase inhibition were also examined. Mice lacking PARS and their 
wild-type littermates were additionally used to compare indices of tissue injury (intestinal and 
lung MPO activity and MDA content) in response to mesenteric ischemia.

As shown by the present experiments, longer intestinal ischemic episodes lead to a 
considerable endothelial dysfunction. Nitric oxide synthesis inhibition causes a “no reflow 
phenomenon” during the reperfusion of the canine small intestine. MEG, a peroxynitrite 
scavenger and inducible nitric oxide synthase inhibitor, improves the survival and prevents the 
vascular dysfunction associated with hemorrhagic shock in the anesthetized pig.

It is also demonstrated for the first time that PARS is activated in the mucosal
epithelium at an early stage of reperfusion. As evidenced here, the activation of PARS is 
involved in the processes of both endothelial and epithelial dysfunction during reperfusion 
injury of the intestine in rats. PARS interferes with neutrophil deposition in the affected tissue 
as well as in remote organs such as the lung. Small-dose nitric oxide synthase inhibition 
ameliorates, whereas glutathione depletion exacerbates the postischemic mucosal 
hyperpermeability of the intestine. The current data further suggest that the intestinal mast cells 
and mast cell-induced reactions contribute significantly to the mucosal permeability alterations 
during reperfusion, but play only a minor role in ischemia/reperfusion-induced structural injury 
of the canine small intestine.
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1. INTRODUCTION

1. A. Endothelial and epithelial dysfunctions

1. A. 1. Vascular endothelial function and dysfunction

The endothelial lining is a widely-dispersed organ with a mass of approximately 1.5 kg; 

it has multiple functions. The endothelium serves as a diffusion barrier between the 

intravascular and the extravascular spaces of the blood and lymph vessels, whereby regulating 

permeability (fluid, metabolite and catabolic exchange). Additionally, it synthesizes, 

metabolizes and releases a number of humoral and hormonal substances (1). For instance, the 

endothelial lining plays a role in maintaining the local homeostasis via locally produced 

vasoactive mediators (2,3). The modulation of microvascular permeability, the regulation of 

leukocyte-endothelial interactions and angiogenesis are also dependent upon the endothelial 

integrity (4,5). Pathological stimuli such as ischemia/reperfusion, sepsis or hemorrhage modify 

the endothelium-dependent effector molecule expression (6,7). As a result, functional 

alterations in the endothelium are rapidly manifested in micro- and macrocirculatory changes 

influencing the function of the affected organ or even of the whole organism.

Evaluations of the function of the vascular endothelium generally focus on the 

endothelium-dependent constriction and dilation of blood vessels (in vivo experiments and ex 

vivo -organ bath studies), endothelium-neutrophil interactions (intravital microscopy) or 

permeability changes (microvascular permeability measurements).

In the present studies, the experimental design was focused on in vivo macrocirculatory 

and ex vivo vasoreactivity investigations of the mechanisms involved in the deterioration of the 

endothelial function in various circulatory disorders such as ischemia/reperfusion and 

hemorrhagic shock (HS).

1. A. 2. Intestinal epithelial function and dysfunction

The villus epithelium is the first cellular barrier between the nonsterile intestinal lumen 

and the sterile interior milieu. Apical and basolateral membrane structures of the epithelium, 

together with the capillary and lymphatic endothelia, provide a host defensive mucosal barrier,
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permitting the absorption of nutrients, electrolytes and water, but restricting the movement of 

potentially toxic agents which normally reside in the gut lumen.

In consequence of the peculiar arterial supply system of the villi (countercurrent 

exchanger), the villus tip epithelium is especially sensitive to low-flow states (8). Indeed, early 

studies of the structural alterations caused by ischemia revealed that the villus tip is the primary 

target of any damage originating from hypoxia (9). Further, the intestinal mucosa, including 

the epithelial lining, appears to be the richest source of a free radical-producing enzyme, 

xanthine oxidase (10), which is of importance during reperfusion. Thus, an impaired intestinal 

villus integrity may be observed at an early stage of ischemia/reperfiision injury, due to both 

hypoxia and reoxygenation.
The increased intestinal mucosal permeability is the most sensitive indicator of the 

impaired barrier function after hypoxia, seen before any manifestations of histological injury. 

The clinical relevance of this parameter is supported by the results of human studies, where 

bacterial or endotoxin translocation was demonstrated even after reversible abdominal 

hypoxia/hypoperfiision episodes which eventually led to multiple organ dysfunction syndrome 

(1U2).
In view of the above findings, we set out to investigate the mechanisms involved in the 

increased intestinal epithelial permeability in experimental models of ischemia/reperfiision.

1. B. Ischemia/reperfusion of the small intestine

1. B. 1. Free radicals and reperfusion injury

Although prolonged ischemia depletes the energy content of the tissues and leads to 

cellular necrosis and organ dysfunction, it has been demonstrated that the reoxygenation phase 

contributes significantly to cellular injury (13). Reperfusion of the ischemic tissues with 

oxygen-rich blood induces a cascade of chemical reactions and cellular events. The reduction 

of molecular oxygen to form toxic metabolites (superoxide, hydrogen peroxide and hydroxyl 

radical) appears to be a key chemical event in postischemic tissues (10). Once formed, the 

oxygen radicals cause damage via the oxidation of nucleic acids, enzymes, receptors and 

membrane lipids (14,15).

The two potential sources of reactive oxygen species that have received most attention 

are xanthine oxidase (16) (found in endothelial and different epithelial cells) and NADPH



7

oxidase (17) (found in phagocytic cells such as neutrophils). Xanthine oxidase, a rate-limiting 

enzyme in nucleic acid degradation, possesses the ability to generate both hydrogen peroxide 

and superoxide when converted from its xanthine dehydrogenase form in ischemic tissue. The 

facts that the intestinal mucosa appears to be the richest source of this enzyme and that its 

conversion occurs within minutes after hypoxia explain the exquisite susceptibility of the 

intestinal mucosa to a hypoxia-reperfusion challenge.

Another characteristic feature of the reperfusion of ischemic tissues is the recruitment 

of various inflammatory cells, including polymorphonuclear leukocytes. Once adhering to the 

endothelial surface, neutrophils become activated and release a variety of enzymes (NADPH 

oxidase, myeloperoxidase (MPO), elastase and collagenase) that injure these cells and 

neighboring parenchymal cells.

1. B. 2. Nitric oxide and reperfusion of the intestine

The consequences of an inadequate perfusion depend both on the organ and on the 

degree and duration of the ischemia (18). Therefore, the hemodynamic effects of segmental 

mesenteric occlusion of different durations were investigated in the small intestine, which is 

known to be especially sensitive to low-flow states (9). At the onset of reperfusion, a local 

hyperemic vascular reaction occurs, the postischemic flow response (PFR). Reperfusion has 

been shown to cause a deterioration in endothelium-dependent relaxation (6,7), and therefore 

changes in the characteristics of the PFR can reveal an endothelial dysfunction in this model.

The abrupt increase in blood flow at the onset of reperfusion results in a release of 

endothelium-derived mediators, including nitric oxide (NO), histamine and prostaglandins (19- 

21). These substances, together with metabolic, neurogenic and myogenic factors, may be 

involved in the mechanism of this dilatative response (22-24). NO functions physiologically as 

a vasodilator and serves various anti-inflammatory functions (4,5,25). Nonetheless, NO has 

also been implicated in free radical-mediated toxicity during the reperfusion damage of 

numerous organs (26-30). Thus, we examined whether the effect of the endothelial 

constitutive NO synthase (ecNOS) inhibition in the PFR of the small intestine is beneficial or 

detrimental.
We set out to investigate the changes in PFR as a function of the duration of ischemia 

in the small intestine. In addition, the role of NO in the ischemia/reperfusion-related macro- 

and microcirculatory alterations was evaluated. The results imply that longer intestinal



8

ischemic episodes lead to a considerable endothelial dysfunction and NO synthesis inhibition 

causes a no reflow phenomenon during the reperfusion of the small intestine.

1. B. 3. Mast cell degranulation and reperfusion

The intestinal mast cell system comprises an abundant population of inflammatory cells 

in the intestinal mucosa (31). Although mast cell activation has been associated to date with 

IgE activation, there is a growing body of evidence to suggest that mast cells are depleted via 

oxidants, anaphylatoxins and bacterial products during ischemia/reperfusion and are also 

extremely sensitive to very subtle changes in the surrounding milieu (32). Once activated, mast 

cells generate and release newly formed mediators and preformed granule-associated 

constituents with proinflammatory properties (33). Since the intestinal mast cell system 

contains substances (histamine, leukotrienes and platelet activating factor) which have 

permeability-modulating features, its is conceivable that these cells are involved in the 

alteration of the mucosal barrier function upon pathophysiological stimuli such as 

ischemia/reperfusion. In addition, it has been demonstrated that granulocyte recruitment in the 

postischemic small intestine may be closely related to the activation of mast cells (34). 

Although these data support the notion that mast cell degranulation contributes to the tissue 

response elicited by ischemia/reperfusion, the role of the gastrointestinal mast cell system in the 

pathophysiology of postischemic mucosal barrier lesions is poorly understood.

Therefore, the present studies were directed toward determining functional and 

morphological changes triggered by ischemia/reperfusion, with particular interest in the mast 

cell contribution to the epithelial dysfunction of the canine small intestine during the 

reperfusion phase. The epithelial dysfunction was evaluated by means of continuous mucosal 

permeability measurements. We addressed the possibility that mast cell depletion would 

attenuate ischemia/reperfusion-induced destructive tissue reactions. We compared the 

effectiveness of mucosal and peritoneal-type mast cell stabilizer therapies and applied 

dexamethasone pretreatment, which has been shown to decrease the number of mucosal mast 

cells through a macrophage-dependent mechanism in rats (35). Our results demonstrate that 

intestinal mast cells and mast cell-induced reactions contribute significantly to the mucosal 

permeability alterations during reperfusion, but play only a minor role in ischemia/reperfusion- 

induced structural injury.
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1. В. 4. Peroxynitrite formation and poly (ADP-ribose) synthetase activation during 

reperfusion

In spite of the great interest in the free radical-mediated mechanisms involved in 

ischemia/reperfusion damage, less information is available on peroxynitrite-induced tissue 

injury in vivo. The superoxide radical can combine with NO to afford a highly toxic oxidant, 

peroxynitrite, both in vitro and in various forms of inflammation and ischemia/reperfusion 

(36,37). Several mechanisms of injury are attributed to peroxynitrite formation, e.g. lipid 

peroxidation, protein modification, inhibited mitochondrial respiration and glutathione 

depletion (38-40) (See Fig. 1 for summary on page 11).

Further, peroxynitrite and hydroxyl radical can cause DNA single strand breakage, 

which initiates the activation of an intranuclear DNA single strand breakage-repairing enzyme, 

poly (ADP-ribose) synthetase (PARS) (41-43). PARS is a constitutively produced enzyme; its 

expression is not enhanced by DNA damage per se. As an obligatory consequence of DNA 

single strand breakage caused by peroxynitrite, however, PARS is activated and competes with 

other nucleic acid repair enzymes. As a result, PARS triggers the ADP ribosylation of the 

histone proteins utilizing the ADP-ribose moiety of the NAD content of the cells. PARS does 

not appear to be essential in nucleic acid repair cycles and in fact it reduces the effectivity of 

other repair mechanisms. This energy-consuming, exaggerated repair mechanism can lead 

eventually to a cytotoxic depletion of the NAD and ATP contents of cells (44).

In vitro observations suggest that PARS activation is involved in xanthine oxidase- 

mediated ATP depletion (45), oxygen radical and NO-mediated toxicity (46), and xanthine 

oxidase or peroxynitrite-induced mitochondrial dysfunction (47,48). These findings led us to 

investigate the relationship between peroxynitrite formation and PARS activation, and their 

effect on the mucosal barrier function in a phase after mesenteric ischemia when both ecNOS- 

produced NO and mainly xanthine oxidase-derived free radical formation occur. More 

specifically, we investigated the effects of NO synthase (NOS) and PARS inhibition and 

glutathione depletion on the early mucosal hyperpermeability of the intestine during 

reperfusion. In addition, we used the same experimental model of mesenteric 

ischemia/reperfusion injury on a PARS-deficient strain of mice and their wild-type genetic 

background to compare the development of tissue reactions such as MPO activity and 

malondialdehyde (MDA) formation, as markers of tissue damage during the late stages of
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reperfusion. We also used a more severe model of splanchnic artery occlusion/reperfusion 

shock in rats, examined the changes in vascular reactivity and evaluated the contribution of 

PARS to the endothelial dysfunction in response to a reoxygenation challenge. We 

demonstrated that peroxynitrite is produced and PARS is activated and involved in the 

processes of both endothelial and epithelial dysfunction during reperfusion injury of the 

intestine.
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injury initiated by peroxynitrite (Modified with kind permission of Dr. Cs. Szabó).
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1. C. Systemic vascular failure, hemorrhagic shock

1. С. 1, Free radical formation and nitric oxide during hemorrhagic shock

Restoration of the intravascular volume after HS induces a variety of cellular 

alterations, many of which share the characteristics of total body ischemia/reperfusion. The 

loss of the high-energy stores of the cells during hemorrhagic hypotension (49) is followed by 

a tissue injury mediated by oxygen free radicals, arising from various sources including 

xanthine oxidase metabolism and neutrophil activation (10,17,50). Increased levels of 

catecholamines, prostaglandins, leukotrienes and platelet activating factor have also been 

implicated in the "oxidative burst phenomenon" in HS. These factors are believed to contribute 

to the pathogenesis of HS, either directly, or via facilitation of the neutrophil invasion of the 

postischemic tissue. The efficacy of various antioxidant therapies in HS clearly suggests that 

the reduction products of molecular oxygen make an important contribution to the 

pathogenesis of organ injury during the resuscitation phase of HS (for a review, see Kapoor et 

al.; 51).

In addition to oxygen-derived free radical and oxidant species, nitrogen-derived 

species, such as the free radical NO and the oxidant peroxynitrite, have been implicated in the 

pathophysiology of HS. Indeed, the inhibition of ecNOS provided marked therapeutic benefits 

by improving the vascular reactivity and ameliorating the vascular dysfunction and organ 

injury in various animal models of acute severe HS (52-56). In the later stages of HS, the 

expression of inducible NOS (iNOS) has been reported (57,58) and implicated in the delayed 

vascular decompensation and organ injury during hypovolemic shock (57,59,60).

In the presence of superoxide, NO, produced from the constitutive or iNOS, can 

transform to peroxynitrite, a highly toxic oxidant (36). The production of peroxynitrite has 

recently been demonstrated, and its pathophysiological role in mediating vascular failure has 

been proposed in rat models of endotoxic and HS (37,54,61).

Recent studies show that mercaptoethylguanidine (MEG), a combined inhibitor of 

iNOS (62) and a peroxynitrite scavenger compound (63), exerts marked anti-inflammatory 

effects in various forms of inflammation (64,65). In rats subjected to HS, MEG improved the 

blood pressure and the vascular contractility during resuscitation (66). The present work was 

designed to investigate in detail the effects of MEG on cardiovascular alterations and 

histological indices of injury in a large animal model of HS. The recent results, obtained in a
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HS model in anesthetized pigs, demonstrate that MEG provides a marked therapeutic benefit 

in HS.

1. D. Summary of aims of studies included in the Thesis

The main goal of these studies was to investigate the mechanisms in mediating.
1. The endothelial and vascular dysfunction during ischemia/reperfusion and HS. To this end, 

segmental intestinal ischemia of various durations in the canine small intestine and 

splanchnic artery occlusion in the rat small intestine were induced and the roles of NO and 

of PARS were evaluated. In a porcine model of HS, the effect MEG, a peroxynitrite 

scavenger and iNOS inhibitor, was examined.

2. The intestinal epithelial dysfunction during ischemia/reperfusion. Specifically, epithelial 

permeability measurements were performed in the small intestine, and the contribution of 

mast cells and the role of PARS activation were investigated.
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2. METHODS

2. A. Surgical procedures and measurements

2. A. 1. Methods for examination of the endothelial dysfunction following 

ischemia/reperfusion of the canine small intestine in vivo

Mongrel dogs were used under sodium pentobarbital anesthesia. An ileal segment 

supplied by a branch of the superior mesenteric artery was isolated and was instrumented for 

local blood flow (electromagnetic flowmeter, Carolina Medical Electronics 501), arterial and 

venous pressure measurements. Pressure and flow signals were recorded on a Beckman R611 

recorder. Segmental vascular resistance was calculated from the inflow (arterial) and outflow 

(venous) pressure difference and blood flow (mm Hg/ml/min) and was referred to 100 g wet 

tissue weight. The duration of the PFR was defined as the time interval from the release of 

occlusion until the increased flow returned to 10% of its maximal value (67). The following 

equation was used to calculate the PFR volume: PFR volume (ml) = total flow volume during 

flow response (ml) -[control blood flow (ml/min) x duration of PFR (min)].

A silastic balloon catheter (TGS Tonomitor, Tonometries Inc., Worcester, 

Massachusetts, U.S.A.) was positioned into the intestinal segment for local intramucosal pH 

(pHi) measurements. The pHi, as an indicator of intramucosal oxygenation, was calculated by 

using the method of Fiddian-Green (68).

2. A. 2. Methods for examintion of the endothelial dysfunction following 

ischemia/reperfusion of the rat small intestine ex vivo

The thoracic descending aortae were excised, cut into rings and mounted in organ 

baths filled with warmed oxygenated Krebs solution. Isometric forces were measured 

(isometric transducers), and cumulative concentration-response curves to noradrenaline (10 

nM to 10 pM) were obtained. Signals were digitalized by using a Maclab A/D converter and 

stored and displayed on a Macintosh personal computer. In a separate study, endothelium- 

dependent relaxations were evaluated with concentration-response curves to acetylcholine (10 

nM to 10 pM) in aortic rings precontracted with noradrenaline (1 pM). Relaxation was 

calculated as a percentage of the precontractile tone.
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2. A. 3. Methods for examination of the vascular dysfunction in a porcine model of 

hemorrhagic shock

Male, immature, random-bred Yorkshire pigs were intubated under isoflurane 

anesthesia, and anesthesia was further maintained with i.v. sodium pentobarbital. Animals were 

instrumented for cardiac output (ultrasonic flow probe positioned around the pulmonary 

artery; Transonic Systems Inc., Ithaca, NY, U S.A.) and various intracardial pressure (such as 

left or right atrial or pulmonary artery pressure) measurements. The systemic arterial and 

intracardial pressures and blood flow signals were digitalized by using a Maclab A/D converter 

and stored and displayed on a Macintosh personal computer.

The gas tensions in the arterial blood and the pulmonary artery, the fractional 

oxyhemoglobin saturation and the hemoglobin content were determined at 30-min intervals 

(Ciba-Corning 278 blood gas analyzer, Ciba-Corning 270 CO-Oximeter). Arterial lactate was 

measured by spectrometry (69).

The cardiac output was normalized for body weight and expressed as cardiac index 

(ml/kg/min). Systemic vascular resistance was calculated as 79.96 x mean arterial pressure - 

right atrial pressure / cardiac index (mmHg * kg/ml). The arterial oxygen content (Ca 02) was 

calculated via the following formula: Ca02= Sa02 x 1.36 x Hgb + (0.0031 x Pa02), where 

Sa02 is the arterial oxygen saturation, Hgb is the arterial hemoglobin concentration (g/dl) and 

Pa02 is the arterial oxygen tension. The systemic oxygen consumption was calculated as 

cardiac index x (arterial oxygen content - venous oxygen content).

2. A. 4. Methods for examination of the intestinal epithelial dysfunction in a canine model of 

mesenteric ischemia/reperfusion

Mongrel dogs were used under sodium pentobarbital anesthesia. Two ileal segments 

supplied by a common branch of the superior mesenteric artery were used for continuous 

measurement of the mucosal permeability and for local hemodynamic and pHi measurements 

(tonometry), respectively. The portal vein was cannulated through a small tributary of the 

splenic vein to collect venous blood samples from the splanchnic circulation. The lumen of the 

segment used for permeability measurement was continuously perfused with 37 °C Ringer's 

lactate (180 ml/hr).
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The rate of sodium fluorescein (NaFL) clearance was assessed according to a modified 

method of Otamiri (70). The mucosal permeability was determined in two separate series of 

experiments. In Series I (plasma-to-lumen direction), the animals received an i.v. bolus of 10 

mg/kg NaFL (MW 376) in 0.5 ml/kg Ringer's lactate, followed by a continuous infusion of 

NaFL at a rate of 10 mg/kg/hr. In Series II (lumen-to-plasma direction), NaFL (5 mg/100 ml 

Ringer's lactate) was added to the Ringer's lactate perfusing the intestinal lumen. The luminal 

perfusate was collected continuously in 15-min intervals.

NaFL concentrations were measured with an F-2000 Hitachi fluorescence 

spectrophotometer (excitation wavelength: 495 nm, emission wavelength: 515 nm). Then, the 

plasma-to-lumen or lumen-to-plasma clearances to NaFL were calculated for each 15-min 

period (see Paper II).

Local pHi was determined in the nonperfiised segment by means of tonometry (see

above).

2. A. 5. Methods for examination of the intestinal epithelial dysfunction during mesenteric 

ischemia/reperfusion in rats

Male Wistar rats were used under pentobarbital anesthesia. A segment of the terminal 

ileum (approx. 1 g) supplied by 3 blood vessel arcades was isolated and cannulated on both 

sides.

The intestinal permeability (lumen-to-plasma) was measured by using a 4,300 Da 

fluorescent dextran (FD4) according to previously described methods (70). The renal pedicles 

were ligated and the isolated segment was slowly filled with 0.5 ml warmed FD4 solution (25 

mg/ml; T=0). Ten, 20 and 30 min thereafter, 0.3 ml blood samples were taken from the 

femoral artery for fluorescein measurements in the plasma.

The concentrations of FD4 in plasma and luminal solutions were determined with a 

Perkin-Elmer luminescence spectrophotometer (excitation wavelength 492 nm, emission 

wavelength 515 nm). The ileal mucosal permeability was calculated as the arterial FD4 

concentration/luminal concentration. The slope of the increase in permeability was calculated 

for each group of animals.



17

2. В. Myeloperoxidase activity and tissue malondialdehyde measurements

The MPO activity, as an index of the neutrophil accumulation in the tissues, was 

determined by using a modified method of Kuebler et al (71). MPO was extracted from the 

tissues by two separation procedures. Samples were initially homogenized in 0.02 M 

potassium phosphate buffer at pH 7.4 containing protease inhibitor and centrifuged at 20,000g 

for 20 min. The pellet was resuspended in 0.05 M potassium phosphate buffer at pH 6.0 

containing 0.5% hexadecylammonium bromide. The suspension was sonicated, ffozen-thawn 

3 times and centrifuged again at 20,000 g for 20 min. The supernatant was then heated at 60 

°C for 60 min to facilitate the recovery of MPO. An aliquot of supernatant was mixed with a 

solution of 1.6 mM tetramethylbenzidine and 0.002% hydrogen peroxide. The activity was 

measured spectrophotometrically as the change in absorbance at 650 nm at 37 °C. Results are 

expressed as units of MPO activity per gram wet tissue.

MDA formation was utilized to quantify the lipid peroxidation in the tissues and 

measured as thiobarbituric acid-reactive material (72). The tissue were homogenized (100 

mg/ml) in 1.15% KC1 buffer; 20% trichloroacetic acid, 0.67% thiobarbituric acid and 2% 

butylated hydroxytoluene were added and the mixture was incubated for 30 min at 95 °C. 

After cooling to room temperature, n-butanol was added and the mixture was shaken 

vigorously. After centrifugation at 500g for 10 min, the absorbance of the organic layer was 

measured at 532 nm. 1,1,3,3-Tetramethoxypropane was used as an external standard, and the 

level of lipid peroxides was expressed as nmol MD A/100 mg wet tissue.

2. C. Poly (ADP-ribose) synthetase activity measurements

Light mucosal scrapings of the intestinal mucosa were taken at the ileum by using a 

blunt spatula and immediately processed for assay as described elsewhere (see Paper V). 

Briefly, the resultant cell/tissue pellet was placed in a buffer containing 0.01% digitonin and 

0.25 pCi [3H]NAD+ and incubated at 37 °C for 10 min. The reaction was stopped by adding 

ice-cold 50% trichloroacetic acid. After precipitation for 3 hr, samples were centrifuged at 

10,000g for 10 min. The pellet was washed twice with 5% trichloroacetic acid and solubilized 

in 2% sodium dodecylsulfate at 37 °C for 96 hr, and the radioactivity was then determined.
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PARS activity was expressed as 3-AB-inhibitable [3H]NAD+ incorporation (c.p.m./mg 

protein).

2. D. Histological evaluation and immunohistochemical localization of nitrotyrosine

Histological samples were taken from either the lungs or the small intestine. After a 5- 

day formaldehyde (10%, neutral buffered) fixation, tissue samples were embedded in paraffin, 

sectioned (5 цш) and further stained with hematoxylin-eosin or processed for nitrotyrosine 

immunohistochemistry. In some experiments (permeability measurements on dogs), biopsies 

were fixed in cold Carnoy's solution for 24 hr, embedded in paraffin, sectioned (6 дт) and 

stained with hematoxylin-eosin, toluidine blue (pH 0.5) and alcian blue-safranin О (pH 0.4) to 

assess mucosal damage and identify mast cells, respectively (31). Intestinal mucosal damage 

was assessed according to the standard scale of Chiu et al. (9) with the following criteria: 

grade 0, normal mucosa; grade 1, subepithelial space formation; grade 2, moderate epithelial 

lifting; grade 3, massive epithelial lifting, a few tips being denuded; grade 4, denuded villi, 

dilated exposed capillaries and increased cellularity in the lamina propria; grade 5, ulceration 

and hemorrhage.

Tyrosine nitration, an indicator of peroxynitrite formation, was examined by means of 

immunohistochemistry. Briefly, after deparaffinization, endogenous peroxidase was quenched 

(with 0.3% hydrogen peroxide) and sections were permeabilized by using Triton X-100. 

Nonspecific absorption was minimized with goat serum, the endogenous avidin and biotin 

binding sites were blocked, and the sections were then incubated overnight with primary 

nitrotyrosine antibody (Upstate Biotech, Saranac Lake, NY, U.S.A.). Specific labeling was 

detected with a biotin-conjugated goat anti-rabbit IgG and avidin-biotin complex (Vectastain 

Elite ABC kit, Vector Laboratories, Burlingame, CA, U.S.A.).

2. E. Chemicals

All reagents were obtained from Sigma Chemical Co. (Sigma, St. Louis, MO, U S A ), unless 

indicated otherwise.
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2. F. Design of experiments

2. F. 1. Design of experiments for investigation of the endothelial dysfunction and the effect 

of nitric oxide synthase inhibition during ischemia/reperfusion of the canine small intestine

After a 30-min recovery period, 15, 30, 60 or 120-min periods of ischemia were 

elicited by occluding the artery perfusing the isolated segment of the ileum. Following release 

of the occlusion, the flow response was recorded for 120 min.

In the present study, two experimental series were used. Series I consisted of ischemic 

groups receiving a saline infusion (1 ml/kg for 10 min, starting 30 min prior to the occlusion). 

Experimental groups in this series were subjected to 15, 30, 60 or 120-min ischemia (n=15; 

n=l 1; n=l 1; n=8, respectively). In Series II, the aforementioned procedure was repeated while 

NO synthesis was inhibited with №-nitro-L-arginine (NNA) in a dose of 10 pmol/kg (2.19 

mg/kg) in 1 ml/kg saline for 10 min, starting 30 min before the 15, 30, 60 or 120-min ischemic 

period (n=10; n=9; n=7; n=5).

2. F. 2. Design of experiments for investigation of the endothelial dysfunction and the effect 

of poly (ADP-ribose) synthetase inhibition during ischemia/reperfusion of the rat small 

intestine

After stabilization, 45-min splanchnic ischemia was elicited by occluding both the 

superior mesenteric artery and the celiac trunk. Sixty min after release of the occlusion, the 

animals were killed and the thoracic aortae and tissue biopsies from the intestine for 

nitrotyrosine immunostaining were obtained. In the treated group of animals, 3-AB, an 

inhibitor of PARS, was given as an intravenous bolus 5 min before reperfusion (10 mg/kg), 

followed by an infusion of 10 mg/kg/hr (n=8). Other groups of animals consisted of time- 

matched saline-treated and sham-operated animals (n=8).

2. F. 3. Design of experiments for investigation of the vascular dysfunction and the effect of 

mercaptoethylguanidine, a peroxynitrite scavenger and inducible nitric oxide synthase 

inhibitor, in a porcine model of hemorrhagic shock

After a 1-hr stabilization (T=0 min), HS was elicited by withdrawing blood (into 60 ml
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reservoirs containing 50 U heparin) from the femoral artery until the cardiac index reached 40 

ml/kg/min for over 10 min. Additional blood was withdrawn or retransfused to maintain this 

cardiac index for 2 hr. Experiments were later included where the maximum volume of blood 

loss was 30-40% of the calculated blood volume.
21 pigs were assigned to four groups: Group 1 (control; n=3) underwent surgical 

preparation without subsequent HS and received saline (1 ml/kg bolus, 1 ml/kg/hr infusion) at 

T=120 min. In time-matched MEG-treated sham-operated animals (MEG; n=3), the saline 

contained 15 mg/kg MEG. Group 3 (HS, vehicle control; n=8) was subjected to 120 min of 

HS and received a saline vehicle (T=120 min, 20 ml/kg bolus over 10 min followed by a 

continuous infusion of 1 ml/kg/hr). Group 4 (HS, MEG, n=7) was bled and treated with MEG 

(20 ml/kg saline containing 15 mg/kg MEG over 10 min, followed by a continuous infusion at 

a dose of 15/mg/kg in 1 ml/kg/hr saline) at T=120 min. MEG was synthesized as previously 

described (62). The rate of blood withdrawal and the amount were statistically similar in the 

two hemorrhaged groups.

After initiation of fluid replacement, the pigs were monitored for 3 hr or until death. 

Determinations of systemic and pulmonary arterial pH, partial oxygen and C02 tensions, 

hemoglobin oxygen saturation and lactate were performed at baseline and at 30-min intervals.

At the end of the experiments, tissue samples were taken from the terminal ileum and 

the right lung for histological study and for tissue MPO and MDA determinations.

2. F. 4. Design of experiments for investigation of the contribution of mast cell-released 

mediators to the epithelial dysfunction in a canine model of mesenteric ischemia/reperfusion

After establishment of the baseline variables (mucosal permeability and local 

hemodynamic parameters, respectively) for 60 min in all groups, complete segmental intestinal 

ischemia was induced by occluding the ileal artery perfusing the segments for 30 min. 

Following release of the occlusion, reperfusion was monitored for 120 min. Blood and luminal 

perfusate samples were collected in 15-min intervals to measure the NaFL clearance. At the 

end of each experiment, intestinal samples were taken for histological purposes from the 

perfused and nonperfused ischemic segment and from a proximal segment, the latter being not 

subjected to ischemic challenge.

Four groups of animals were studied in two experimental series to investigate changes 

in plasma-to-lumen and lumen-to-plasma NaFL clearance. Groups 1 (n=l 1) and 2 (n=8) were
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subjected to 30-min intestinal ischemia and 120-min reperfusion without pretreatment. Groups 

3 (n=7) and 4 (n=7) received the peritoneal-type mast cell stabilizer cromolyn (25 mg/kg i.v.), 

30 min prior to the arterial occlusion. Groups 5 (n=7) and 6 (n=7) were pretreated with 

quercetin (25 mg/kg i.v ), to stabilize the mucosal-type mast cells (12,13). Groups 7 (n=7) and 

8 (n=7) were pretreated with dexamethasone 24 h before the experiments (3 mg/kg i.v, N.V. 

Organon, Oss, The Netherlands).

2. F. 5. Design of experiments for investigation of the role ofpoly (ADP-ribose) synthetase in 

the epithelial dysfunction during ischemict/reperfusion of the rat small intestine

In these studies, three separate series of experiments were used to examine changes in 

intestinal epithelial permeability, PARS activity or indices of tissue injury (MDA and MPO 

content) caused by ischemia/reperfusion.

In Series I, the intestinal permeability (lumen-to-plasma) was measured with FD4 

according to the previously described methods (70).

The beginning of permeability measurement represented the zero time point of the 

experiments. Ten min before initiation of the ischemia, the animals received various treatments 

or saline at T=-25 min. The mesenteric artery was occluded for 15 min at T=-15 min. Shortly 

before release of the occlusion, the renal pedicles were ligated and the isolated segment was 

slowly filled with 0.5 ml warmed FD4 solution (25 mg/ml; T=0). The clip was then removed 

and the abdomen closed. After 10, 20 and 30 min of reperfusion, 0.3 ml blood samples were 

taken from the femoral artery for fluorescein measurements in the plasma. Histological 

samples were taken from the ileum at T=30 min.

Ten groups of animals were studied to investigate the changes in mucosal permeability 

to FD4. In Groups 1-5, the animals received various treatments 10 min before ischemia in a 

bolus of 1 ml/kg saline (followed by a continuous infusion of 2.5 ml/kg/hr). Ischemic control 

animals were treated with i.v. saline (n=12). In order to examine the role of peroxynitrite, the 

NOS inhibitor NG-monomethyl-L-arginine (L-NMA) was administered (i.v. bolus of 3 mg/kg, 

followed by a continuous infusion of 3 mg/kg/hr; n=9). In order to evaluate the involvement 

of PARS in the permeability changes evoked by ischemia/reperfusion, the PARS inhibitors 3- 

AB (i.v. 10 mg/kg plus 10 mg/kg/hr; n=9) or nicotinamide (200 mg/kg plus 30 mg/kg/hr; n=9) 

were administered. To verify the protective role of endogenous glutathione against oxidative
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challenge, Group 5 was treated with the glutathione depleter buthionine sulfoxamine (BSO, 

n=9) in a dose of 0.5g/kg, 24 and 6 hr before ischemia. This dose of BSO has previously been 

shown to decrease the endogenous glutathione content by 70%. To examine the effect of the 

aforementioned treatment regimen on the control mucosal permeation of FD4, Groups 6-10 

received identical treatments at the corresponding time points, except that no ischemia was 

elicited. The experiments in each latter group involved the use of 4-5 animals.

In a second series of experiments, rats were subjected to 15-min mesenteric ischemia. 

Before release of the occlusion, the renal pedicles were ligated. After 10 min of reperfusion, 

light scrapings of the mucosa were taken by using a blunt spatula, and the samples were 

immediately processed for PARS activity measurements as detailed below (n=ll). In sham- 

operated animals, the renal pedicles were ligated without ischemia/reperfusion (n=l 1).

In Series III, ischemia was elicited by occluding the mesenteric artery for 15 min in 

mice (PARS +/+, n=5; PARS -/-, n=6, respectively) and rats (n=8). Samples were taken from 

the terminal ileum for tissue MDA content and MPO activity measurements and for 

histological evaluation after 180 min of reperfusion. Sham-operated animals underwent the 

same operation procedures except that the mesenteric artery was not occluded (n=6).

2. G. Statistical analysis

In Papers I and II, nonparametric methods were used. Data are in all cases expressed as 

median +/- percentiles. Friedman repeated measures analysis of variance on ranks was applied 

within groups. Time-dependent differences from the baseline for each group were assessed by 

Dunn's method. Differences between groups were analyzed with the Mann-Whitney rank sum 

test (between two groups) and Kruskal-Wallis one way analysis of variance on ranks (among 

groups).
In Paper III, IV and V, as the data approximated to normal distribution, parametric tests were 

used. Data are in all cases expressed as mean +/- standard error of the mean (s.e.m ). A one 

way analysis of variance was used to compare the means of the various experimental groups, 

followed by the Bonferroni test. Differences between groups were analyzed by means of 

Student's Mest. P values < 0.05 were considered significant.
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Data analysis was performed with a statistical software package (SigmaStat for Windows, 

Jandel Scientific, Germany).
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3. RESULTS

3. 1. Endothelial dysfunction during the postischemic flow response of the canine small 

intestine and reperfusion of the rat small intestine

The ischemic periods (15-120 min) caused a progressive fall in pHi to approximately 

6.8-6.9 (Paper I, Fig. 1). This parameter normalized during 90 min of reperfusion following 

15 or 30-min ischemia, but in the groups subjected to 60 or 120-min occlusion this process 

was delayed. Inhibition of NOS caused a significant deterioration in pHi return during 

reperfusion following 15, 30 or 60-min occlusion, as compared with nontreated ischemic 

controls.
SVR was significantly elevated in the final phase of reperfusion (Paper I, Fig. 2). This 

elevation occurred after 30-60 min of reperfusion following 60 or 120-min occlusion, but 

appeared later (after 60-90 min of reperfusion) following shorter occlusions.

After 30 or 60-min ischemia, the PFR volume was significantly higher than in the 15- 

min group (Paper I, Fig. 3). After 120-min ischemia, however, the PFR was approximately the 

same as after 15-min ischemia. The inhibition of NO synthesis by NNA significantly attenuated 

the PFR following 30, 60 or 120-min occlusion. In NNA-treated animals, the PFR volumes 

were reduced to the level seen after 120-min occlusion in untreated animals.

In aortic rings from rats subjected to 45-min splanchnic artery occlusion, an 

impairment of the endothelium-dependent dilatation was observed, as evidenced by a reduced 

ex vivo relaxant effect of acetylcholine (10 nM - 10 pM; Paper III, Fig. 9). In vivo 

pretreatment with the PARS inhibitor 3-AB resulted in a significant protection against 

endothelial dysfunction.
3-AB also prevented the substantial hypotension occurring after 15 min of mesenteric 

and 45 min of splanchnic artery occlusion (Paper III, Fig. 7, and Paper V, Fig. 2) in vivo.

3. 2. Beneficial effects of mercaptoethylguanidine in a porcine model of hemorrhagic shock

A reduction of the cardiac output to 40 ml/kg/min was accompanied by a decrease in 

mean arterial pressure to 30-35 mm Hg and similar dynamics and rate of blood loss in both 

hemorrhaged groups (Paper IV, Figs l-3a). Fluid resuscitation failed to completely restore the
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arterial pressure or cardiac output. After saline resuscitation, there was a gradual decrease in 

these parameters within 1 hr. MEG significantly ameliorated this phenomenon, resulting in a 

maintenance of a higher cardiac output and blood pressure during the second hour of 

resuscitation. MEG exerted these effects without being a pressor or cardiotonic agent in 

control animals (not shown). MEG did not affect the atrial pressures or the changes in heart 

rate or in systemic or pulmonary vascular resistance (not shown). Administration of MEG in 

the resuscitation fluid dramatically improved the survival time (73.1 ± 13 min, saline group; 

134.7 ± 18 min, MEG group; P = 0.014).

HS caused severe metabolic acidosis, a decreased mixed venous oxygen saturation and 

severe lactate acidosis (Paper IV, Table 1). Resuscitation did not result in a significant 

restoration of these parameters. The systemic oxygen consumption greatly decreased during 

shock, and, after a short partial recovery at the onset of resuscitation, gradually declined in the 

later phase of resuscitation (Paper IV, Fig. 7). The gradual decrease in systemic oxygen 

consumption was prevented by MEG treatment.

HS induced significant increases in lipid peroxidation and neutrophil deposition and 

also histological injury in the lungs and the small intestine. MEG did not affect the increase in 

MDA and tended to decrease the MPO content in the lung during HS (Paper IV, Fig. 9a,b). 

Moreover, no significant increases in lung MPO or MDA levels were observed in the MEG- 

treated animals subjected to HS (Paper IV, Fig. 9 c,d). MEG slightly reduced the histological 

injury in the intestine (MEG: 3.33 ± 0.654; saline: 4.5 ± 0.313, not statistically significant from 

saline alone), but failed to influence the tissue injury in the lungs (not shown). In evaluations of 

the differences in MPO, MDA and the histological scores between MEG-treated and vehicle- 

treated animals subjected to HS, it should be borne in mind that the tissues were obtained on 

the death of the animals, and the MEG-treated animals survived approximately twice as long 

as the vehicle-treated animals during resuscitation (see above).

3.3. Mast cell-released mediators contribute to the intestinal mucosal hyperpermeability after 

mesenteric ischemia of the canine small intestine

In the plasma-to-lumen direction, the NaFL clearance values were approximately 4 

times higher under the baseline conditions as compared with those observed in the lumen-to- 

plasma direction (Paper II, Fig. 1). Ischemia induced a significant, approximately 2-fold
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elevation of the NaFL clearance in the plasma-to-lumen direction; no elevation was observed 

in the lumen-to-plasma direction during the arterial occlusion. The NaFL clearance was 

significantly elevated during reperfusion in both experimental series.

Cromolyn, quercetin and dexamethasone pretreatments effectively reduced the 

permeability alterations induced by ischemia and reperfusion. In Series II, each mast cell

targeting pretreatment regimen resulted in an earlier return of the clearance values to the 

baseline as compared with that observed in the non-treated group subjected to ischemia and 

reperfusion.

Ischemia/reperfusion induced severe structural alterations, mainly confined to the 

epithelial lining. Subepithelial space formation with epithelial lifting was generally observed at 

the tip of the villi. Capillary congestion, neutrophil infiltration and a reduced villus-crypt ratio 

were apparent (the grade of injury was 1.82±0.122). No significant differences were found 

between the scores of histological damage or mast cell degranulation in biopsies taken from 

the perfused or nonperfused intestinal segments subjected to ischemia/reperfusion. The tissue 

damage was ameliorated after dexamethasone therapy, but cromolyn and quercetin 

pretreatment did not significantly influence the histological scores of ischemia/reperfusion- 

induced mucosal injury.

Dexamethasone pretreatment did not significantly influence the number of alcian blue

positive mucosal-type mast cells in the villus-crypt units (24±3) as compared with observed in 

untreated (23±4), cromolyn-pretreated (21 ±4) or quercetin-pretreated animals (24±2). 

Ischemia/reperfusion did not significantly affect the number of mucosal mast cells. However, 

58±12% of the mast cells were degranulated in the reperfused mucosa as compared with the 

9±4% and 13±6% degranulation in the preischemic control and nonischemic control biopsies, 

respectively. Dexamethasone, cromolyn and quercetin significantly decreased the reperfusion- 

induced mast cell degranulation, to 26+6%, 19+6% and 23+3%, respectively, but the 

percentage of degranulated cells was significantly higher than in the control samples that were 

not exposed to ischemia/reperfusion.

3. 4. Inhibition of poly (ADP-ribose) synthetase ameliorates the intestinal mucosal 

hyperpermeability and tissue injury after mesenteric ischemia in rats

In the sham-operated rats in Series I, the plasma levels of FD4 increased steadily over 

the period of observation, which is indicative of a continued lumen-to-plasma flux of FD4
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under the control conditions (Paper V, Fig. 1). None of the inhibitors (L-NMA, 3-AB, 

nicotinamide and В SO) significantly altered the permeability in the sham-operated controls 

(data not shown). Ischemia alone failed to influence the permeability (data not shown). 

Reperfusion, but not ischemia alone, significantly increased the permeability to FD4 (P<0.01). 

The glutathione depleter BSO exacerbated the hyperpermeability. The PARS inhibitors 3-AB 

and nicotinamide and the NOS inhibitor L-NMA ameliorated the increase in permeability seen 

after 15-min mesenteric occlusion. In pilot studies, we established that the NOS inhibitor in a 

dose of less than 30 mg/kg reduced the ischemia/reperfusion-induced epithelial permeability. 

At higher doses, NOS inhibition was deleterious (data not shown), in agreement with previous 

reports (4).

Ischemia/reperfusion induced severe structural alterations in the ileum in rats. 

Subepithelial space formation, epithelial lifting or even denudation of the tip of the villi was 

observed. Capillary congestion, increased cellularity of the lamina propria and a reduced villus- 

crypt ratio were common. No considerable histological differences were found between the 

histological damage scores in biopsies taken from saline or BSO-treated animals. 

Nicotinamide, 3-AB or L-NMA however, significantly ameliorated the histological damage 

caused by ischemia/reperfusion (Paper V, Fig. 6).

In Series II, the epithelial scrapings of the intestinal mucosa exhibited a significant 

increase in PARS activity after 15-min mesenteric ischemia followed by 10 min of reperfusion, 

as shown by 3-AB inhibitable [H3]NAD+ incorporation ex vivo (Paper V, Fig 3).

As shown in Series III, mesenteric ischemia/reperfusion was associated with a 

significant lipid peroxidation in the previously ischemic tissue as shown by the increased MDA 

content of the small intestine in the PARS +/+ strain of mice and in saline-treated rats (Paper 

V, Fig. 4). In the PARS-deficient strain of mice (-/-), however, no increase in MDA formation 

after ischemic challenge was observed in the intestine. As evidenced by MPO activity 

measurements, a marked neutrophil deposition occurred in the late phase of reperfusion in the 

lung and intestine (Paper V, Fig. 5). Tissue samples taken from the PARS-deficient strain of 

mice, however, exhibited significantly less MPO activity in both the intestine and lungs in 

response to mesenteric ischemia/reperfusion. Similarly, inhibition of PARS by 3-AB in rats 

significantly ameliorated the increase in ileal MPO activity (Paper V, Fig. 5c) and tended to 

decrease the neutrophil sequestration in the lung (not shown).
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4. DISCUSSION

4. 1. New findings

1. Longer intestinal ischemic episodes lead to a considerable endothelial dysfunction. NO 

synthesis inhibition causes a “no reflow phenomenon” during the reperfusion of the canine 

small intestine.

2. MEG, a peroxynitrite scavenger and iNOS inhibitor, prevents the vascular dysfunction 

associated with HS in the anesthetized pig.

3. Peroxynitrite is produced and PARS is activated and involved in the processes of both the 

endothelial and epithelial dysfunctions during reperfusion injury of the intestine in rats. 

PARS also interferes with neutrophil deposition in the affected tissue and in remote organs 

such as the lung.

4. Intestinal mast cells and mast cell-induced reactions contribute significantly to the mucosal 

permeability alterations during reperfusion, but play only a minor role in 

ischemia/reperfusion-induced structural injury of the canine small intestine.

4. 2. Vascular endothelial dysfunction in various circulatory disorders

There is a substantial body of evidence to suggest that ischemic insults affecting a 

major portion of the circulation (seen, for instance, after mesenteric artery occlusion or HS) 

are followed by a marked impairment in vasoreactivity and by an endothelial dysfunction (6,7). 

The consequent profound hypotension is thought to be mediated by a failure of the vasculature 

to respond to endogenous and exogenous vasoconstrictor stimuli. This systemic hypotension 

was observed in the present studies of the consequences of splanchnic and mesenteric artery 

occlusion in rats and of HS in pigs. In our other studies, local mesenteric ischemia was elicited 

and a different phenomenon, the characteristically vasodilative PFR, was evaluated in dogs. As 

opposed to those detailed above, in these latter studies, changes in a normal dilative vascular 

reaction are of interest.

In the present experimental series, utilizing segmental mesenteric ischemia of various 

durations on dogs, the longer occlusions led to a considerable vasoregulatory disorder, which 

materialized in drastic decreases in PFR, in the blood flow of the segment and in an elevation 

in systemic vascular resistance during the reperfusion. Inhibition of an endothelium-dependent
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enzyme, ecNOS, which provides the vasodilator NO, caused a further impairment in the 

studied parameters during reperfusion. Since NNA pretreatment or 120-min ischemia without 

pretreatment caused similar reductions in PFR, and endothelial destruction by saponin causes a 

similar reduction in postocclusive hyperemia (22), we can presume an impairment in 

endothelium-dependent dilatation and a lowered NO release after 2-hr mesenteric ischemia.

This decreased endothelium-dependent vasodilation could be mediated by several 

distinct mechanisms. It could be brought about not only by cell destruction or damage to 

enzyme proteins, but also by the impairment of various signal transduction mechanisms which 

play a role in endothelial autacoid release. These latter mechanisms involve biochemical and 

electric potential changes in the endothelial membrane, in a rearrangement of the cytoskeleton 

and in intracellular Ca release. These changes induce the activation of ecNOS, and bring about 

histamine and prostaglandin liberation (20,21). Indeed, a decreased ecNOS activity was 

reported after 60 min of mesenteric ischemia of the feline intestine (73).

Alternative explanations of the reduced NO action are provided by observations 

showing that reactive oxygen intermediates inactivate NO (74), and may destroy the 

endothelium itself, which produces dilatative factors. Moreover, it has been demonstrated that 

simultanous generation of superoxide anion and NO favors the formation of peroxynitrite, 

which causes further tissue destruction (36). Peroxynitrite is a most aggressive cytotoxic agent 

playing a role in inflammation, sepsis, and ischemia/reperfusion. Recent evidence suggests that 

the ischemia/reperfusion-induced endothelial dysfunction may also be related to peroxynitrite 

production (75-77). The total inhibition of NO synthesis, using the local administration of 

NNA in the present experiments, however, elicited a derangement at both micro- and 

macrocirculatory levels. This suggests that the protective actions of NO (see in the 

Introduction) are favorable during PFR and predominate over the harmful effects of 

peroxynitrite formation in mediating the endothelial dysfunction in the present experiments.

We think that the pathophysiological changes evoked by the longer ischemic periods 

utilized in the present studies could derange the local vasoregulation, causing an endothelial 

dysfunction and decreased NO formation with preponderant vasoconstriction.

An impairment of the endothelium-dependent dilatation was also observed in aortic 

rings from rats subjected to splanchnic artery occlusion shock, as evidenced by a reduced 

relaxant effect of acetylcholine. Similarly, a profound hypotension was observed after both 

mesenteric and splanchnic ischemia in rats. These pathophysiological 

vasoregulatory/hemodynamic alterations were effectively prevented by inhibition of PARS.
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PARS inhibitors have been shown to protect endothelial cells against hydrogen peroxide and 

peroxynitrite-induced endothelial injury (45,77-79). Our current data demonstrate that PARS 

is activated at an early stage of reperfusion, but the exact mode of action by which PARS 

mediates the endothelial dysfunction remains undefined. One candidate explanation is an 

indirect effect of PARS on the neutrophil invasion into the postischemic tissue (80), as 

evidenced by the current MPO measurements. Indeed, it was strongly suggested by the data of 

Alican and coworkers that mechanisms which facilitate neutrophil attachment to the 

endothelial lining (including a reduced NO production) predispose to endothelial and 

microvascular dysfunctions (81). Our ex vivo data, however, indicate that metabolic factors 

produced by the vasculature itself may also play a crucial role in the development of vascular 

failure. In agreement with the salutary effect of PARS inhibition against the ex vivo endothelial 

dysfunction in a blood cell-free milieu, we consider that an energy deficit elicited by the 

activation of PARS synergistically with a PARS-related neutrophil activation can account for 

the endothelial dysfunction during reperfusion.

The physiological importance of the formation of NO by the constitutive NOS 

isoforms, and the development of hypertension and organ injury in response to long-term 

inhibition of constitutive NO biosynthesis, have necessitated the development of NOS 

inhibitors with selectivity towards iNOS for anti-shock and anti-inflammatory purposes (for a 

review see Szabó; 61). In addition, realization of the cytotoxic potential of peroxynitrite made 

it important to seek pharmacological approaches in order to neutralize peroxynitrite-induced 

oxidations. These efforts have resulted in significant developments in recent years. Various 

iNOS-selective inhibitors have been identified and have been shown to exhibit anti

inflammatory effects in various experimental models (62,65). Moreover, several classes of 

compounds which scavenge peroxynitrite or selectively enhance its degradation have been 

identified (47,63,82).

MEG is a novel anti-inflammatory compound with a remarkable, combined mode of 

action. Its pharmacological effects include selective inhibition of iNOS in vitro and in vivo 

(62), and a modest direct inhibition of cyclooxygenase activity (83). MEG also acts as a potent 

scavenger of hydroxyl radical and peroxynitrite (63).

In the present porcine model of HS, HS-resuscitation resulted in a vascular dysfunction 

as evidenced by progressive deterioration of mean arterial pressure and cardiac output over the 

course of the experiments. MEG prevented the decompensation after severe HS, primarily by 

preventing the deterioration of mean arterial pressure and cardiac output during the



31

resuscitation phase. As a result, MEG treatment resulted in a marked improvement in survival 

time. Excess fluid movement into the interstitium and reduced circulating blood volume, and 

impaired responsiveness toward vasoconstrictor stimuli, are typical characteristics of 

hypovolemic circulatory states. Administration of MEG did not influence the changes in atrial 

pressures. Therefore, the protective effects of MEG are unlikely to be mediated by influencing 

the extravascular/intravascular fluid redistribution during resuscitation. Unaltered filling 

pressures and heart rate, combined with a preserved stroke volume, may underlie the 

protection by MEG against the loss of cardiac contractile function. Thus, we propose that an 

improvement of the cardiac contractile function may be the main mode of therapeutic action 

of MEG in HS in the present study.

In conjunction with the present experiments, other ex vivo organ bath studies in a rat 

model of HS showed that MEG greatly ameliorated the deterioration in endothelium- 

dependent vascular reactivity caused by HS (66). Although the present experiments could not 

accurately evaluate the impact of the endothelium-dependent part of the vascular dysfunction, 

in view of the latter cited data we propose that the beneficial effect of MEG, in addition to the 

preserved heart contractility, is also manifested in the preserved endothelium-dependent 

vascular reactivity during HS.

The model utilized in the current study produced a severe shock, characterized by poor 

peripheral perfusion and supply-dependent oxygen consumption. This was reflected by a low 

level of mixed venous oxygen saturation and a level of oxygen consumption less than 50% of 

the baseline level. Although the arterial and mixed venous oxygen contents were not 

influenced by MEG, this agent improved the tissue oxygen consumption during HS. This 

indicates that, in the present HS model, the oxygen consumption was directly proportional to 

the cardiac index, and an improvement by MEG of the cardiac index resulted in improved 

tissue oxygen extraction.

It is important to emphasize that the effects of MEG in HS were prominent, despite the 

fact that MEG did not induce any hemodynamic changes in control (sham-shocked) animals. 

This is in marked contrast with the effects of non-isoform selective inhibitors of NOS, which 

induce marked hemodynamic effects both in sham-shocked, and in shocked animals (61). One 

may envision that the inclusion of MEG (or other agents with a similar pharmacological 

profile) into conventional resuscitation fluids may improve the outcome of future resuscitation 

therapies.
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4. 3. Intestinal epithelial dysfunction in various circulatory disorders

Herein, we investigated ischemia/reperfusion-induced alterations in the integrity of the 

intestinal epithelium at both functional and structural levels. The design of the experiments was 

focused on examining the impacts of two possible free radical-initiated pathways of injury, 

such as the activation of PARS and mast cell degranulation.

As demonstrated by our mucosal permeability measurements, the restrictive property of 

the mucosal barrier is impaired after 15 or 30 min of mesenteric ischemia. Similarly, the 

histological evaluation revealed a deterioration in the structural integrity of the epithelia of the 

villi. The exquisite sensitivity of the intestinal mucosa toward both hypoxia and subsequent 

reoxygenation has been well defined (see the Introduction). A relationship between reactive 

oxygen intermediate formation and intestinal hyperpermeability has been demonstrated 

previously, whereby exogenous superoxide dismutase and catalase treatments effectively 

ameliorated microvascular and mucosal permeability, showing that the tissue injury is mediated 

by oxygen-centered free radicals such as superoxide and hydroxyl radicals (16). In our 

experiments performed on rats, the applied level of NO inhibition appeared to be protective 

against injury, suggesting that the postischemic injury of the small intestine was mediated by 

another, nitrogen-derived free radical, NO, during the early stages of reperfusion. The 

pronounced hypotension, the increased permeability and the histologically manifesting tissue 

damage were significantly ameliorated by NOS inhibition in rats. Although NO possesses 

numerous favorable features whereby it can alleviate tissue injury (see the Introduction), a 

recent substantial body of evidence suggests that NO is also involved in free radical-mediated 

cytotoxicity via peroxynitrite formation. For instance, inhibition of ecNOS appeared to be 

beneficial during the reperfusion of numerous organs such as the lungs (26), intestine (27), 

heart (28), liver (29) and kidney (30). As shown by tyrosine nitration, an indicator of 

peroxynitrite formation in tissues in vivo, peroxynitrite is produced under the present 

conditions as well as in various organs during reperfusion, e.g. the intestinal and lung and liver 

ischemia/reperfusion (26). The protective effect of L-NMA in the present study also indicates 

that a low level of NOS inhibition can exert beneficial actions, probably by preventing 

peroxynitrite formation at the onset of reperfusion. Furthermore, it is proposed that the 

injurious effects of peroxynitrite are not necessarily related to higher quantities of NO 

produced by the iNOS. The fact that the protective action of NOS inhibition was confined to a
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narrow range of L-NMA doses suggests, on the other hand, that physiological levels of NO 

are also favorable in this experimental model and peroxynitrite generation should probably 

rather be prevented from the site of free radical formation.

Recent in vitro studies demonstrate that exogenous peroxynitrite can mediate a cellular 

dysfunction by several distinct mechanisms. Lipid peroxidation, protein modification (38,79), 

inhibited mitochondrial respiration (39) and glutathione depletion (40) are among the 

consequences of its formation. Apart from these direct effects of peroxynitrite, a novel 

pathway of injury, DNA damage formation, has also recently been attributed to peroxynitrite. 

As an obligatory consequence of DNA single strand breakage formation caused by 

peroxynitrite and hydroxyl radical, an insufficient DNA repair mechanism is initiated via the 

activation of PARS (41-43,79). The present data suggests that PARS is activated at an early 

stage of reperfusion after 15 min of mesenteric ischemia in epithelial cells. Further, both 

structurally unrelated inhibitors of PARS were capable of ameliorating both the rise in 

epithelial permeability and the deterioration in histological integrity of the villi upon 

reperfusion. This strongly suggests that PARS activation is involved in mediating the mucosal 

barrier dysfunction of the small intestine during reperfusion.

In addition to the endothelial and epithelial dysfunction, the activation of PARS greatly 

affected the overall outcome of tissue injury in the intestinal mucosa. The PARS-deficient 

strain of mice exhibited effectively no signs of lipid peroxidation and neutrophil accumulation 

in the postischemic tissue and in the lungs, as opposed to their wild-type littermates. As 

concerns the interference of PARS with oxidant-related injury, a reduced energy depletion and 

a diminished free radical formation and preserved mitochondrial respiration in response to 

exogenous xanthine oxidase were demonstrated when PARS inhibition was applied in vitro. 

PARS inhibition was similarly effective in preventing the neutrophil accumulation in the 

reperfused intestine in rats. Mice lacking PARS exhibited a markedly lower MPO activity in 

both the intestine and the lung. The basis for the PARS-inhibitable neutrophil sequestration is 

not yet defined, but may relate to the effect of PARS on the expression of intercellular 

adhesion molecules, and/or be due to the modulation by PARS of a postadhesion event 

(80,84). Other mechanisms by which PARS modulates inflammatory cell infiltration cannot be 

ruled out, including an effect on the endothelial integrity. A reduced tissue invasion of 

inflammatory cells may also conceivably be related to a lower level of local lipid peroxidation, 

an effect that is strongly reduced in the PARS -/- animals.
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As detailed above, longer durations of mesenteric ischemic episodes in the canine 

intestine result in considerable functional alterations at a vasoregulatory level. As a follow-up 

of those examinations, we performed continuous permeability measurements to evaluate 

functional alterations, and also structural examinations targeting the epithelial lining after 30 

min of segmental intestinal ischemia in dogs. In these studies, apart from evaluations of both 

directional permeability changes caused by ischemia/reperfusion, the experiments were 

designed toward examining the contribution of the activation of the intestinal mast cell system 

to these alterations.

Our results reveal that the clearance of NaFL is significantly higher in the plasma-to- 

lumen direction in the terminal ileum when the concentrations of the marker molecules are 

comparable on the two sides of the mucosal barrier. Similar ex vivo data were presented 

elsewhere (85). The functional importance of this phenomenon is unclear, but a defensive role 

has been proposed for this mechanism, such as the secretion of protective substances from the 

plasma into the intestinal lumen.

The permeability of the intestinal mucosa was significantly increased during reperfusion 

in both directions, but was elevated only in the blood-to-lumen direction during ischemia. The 

applied mast cell stabilizer or dexamethasone pretreatments effectively reduced the 

reperfusion-induced permeability alterations. Various data suggest a multiple relationship 

between reperfusion-induced free radical generation, increased mucosal permeability and 

activation of intestinal mast cells. It has been demonstrated that the inhibition of reactive 

oxygen radical formation reduces the vascular permeability changes during reperfusion (86), 

and it was established in our laboratory that xanthine oxidase-generated oxygen intermediates 

are involved in the release of preformed mast cell mediators during reperfusion (87). These 

findings support our data that mast cell degranulation results in a process which significantly 

affects the mucosal permeability. It has been reported that the reperfusion-induced increase in 

the plasma-to-lumen clearance of 51Cr-labeled EDTA could be suppressed by inhibiting 

mucosal-type mast cell degranulation (88). Peritoneal and mucosal-type mast cells display 

different histological characteristics and sensitivities toward membrane stabilizer or 

degranulator compounds (89). Our pretreatment regimens targeted these mast cell subtypes 

separately, and both pretreatment with the mucosal/peritoneal mast cell stabilizer quercetin and 

pretreatment with the peritoneal mast cell-specific cromolyn effectively influenced the arterial 

occlusion-induced permeability alterations.



35

It has been established that the villus epithelium is extremely sensitive to hypoxia and 

low-flow states. Cellular swelling, subepithelial fluid accumulation and epithelial cell lifting are 

early consequences of mesenteric artery occlusion (9). Subepithelial space formation, a 

morphological sign of fluid transudation, are usually observed, and this raises the possibility 

that the arterial occlusion-induced metabolic alterations might be exaggerated by a nutritional 
component due to the increased distance between the enterocytes and the subepithelial 

capillaries. Indeed, intraluminal oxygen and glucose (90) have been shown to improve tissue 

viability by restoring substrates for the aerobic metabolism, and probably by removing 

metabolites of the anaerobic metabolism. However, in our study, mechanical removal of 

metabolites with luminal perfusion alone did not result in a lessening of the tissue injury.

Interestingly, mast cell stabilizer pretreatments maintained the bowel permeability at a 

normal level, but did not ameliorate the degree of postischemic bowel injury. Several possible 

mechanisms can account for these results. Although it is recognized that the postocclusive 

liberation of mast cell mediators, histamine or proteases may play a central role in immediate 

permeability changes, the activation of other chemotactic systems, and the release of peptide 

mediators, platelet activating factor or peptidoleukotrienes may also explain the leukocyte 

invasion and subsequent leukocyte-mediated tissue damage. Another explanation may be 

provided by the sensitivity of mast cells to hypoxia, and the fragility of mast cell membranes to 

osmotic stress. We have demonstrated that mast cells are involved in the response to ischemia 

after a short period of time. It is conceivable that ischemia/reperfusion induces non-selective 

cytotoxic exocytosis rather than active degranulation of mast cells (91). This suggests that the 

current mast cell stabilizer regimens are only partially effective in reducing ischemia-induced 

mast cell degranulation; thus, mast cell degranulation occurs and contributes to injury.

Soda et al. recently demonstrated that a 24-hr dexamethasone pretreatment 

significantly reduces mast cell numbers in the rat intestine through a macrophage-dependent 

mechanism (35). In our experiments, dexamethasone pretreatment inhibited mast cell 
degranulation, but did not decrease the number of mucosal mast cells. This pretreatment 

ameliorated the tissue injury and clearly inhibited the ischemia-induced permeability changes. 

This suggests that dexamethasone is not a mast cell depleter, but rather a mast cell stabilizer in 

dogs, similarly to quercetin or cromolyn. However, considerations of a non-specific action of 

the compound (inhibition of phospholipase A2 activation, histamine release and endotoxin 

translocation; 92,93) are also necessary, since this may contribute to the tissue protection 

during ischemia/reperfusion.
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In conclusion, the importance of monitoring multiple parameters of 

ischemia/reperfusion injuries should be emphasized to obtain valid conclusions from studies 

involving tissue salvage therapies. Mast cells or mast cell-induced reactions contribute to the 

early mucosal permeability alterations and barrier lesions during reperfusion, but probably play 

a secondary, minor role in reperfusion-induced structural injury.

In summary, longer intestinal ischemic episodes and hemorrhagic shock lead to a 

considerable endothelial dysfunction. NO synthesis inhibition causes a “no reflow 

phenomenon” during the reperfusion of the canine small intestine. MEG, a peroxynitrite 

scavenger and iNOS inhibitor, prevents the vascular dysfunction associated with hemorrhagic 

shock in the anesthetized pig. The intestinal epithelial dysfunction caused by 

ischemia/reperfusion can be markedly ameliorated by inhibition of PARS activation and of 

mast cell degranulation. In Fig. 2 (page 37) are summarized the potential mechanisms of 

ischemia/reperfusion injury mediated by mast cell-induced reactions and PARS activation.
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Figure 2. Potential involvement of mast cell-induced tissue reactions and activation of poly 

(ADP-ribose) synthetase in mediating tissue injury following ischemia/reperfusion of the 

intestine.
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ABSTRACT—During the postischemic flow response (PFR), vasodilator mediators such as nitric oxide (NO) 
and histamine are liberated, influencing the blood flow rate at the onset of reperfusion. The possible roles 
of these two mediators, and the relationship between their release, were examined during segmental 
intestinal ischemia of different durations and subsequent reperfusion in two series of anesthetized dogs. In 
series I (untreated ischemia), 15, 30, 60, and 120 min ischemia and 2 h reperfusion were studied. In series 
II, the same experimental protocol was repeated after pretreatment with the NO synthase inhibitor 
A/-nitro-L-arginine (NNA, 10 /xmol/kg, i.e., 2.19 mg/kg). Intramucosal pH (pHi), segmental blood flow and 
effluent histamine levels were measured, and segmental vascular resistance (SVR) and PFR volumes were 
calculated. The ischemic periods caused a considerable fall in pHi. Reperfusion resulted in an early return 
to normal pHi levels following a 15 or 30 min ischemia, but this process took longer after longer occlusions. 
In the later phase of reperfusion, SVR was elevated. The PFR volume increased in proportion to the duration 
of occlusion, except after the 120 min ischemia. At the onset of reperfusion, peak histamine levels rose in 
parallel with the duration of ischemia. During reperfusion, a prolonged decrease in pHi, an increase in SVR, 
and a reduction in PFR volume, with no significant histamine level elevation, were observed in the 
NNA-treated groups. This study indicates that both NO and histamine take part in the PFR in the canine 
small intestine. Inhibition of NO synthesis prevents the postischemic release of histamine.

INTRODUCTION ischemia has been verified by Kubes el al. (8). A beneficial role 
is usually attributed to NO under these conditions, but the 
appraisal of its role remains controversial. Some authors have 
reported that NO donors exert a protective effect by maintain
ing mucosal perfusion and by inhibiting neutrophil-endothelial 
interactions and also platelet and mast cell activation (9). NO 
can further protect against cytotoxic effects of reactive oxygen 
species (I0). In contrast, other researchers have shown NO to 
be harmful for the survival of some tissues, such as in the 
nervous system (II).

Previous results in our laboratory demonstrated that the local 
plasma level of histamine rises at the onset of reperfusion (12). 
Released histamine contributes to the postischemic increase in 
BF, primarily via H2 receptors (I3).

As concerns the relationship between NO and histamine, 
only insufficient and inconsistent data are available. It is pre
sumed that an interrelationship exists between NO and hista
mine release, whereby NO synthase (NOS) inhibition may 
increase the histamine release of mast cells (I4-I6). In con
trast, Koslie el al. have demonstrated simultaneous NO and 
histamine peaks under ischcmia-rcpcrfusion conditions in the 
heart, where both peaks could be prevented by NOS inhibition 
(17). Therefore, the main goal of our work was to investigate 
the relationship between NO and histamine release, following 
NOS inhibition (by /V-nilro-i.-argininc, NNA), as a function of 
the duration of ischemic periods in the small intestine.

The sustained high clinical mortality rale of intestinal isch- 
mia/repeiTusion is due not only to local damage, but also to its 
ystemic effects. As a result of a local increase in permeability, 
Schemia/rcpcrfusion can cause the absorption of toxic metab- 
ilitcs, while substances derived from the damaged cndolhc- 
ium can lead to neutrophil activation (I) and, eventually, 
nultiplc organ failure. Al the onset of reperfusion, a local 
lypcrcmic vascular reaction, the “postischemic flow response" 
PFR) occurs, allowing repayment of the blood How (BF) debt. 
Reestablishment of the BF is an essential condition of tissue 
urvival, but reperfusion, beside abolishing the deleterious 
iffects of ischemia, can itself cause further tissue damage (2).

The consequences of inadequate perfusion depend both on 
he organ and on the degree and duration of the ischemia (3). 
Therefore, we set out to investigate the effects of segmental 
mesenteric occlusion of different durations on PFR in the small 
ntestine, which organ is known to be especially sensitive to 
ow-flow states (4).

At the onset of reperfusion, the abrupt increase in BF and the 
mechanical deformation of the blood vessel wall result in a 
■elcasc of endothelium-derived mediators, including nitric ox- 
de (NO), histamine, and prostaglandins (5, 6). These sub
stances, together with metabolic, neurogenic and myogenic 
actors, may be involved in the mechanism of this dilatalive 
•espouse (7).

The presence of NO during reperfusion after mesenteric
MATERIALS AND METHODS

Surgical procedure
Seventy-six healthy mongrel dogs of cither sex (average weight: 15.2 kg) 

used under intravenous sodium pentobarbital anesthesia (30 mg/kg).

Address reprint requests to Professor Sándor Nagy, Institute of llxpcrimen- 
lal Surgery, Szent-Györgyi Albert Medical University, P.O. Itox 464, 11-67(11 
Szeged, Hungary. were
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Small supplementary closes of pentobarbital were administered when ncccs- . 
Bivry. The femoral artery and vein were canmdatcd lor blood sampling and a 
midlinc abdominal incision was made. The branch of the superior mesenteric 
artery supplying the terminal ileum (about 50 cm long) was isolated and an 
electromagnetic-flow probe (lumen circumference 8 mm) was placed around it 
Гог BF measurements. Thin polyethylene catheters were introduced into small 
Irihutarics of the artery and vein supplying the segment in order to measure (he 
in How (arterial) and outflow (venous) pressures, respectively. Л thin polyeth
ylene catheter was placed into a side branch of the artery proximal to the How 
jrobc for NNA (series II) or saline (series I) infusion. The marginal vessels at 
jolh ends of the segment were ligated and transected. The mesentery at the 
jordcr of the segment was divided by eautcry, to eliminate any possible 
tonnection with the systemic circulation other than the isolated mesenteric 
irtcry branch. The intramural collateral BF was stopped by transecting the 
towel wall, and (he luminal passage was secured by tying large-lumen silastic 
ubes into both ends of the segment. The preparation (average wet tissue 
yciglil: 80 g) was thus supplied by a single artery, while the venous effluent 
emained undisturbed. The experiments were performed in adherence to the 
■National Institutes of Health guidelines for the use of experimental animals, 
fhe study was approved by the Ethical Committee for the Protection of 
Animals in Scientific Research of Szenl-Györgyi Albert Medical University.

Experimental groups
Two experimental scries were used. Series I consisted of untreated ischemic 

groups that received only saline infusion (I mlVkg for I0 min starling 30 min 
prior to the occlusion). Groups in this series were subjected to a 15. 30. 60, or 
I20 min ischemia (n = 15; n = 11; n = I I: n = 8, respectively). In series II, 
the aforementioned procedure was repealed while NO synthesis was inhibited 
with NNA (Sigma) in a dose of 10 puuol/kg (2.19 mg/kg) given in I mL/kg 
saline for 10 min starling 30 min before the 15. 30, 60, or 120 min ischemic 
period (n = 10: it = 9; n = 7; n = 5; NNA-trcalcd ischemic groups).

Statistical analysis
Data analysis was performed with a statistical software package (SigmaSlat 

for Windows. Jandel Scientific, Germany). Nonparamclric methods were used. 
Friedman repeated measures analysis of variance on ranks was applied within 
groups. Time-dependent differences from the baseline for each group were 
assessed by Dunn’s method. Differences between groups were analyzed with 
the Mann-Whitney tank sum test (between two groups) and Kruskal-Wallis 
one way analysis of variance on ranks (among groups), p values < .05 were 
considered significant.

RESULTS

Changes in pl-li evoked by ischemia of different durations 
and a subsequent 2 li reperfusion with or without NNA admin
istration arc listed in Fig. I. The baseline pHi was about 7.2 in 
every case. The ischemic periods caused a progressive fall in 
pHi to approximately 6.8-6.9. This parameter normalized 
during 90 min of reperfusion following a 15 or 30 min isch
emia, but in die groups subjected to a 60 or 120 min occlusion 
this process was delayed. Inhibition of NOS caused a signifi
cant deterioration in pl-li return during reperfusion following a 
15, 30, or 60 min occlusion, as compared with nonlrcatcd 
ischemic controls.

SVR was significantly elevated in the final phase of reper- 
fusion (Fig. 2). This elevation occurred after 30-60 min'of 
reperfusion following a 60 or 120 min occlusion but appeared 
later (after 60-90 min of reperfusion) following shorter occlu
sions. A decreased segmental BF was primarily responsible for 
this elevation. A sudden increase in BF appeared in each group 
immediately after release of the occlusion, which was signifi
cant compared with the prcischcmic values. In the later phase 
of reperfusion, however, a considerable reduction in BF could 
be seen after ischemia of longer durations. As compared with 
the untreated groups, NNA administration resulted in a signif
icant SVR increase between 15 and 30 min of reperfusion.

Fig. 3 demonstrates the changes in the PFR volume as a 
function of the length of the ischemic period. After a 30 or 60 
min ischemia, the PFR volume was significantly higher than in 
the 15 min group. After a 120 min ischemia, however, PFR 
was approximately the same as after the 15 min ischemia. The 
inhibition of NO synthesis by NNA significantly attenuated the 
PFR following a 30, 60, or 120 min occlusion. In NNA-treated 
animals, the PFR volumes were reduced to the level seen alter 
a 120 min occlusion in untreated animals.

Histamine levels were determined in the effluent blood of

Vleasurements
The arterial and venous pressures of the ileal segment were measured with 

itatham P23 Db transducers. The segmental BF was measured with an clcc- 
romagnctic flowmeter (Carolina Medical Electronics 501). Pressure and Bow 
ignals and the time integral of the BF curve were recorded on a Beckman 
1611 recorder. The BF was referred to 100 g of wet tissue (mb min 
;“'). The segmental vascular resistance (SVR) was calculated from the inflow 
arterial) minus oulllow (venous) pressure difference and BF (moilIp ml. ' 
nin"'). The total I’FK volume was determined from the time integral of the 111-' 
lurve. The duration of the PFR was defined as the time interval from the 
clcasc of occlusion until the increased How returned to 10% of its maximal 
aluc (IS). The following equation was used to calculate the PFR volume:

-1 100

PFR volume (mL) = total How volume during How response (mL)

- [control BF (niL/niin) X duration of PFR (min)|

lasnia histamine levels were measured with a slight modifieation of the 
tdiocnzynialic method of Beaven ct al. (19).

The intramucosal pH (pl-li), as an indicator of intramucosal oxygenation, 
ias calculated by the method ofFiddian-Green (20). A silastic balloon catheter 
TGS Tonomitor, Tonometries Inc., Worcester, МЛ) was positioned through a 
mall cntcrotomy in the intestinal segment. This method is based on the 
rinciplc that Pco2 in the fluid within the scmipcrmcablc balloon in the lumen 
Г a hollow organ equilibrates with Pco2 in its wall. The Pc02 of the fluid in 
tc balloon of the tonometer thus provides an indirect measure of the mean 
co2 in the superficial intestinal mucosa. If the arterial l-lco," concentration is 
Etermined, pHi can be calculated from the Pco2 of the fluid in the balloon 
with a correction factor for 30 mill equilibration), using the Henderson- 
lassclbalch equation. Arterial Hero," concentration can be calculated from the 
aerial pH and Pco2, the latter assumed to be the same in the wall of the gut 
ltd in the arterial blood.

The balloon of the tonometer was filled with 2.5 mL .9% saline. Alter each 
D Inin equilibration, the Pco2 of die saline from the tonometer sample was 
itennined three times with a blood gas analyzer (BMS 3 Mk 2 Blood Micro 
yslcin. Radiometer, Copenhagen. Denmark) and the average of the three 
leasurcmcnts was later used throughout the experiment. An arterial blood 
Implc was taken simullancoiisly and analyzed for Po2, Pco2. and pH.

the segment (Fig. 4). In the control groups, a sudden rise inxperimental protocol
A 30 min recovery period was allowed after the surgical procedure. Fifteen. 

), 60, and 120 mill periods of ischemia were elicited by occluding the artery 
Mfusing the segment with an arterial niiniclip distal lo the How probe, 
allowing release of the occlusion, the flow response was recorded for 120 
tin. Blood samples were taken from the effluent blood of the segment before 
в ischemic periods and alter 1,5, and 15 min of PFR. At the end of PFR, the 
)wcl segment was removed and weighed.

histamine level was observed at the onset of repetfusion. Even 
the 15 min occlusion caused а ари«тс1рц[Ыс elevation in this 

йЙеГ (CitlNjie duration of theparameter, which increased in 
ischemia. In scries II, 30 mifetfler j§JNA pitetreatment, there 
was no significant elevation ш the [ftfischenlic plasma hista
mine level as compared wilVsbc (ttilrcaloB groups. In this
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Fig. 1. Changes in pHi of the gut segment in ischemic control (white boxes) and NNA-treated groups (shaded boxes) during a 15 min 
(A), 30 min (B), 60 min (C), or 120 min (D) ischemia followed by a 120 min reperfusion. Median (thick line in the box), mean (thin line in the box), 
25th percentile (bottom of the box), 75th percentile (top of the box), 5th and 95th percentiles (lower and upper whiskers, respectively) are indicated. 
4, Dunn test against first control sample; x, Mann-Whitney analysis of ranks between control and NNA-treated groups.

:

«series, reperfusion did not evoke a significant increase in 
»venous effluent histamine levels.

fusion phase, too, maintaining insufficient tissue oxygenation. 
This hypothesis is supported by rat histological studies in 
which a reduced villus tip circulation was demonstrated after 
even only a 15 min occlusion (3). As shown by results in the 
last decade, the discrepancy between oxygen demand and 
supply in ischemia is followed by the paradox of reperfusion 
(24). Anoxic injury is combined with additional damage orig
inating .from free radicals during revascularization (24). As 
shown by histologic observations, a loss of endothelial integ
rity occurs mainly in the reperfusion phase (2). Our data on pHi 
similarly indicate sustained tissue ischemia during the reper
fusion phase. The corresponding tissue injury appears to be 
reversible with the possible exception of that after 120 min 
ischemia.

According to our results, longer occlusions led to a consid
erable vasorcgulatory disorder, which materialized in drastic 
decreases in PFR and in BF of the segment and in an elevation 
in SVR during the reperfusion.

At the onset of reperfusion, a hypercmic BF can be seen in 
which the signal transduction mechanisms of the endothelium 
may play a role (25). The sudden increase in blood flow 
velocity results in biochemical and electric potential changes in 
the endothelial membrane, in a rearrangement of the cytoskel- 
eton and in intracellular Ca release. These changes could 
induce activation of NOS, and liberation of histamine and 
prostaglandins (5, 6). These mechanisms operate in local va- 
soregulution and in adaptation to the changes in BF.

The PFR volume gradually increases up to 60 min of isch
emia. After a 120 min occlusion, however, it displays a drastic 
reduction. Since endothelial destruction by saponin causes a

DISCUSSION
In the present experiments, postocclusive hemodynamic 

consequences of mesenteric ischemia of different durations 
were investigated in the presence or absence of NOS inhibi
tion. pHi was estimated by means of tonometry (20). The 
results allow an estimation of the oxygen supply in the tissue 
and hence the adequacy of the microcirculation. Values of pHi 
obtained by the indirect tonometer technique have already been 
validated by direct pHi measurements (21). Recent data indi
cate that changes in pl-Ii arc associated with tissue lactate 
changes (22) in the ileum while tonometry is likely to be more 
sensitive since it reflects the mucosal layer. Although this 
method underestimates the real ischemic changes to some 
extent, it can be used as a reliable tool in the reperfusion phase. 
The gradually deteriorating tissue acidosis, evolving in propor
tion to the duration of the occlusion, is followed by different 
grades of improvement during reperfusion. The pathophysio
logical process seems to be reversible only after occlusions 
shorter than 60 min, since pHi does not return to the control 
level after longer segmental ischemic episodes. The adverse 
change in local pHi can be explained by the accumulation of 
metabolic products during the occlusion (20), and the regen
eration during reperfusion appears to be time consuming. Due 
to the countercurrent exchange system within the villi, a mod
est decrease in local perfusion causes mucosal hypoxia by 
shunting oxygen away from the villus tip into subepithelial 
veins (23). This phenomenon can possibly operate in the reper-
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iniilar reduction in postocclusivc hyperemia (26), we can 
resume an impairment of endothelium-dependent dilatation in 
ur experiments.

Inhibition of NO synthesis caused a further impairment in 
ic studied parameters during reperfusion. As a result of NOS 
ihibilion, the tissue oxygenation deteriorated to such an extent 
iát pHi remained definitely below the control values. A pro

gressive rise in SVR and a decrease in segmental BF were also 
observed by the end of the experimental period.

It is noteworthy that NNA pretrealment or 120 min ischemia 
without pretreatment caused similar reductions in PFR. Hence, 
a lowered NO release can be presumed after a 2 h ischemia. A 
decreased endothelium-dependent dilatation, however, can be 
brought about not only by cell destruction, but also by impair
ment of the above-mentioned signal transduction mechanisms 
that play a role in endothelial autacoid release (5). This im
pairment can result in a reduced mediator liberation, even in 
the absence of any damage to enzyme proteins or cell destruc
tion. These changes derange the local vasorcgulation, causing 
preponderant vasoconstriction (5). This hypothesis is sup
ported by the data of Kanwar cl al., who found a decreased 
NOS activity in the feline small intestine after a 1 h occlusion, 
followed by a further reduction in the later phase of reperfusion 
(27). This group demonstrated a severe loss of histological 
tissue integrity and an endothelial dysfunction manifesting in 
increased mierovascular permeability in the feline intestine 
following a 90 min occlusion. Both changes were augmented 
by NOS inhibition (8).

Alternative explanations of the reduced NO action are pro
vided by observations that reactive oxygen intermediates inac
tivate NO (28), and may destroy the endothelium itself, which 
produces dilatalivc factors. In the experiments of Nilsson et al. 
(29), lice radical production depended on the duration of 
ischemia up to 60 min, but was approximately the same after a 
90 or 120 min ischemia. Following these latter two ischemic 
periods, free radical formation showed no correlation with the
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ixes) after occlusion of different durations. *, Kruskal-Wallis test 
ainst values of 15 min ischemia; x, Mann-Whitney analysis of ranks 
tween control and NNA-treated groups. (See Fig. 1 for explanation of 
5 plot.)
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histological tissue injury. Moreover, it has been demonstrated 
that the superoxide anion can couple to NO and be Irans formed 
into peroxynitritc, which causes further tissue destruction (30). 
Peroxynitrite is a most aggressive cytotoxic agent playing a 
role in inflammation, sepsis, and ischcmia/rcpcrfusion. Al
though both NO and reactive oxygen species arc present during 
PFR, the effects of NNA lead us to suppose that the injurious 
effects of peroxynitrite do not predominate under our experi
mental conditions. The definitely harmful micro- and macro- 
circulatory consequences of NNA treatment suggest even a 
beneficial rather than a harmful role of NO in the PFR.

In our experiments, the plasma levels of histamine rose 
progressively with the duration of the ischemic period. Hista
mine can be released from endothelial cells and mast cells by 
two distinct mechanisms at the onset of reperfusion. PFR 
exerts an elevated shear stress along the blood vessel walls, 
inducing histamine release from the endothelium (31). On the 
other hand, free radical formation and subsequent degranula
tion of mast cells can also lead to histamine liberation (12). 
After shorter occlusions, when the histamine level increases in 
parallel with the volume of PFR, this mediator probably orig
inates mainly from the endothelium; after longer occlusions, 
the mast cell-derived histamine may be of greater importance. 
Histamine can be released from mast cells through selective 
noncytotoxic cxocytosis or cytotoxic damage of the plasma 
membrane (32). In our previous experiments, pretrealment of 
the animals with the mast cell stabilizer cromolyn was found to 
reduce the increase in histamine level in the venous effluent of 
the segment (33). Under similar conditions, cromolyn infusion

lowered the peak flow of PFR to a lesser extent than H2 
receptor blockers (13), suggesting the importance of the endo
thelium in histamine liberation.

Histamine can induce relaxation through NO release by 
activating the IT, receptors of endothelial cells. This is sup
ported by observations that NOS inhibitors prevented the di
lator (34) and permeability increasing effects of exogenous 
histamine (35). We examined whether there are indications for 
such effects under our conditions, and whether any interrela
tionship can be demonstrated between NO and histamine re
lease. Kubcs et al. found that NO synthesis blockade led to 
activation of inflammatory cells, including mast cells, and that 
H, receptor antagonist administration prevented the permeabil
ity increasing effect of NOS inhibitors (36). Gambassi et al. 
reported that NO inhibition had an increasing effect on hista
mine levels in the ischemic guinea-pig heart preparation (16).

In our first experimental series, histamine levels rising in 
proportion to the duration of ischemia were observed in the 
untreated groups, but the PFR volumes increased in parallel 
with the histamine levels only up to 60 min ischemia. As the 
hemodynamic data show, 120 min ischemia may be associated 
with a lowered NO release. Histamine in the presence of 
endothelial damage seems incapable of exerting its indirect 
dilatatory effect, which is mediated through H, receptor stim
ulation and results in a consequent NO release.

In the presence of NO inhibition, only a low histamine 
release and a strongly reduced PFR were detected at the onset 
of reperfusion in all ischemic groups. Á connection between 
the absence of histamine and a decrease in the PFR volume can
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therefore be supposed. Our results do not agree with those .of 
Gambassi et al. as concerns the relationship between NOS 
inhibition and histamine release (16). On the other hand, our 
findings are compatible with the observations of Kostic et al. 
(17), who observed simultaneous NO and histamine peaks 
during a hyperemic response following heart ischemia and both 
peaks were abolished by the inhibition of NOS.

The release of histamine at the onset of reperfusion is a 
complex multifactorial process in which both mast cells and 
endothelial cells participate. The histamine level, increasing 
proportionally to the duration of ischemia, comprises the frac
tion originating from mast cells and washed out from the 
previously ischemic tissues and the fraction released from the 
endothelium in consequence of the shear stress caused by 
the increased blood flow rate. At the beginning of reperfusion, 
functional capillary density decreases (37), a process that is 
further intensified by NOS inhibitors. NOS inhibition stimu
lates endothelin release (38), and this intensifies the effect of 
other vasoconstrictors (such as angiotensin and cat
echolamines). The resultant effect of NOS inhibition and isch
emia is a microcirculalory no reflow-like stale that decreases 
histamine wash-out from the ischemic area and diminishes the 
possibility of free radical formation, which in turn attenuates 
further histamine release from mast cells. A lesser How rate is 
associated with reduced shear stress-induced histamine release, 
too. Thus the effect of NOS inhibition on decreasing reperftt- 
sion histamine levels is an indirect consequence of the opera
tion of the above mentioned NO-dependent mechanisms.

In summary, our findings indicate that boll) NO and hista
mine lake part in the PFR in the canine small intestine. Longer 
periods of occlusion may cause a more severe endothelial 
dysfunction, and possibly a reduced production of NO. Hista
mine release increases with the duration of ischemia, but the 
endothelium-dependent part of its vasodilator effect is proba
bly lost after prolonged ischemia. The absence of NO is unfa
vorable for the micro- and macrocirculation of the reperfused 
intestinal segment. These Findings support a protective role of 
NO during PFR. The microcirculalory “no-reflow” phenome
non may inhibit the endolhelium-dependent postischemic lib
eration of histamine.
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THE ROLE OF MAST CELLS IN MUCOSAL PERMEABILITY CHANGES 
DURING ISCHEMIA-REPERFUSION INJURY OF THE SMALL INTESTINE
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ABSTRACT—The objective of this study was to investigate the significance of mast cell-induced reactions 
in the mucosal functional and morphological alterations induced by 30 min segmental ischemia and 120 min 
reperfusion in anesthetized dogs. The rates of changes in permeability of the mucosa to sodium fluorescein 
(NaFL) in the plasma-to-lumen and lumen-to-plasma directions were studied, the local hemodynamics, 
intramucosal pH (pHi) alterations, mast cell number and degranulation, and degree of tissue injury were 
determined. The effects of pretreatments with cromolyn (a peritoneal-type mast cell stabilizer), quercetin (a 
mucosal-type mast cell stabilizer), and dexamethasone (an aspecific membrane stabilizer and mast cell 
depleter) were evaluated. We found that ischemia-reperfusion induced significant tissue injury, elevated the 
segmental vascular resistance, and decreased pHi. The plasma-to-lumen clearance of NaFL increased 
significantly during ischemia and reperfusion. Cromolyn and quercetin pretreatments significantly inhibited 
the permeability changes, but did not influence the pHi and morphological alterations induced by ischemia- 
reperfusion. Dexamethasone pretreatment did not influence the number of mast cells, but the degree of 
mast cell degranulation and fluorescein leakage decreased. We conclude that intestinal mast cells and mast 
cell-induced reactions contribute to the mucosal permeability alterations during reperfusion, but play only 
a minor role in ischemia-reperfusion-induced structural injury.

INTRODUCTION range from reversible permeability changes to complete 
transmural necrosis, and the exact impact of mast cell- 
induced reactions on postocclusivc tissue destruction is still 
unclear.

The first part of the present studies aimed to determine the 
functional and morphological parameters of ischemia-triggered 
changes in the canine small intestine during the reperfusion 
phase. We characterized the ischemia-reperfusion-induced lo
cal hemodynamic, pHi, and epithelial permeability changes of 
an ileal segment. The mast cell distribution and morphological 
consequences of the ischemia-reperfusion challenge were eval
uated histologically.

In the second part of our study, the effects of mast cell- 
targeted pretreatment regimens were investigated. Since the 
mast cells of the gastrointestinal mucosa are different from the 
mast cells of the connective tissue (9), an additional objective 
of the study was to compare the effectiveness mucosal and 
peritoneal-type mast cell stabilizer therapies separately. In ad
dition, we addressed the possibility that mast cell depletion 
would attenuate ischemia-rcperfusion-induced destructive tis
sue reactions. Recently, Soda et al. demonstrated that dexa
methasone prelrealmenl leads to a significant decrease in mu
cosal mast cell number through a macrophage-dependent 
mechanism in rats (lO). However, no data are available on this 
reaction in other species. We used selective mucosal and 
peritoneal-type mast cell stabilizer and dexamethasone pre- 
treatments to investigate the role of mast cells in the mucosal 
permeability and structural alterations in the small intestine 
following a period of complete arterial occlusion. Our results 
demonstrate that mast cell-induced reactions contribute to the 
harrier lesions during reperfusion, but play only a minor role in 
reperfusion-induccd severe mucosal structural injury.

The intact gastrointestinal mucosa functions as a selective 
barrier between the nonstcrile lumen and the sterile interior 
milieu, permitting the absorption of nutrients, electrolytes and 
water, but restricting the movement of potentially toxic agents 
from the gut lumen. This selective permeability primarily 
maintained by the apical and basolatcral membrane structures 
of the epithelium, and the capillary and lymphatic endothelia. 
Ischemia of the small intestine quickly leads to a depletion of 
cellular energy content, an intramucosal pH (pl li) decrease, 
epithelial cell swelling, and functional and morphological al
terations (I, 2). The destruction of the endothelial or epithelial 
lining causes an increased plasma and fluid movement into the 
interstitium or to the gut lumen, so that low molecular weight 
luminal substances, even luminal bacteria, can pass into the 
lymphatics and bloodstream (3-5).

There is evidence that suggests that leukocytes are major 
contributors to the mucosal injury induced by intestinal 
ischemia, and it has been demonstrated that granulocyte 
recruitment in the postischemic small intestine may be 
closely related to the activation of mast cells (6, 7). Mast 
cell-derived vasoactive mediators may also play a role in 
neutrophil sequestration in remote organs (X). Although 
these data support the notion that mast cell degranulation 
contributes to the tissue response elicited by ischemia- 
reperfusion, the role of the gastrointestinal mast cell system 
in the pathophysiology 6f postischemic mucosal barrier 
lesions is poorly understood. The extent of the damage may
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MATERIALS AND METHODS ing lo (lie following equation:

Outward NaFL clearance

= Kpcrfusalc volumc/min X pcrlusale NuFL conccntraiion) X 1001/

(plasma NaFL concentration X bowel weight (g))

In Series II. the NaFL concentrations of plasma samples from the portal 
vein anti of luminal perfusates were measured, and the lumen-to-plasma 
clearance of NaFL was calculated according to the following equation:

Inward NaFL clearance

Surgical procedure
The experiments were performed in adherence lo the National Institutes of 

Health guidelines for the use of experimental animals. The study was approved 
by the Ethical Cornmiltce for the Protection of Animals in Scientific Research 
of Szcnl-Cyörgyi Albert Medical University.

The experiments were performed on 6I healthy mongrel dogs of both sexes 
(average weight 12.3 kg) under intravenous (i.v.) sodium pentobarbital anes
thesia (30 mg/kg). Small supplementary doses of pentobarbital were adminis
tered when necessary. The left femoral artery and vein were cnnnulatcd for 
measurement of mean arterial pressure and blood sampling, respectively. A 
midtinc abdominal incision was made and a branch of the superior mesenteric 
artery' supplying the terminal ileum was selected. An electromagnetic How- 
probe was placed around the vessel lo measure ileal blood How. The ileal 
segment supplied by lire artery was isolated by ligating the marginal arcades at 
both ends of tbc segment, and the bowel wall was transected. The isolated 
segment was divided further into a shorter proximal part (perfused segment), 
and a longer distal part (nonperfused segment), for continuous measurement of 
mucosal permeability and local hemodynamic and pHi measurements, respec
tively. Both ileal segments were supplied by a single common artery and the 
venous drainage remained intact. The portal vein was cannulalcd through a 
small tributary of the splenic vein to collect venous blood samples from the 
splanchnic circulation.

The oral part of tile perfused segment was attached to a roller pump (Gilson 
, Minipuls М312) and the gut lumen was continuously perfused with warmed 
. (inflow temperature 37°C) Ringer's lactate at a rate of ISO inL/h.

The lumcnal passage of the distal nonperfused segment was restored with 
• end-to-end anastomoses. Small tributaries of the ileal artery and ileal vein 

supplying the segment were cannulalcd lo measure local mesenteric arterial 
and venous pressure, respectively. A silastic balloon catheter (TG.S Tonomilor, 
Tonometries Inc.. Worcester, MA) was introduced into the lumen of the 

, nonperfused intestinal segment through a small cnlcrolomy. pl-li as an indicator 
of inlramucosal oxygenation, was calculated according lo the method of 
Fiddian-Green (2) and a modified l-lcnderson-llasscfbalclt c(|uation with a 
correction factor for 30 min equilibration. The exposed tissues were covered 
with plastic sheets lo avoid fluid loss and exposure to ambient air.

= Kperfusate volumc/min X plasma NaFL conccntraiion) X I00|/

(perfusate NaFL concentration X bowel weight (g))

Experimental protocol
Perfusion of the gut lumen was started immediately after surgery and a 

steady slate was achieved in ~30 min. Control measurements were performed 
for 60 min lo establish baseline variables in all groups, and complete segmental 
intestinal ischemia was then induced for 30 min by occluding the ileal artery 
perfusing the segments with an arterial miniclip distal to the How probe. 
Following release of Ihc occlusion, reperfusion was monitored for 120 min. 
Blood and luminal perfusate samples were collected in 15 min intervals to 
measure NaFL clearance. At Ihc end of each experiment, the animals were 
killed with an overdose of pentobarbital, and the bowel segments were re
moved from the mesentery ami weighed.

Histology
Four biopsies were obtained for light microscopy front the terminal ileum 

of each animal. The first tissue sample was taken from the intact small intestine 
at the end of surgery (control sample). The next samples were taken alter 
ischemia-rcpciiiision from Ihc nonperfused and perfused segments, together 
with a biopsy specimen from the nonischemic pan of Ihc ileum. The biopsies 
were immediately rinsed in cold saline solution and placed in Carnoy's 
solution for 24 It. Five biopsy specimens were randomly selected from each 
group of samples. The intestinal tissues were embedded in paraffin, sectioned 
(6 /cm), and stained with hcmatoxylin-eosin. lohiidinc-bhie (pH .5) and aleian 
Muc-safranin О (pH .4) to assess mucosal damage and identify mast cells, 
respectively (9). Histologic analysis was performed in coded sections by one 
investigator. Mucosal damage was graded according lo the standard scale of 
Chiu et al. (I) with the following criteria: Grade 0, normal mucosa; Grade I. 
subcpilhelial space formation; Grade 2. moderate epithelial lifting confined to 
the tip of the villi; Grade 3, massive epithelial lifting, a few tips are denuded; 
Grade 4. denuded villi, dilated exposed capillaries, increased cellularily in ihc 
lamina propria; Grade 5, ulceration, hemorrhage. Mast cells were counted in I0 
consecutive villi per section, and the average cell number was based on I 
villus.

Measurements
Arterial blood samples taken from the femoral artery were analyzed lor Ft),, 

Pco,. ИСО, and pH with a blood-gas analyzer (BMS 3 Mk2 Blood Micro 
System. Radiometer, Copenhagen, Denmark). Arterial and venous pressures 
were measured with Stalham P23 Db transducers. Segmental ileal blood Dow was 
measured with ait electromagnetic flowmeter (Carolina Medical Elcclrtmies 501) 
and the values were based on 100 g wet tissue weight ( mL/niin/WO g). Pressure 
.and How signals were recorded on a Beckman R611 recorder. Segmental vascular 
resistance (SVR) was calculated from inflow (atlcrial) and outflow (venous) 
pressure differences and blood Bow (mmHg/mL/min).

The rate of sodium fluorescein (NaFL) clearance was assessed according to 
a modified method of Otaniiri (II). Mucosal permeability was determined in 
two separate series of experiments. In Series I (plasma-lo-Iumen direction), the 
animals received an i.v. bolus of 10 mg/kg NaFL (MW 376) in .5 mUkg 
Ringer's lactate, followed by a continuous infusion of NaFL at a rate of 10 
mg/kg/lt.

lit Series II (lunicn-to-plasma direction). NaFL (5 mg/100 mL Ringer’s 
lactate) was added to the Ringer's lactate perfusing llte intestinal lumen. In 
pilot studies, these doses resulted in comparable Nal-'L concentrations in the 
plasma and luminal perfusate (4.7 i .4 mtiol/L and 4.25 ± .2 nmol/L) 
throughout the experiments. The luminal perfusate was continuously collected 
In 15 min intervals. Samples were taken from the portal vein al the beginning 
«d end of each 15 min period of the experiments, and the NaFL concentra
tions of plasma and perfusate samples were determined.

The blood and perfusate samples (2 mL) were collected in prechi lied tubes 
containing 250 IU heparin, and immediately centrifuged al 500 X j> at 4°C for 
5 min. The samples were stored at 0°C in Ihc dark for a maximum of ISO min. 
NaFL concentrations were measured with a F-2000 Hitachi Fluorescence 
Spectrophotometer (excitation; 495 nm. emission: 515 mil), and the average 
NaFL concentration was calculated from the concentrations measured at Ihc 
beginning and end of each 15 min period.

In Series I, the plasma-lo-lumcn clearance of NaFL was calculated aceord-

Experimental groups
Eight groups of animals were studied lo investigate changes in plasma-to- 

lumctt and lumcn-lo-plasnv,i NaFL clearance. Groups I (n = 11) and 2 (n = 8) 
were subjected to 30 min intestinal ischemia and 120 min reperfusion without 
pretreatment. Groups 3 (n — 7) and 4 (n = 7) received the pcriioneal-type mast 
cell stabilizer cromolyn (25 mg/kg i.v.. Sigma Chemical Co., St. Louis, MO). 
30 min before the arterial occlusion. Groups 5 (n — 7) and 6 (it =® 7) were 
prelrcaled with quercetin (25 mg/kg i.v.. Sigma Chemical Co.), to stabilize the 
mucosal-type mast cells (12. 13). Groups 7 (it =.7) and 8 (n » 7) were 
prelrcaled with dexamethasone 24 h before the experiments (3 mg/kg i.v.. N. V. 
Organon, Oss. Holland).

Statistical analysis
Data analysis was performed with a statistical software package (SigmaSlat 

for Windows, Jundel Scientific. Erkrath. Germany). Nonparamctric methods 
were used. Friedman repeated measures analysis of variance on ranks was 
applied within groups. Time-dependent differences from the baseline were 
assessed by Dunn's method. Differences between groups were analyzed with 
the Mann-Whilncy rank sum lest, p values < .05 were considered significant.
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Fig. 1. Plasma to lumen (A) and lumen to plasma (S) directional changes in clearance to NaFL during 30 min segmental intestinal 
ischemia followed by a 120 min reperfusion in ischemic control (white boxes) and cromolyn-treated groups (shaded boxes). Cromolyn (25 
mg/kg) was given 30 min before the arterial occlusion (arrow). Median (thick line in the box), twenty-fifth percentile (bottom of the box), seventy-fifth 
percentile (top of the box), fifth and ninety-fifth percentiles (lower and upper whiskers, respectively) are indicated. ‘ p < .05 for Dunn test against 
first control sample; * p < .05 for Mann-Whitney analysis of ranks between control and cromolyn-treated groups.
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Fig. 2. Plasma to lumen {A) and lumen to plasma (S) directional changes in clearance to NaFL during 30 min segmental intestinal 
ischemia followed by a 120-min reperfusion in ischemic control (white boxes) and quercetin-treated groups (shaded boxes). Quercetin (25 
mg/kg) was given 30 min prior to the arterial occlusion (arrow). * p < .05 for Dunn test against first control sample before ischemia; * p < .05 for 
Mann-Whitney analysis of ranks between control and quercetin-treated groups. (See Fig. 1 for explanation of the plot.)

plasma direction during the arterial occlusion. The NaFL clear
ance was significantly elevated during reperfusion in both 
experimental series.

Cromolyn, quercetin, and dexamethasone pretreatments ef
fectively reduced the permeability alterations induced by isch
emia and reperfusion. In .Series II, each prclrealment regimen 
resulted in an earlier return of the clearance values to the 
baseline as compared with that observed in the nontrealed 
group subjected to ischemia and reperfusion.

Complete ischemia lasting 30 min induced a significant drop

RESULTS
Figures l —3 summarize the changes in time course of the 

NaFL clearances in groups subjected to 30 min intestinal 
ischemia and 120 min reperfusion. In the plasma-to-lumen 
direction the clearance values were ~4 times higher under the 
baseline conditions as compared vvilh those observed in the 
lumen-to-plasma direction, and remained significantly higher 
throughout the experiments. Ischemia induced a significant, 
~twofold elevation of the NaFL clearance in the plasma-to- 
lumen direction; no elevation was observed in the lumcn-to-
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in pHi, but pHi values had returned slowly to the baseline level 
by 90 min of reperfusion in both scries of experiments (Fig. 4). 
The rate of change of this variable was not influenced by any 
of the prclreatment regimens.

SVR was significantly increased during reperfusion. Prc- 
Ircalmcnt with cromolyn, quercetin or dcxamclhasonc did not 
influence the ischemia-reperl'usion-induced SVR changes (Ta- 
э1е I).

The results of histologic evaluation of tissue biopsies arc 
■»resented in Table 2. Tissue samples taken from the intact 
leum exhibited Grade 0 injury and no significant histological 
lamagc was observed in sections obtained from nonischemic 
tarts of the intestine at the end of the experiments. Ischcmia- 
eperfusion induced severe structural alterations. Subepithclial 
pace formation.with epithelial lifting was generally observed 
,t the lip of the Villi. Capillary congestion, neutrophil inПlíra
ion, and a reduced villus-crypt ratio were apparent. No sig- 
lificant differences were found between scores of histologic 
lamagc or mast cell degranulation in biopsies taken from the 
rerfused or nonperfused intestinal segments subjected to isch- 
mia-reperfusion. The lumen of the perfused intestinal segment 
ontained tissue debris and neutrophil leukocytes more fre- 
ucntly than the nonperfused part of the segment.

Dcxamclhasonc prclreatment did not significantly influence 
ic number of alcian blue-positive mucosal-type mast cells in 
le villus-crypt units (24 ± 3) as compared with that observed 
l untreated (23 ± 4), cromolyn-pretreatcd (21 ± 4), or quer- 
etin-prclrcatcd animals (24 ± 2). Ischcmia-reperfusión did 
Dt significantly affect the number of mucosal mast cells, 
owever, 58 ± 12% of the mast cells were degranulatcd in the 
iperfused mucosa as compared with the 9 ± 4% and 13 ± 6% 
^granulation in preischemic control and nonischemic control 
opsics, respectively. Dexamcthasone, cromolyn, and quercc- 
n significantly decreased the rcpcrfusion-induccd mast cell 
^granulation, to 26 ± 6%, 19 ± 6%, and 23 ± 3%, respec

tively, hut the percentage of degranulatcd cells was signifi
cantly higher than in control samples that were not exposed to 
ischcmia-repciTusion.

Although the median grade of tissue damage was decreased 
after dexamelhasone therapy, the difference was statistically 
not significant. Cromolyn and quercetin prclreatment did not 
significantly influence the histological scores of ischemia- 
reperfusion-induced mucosal injury (Table 2).

DISCUSSION

Ischemia-repcrfusion-induccd impairment of the protective 
mucosal barrier may range from reversible permeability 
changes to complete transmural necrosis (14). The present 
results show that reperfusion of the ischemic intestine in
creased epithelial and vascular permeability, evoked a rise in 
mesenteric vascular resistance, decreased pHi, and induced 
severe structural alterations. Some of these effects were atten
uated by inhibitors of mast cell dcgranulation.

Mast cell stabilizers significantly limited the increased mu
cosal permeability during the reperfusion period but did not 
affect .structural damage. Although this may suggest that the 
early permeability alterations of the reperfused mucosa may be 
independent of structural injury, this possibility should be 
interpreted with caution. Permeation across the mucosal barrier 
depends on the solubility and size of the molecule and on blood 
flow (15). The vasculature of the small intestine offers essen
tially no resistance to the movement of small molecules such as 
NaFL, and their transport can also proceed across the epithe
lium. Equilibration requires short periods, and therefore subtle 
structural changes might result in rapid permeation changes in 
the mucosa. Alterations in mucosal function, such as perme
ability changes, precede histologically manifested tissue dam
age (16), and monitoring of the clearance of small molecules 
may therefore offer a means of judging the effectiveness of 
tissue salvage therapies in the small intestine.
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Our results reveal that the clearance ofNaFL is significantly 
higher in the plasma-to-lumcn direction in the terminal ileum 
when the concentrations of the marker molecules arc compa
rable on both sides of the mucosal barrier. Similarly, Pant/.arcl 
al. have demonstrated that the terminal ileum has a higher 
permeability to s,Cr-labclcd EDTA in the outward (plasma-to- 
lumen) than in the inward direction (17). The functional im
portance of this phenomenon is unclear, but a defensive role 
was proposed for this mechanism, such as the secretion of 
protective substances from the plasma into the intestinal lu
men.

slruction of the perfusing artery excluded the supply of the 
tracer molecule from the systemic circulation, and thus the 
direction of fluid movement during complete arterial occlusion 
could not be determined.

The permeability of the intestinal mucosa was significantly 
increased during reperfusion, and mast cell stabilizer or dexa
methasone pretreatment effectively reduced the reperfusion- 
induccd permeability alterations. Various data suggest a mul
tiple relationship between reperfusion-induced free radical 
generation, increased mucosal permeability, and activation of 
intestinal mast cells. It has been demonstrated that inhibition of 
reactive oxygen radical formation reduces vascular permeabil
ity changes during reperfusion (19), and we have established 
that xanthine oxidase-generated oxygen intermediates arc in
volved in the release of preformed mast cell mediators during 
reperfusion (20).

Our findings demonstrate that mast cell dcgranulalion results 
in a process which significantly effects mucosal permeability

Recently, Kanwar et al. demonstrated that ischemic-revas- 
cularizcd segments of the feline intestine exhibit an increased 
permeability in the plasma-lo-lumen direction during reperfu
sion, but not during ischemia (18). In our study, ischemia 
induced a significant elevation in plasma-to-lumcn NaFL clear
ance, but no elevation was observed in the lumen-to-plasma 
direction during arterial occlusion. However, mechanical ob-
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Table 1. Changes in segmental vascular resistance before and after a 30 min segmental mesenteric occlusion in untreated animals 
and in animals treated with cromolyn, quercetin, or dexamethasone (mmHg'mL-1-min-1)

Control Reperfusion (min)

Groups -30 min 0 min 15 30 60 90 120

Untreated (n = 19)
.9M 1.49 1.58 1.84 2.57-2.1 2.65*

p25 1.31 .42 1.4 1.831.42 2.34 2.5
p75 1.71 1.72 1.96 2.01 2.5 2.7 2.79

Cromolyn (n = 14)
M 1.77 1.66 1.84 2.19 2.74‘ 2.95‘ 2.94*
p25 1.231.4 1.12 1.73 2.44 2.36 2.37
p75

Quercetin (n = 14)
2.21 2.06 2.3 2.67 3.04 3.22 3.1

M 1.64 1.72 1.89 2.27 2.34‘ 2.67 2.97*
p25 1.51 1.66 1.79 1.83 2.06 2.27 2.27
p75 1.87 1.76 2.15 3.05 3.05 3.05 3.4

Dexamethasone (n = 14)
M 1.04 .98 1.44 1.7 2.04- 2.27- 2.57‘
p25 .99 1.9.58 1.19 1.52 2 2.3
p75 1.49 1.5 1.65 1.96 2.68 2.7 2.69

d < .05 versus first control values M - median; p25 and p75, twenty-fifth and seventy-fifth percentiles, respectively.

Table 2. Grades of histological mucosal injury and luminal debris formation in untreated dogs and in dogs that received various mast
cell-targeted treatments

1Grades of histological injuryTime of 
sampling (min)

Luminal
debrisGroups Origin of samples 0 1 2 3 4

Ischemic control -45
150

Control
Perfused segment 
Nonperfused segment 
Nonischemic segment
Control
Perfused segment 
Nonperfused segment 
Nonischemic segment 
Control
Perfused segment 
Nonperfused segment 
Nonischemic segment 
Control
Perfused segment 
Nonperfused segment 
Nonischemic segment

XXXXX
X XX XX XXXX

150 XX XXX XX
150 XXXXX

XXXXXCromolyn -45
150 X XX X XX
150 XX XX X XXX
150 XXXXX

XXXXXQuercetin -45
150 X X XX X XX
150 X XXX X XXX
150 XXXXX

XXXXXDexamethasone -45
150 XXX XX
150 X XXX X XX
150 XXXXX

kccording to Chiu et al. (1). Each X represents one animal.

.iring the repcrfiLsion period. Other observations indicate that 
ic intestinal nitric oxide (NO) synthase activity is decreased 
Ter I h arterial occlusion, and that NO synthesis inhibition 
ads to mast cell activation and a rise in microvascular por
tability (7, 17, 21). It has been found that NO may decrease 
lestinal permeability secondary to the inhibition of mast cell 
nivalion (21). However, the role of NO in this process is still 
iclcar. Excess production of NO by inducible nitric oxide 
mthasc can amplify organ damage, and this also suggests that 
ast cell-induced permeability changes arc specific to the early 
jst-reperfusion period when low levels of NO arc produced.
It has been reported that the rcpcrfusion-induccd increase in 

c plasma-to-lumcn clearance of slCr-labeled EDTA could be 
ipprcsscd by inhibiting mucosal-type mast cell dcgranulalion 
.I). Peritoneal and mucosal-type mast cells display different 
slologic characteristics and sensitivities toward membrane 
abilizer or dcgranulalor compounds (12, 13). Our pretreat- 
ent regimens targeted these mast cell subtypes separately,

and both prclrealmcnt with the mucosal/periloncal mast cell 
stabilizer quercetin and prclrealmcnt with the peritoneal mast 
cell-specific cromolyn effectively influenced the arterial occlu
sion-induced permeability alterations. If the possibility can be 
ruled out that the potency of these compounds is the result of 
their inadequate target specificity, a conceivable explanation 
would be a decreased perivascular edema formation at the site 
of action. Although the different mast cell phenotypes may 
exhibit different sensitivities to membrane-stabilizing agents, a 
reduced release of granule-associated vasoactive mediators 
may be an important consequence of these treatments. These 
cells arc very sensitive to ischemia (22), and the extreme 
fragility of mast cell membranes to osmotic stress has been 
demonstrated (23). A decreased fluid movement into the intcr- 
slitium may reduce the possibility of mast cell membrane 
disruption of both subtypes.

Endothelial cell destruction and cnterocyte damage induce 
local and systemic circulatory responses (24). It has been
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revealed that intestinal ischemia-reperfusion-induced local he
modynamic changes arc significantly influenced by preventing 
peritoneal-type mast cell degranulation (25). Previously, we 
demonstrated that mast cell-derived histamine is involved in 
the mechanism of the postischcmic vasodilator How response 
via the activation of H2 receptors (25). However, cromolyn, 
quercetin, or dexamethasone pretreatment did not influence the 
reperfusion-induced late vascular resistance changes. This sug
gests that mast ccll-mediator-associated vascular reactions do 
not play a significant role in the prolonged blood flow-related 
metabolic changes of the mucosa.

Intestinal pHi, as a functional parameter of the mucosal 
metabolism and microcirculation, was estimated by means of 
tonometry (2, 26). Arterial occlusion induced a steep fall in 
pHi, which was followed by a slow increase toward the normal 
range during reperfusion. This observation may therefore in
dicate a metabolically reversible tissue injury. Indeed, Sal/.man 
ct al. have demonstrated a significant relationship between 
tissue acidosis and mucosal permeability changes in the intes
tine (27). Although the pHi elevation indicated the reversibility 
of ischemia-induced microcirculatory changes, the NaFL clear
ance values were significantly elevated until the end of the 
observation period. It should be noted that pHi was measured 
in the neighboring intestinal segment, and perfusion of the 
bowel lumen might influence the metabolic conditions of the 
intestinal wall. Accordingly, perfusion-induced differences in 
pHi between the intestinal segments can not be ruled out.

It has been established that the villus epithelium is extremely 
sensitive to hypoxia and low-flow states. Cellular swelling, 
subepithelial Hűid accumulation and epithelial cell lifting are 
early consequences of mesenteric artery occlusion (1). In this 
study, 30 min ischemia and 120 min reperfusion induced 
massive mucosal damage. Subepithelia! space formation, a 
morphological sign of fluid transudation, was usually ob
served, and this raises the possibility that the arterial occlusion- 
induced metabolic alterations might be exaggerated by a nu
tritional component due to the increased distance between the 
enterocytes and the subepithelia! capillaries. Indeed, intralumi
nal oxygen (28) and glucose (29) have been shown to improve 
tissue viability by restoring substrates for the aerobic metabo
lism, and probably by removing metabolites of the anaerobic 
metabolism. However, in our study, mechanical removal of 
metabolites with luminal perfusion alone did not result in a 
lessening of the tissue injury.

From our data, the sequence of events cannot be determined. 
Mast cells are located in close proximity to submucosal col
lecting venules, which are primary targets of leukocyte-endo
thelial interactions during reperfusion. It has been shown that 
mast cell-stabilization protocols reduce leukocyte recruitment, 
a potential source of oxygen free radicals in the afflicted tissues 
(7). In our study, mast cell stabilizer pretrcatmcnls maintained 
the bowel permeability at a normal level, but did not ameliorate 
the degree of postischcmic bowel injury. Several possible 
mechanisms can account for these results. Although it is rec
ognized that the postocclusive liberation of mast cell media
tors, histamine, or proteases may play a central role in imme
diate permeability changes, the activation of other chcmotactic 
systems, and the release of peptide mediators, PAF or peptido-

leukotrienes may also explain the leukocyte invasion and sub
sequent leukocyte-mediated tissue damage. Another explana
tion may be provided by the senstivity of mast cells to hypoxia, 
anti the fragility of mast cell membranes to osmotic stress. We 
have demonstrated that mast cells arc involved in the response 
to ischemia after a short period of time. It is conceivable that 
ischcmia-reperfusion induces nonselcctive cytotoxic exocyto- 
sis rather than active degranulation оГ mast cells (23). This 
suggests that the current mast cell stabilizer regimens are only 
partially effective in reducing ischemia-induced mast cell de- 
granulation; thus mast cell degranulation occurs and contrib
utes to injury. However, complete characterization of this 
process requires an in-depth investigation.

Recently, Soda ct al. have demonstrated that a 24 h dexa
methasone pretrealmeni significantly reduces mast cell num
bers in the rat intestine through a macrophage-dependent 
mechanism (10). However, drugs may have different effects in 
different species, and a careful consideration is necessary. It is 
to be noted that dexamethasone treatment also inhibits plios- 
polipase Л2 activation, histamine release, and endotoxin trans
location (30, 31), and a nonspecific action of the compound 
may also contribute to the tissue protection during ischcmia- 
reperfusion. In our experiments, dexamethasone pretreatment 
maintained permeability at the control level, without reducing 
mast cell numbers. This suggests that dexamethasone docs not 
deplete mast cells, but rather a mast cell stabilizer in dogs, 
similarly to quercetin or cromolyn.

In conclusion, our results emphasize the importance of mon
itoring multiple parameters of ischcmia-reperfusion injuries to 
obtain valid conclusions from studies involving tissue salvage 
therapies. Mast cells or mast cell-induced reactions contribute 
to the early mucosal permeability alterations and barrier lesions 
during reperfusion, but probably play a secondary, minor role 
in reperfusion-induced structural injury.
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Beneficial effects of 3-aminobenzamide, an inhibitor of poly 

(ADP-ribose) synthetase in a rat model of splanchnic artery 

occlusion and reperfusion
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fAndrew L. Salzman, *Achille P. Caputi & f'Csaba Szabó

•Institute of Pharmacology, University of Messina, Piazza XX Scttcmbrc n" 4, Messina 98123, Italy and f Division of Critical Care 
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1 Pcroxynilritc, a potent cytotoxic oxidant formed by the reaction of nitric oxide with Superoxide 
anion, and hydroxyl radical, formed in the iron-catalysed Fenton reaction, arc important mediators of 
reperfusion injury. In in vitro studies, DNA single strand breakage, triggered by pcroxynilritc or by 
hydroxyl radical, activates the nuclear enzyme poly (ADP-ribose) synthetase (PARS), with consequent 
cytotoxic effects. Using 3-aminobcnzamidc, an inhibitor of PARS, we investigated the role of PARS in 
the pathogenesis of splanchnic artery occlusion shock.
2 Splanchnic artery occlusion and reperfusion shock (SAO/R) was induced in rats by clamping both 
the superior mesenteric artery and the cocliac trunk for 45 min, followed by release of the clamp 
(reperfusion). At 60 min after reperfusion, animals were killed for histological examination and 
biochemical studies.
3 SAO/R rats developed a significant fall in mean arterial blood pressure, significant increase of tissue 
myeloperoxidase activity and marked histological injury to the distal ileum. SAO/R was also associated 
with a significant mortality (0% survival at 2 h after reperfusion).
4 There was a marked’increase in the oxidation of dihydrorhodamine 123 to rhodaminc (a marker of 
pcroxynitritc-induccd oxidative processes) in the plasma of the SAO/R rats, starting early after 
reperfusion, but not during ischaemia alone, lmmunohislochcmical examination demonstrated a marked 
increase in the immunorcactivity to nitrotyrosinc, a specific ‘footprint’ of pcroxynilritc, in the necrotic 
ileum in shocked rats, as measured at 60 min after the start of reperfusion.
5 * In addition, in cx vivo studies in aortic rings from shocked rats, we found reduced contractions to 
noradrenaline and reduced responsiveness to a relaxant effect to acetylcholine (vascular hyporcactivity 
and endothelial dysfunction, respectively).
6 In a separate set of studies, using a 4000 Dalton fluorescent dextran tracer, we investigated the 
changes in epithelial permeability associated with SAO/R. Ten minutes of reperfusion, after 30 min of 
splanchnic artery ischaemia, resulted in a marked increase in epithelial permeability.
7 There was a significant increase in PARS activity in the intestinal epithelial cells, as measured 10 min 
after reperfusion ex vivo. 3-Aminobcnzamidc, a pharmacological inhibitor of PARS (applied at 10 mg 
kg-1, i.v., 5 min before reperfusion, followed by an infusion of 10 mg kg-1 h_l), significantly reduced 
ischacmia/rcpcrfusion injury in the bowel, as evaluated by histological examination. Also it significantly 
improved mean arterial blood pressure, improved contractile responsiveness to noradrenaline, enhanced 
the cndolhclium-dcpcndcnt relaxations and reduced the rcpcrfusion-induccd increase in epithelial 
permeability.
8 3-Aminobcnzamidc also prevented the infiltration of neutrophils into the reperfused intestine, as 
evidenced by reduced myeloperoxidase activity. It improved the histological status of the reperfused 
tissues, reduced the production of peroxynitrite in the late phase of reperfusion and improved survival.
9 In conclusion, our study demonstrates that the PARS inhibitor 3-aminobcnzamidc exerts multiple 
protective effects in splanchnic artery occlusion/rcpcrfusion shock. We suggest that pcroxynilritc and/or 
hydroxyl radical, produced during the reperfusion phase, trigger DNA strand breakage, PARS activation 
and subsequent cellular dysfunction. The vascular endothelium is likely to represent an important 
cellular site of protection by 3-aminobcnzamidc in SAO shock.

Keywords: Nitric oxide; pcroxynilritc; poly (ADP ribosc) synthetase; reperfusion; shock

Introduction

Splanchnic artery occlusion shock (SAO) is a severe form of 
circulatory shock produced by ischaemia and reperfusion of 
the splanchnic organs. This type of shock is associated with a 
large number of pathophysiological alterations, the combina
tion of which can lead to a fatal outcome. Reperfusion is ty
pically associated with both local and systemic changes. Local 
functional alterations include polymorphonuclear neutrophil

(PMN) adhesion and activation, intestinal hyperpermcability, 
changes in the vascular reactivity of the splanchnic vessels, as 
well as morphological changes, such as necrotic injury of the 
reperfused bowel (see for reviews: Lcfcr & Lcfcr, 1993; Zim
merman et at., 1993). Systemic alterations upon reperfusion 
include a progressive fall in the mean arterial blood pressure, 
the release of pro-inflammatory mediators from the reperfused 
intestinal tissue into the systemic circulation (Biltcrmann & 
Lcfcr, 1988; Bittcrmann et at., 1991; Zingarelli et at., 1992; 
Squadrito et at., 1994), alterations in the function of remote 
organs, such as the heart and lungs (Hinshaw et at., 1973;Author for correspondence.
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Koike ct al., 1993; Jacinto & Jandhyala, 1994), and alterations 
in the in vivo and c'.v vivo reactivity of splanchnic and non- 
splanchnic blood vessels (Greenberg el al., 1981; Bittermann el 
al., 1988; Squadrito el al., 1994).

Simultaneous production of both oxygen and nitrogen- 
centred free radicals favours the production of a toxic reaction 
product, the oxidant peroxynitrite (Beckman el al., 1990; Pryor 
& Squadrito, 1995; Szabó cl al., 1996a), as it has been recently 
demonstrated in various forms of inflammation and reperfu
sion injury (for reviews see: Crow & Beckman, 1995; Szabó, 
1996a; Rubbo el al., 1996). Peroxynitrite and hydroxyl radical 
arc potent triggers of DNA single strand breakage, with sub
sequent activation of the nuclear enzyme poly (ADP-ribosc) 
synthetase (PARS) (Berger, 1991; Cochrane, 1991; Zhang el 
al., 1994; Szabó el al., 1996a; Zingarclli el al., 1996; Szabó, 
1996b). Activation of PARS triggers a futile energy-consuming 
cycle, resulting in massive depletion of cellular NAD1 and 
ATP and eventually induces irreversible cytotoxicity and cell 
death (see: Cochrane, 1991; and Szabó, 1996b for reviews).

Hydroxyl radical and peroxynitrite arc two palhophysio- 
logically relevant triggers of DNA single strand breakage. 
There is convincing evidence demonstrating the production of 
superoxide (and, hydroxyl radical, via the iron-catalysed Ha- 
ber-Weiss reaction) during reperfusion injury (Bitlcrmann el 
al., 1988; Zimmermann el a/., 1993). However, the production 
of peroxynitrite has not been examined in the reperfused in
testine. Thus, by use of nilrolyrosinc imniunohistochcmislry, 
which detects a specific marker of peroxynitrite formation 
(Ischiropoulos el al., 1992) and measuring the oxidation of 
dihydrorhodaminc 123 in the plasma (Szabó ct al., 1995), we 
first performed experiments to detect the production of per
oxynitrite in the intestine upon reperfusion. Then, in subse
quent studies, we investigated whether pharmacological 
inhibition of PARS modifies the pathophysiological changes 
associated with splanchnic artery occlusion and reperfusion 
shock. Specifically, we investigated the effect of PARS inhibi
tion on arterial blood pressure, tissue PMN immigration (as
sessed by the measurement of tissue myeloperoxidase (MPO) 
activity), changes in the contractile and endothelium-depen
dent relaxant responsiveness of the blood vessels (assessed by 
changes in the reactivity of thoracic aortic rings ел vivo), epi
thelial permeability, survival, and morphological changes in 
the bowel. The results of the current study implicate PARS 
activation in the pathophysiology of SAO shock and suggest 
that pharmacological inhibition оГ PARS may be a novel ap
proach of therapeutic potential in ischacmia/repcrfusion in
jury.

studies, following reperfusion, the various groups of rats were 
observed for 240 min in order to determine survival differen
ces.

Experimental groups

In the treated group of animals, 3-aminobcnzamidc, an inhi
bitor of PARS, was given as a intravenous bolus 5 min before 
reperfusion (10 mg kg-1) followed by infusion of 10 mg kg 
h"1 during the period of reperfusion (SAO + 3-aminobcnza- 
midc group). In a vehicle-treated group of rats, vehicle (saline) 
was given instead of 3-aminobcnzamidc (SAO group). In se
parate groups of rats, surgery was performed in its every aspect 
identical to the one in the SAO group, except that the blood 
vessels were not occluded (time-controlled sham group; Sham). 
In an additional group of animals, sham surgery was combined 
with the administration of 3-aminobcnzamidc (dose as above) 
(Sham + 3-aminobcnzamidc).

-I

Measurement of nitrile/iiitrale in the plasma

Nitrile/nitrate production, an indicator of NO synthesis, was 
measured in plasma samples from sham or SAO rats at 45 min 
after ischaemia or 60 min after reperfusion as previously de
scribed (Zingarclli el al., 1996). First, nitrate in the plasma was 
reduced to nitrile by incubation with nitrate reductase 
(670 mu ml-1) and NADPH (160 pM) at room temperature 
for 3 h. After 3 h, nitrite concentration in the samples was 
measured by the Gricss reaction, by adding 100 p\ of Gricss 
reagent (0.1% naphlhalcthylcncdiaminc dihydrochloridc in 
H20 and 1% sulphanilamidc in 5% concentrated HjPO«; vol. 
1:1) to 100 pi samples. The optical density al 550 nm (OD5jo) 
was measured with a Spcctramax 250 microplalc reader 
(Molecular Devices Sunnyvale, CA). Nitrate concentrations 
were calculated by comparison with OD550 of standard solu
tions of sodium nitrate prepared in saline solution.

Measurement of peroxynitrite production

The formation of peroxynitrite was estimated by the peroxy- 
nilrilc-dcpcndent oxidation of dihydrorhodaminc J23 to rho- 
daminc 123, by a previously described method (Szabó el al., 
1995). In separate groups, animals were injected with dihy
drorhodaminc 123 (2 pmol kg-1 in 0.3 ml saline, i.v.) 25 min 
after ischaemia, 35 min after ischaemia or 40 min after reper
fusion. Twenty minutes later, (i.c. immediately before reper
fusion, 10 min after reperfusion and 60 min after reperfusion, 
respectively), rats were killed and plasma samples taken for 
rhodaminc fluorescence evaluation with a Pcrkin-Elmcr 
fluorimeter (Model LS50B; Pcrkin-Elmcr, Norwalk, CT) at an 
excitation wavelength of 500 nm, emission wavelength of 
536 nm (slit widths 2.5 and 3.0 nm, respectively). The plasma 
concentration of rhodaminc 123, an index of peroxynitrite 
production, was calculated by use of a standard curve obtained 
with authentic rhodaminc 123 (1-30 пм) prepared in plasma 
obtained from untreated rats. Background plasma fluorescence 
was subtracted from all samples.

Methods

Surgical procedures

Male Spraguc-Dawlcy rats weighing 250-300 g were allowed 
access to food and water ad libitum. The rats were anaesthe
tized with sodium pentobarbitone (45 mg kg"1, i.p.). Follow
ing anaesthesia, catheters were placed in the carotid artery and 
jugular vein as described previously (Caputi el al., 1980). 
Blood pressure was monitored continuously by a Maclab A/D 
converter (AD Instruments) and stored and displayed on a 
Macintosh personal computer. After midlinc laparotomy, the 
cocliac and superior mesenteric arteries were isolated near their 
aortic origins. During this procedure, the intestinal tract was 
maintained at 37°C by placing it between gauze pads soaked 
with warmed 0.9% NaCl solution.

Rats were observed for a 30 min stabilization period before 
either splanchnic ischaemia or sham ischaemia. SAO shock 
was induced by clamping both the superior mesenteric artery 
and the cocliac trunk, resulting in a total occlusion of these 
arteries for 45 min. After this period of occlusion, the clamps
were removed. In one study, the various groups of rats were
killed at 60 min for histological examination of the bowel and 
for biochemical studies, as described below. In another sets of

/7islological examination

For histopalhological examination, biopsies of small intestine 
were taken 60 min after reperfusion. The tissue slices were 
fixed in 10% neutral-buffered formaldehyde for 5 days, em
bedded in paraffin and sectioned. The sections were stained 
with hactnaloxylin and cosin.

/mmunoliistocliemical localization of nilrolyrosinc

Tyrosine nitration, a specific 'footprint’ of peroxynitrite for
mation, was detected in ileal sections by immunohislochcmis-
iry. After reperfusion, tissues were fixed in 10% buffered 
formalin and 8 pm sections were prepared from paraffin cm;' 
bedded tissues. After the paraffin had been removed endo-
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genous peroxidase was quenched with 0.3% H202 in 60% 
methanol Гог 30 min. The sections were pernieabili/.cd with 
0.1% Triton X-100 in phosphate buttered saline lor 20 min. 
Non-specific adsorption was minimized by incubating the 
section in 2% normal goat scrum in phosphate buffered saline 
for 20 min. Endogenous biotin or avidin binding sites were 
blocked by sequential incubation for 15 min with avidin and 
biotin (biotin blocking kit. Vector Laboratories). The sections 
were then incubated overnight with 1:1000 dilution of primary 
anli-nilrolyrosinc antibody (Upstate Biotech, Saranac Lake, 
NY) or with control solutions. Controls included butler alone 
or non specific purified rabbit IgG. Specific labelling was de
tected with a biotin-conjugated goat anti-rabbit IgG and avi- 
din-biolin peroxidase complex (Vcctaslain Elite ABC kit. 
Vector Laboratories).

ments), and stored and displayed on a Macintosh personal 
computer. A tension of I g was applied and the rings were 
equilibrated for 60 min. During the equilibration period, fresh 
Krebs solution was provided at 15 min intervals.

Cumulative concentration-response curves to noradrenaline 
were obtained by adding increasing concentrations of nora
drenaline (1 nM to 10 /iM) to the organ baths surrounding the 
aortic rings.

In a separate study, endothelium-dependent relaxations 
were evaluated with concentration-response curves to acetyl
choline (10 им to It) /iM) in aortic rings precontracted with 
noradrenaline (I /iM). Relaxation was calculated as % of 
preconlraclilc vascular tone.

Measurement of intestinal permeability

Alter a midlinc abdominal incision, 3 ml warmed saline was 
poured into the abdominal cavity. Then, a segment of the 
terminal ileum (approx. 800 mg) supplied by 3 blood vessel 
arcades was isolated from the remaining part of the intestine 
by incising the mesentery and transsccting the bowel wall be
tween two aneurysm clips. Proximal and distal to the clips, the 
gut lumen was closed by placing purse siring sutures. The 
segment used for permeability measurements was cannulalcd 
at both ends and its luminal content was gently flushed with 
warmed (37°C) saline (10 ml) from oral to aboral direction and 
the distal end was closed with a suture. Then, the cocliac and 
superior mesenteric arteries were exposed and occluded as 
described above, by placing small aneurysm clips near to their 
aortic origin. The abdomen was filled up with warmed saline 
solution and closed.

Intestinal permeability (lumen to plasma) was measured 
with a 4000 Dalton fluorescent dextran (FD4) according to 
previously described methods (Otamiri et at., 1988; Otamiri & 
Tagesson, 1989). After cannulalion of the femoral vessels, a 
continuous infusion of saline was started at a rate of 2.5 ml 
h '. At T = — 30, the splanchnic vessels were occluded for 
30 min. Five minutes before the occlusion was released, the 
renal vessels were ligated and the segment was filled up with 
0.5 ml warmed (37°C) FD4 solution (25 mg ml-1). At 10 min 
of reperfusion, 0.3 ml blood samples were taken for fluorescein 
concentration measurements in the plasma. At the end of the 
experiment, the bowel segment was removed and weighed.

Blood samples were stored on ice in the dark and centri
fuged at 100xg for 10 min. After the plasma and luminal 
solution had been diluted (1:200 and 1:90000, respectively), the 
concentration of FD4 was determined with the Perkin Elmer 
luminescence spectrophotometer (excitation wavelength: 
492 nm; emission wavelength: 515 nm). In order to calculate 
epithelial permeability, the following equation was used:

Percentage of FD4 measured in the plasma = arterial 
FD4 concentration (ng nil-')/luminal FD4 concentration 
(ng ml-1).

The ischacmia-rcpcrfusion protocol was, in its every aspect 
identical to the protocols used for the other studies, except for 
the additional surgery involved and the fact that the ischaemic 
period was reduced from 45 min to 30 min. This reduction in 
the length of ischaemia was necessary to achieve a severity of 
shock comparable with that of the other sets of studies, since 
the additional surgery and ligation of the renal vessels involved 
in this model increased the mortality of the animals in the 
reperfusion phase (data not shown).

Myeloperoxidase acli vity

Myeloperoxidase activity, an index of PMN accumulation, 
was determined as previously described (Mullanc et al„ 1985). 
Intestinal tissues, collected 60 min after reperfusion, were 
homogenized in a solution containing 0.5% hexa-dccyl-trimc- 
thyl-ammonium bromide dissolved in 10 him potassium 
phosphate buffer (pH 7) and centrifuged for 30 min at 
20,000 xg at 4°C. An aliquot of the supernatant was then al
lowed to react with a solution of tctra-methyl-bcnzidine 
(1.6 тм) and 0.1 mM H202. The rate of change in absorbance 
was measured by a spectrophotometer at 650 nm. Myeloper
oxidase activity was defined as the quantity of enzyme de
grading 1 /iniol of hydrogen peroxide min-1 at 37”C and was 
expressed in u g-1 weight of wet tissue.

Measurement of PARS activity in intestinal epithelial 
cells ex vivo

Rats were subjected to sham surgery or splanchnic ischaemia 
for 45 min followed by 10 min reperfusion as described above. 
After reperfusion, a 7 to 8 cm section of small intestine was 
excised and the mucosal surface exposed. This surface was then 
rinsed with sterile saline and the epithelium scraped with a 
number 10 scalpel blade. The resultant ccll/iissue pellet was 
divided into four equal parts and each placed into a microfugc 
lube containing 500 pi PARS buficr (тм: HEPES 56, KCI 28, 
NaCI 28, MgCl2 2, 0.01% digitonin and NAD' 0.125 рм). 
Two out of the four tubes also contained the PARS inhibitor 
3-aminobcnzamidc (1 тм). PARS was then measured by a 
modification of the previously described protocol (Szabó et at., 
1996a). First, to each tube 0.25 pCi ['HJ-NAD* was added 
and the tubes incubated in a 37"C water bath for 10 min. After 
incubation, 200 p\ icc-cold 50% trichloroacetic acid (ТСЛ) 
was added to each tube and the tubes placed on ice. Samples 
were then transferred to 4°C for an additional period of 3 h. 
After precipitation, the samples were centrifuged at 10,000 g 
for 10 min and the supernatant removed. The pellets were 
washed twice with 5% TCA and solubilized in 1.0 ml 2% so
dium dodccyl sulphate (SDS): 0.1 N NaOH at 37°C for 96 h. 
An aliquot of the solubilized samples was taken for protein 
determination by the Bradford assay. The remaining sample 
was placed in 5.3 ml scintillation cocktail and radioactivity 
determined by a Wallac 1409 beta scintillation counter. Values 
for PARS activity arc expressed as c.p.m. mg-1 protein.

Measurement of vascular reactivity ex vivo

Animals were killed under anaesthesia at 60 min after the start 
of reperfusion. Thoracic descending aorlac were immediately 
excised, cut into rings and mounted in organ baths (5 ml) Idled 
with warmed (37°C), oxygenated (95% 02/5% C02) Krebs 
solution (pH 7.4) consisting of (тм): NaCI 118, KCI 4.7, 
КИ2РО4 1.2, CaCI2 2.5, MgSO.i 1.2, NaHCOj 25 and glucose 
11.7, in the presence of iiulomelhacin (It) /tM). Isometric force 
was measured with isometric transducers (Kent Scientific 
Corp.) digitized by a Maclab A/D converter (AD lnslru-

Evahialion of survival

The various groups of rats were monitored for 4 h after SAO 
and reperfusion, and survival rales and survival limes were 
evaluated.

Reagents

Biotin blocking kit, biolin-eonjugalcd goat anti-rabbit IgG 
and avidin-biotin peroxidase complex were obtained from
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Vector Laboratories (Burlingame, CA, U.S.A.). Primary anti- 
nitrotyrosinc antibody was from Upstate Biotech (Saranac 
Lake, NY, U.S.A.). Dihydrorhodaminc 123 and rhodaminc 
123 were from. Molecular Probes (Eugene, OR, U.S.A.). All 
other reagents and compounds used were obtained from Sigma 
Chemical Company (Sigma, St. Louis, MO, U.S.A.).

tyrosine antibody, revealed a positive staining in ileum from 
shocked rats, which mainly appeared to be localized in 
mononuclear cells (Figure 3b).

In agreement with its effect on plasma dihydrorhodaminc 
oxidation (Figure 2), 3-aminobcnzamidc treatment reduced the 
degree of immunostaining for nitrolyrosinc in the reperfused 
intestine (Figure 3c).

Statistical analysis

Data are expressed as mcan+s.c.mcan in all figures. ANOVA 
test was used to compare means of the various experimental 
groups, followed by Bonferroni’s test for multiple comparison. 
Survival rates were compared by the Chi-square test. Differ
ences were considered significant when P value was less than 
0.05.

PARS activation in splanchnic artery occlusion shock

There was a significant increase in PARS activity, as measured 
by incorporation of tritium-labelled NAD+ into the intestinal 
epithelial cells, at 10 min of reperfusion following SAO ex vivo 
(Figure 4). The increase in PARS activity was blocked by in 
vitro treatment of the epithelial cells with 3-aminobcnzamidc 
(I niM). There was a significant degree of incorporation of 
tritium-labelled NAD* into proteins in control intestinal epi
thelial cells (not subjected to SAO/R). However, this was un
affected by 3-aminobcnzamide (Figure 4). This latter finding 
suggests that the incorporation of tritium-labelled NAD* in 
epithelial cells from control animals is not related to specific 
PARS activity.

Results

NO and peroxynitritc production in splanchnic artery 
occlusion shock

There was no change in the plasma levels of nitratc/nitritc 
during occlusion or during 60 min of the reperfusion period 
(Figure 1), in agreement with previous observations suggesting 
that the current protocol of ischaemia and reperfusion docs 
not trigger the expression of the inducible isoform of NOS 
(iNOS) (Kanwar et at., 1994). The PARS inhibitor 3-amino- 
benzamide did not affect baseline nitritc/nitratc levels (Figure

In agreement with previous observations (Szabó et al., 
1995), SAO shock (but not ischaemia alone) caused a signifi
cant increase in the rhodaminc fluorescence of plasma, indi
cative of pcroxynitritc-induccd oxidation of dihydrorhodaminc 
during the reperfusion phase, but not during the occlusion 
period (Figure 2). Already at 0 -10 min after reperfusion, there 
was a significant increase in rhodaminc fluorescence, and a 
significant further increase at 40-60 min (Figure 2). In vivo 
treatment with 3-aminobcnzamidc markedly reduced the oxi
dation of dihydrorhodaminc 123 during the late phase, but not 
the early phase of reperfusion (Figure 2).

At 60 min after reperfusion ileal sections were taken from 
sham or shocked rats in order to determine the immunohis- 
tological staining for nitrolyrosinc. While there was negligible 
staining in the intestinal sections of control animals (Figure 
3a), immunohistochcmical analysis, with a specific anti-nitro-

Ilistological changes and myeloperoxidase activities in 
the reperfused intestine

At 60 min after reperfusion, tissue damage was evaluated by 
histological examination and PMN infiltration was assessed by 
the measurement of tissue myeloperoxidase activity. As shown 
in Figure 5, myeloperoxidase (MPO) activity significantly 
(Pc0.01) increased in the ileum of shocked rats. Histological 
examination of the small intestine (see representative sections 
in Figure 6) revealed pathological changes that closely corre
lated with the increase in MPO activity. There was a significant 
oedema in the space bounded by the villus and the basement 
membrane (Figure 6b).

In vivo treatment with 3-aminobcnzamide significantly re
duced the SAO-induccd increase in MPO activity (P<0.01; 
Figure 5) and reduced organ injury, as determined by histo
logical examination (Figure 6c).

1).

Arterial blood pressure

Occlusion of the splanchnic arteries for 45 min did not induce 
a marked change in mean arterial blood pressure (Figure 7). 
Upon release of the occlusion, there was a gradual fall in mean
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Figure 2 Plasma levels of rhodaminc in splanchnic artery occlusion 
(SAO) and reperfusion (SAO/R): effect of vehicle (open columns) and 
3-aminobcnzamidc (solid columns). SAO/R, but not SAO alone 
caused an increase in the rhodaminc fluorescence of plasma at 0- 
10 min and 40-60 min of reperfusion period. ’Represents significant 
increase in rhodaminc fluorescence during reperfusion. (/'<0.01); 
//represents significant inhibitory effect of the PARS inhibitor al the 
same time point. (P<0.01). Each value represents the mcan + s.e. 
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Figure I Plasma levels of nitrate and nitrite at 45 min after 
ischaemia and at 60 min after reperfusion in splanchnic artery 
occlusion (SAO). Elfcct of vehicle (open columns) and 3-aminobcn
zamidc (solid columns). There was no change in the plasma levels of 
nitratc/nitritc during occlusion or 60 min of reperfusion period. Each 
value represents the mcan + s.c.mcan for /1 = 8 animals.
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arterial blood pressure in vehicle-treated rats (Figure 7). Ad
ministration of 3-aminobcnzamidc alone did not change ar
terial blood pressure in sham rats (Figure 7). However, the 
administration of 3-aminobenzamide, ameliorated the SAO 
and rcpcrfusion-induccd fall in mean arterial blood pressure 
(Figure 7).

shocked and repetfused animals (SAO/R), contractile respon
ses to noradrenaline were significantly reduced, when com
pared to that observed in aortic rings from sham animals 
(Figure 8). The maximum force of contraction induced by 
10 /(M noradrenaline in aortic ring decreased by approximately 
40% in the SAO/R rats when compared to sham rats (Figure
8).

An impairment of endothelium-dependent dilatation was 
also observed in aortic rings from SAO/R rats, as evidenced by 
a reduced relaxant cITcct of the acetylcholine (10 nM-10 /iM) 
(Figures 9 and 10).

In vivo prclrcalmcnt with 3-aminobcnzamidc during SAO/R 
improved the vascular responsiveness to noradrenaline and 
caused a partial improvement of the degree of the endothelial

Vascular reactivity

In order to investigate whether SAO shock was associated with 
alterations in vascular reactivity ex vivo, a separate group of cx 
vivo experiments was carried out. In aortic rings from SAO

Ш
ЯШШis
ШВша

•vr

Щ *4000

ТСО
Е
: 3500Е

Q.

&

ш #>. 3000
:>

Éи 2500
Л' СС

á-Т>'Т и.
2000

Sham

Figure 4 PARS activity ill intestinal epithelial eclls ex vivo in sham- 
treated animals and in rats subjected to SAO and 10 min of 
reperfusion: effect of in vitro treatment with vehicle (open columns) 
or 3-ami nobenzamidc (1 тм) (solid columns). SAO/R shock caused 
an increase in the PARS activity, which was inhibited by 3- 
aminobcnzamidc. * Represents significant increase in PARS activity 
during reperfusion. (/■*< 0.01); //represents significant inhibitory effect 
of the PARS inhibitor at the same time point. (P<0.01). Each value 
represents the mean + s.c.mean for ;i = 6 animals.

SAO/Rb

ЖЖШтМж
ваш«

шшш1к
8 1ь
V £

3&НшV у*-*.'-

fijjpжS'-:,

140
(1)

1] 3к га ■в 120 ••laSSS

с 100 -
О)
D

‘V..’ .4
/ >■

80 -
:> #
га

60 •(D</)

IГО
2
X

40 -
CÜ
о.

Щ 20 -
5

0
SAO/RSham

Figure 5 Myeloperoxidase (МРО) activity in the reperfused intestine 
of SAO shockcd-rats killed at 60 min after reperfusion: effect of 
vehicle (open columns) and 3-aminobcnzamidc (solid columns). MPO 
activity was significantly increased in SAO shocked and reperfused 
rats (SAO/R) treated with vehicle. 3-Aminobenzamidc treatment 
prevented the increase in MPO activity. ‘Represents significant 
increase in MPO activity in response to SAO/R. (/’<0.01); 
//represents significant inhibitory clfcct of the PARS inhibitor, 
(/'<0.01). Each value represent the mcan + s.c.mcan for л = 8 
animals.

Figure 3 Immunohistochemical localization of nilrotyrosine in the 
distal ileum, (a) Lack of staining in control tissues; (b) SAO-shockcd 
rat 60 min after reperfusion. Nilrotyrosine staining (dark brown 
staining, indicated by arrows) was localized in mononuclear cells and 
villus wall, (c) Immunoslaining of distal ileum of a SAO-shockcd rat 
treated with 3-aminobcnzamidc 60 min after reperfusion; there was a 
reduced staining for nilrotyrosine.
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dysfunction (Figure 8-10). Treatment with 3-aminobcnza- 
midc did not alter the contractions to noradrenaline or the 
dilatation responses to acetylcholine in aortic rings from sham 
rats (Figures 8 and 9).

marked increase in the lumen to plasma flux of the fluorescent 
dye FD 4 (Figure 11). Treatment with 3-aminobcnzamide re-, 
duccd the increase in the epithelial permeability during rcper-1 
fusion (Figure 11).

Survival rateEpithelial permeability

There was a massive increase in the intestinal epithelial per
meability within 10 min of reperfusion, as evidenced by a

Table 1 presents a summary of survival rate, percentage sur
vival and survival time for the groups of rats subjected to 
splanchnic artery occlusion shock or sham shock. All sham 
rats survived the entire 4 h observation period. In contrast, in 
rats treated with vehicle, splanchnic artery occlusion produced 
a profound shock state characterized by 100% death: no rats 
survived after 2 h (mean survival time 65 + 9 min; Table 1). 
Treatment with 3-aminobcnzamidc during the reperfusion 
period significantly increased survival rale in SAO shocked 
animals (Table I).
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Figure 8 Cumulative dose-response curves in response to noradrena
line in aortic rings from sham-operated rats (open symbols) and 
splanchnic artery occlusion (SAO) shocked and reperfused rats (solid 
symbols) treated with vehicle (O, •) or with 3-aminobcnzamidc (□, 
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.represents the mean and vertical lines s.c.mcan for n = 8 rings.

Figure 6 (a) Distal ileum section from a sham rats demonstrating
the normal architecture of the intestinal epithelium and wall, (b) 
Distal ileum from a SAO shockcd-ral reperfused for 60 min (SAO/R) 
demonstrating oedema of the distal portion of the villi and necrosis 
of the epithelium at the villus tips, (c) Distal ileum from a SAO/R rat 
treated with 3-aminobcnzamidc. Treatment with 3-aminobcnzamidc 
reduced the degree of mucosal injury.
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Figure 11 I’lasma/lumcn ratio оГ FD4, an indicator of intestinal 
epithelial permeability, in the reperfused intestine of SAO shocked- 
rals killed 10 min after reperfusion. Epithelial permeability signifi
cantly increased in SAO shockcd-rats treated with vehicle (open 
column). 3-aminobcnzamidc treatment (solid column) reduced the 
increase in permeability. ‘Represents significant increase in perme
ability in response to SAO/R. (/-*<0.01); //represents significant 
protection against the intestinal hypcrpcrmcability by the PARS 
inhibitor (FcO.Ol). Each value is the nican + s.e.mcnn for n = 6-8 
animals.
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Figure 9 Relaxant effect of acetylcholine in aortic rings precon
tracted with noradrenaline (NA, I /im) of sham-operated rats (open 
symbols) and splanchnic artery occlusion (SAO) shocked rats (solid 
symbols) treated with vehicle (O. •) or with 3-aminobcnzamidc (□, 
■ ). ‘Represents significant impairment of the relaxations in response 
to SAO/R. (FcO.OI); //represents significant protection against the 
endothelial dysfunction by the PARS inhibitor (PcO.Ol). Each point 
represents the mean and vertical lines s.c.mcan for »; = 8 rings.

Discussion

Peroxynitrite production in SAO shock

In ischaemia and reperfusion injury, Superoxide, produced in 
the repetfusion phase, rapidly reacts with NO and forms per- 
oxynilritc. Multiple lines of experimental dala strongly imply 
the production of peroxynitrite in the reperfused heart 
(Matheis cl al., 1995; Schulz & Wambolt, 1995; Naseem cl al., 
1995; Wang & Zweier, I996), liver (Ma cl al., 1995), intestine 
(Szabó cl al., 1995) and lung (Ischiropottlos el al., 1995; Kooy 
et al., 1995). In these conditions, prevention of peroxynitrite 
generation markedly reduces reperfusion injury. The present 
results, demonstrating the increase in dihydrorhodaminc 123 
oxidation in the plasma and the increased nitrotyrosinc im- 
munorcaclivily in the reperfused intestine, suggest that per
oxynitrite is also produced in the reperfusion phase of 
splanchnic artery occlusion shock. The lack of oxidation of 
dihydrorhodaminc 123 during ischaemia, and a marked in
crease in the oxidation after reperfusion suggests that the 
majority of free radical and oxidant production occurs during 
the reperfusion.

Peroxynitrite is formed from NO and Superoxide. During 
intestinal ischaemia and reperfusion, mucosal xanthine oxi
dase, and NADPH oxidase in infiltrating PMNs arc sources of 
superoxide production (Granger cl al., 1981; Fantonc & Ward,
1982; Zimmermann cl al., 1993). The sources of NO, under the 
present conditions, must be the constitutive NO synthases, 
since we did not find evidence for the expression of inducible 
NOS (iNOS) and related overproduction of NO, during the 
relatively short lime of reperfusion (I h). An alternative source 
of NO may be tissue nitrite, which can be reduced to NO in 
acidotic tissues (Zweier cl al., 1995).

Since hydroxyl radical and peroxynitrite arc potent triggers 
of DNA strand breakage and subsequent activation of PARS 
(see: Introduction), in the present study we investigated the 
effect of the PARS inhibitor 3-aminobcnzamidc on the course 
of the pathophysiological alterations triggered by SAO shock. 
3-Aminobcnzamidc is not an inhibitor оГ NOS and does not 
scavenge peroxynitrite or superoxide (Zingarclli cl al., 1996). 
We have demonstrated a number оГ pathophysiological al
terations in our model of SAO shock, including hypotension, 
vascular hypocontraclility, endothelial dysfunction, epithelial 
hypcrpcrmcability, massive morphological changes of the re
perfused intestine and significant death. Further, we have de
monstrated an increase in PARS activity in the reperfusion 
phase of SAO shock in the intestinal epithelium and showed 
that 3-aminobcnzamidc provides a marked protection against
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Figure 10 Typical recordings of llie vasorelaxant responses of aortic 
rings (precontracted with noradrenaline, I ;im) to acetylcholine 
(I0 пм to 10 /im). Arrows represent additions of the following 
concentrations of acetylcholine (from left to right): 10 пм, 30 шм, 
100 пм, 300 пм, 1 /im, 3 /im and 10 /im, respectively, (a) Sham + ve
hicle; (b) SAO + vehicle; (c) SAO + 3-aminobcnzamidc.
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Effect оГ vehicle or 3-All on survival rale, percentage survival, and survival lime in sham shocked rats or splanchnic arteryTable 1
occlusion (SAO) shocked rats

'fiinc after reperfusion (h)
2 Survival 

lime (min)
4

SurvivingSurviving % %Treatment

Sham + vehicle 
Sham + 3-ЛВ 
SAO + vehicle 
SAO + 3-AH

10/10
10/10

10/10
10/10

100 100 >240 
>240 
65 + 9 
>240*

100 100
0/100/10 00

10/1010/10 100 100*

Animals received 3-aminobciuamidc (3-All, 10 mg kg i.v., 10 min before reperfusion followed by 10 mg kg 1 h~ 
reperfusion period) or an equal volume of vehicle (0.9% NaCI solution). */’<0.01 vs SAO + vchicle.

for all the

the pathophysiological alterations associated with SAO/R. 
These data suggest that PARS activation due to oxidant-re
lated DNA single strand breakage contributes to the patho
physiology of SAO shock.

oxide (Watson et al., 1995). Our present data extend these 
previous observations by demonstrating that SAO/R increases 
PARS activity in intestinal epithelial cells ex vivo and that the 
reperfusion injury-associated increase in intestinal epithelial 
permeability is attenuated by pharmacological inhibition of 
PARS. Based on the present data, we suggest that inhibition of 
PARS represents a novel pharmacological way for the pre
vention of oxidant-induced epithelial dysfunction in vivo.

Vascular failure in SAO shock: role of PARS

Splanchnic artery occlusion shock leads to the development of 
hypotension and failure of the vasculature to respond to va
soconstrictor stimuli (Carey et al., 1992). The reduction in the 
contractile ability, as demonstrated in the thoracic aorta, is 
related to the production of NO, since normal contractility of 
the vessels can be restored with inhibition of NOS (Squadrilo 
et al., 1994). In agreement with direct measurements by Kan- 
war et al., (1994), no increase in plasma nitrilc/nilralc con
centrations was found at l h reperfusion after SAO. Therefore, 
and similar to other models of early reperfusion injury 
(Ischiropoulos et al., 1995; Wang & Zweier, 1996), constitutive 
sources must provide the NO for the generation of peroxyni- 
tritc in our experiments. The current vascular changes may be 
similar to the changes occurring in thoracic aortic rings ex
posed to peroxynitrite in vitro, where the development of 
vascular hyporcactivity within 30 min - I h can be ameliorated 
by 3-aminobenzamidc (Szabó et al., 1996b).

Another important component of splanchnic artery occlu
sion (SAO) shock is endothelial dysfunction (Allura et al., 
1985; Carey et al., 1992; Zingarclli et al., 1992; Lefer & Lefer, 
1993). The development of endothelial dysfunction was ori
ginally attributed to oxygen-derived free radicals released from 
both the reperfused endothelium (Ratych et al., 1987; Lefer & 
Lefer, 1993) and from activated adherent PMNs (Granger et 
al., 1981; McCord, 1981; Mullanc et al., 1988; Bitlcrman et al., 
1988). The endothelial dysfunction (i.c. a deficit of endothelial 
NO production) predisposes to vasospasm, platelet deposition 
and increased neutrophil adherence (thereby leading to a po
sitive feedback cycle), which exacerbates the shock stale. Re
cent evidence suggests that the ischacmia-rcpcrfusion induced 
endothelial dysfunction may be, in fact, related to peroxyni
trite production (Villa et al., 1994; Az-tna et al., 1996; Szabó, 
1996a; Zingarclli et al., 1997a). PARS inhibitors have been 
shown to protect endothelial cells against hydrogen peroxide 
(Junod et al., 1989; Kirkland, 1991; Thics & Autor, 1991; 
Aalto & Raivio, 1993) and pcroxynitritc-trcatcd (Szabó et al., 
1997) induced endothelial injury. The present data suggest that 
DNA injury and activation of PARS plays a role in the en
dothelial injury associated with ischacmia-rcpcrfusion.

Epithelial hyperpermeability in SAO: role of PARS

It has been recently demonstrated that large amounts of NO 
induce an increase in paraccllular permeability in intestinal 
epithelial cells in vitro (Sulzman et al., 1995). Moreover, in 
immunostimulatcd intestinal epithelial cells, the increase in 
epithelial permeability was diminished by inhibitors of NOS 
(Unno et al., 1996). We have recently demonstrated PARS 
activation and consequent hyperpermcabilily in pcroxynitrilc-
Ircalcd A549 human pulmonary epithelial cells (Szabó el ah, 
1996c). PARS inhibitors also protect against the acute cellular 
injury in intestinal epithelial cells exposed to hydrogen per-

Nculrophil infiltration and histological changes in SAO: 
role of PARS

Activation and accumulation of polymorphonuclear cells 
(PMNs) is one of the initial events of tissue injury which 
triggers the release of oxygen free radicals, arachidonic acid 
metabolites and lysosomal proteases, with subsequent tissue 
injury (Fanlonc St Ward, 1982). In our study, increased 
activity of myeloperoxidase, an enzyme specific to granu
locyte lysosomes, (a parameter directly related to the ab
solute number of PMN cells), correlated well with 
morphological alterations in the small intestine at histolo
gical examination. Inhibition of PARS by 3-aminobcnza- 
midc prevented the PMN infiltration into the small 
intestine, as demonstrated by a significant reduction in 
MPO activity. This effect of 3-aminobcnzamide was also 
observed histologically, since leukocyte infiltration into the 
tissues was reduced. Since NO is a potent inhibitor of both 
neutrophil aggregation and adherence (Kanwar & Kubes, 
1995), we propose that the improvement of endothelial 
function by 3-aminobcnzamidc (see above) reduced the in
filtration of neutrophils during reperfusion, thus, resulting 
in reduced tissue injury. Thus, the following positive feed
back cycle may be present in SAO shock: early hydroxyl 
radical and peroxynitrite production > > PARS-rclalcd 
endothelial injury > > PMN infiltration > > more hy
droxyl and peroxynitrite production. Inhibition of PARS 
would intercept this cycle at the level of endothelial injury. 
This hypothesis (which remains to be confirmed by direct 
measurements) would explain the reduction by 3-amino- 
benzamide of the dihydrorhodaminc oxidation during the 
delayed, but not the early phase of reperfusion.

PARS activation: a novel pathway of shock and 
inflammation

In conclusion, the present study demonstrated marked pro
tective effects with the PARS inhibitor 3-aminobcnzamidc in a 
SAO model of shock. The present data, coupled with other 
recent in vitro and in vivo observations (Szabó et ah, 1996a, b; 
Thiemermann cl at., 1997; Zingarclli el a/., 1997b) support the 
view that activation of PARS, triggered by DNA single strand 
breakage, is an important novel mechanism of cellular injury 
during various forms of shock and reperfusion injury. Treat
ment with PARS inhibitors may represent a novel therapeutic 
strategy in the treatment of shock and reperfusion injury. The 
viability of this potential therapeutic strategy is also
strengthened by recent findings in PARS-'- mice, which ap
pear normal, and suggest that the presence of PARS is not 
obligatory for normal DNA repair (Wang et ah, 1995).

* /
>
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synthase; SAO, splanchnic artery occlusion; SAO/R, splanchnic 
artery occlusion and reperfusion; PARS, poly (ADP-ribosc) 
synthetase; MPO, myeloperoxidase; PMN, polymorphonuclear 
cells.

Moreover, PARS inhibition is unlikely to interfere with the 
important antimicrobial effects of NO (Green & Nacy, 1993), 
since invading bacteria do not contain PARS. We propose that 
the PARS pathway may be an expendable pathway which 
could be targeted with pharmacological inhibitors for the ex
perimental therapy of various forms of circulatory shock.

This work was supported by a Grant-In-Aid from the American 
Heart Association and by a Grant from the Children's Hospital 
Medical Center of Cincinnati ('Trustees Grant’) to C.S. and by a 
Grant from the International Pediatric Research Foundation to 
A.S.

Abbreviations
NO, nitric oxide; NOS, nitric oxide synthase; ccNOS, constitutive 
endothelial nitric oxide synthase; iNOS, inducible nitric oxide

References

AALTO. T.K. & RAIVIO, K.O. (1993). Nucleotide depletion due to 
reactive oxygen metabolites in endothelial cells: effects of 
antioxidants and 3-aminobcnzamide. Pcdialr. Res., 34, 572-576.

ALTURA. B.M., GEDREWOLD, A. & BURTON, R.W. (1985). Reactive 
hypcracmic responses of single arterioles arc attenuated 
markedly after intestinal ischemia, endotoxemia and traumatic 
shock: possible role of endothelial cells. Microcirc. Endothelium 
Lymphatics, 2, 3- 14.

AZ-МЛ, T.. FUJII, K. & YUGE. O. (1996). Self-limiting enhancement 
by nitric oxide of oxygen free radical induced endothelial cell 
injury: evidence against the dual action of nitric oxide as 
hydroxyl radical donor/scavcngcr. Br. J. Pharmacol., 119, 455- 
462.

BECKMAN, J.S.. BECKMAN, T.W., CHEN, J„ MARSHALL, Р.Л. & 
FREEMAN, В.Л. (1990). Apparent hydroxyl radical production 
by peroxynilrite: implication for endothelial injury from nitric 
oxide and Superoxide. Proc. Natl. Acad. Sei. U.S.A., 87, 1620- 
1624.

ISCH1ROPOULOS, H., ZHU, L., CHEN, J., TSAI, M.. MARTIN, J.C., 
SMITH, C.D. & BECKMAN, J.S. (1992). Pcroxynitritc-mediatcd 
tyrosine nitration catalysed by superoxide dismutasc. Arch. 
Biochcm. Biophys., 298, 431 -437.

JACINTO, S.M. & JANDHYALA, B.S. (1994). Comparative evaluation 
of the acute clTccts of oxygen free radicals on myocardial 
contractility in anaesthetised dogs with those occurring in the 
early stages of splanchnic artery occlusion and hemorrhagic 
shock. Free Rad. Biol. Med., 17, 171 - 179.

JUNOD, Л.Е., JORNOT, L. & PETERSEN, H. (1989). Differential effects 
of hyperoxia and hydrogen peroxide on DNA damage, poly- 
adenosine diphosphatc-ribosc polymerase activity, and nicotina
mide adenine dinuclcotidc and adenosine triphosphate contents 
in cultured endothelial cells and fibroblasts. J. Cell Physiol., 140, 
177-85.

KANWAR, S., TEPPERMAN, B.L., PAYNE, D., SUTHERLAND, L.R. & 
KUBES, P. (1994). Time course of nitric oxide production and 
epithelial dysfunction during ischcmia/rcpcrfusion of the feline 
small intestine. Circ. Shock, 42, 135-40.

KANWAR, S. & KUBES, P. (1995). Nitric oxide is an antiadhesive 
molecule for leukocytes. New Horizons, 3, 93- 104.

KIRKLAND, J.B. (1991). Lipid peroxidation, protein thiol oxidation 
and DNA damage in hydrogen peroxide-induced injury to 
endothelial cells: role of activation of poly (ADP-ribosc) 
polymerase. Biochim. Biophys. Acta, 1092, 319-325.

KOIKE, K„ MOORE, F.A., MOORE, E.E., READ, R.A., CARL, V.S. & 
BANERJEE, A. (1993). Gut ischemia mediates lung injury by a 
xanthine oxidase-dependent neutrophil mechanism. J. Surg. 
Res., 54, 469-73.

KOOY, N.W., ROYALL, J.A., YE. Y.Z., KELLY. D.R. & BECKMAN, J.S. 
(1995). Evidence for in vivo peroxynilrite production in human 
acute lung injury. Am. J. Respir. Crit. Care Med., 151, 1250- 
1254.

LEFER, Л.М. & LEFER, D.J. (1993). Pharmacology of the endothe
lium in ischcmia-rcpcrfusion and circulatory shock. Ann. Rev. 
Pharmacol. Toxicol., 33, 71-90.

МЛ, T.T., ISCH I ROPOULOS, H. & BRASS, C.A. (1995). Endotoxin- 
stimulatcd nitric oxide production increases injury and reduces 
rat liver chemiluminescence during reperfusion. Gastroenterol
ogy, 108, 463-469.

MCCORD, J.M. (1981). Oxygen-derived free radicals in post ischemic 
tissue injury. N. Engl. J. Med., 312, 159- 163.

MATHEIS, G., SHERMAN, M.P., BUCKBERG, G.D., HAYBRON, D.M., 
YOUNG, H.N. & IGNARRO, L.J. (1992). Role of L-argininc-nitric 
oxide pathway in myocardial rcoxygcncration injury. Am. J. 
Physiol., 262, H6I6-H620.

MULLANE, K.M., WESTLIN, W. & KRAEMER, R. (1988). Activated 
neutrophils release mediators that may contribute to myocardial 
injury and dysfunction associated with ischemia and reperfusion. 
Ann. New York Acad. Sei., 524, 103- 121.

MULLANE. K.M., KRAEMER, R. & SMITH, B. (1985). Myeloperox
idase activity as a quantitative assessment of neutrophil 
infiltration into ischemic myocardium. J. Pharmacol. Meth., 14, 
157-167.

NASEEM, S.A., KONTOS, M.C., RAO, P.S., JESSE, R.L., HESS, M.L. & 
KUKREJA, R.C. (1995). Sustained inhibition of nitric oxide by 
Nc-nilro-argininc improves myocardial function following 
ischcmia/rcpcrfusion in isolated perfused rats heart. J. Mol. Cell. 
Cardiol., 27, 419-426.

OTAM1R1, T., L1NDAL, M. & TAGESSON, C. (1988). Phospholipase 
A2 inhibition prevents mucosal damage associated with small 
intestinal ischaemia in rats. Gut, 29, 489-494.

BERGER, N.A. (1991). Oxidant-induced cytotoxicity: a challenge for 
metabolic modulation. Am. J Respir. Ceil. Mol. Biol., 4, t -3.

BITTERMANN, H. & LEFER, Л.М. (1988). Use of a novel peptide 
lcukotricne receptor antagonist, Ly-163441, in splanchnic artery 
occlusion shock. Prostaglandins Lcukolrienes Essential Fatty 
Acids, 32, 63-68.

BITTERMANN, H„ AOKI, N. & LEFER, Л.М. (1988). Anti-shock 
effects of human superoxide dismutasc in splanchnic occlusion 
shock. Proc. Soc. Exp. Biot. Med., 188, 256-271.

BITTERMAN, H., KINARTY, A., LAZAROVICH, H. & LAHAT, N. 
(1991). Acute release of cytokines is proportional to tissue injury 
induced by surgical trauma and shock in ruts. J. Clin. Immunol., 
II, 184-192.

CAPUTl, Л.Р., ROSSI, F„ CARNEY, K. & BREZENOFF, H.E. (1980). 
Modulatory effect of brain acetylcholine on reflex-induced 
bradycardia and tachycardia in conscious rats. J. Pharmacol. 
Exp. Thcr.,115, 309-316.

CAREY, C„ SIEGFRIED, M.R.. MA, X.L., WEYRICI1, A.S. & LEFER, 
A.M. (1992). Antishock and endothelial protective actions of u 
NO donor in mesenteric and reperfusion. Circ. Shock, 38, 209-
216.

COCHRANE, C.G. (1991). Mechanism of oxidant injury of cells. Mol. 
Aspects Med., 12, 137-147.

CROW, J.P. & BECKMAN, J.S. (1995). The role of peroxynilrite in 
nitric oxide-mediated toxicity. Curr. Top. Microbiol. Immunol., 
196, 57-73.

FANTONE, J.C. & WARD, P.A. (1982). A review: role of oxygen- 
derived free radicals and metabolites in leukocyte-dependent 
inflammatory reactions. Am. J. Pathol., 107, 395-418.

GRANGER, D.N., RUTILI, G. & MCCORD, J.M. (1981). Superoxide 
radicals in feline intestinal ischemia. Gastroenterology, 81, 22-
23.

GREEN, S.J. & NACY, G. (1993). Antimicrobial and immunopatho- 
logic effects of cytokine-induced nitric oxide synthesis. Curr. 
Opin. Infect. Dis., 6, 384-390.

GREENBERG, S., MCGOWAN. C.& GLENN, T.M. (1981). Pulmonary 
vascular smooth muscle function in porcine splanchnic arterial 
occlusion shock. Am. J. Physiol., 241, H34-44.

HINSHAW, L.B., ARCHER, L.T., BLACK, M.R. it GREENFIELD, L.J. 
(1973). Myocardial performance in splanchnic arterial occlusion 
shock. J. Surg. Res., 15, 417-428.

1SCHIROPOULOS, H„ AL-MEHDl, A.B. & FISHER, A.B. (1995). 
Reactive species in ischemic rat lung injury: Contribution of 
peroxynilrite. Am. J. Physiol., 269, L158-LI64.



S. Cuzzocrca el a I PARS and splanchnic artery occlusion shock1074

OTAMIRI.T.&TAGESSON.C. (1989). Ginkgo biloba extract prevents 
mucosal damage associated with small intestinal ischaemia. 
Scand. J. Gastroenterol., 29, 489-494.

PRYOR. W. & SQUADRITO. G. (1995). The chemistry of peroxyni- 
tritc: a product from the reaction of nitric oxide with Superoxide. 
Am. J. Physiol., 268, L699-L772.

RATYCH. R.E., CHUKNYSKA. ,R.S. & BURKLEY, G.li. (1987). The 
primary localisation of free radical generation after anoxia/ 
reoxygenation in isolated endothelial cells. Surgery, 102, 122- 
131.

RUBBO, H„ DARLEY-USMAR, V. & FREEMAN, В.Л. (1996). Nitric 
oxide regulation of tissue free radical injury. Cheat. Res. Toxicol., 
9, 809-820.

SALZMAN, A.L., MENCONI, M.J., UNNO, N.. EZZELL. R.M., CASEY, 
D.M., GONZALEZ. P.K. & FINK, M.P. (1995). Nitric oxide dilates 
light junctions and depletes ATP in cultured Caco-2BBc 
intestinal epithelial monolayers. Am. J. Physiol., 268, G361 -73.

SCHULZ, R. & WAMBOLT, R. (1995). Inhibition of nitric oxide 
synthesis protects the isolated working rabbit heart from 
isehemia-reperfusion injury. Cardiovasc. Res., 30, 432-439.

SQUADRITO, I-.. ALTAVILLA. D„ CANALE, P„ IOCULANO, M.P., 
СЛМРО. G.M.. AMENDOL1A, L.. EERLITO, M., ZINGARELL1, B„ 
SQUADRITO, G„ SAITTA, A. & CAPUTI, Л.Р. (1994). Participation 
of tumour necrosis factor and nitric oxide in the mediation of 
vascular dysfunction in splanchnic artery occlusion shock. Dr. J. 
Pharmacol., 113, 1153-1158.

SZABÓ, C. (i996a). The role of peroxynitrite in the pathophysiology 
of shock, inflammation and isehemia-reperfusion injury. Shock, 
6,79-88.

SZABÓ, C. (1996b). DNA strand breakage and activation of poly- 
ADP ribosyllransfcrasc: a cytotoxic pathway triggered by 
peroxynitrite. Free Rad. Dial. Med., 21, 855-869.

SZABÓ, C„ SALZMAN, A.L. & ISCIIIROPOÓLOS, II. (1995). Perox- 
ynitrilc-mcdiatcd oxidation of dihydrorhoraminc 123 occurs in 
early stages of cndoloxic and hcmorhagic shock and isehemia- 
reperfusion injury. FEDS Lett, 372, 229-232.

SZABÓ. C„ SAUNDERS, C., O’CONNOR, M. & SALZMAN, A.L. 
(1996c). Peroxynitrite causes energy depletion and increases 
permeability via activation of poly-ADP ribosyl synthetase in 
pulmonary epithelial cells. Am. J. Mol. Cell. Respir. Dial., 16, 
105- 109.

SZABÓ, C„ CUZZOCREA, S., ZINGARELLI, B„ O’ CONNOR, M. & 
SALZMAN, A.L. (1997). Endothelial dysfunction in a rat model of 
cndotoxic shock: importance of activation of poly (ADP-ribosc) 
synthetase by peroxynitrite. J. Clin. Invest., (in press).

SZABÓ, C.. ZINGARELLI, I)., O’CONNOR, M. & SALZMAN, A.L. 
(1996a). DNA strand breakage, activation poly-ADP ribosyl 
synthetase, and cellular energy depletion arc involved in the 
cytotoxicity in macrophages and smooth muscle cells exposed to 
peroxynitrite. Proc. Natl. Acad. Sei. U.S.A., 93, 1753- 1758.

SZABÓ. C, ZINGARELLI, В. & SALZMAN, A.L. (1996b). Role оГ poly- 
ADP ribosyllransfcrasc activation in the nitric oxide- and 
pcroxynilrilc-induccd vascular failure. Circ. Res., 78, 1051- 
1063.

TH1EMERMANN, C.. BOWES, J., MYINT, F.P. & VANE, J.R. (1997). 
Inhibition of the activity of poly (ADP-ribosc) synthetase reduces 
ischcniia-rcpcrfusion injury in the heart and skeletal muscle. 
Proc. Natl. Acad. Sei. U.S.A., 94, 679-683.

TIMES, R.L. & AUTOR, Л.Р. (1991). Reactive oxygen injury to 
cultured pulmonary artery endothelial cells: mediation by 
poly(ADP-ribosc) polymerase activation causing NAD depletion 
and altered energy balance. Arch. Diochem. Biophys., 286, 353- 
363.

UNNO, N., MENCONI, M„SMITII, M. & FINK, M. (1995). Nitric oxide 
mediates interferon gamma induced hypcrpcrmcabilily in 
cultured human intestinal epithelial monolayers. Crit. Care 
Med., 23, 1170-1176.

VILLA, L.M., SALAS, E„ DARLEY-USMAR. M„ RADOMSKI, M.W. & 
MONCADA, S. (1994). Peroxynitrite induces both vasodilatation 
and impaired vascular relaxation in the isolated perfused rat 
heart. Proc. Nall. Acad. Sei. U.S.A., 91, 12383-12387.

WANG, P. & ZWEIER, J.L. (1996). Measurement of nitric oxide and 
peroxynitrite generation in the poslischcmic heart. J. Biol. 
Client., 271, 29223-29230.

WANG, Z.Q.. AUER, B„ STING L, L„ BERG II AM MER, H„ HA1DA- 
C11ER, 15., SCHWEIGER, M. & WAGNER. E.F. (1995). Mice lacking 
ADPRT and poly (ADP-ryrosyl)ation develop normally but arc 
susceptible to skin disease. Genes Dev., 9, 510-520.

WATSON, A.J., ASKEW. J.N. & BENSON, R.S. (1995). Poly(adcnosinc 
diphosphate ribosc) polymerase inhibition prevents necrosis 
induced by H202 but not apoptosis. Gastroenterology, 109, 
472-482.

ZHANG. J., DAWSON, V.L., DAWSON, T.M. & SNYDER, S.H. (1994). 
Nitric oxide activation on poly (ADP-ribose) synthetase in 
neurotoxicity. Science, 263, 687-689.

ZIMMERMANN, B.J., ARNDT, H„ KUBES, P., KURTEL, H. & 
GRANGER, D.N. (1993). Reperfusion injury in the small intestine. 
In Pathophysiology of Shock, Sepsis and Organ Failure, cd. 
Schlag, G. & Redl, H., pp. 322-335, Berlin: Springer-Verlag.

ZINGARELLI, U„ SQUADRITO, F., IOCULANO, M.P., ALTAVILLA, 
D„ BUSSOLINO, F.,CAMPO,G.M.& CAPUTI, Л.Р. (1992). Platelet 
activating factor in splanchnic artery occlusion shock. Eur. J. 
Pharmacol., 222, 13— 19.

ZINGARELLI. B„ O’CONNOR, M„ WONG, H„ SALZMAN, A.L. & 
SZABÓ, C. (1996). Pcroxynilritc-mcdialcd DNA strand breakage 
activates poly-adenosine diphosphate ribosyl synthetase and 
causes cellular energy depletion in macrophages stimulated with 
bacterial lipolysaccharidc. J. Immunol., 156, 350-358.

ZINGARELLI. 11., DAY. B.J., CRAPO. J., SALZMAN, A.L. & SZABÓ, C. 
(1997a). The potential involvement of peroxynitrite in the 
pathogenesis of cndoloxic shock. Dr. J. Pharmacol., 120, 259- 
267.

ZINGARELLI, I!.. CUZZOCREA. S.. ZSUNGELLÉR, Z., SALZMAN, 
A.L. & SZABÓ, C. (1997b). Protection against myocardial ischemia 
and reperfusion injury by 3-aminobcnzamidc, an inhibtor of poly 
(ADP-ribosc) synthetase. Cardiovasc. Res., (in press).

ZWEIER, J.L., WANG. P„ SAMOUILOV, A. & KUPPUSAMY, P. (1995). 
Enzyme-independent formation of nitric oxide in biological 
tissues. Nature Med., I, 804-809.

( Received November 29, 1996 
Revised February 27, 1997 

Accepted April 7, 1997)



И нн



Critical Care Medicine

Beneficial effects of mercaptoethylguanidine, an inhibitor of the inducible isoform of

nitric oxide synthase and a scavenger of peroxynitrite, in a porcine model of delayed

hemorrhagic shock

Andrea Szabó M.D.12, Paul Hake1, Andrew L. Salzman M.D.1 and Csaba Szabó M.D.

PhD.1

Children's Hospital Medical Center, Division of Critical Care, Cincinnati, Ohio, USA

^Institute of Experimental Surgery, Szent-Györgyi Albert Medical University, Szeged,

Hungary

Address requests for reprints to Csaba Szabó M.D. Ph. D. Children's Hospital Medical Center,

Division of Critical Care, 3333 Burnet Avenue, Cincinnati, Ohio 45229, USA

Tel.: (513) 636-8714

Fax: (513) 636-4892

Running title: Mercaptoethylguanidine in hemorrhagic shock

Key words: hemorrhagic shock, porcine, mercaptoethylguanidine, peroxynitrite, cardiac

output, decompensation, survival, malondialdehyde, myeloperoxidase, histology



1

ABSTRACT

OBJECTIVE: In rodent models, enhanced formation of nitric oxide and formation of

peroxynitrite has been implicated in the pathogenesis of various forms of shock. Here we

examined the effect of mercaptoethylguanidine (MEG), an inducible nitric oxide synthase

inhibitor and peroxynitrite scavenger, in a severe hemorrhagic shock (HS) model. DESIGN:

Randomized, placebo-controlled trial. SETTING: Animal laboratory. SUBJECTS: Twenty

one anesthetized immature Yorkshire pigs. INTERVENTIONS: Mechanical ventilation,

sternotomy, continuous cardiac output (pulmonary artery flowmetry), systemic and intracardial

pressure measurements. Pigs were bled to a cardiac index of 40 ml/kg/min for 2 h which was

followed by saline resuscitation (20 ml/kg). MEG was administered in the resuscitation fluid

(15 mg/kg bolus plus 15 mg/kg/h infusion). MEASUREMENTS AND МАШ RESULTS:

Hemodynamic variables, systemic and mixed venous blood gas tensions and oxygenation,

arterial lactate concentration, myeloperoxidase activity, malondyaldehyde content and

histological injury in the lung and intestine. Reduction of cardiac output to 40 ml/kg/min has

led to the following changes during hypovolemia: decreases in mean arterial blood pressure (to

30-35 mmHg), in both atrial pressures, in systemic oxygen consumption (by 35 %), and in

mixed venous saturation (by 65 %) and caused lactic acidosis (5.5-6.0 mM). Fluid replacement

failed to restore blood pressure and cardiac output during resuscitation and was followed by a

gradual hemodynamic decompensation. HS induced lipid peroxidation, neutrophil deposition

and severe histological alterations in the lung and intestine. MEG significantly ameliorated the

fall in blood pressure and cardiac output during resuscitation, improved survival rate, and

reduced lipid peroxidation in the intestine and ameliorated the neutrophil accumulation in the

lung and intestine. MEG prevented the reduction in oxygen consumption during resuscitation.

CONCLUSIONS. When given during resuscitation, MEG exerts beneficial effects in a
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porcine model of severe hemorrhagic shock. We propose that the mode of MEG’s action is

related to improved cardiac contractility.

Abbreviations. Hemorrhagic shock, HS; MEG, mercaptoethylguanidine; Cl, cardiac index;

LAP, left atrial pressure; MAP, mean arterial blood pressure; SVR, systemic vascular

resistance; MPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance;

MDA, malondialdehyde; MPO, myeloperoxidase
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INTRODUCTION

Restoration of intravascular volume after hemorrhagic shock (HS) induces a variety of

cellular alterations, many of which share the characteristics of a total body

ischemia/reperfusion. The loss of high energy stores of cells during hemorrhagic hypotension

(1) is followed by tissue injury mediated by oxygen free radicals, arising from various sources.

Sources of free radicals include, for instance, xanthine oxidase metabolism and neutrophil

activation (2-4). Increased levels of catecholamines, prostaglandins and angiotensin as well as

leukotrienes and platelet activating factor have also been implicated in contributing to the

"oxidative burst phenomenon" in HS. These factors are believed to contribute to the

pathogenesis of HS, either directly, or via facilitation of neutrophil invasion to post-ischemic

tissue (5-8). The efficacy of various antioxidant therapies in hemorrhagic shock clearly

suggests that reduction products of molecular oxygen importantly contribute to the

pathogenesis of organ injury during the resuscitation phase of HS (9).

In addition to oxygen-derived free radical and oxidant species, nitrogen-derived

species, such as the free radical nitric oxide and the oxidant peroxynitrite, have been implicated

in the pathophysiology of HS. In the early phase of HS, the source of nitric oxide is L-

arginine, which is converted to nitric oxide and L-citrulline by the constitutive, endothelial

isoform of nitric oxide synthase. Inhibition of endothelial isoform of nitric oxide synthase

provided marked therapeutic benefits by means of improving vascular reactivity and

ameliorating vascular dysfunction and organ injury in various animal models of acute severe

HS (10-14). In later stages of hemorrhagic shock, expression of the inducible nitric oxide

synthase has been reported (15,16). Nitric oxide from the inducible nitric oxide synthase may

contribute to the delayed vascular decompensation and organ failure in HS (15-17).
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In the presence of superoxide, nitric oxide, produced from constitutive or inducible

nitric oxide synthases, can combine and form peroxynitrite, a highly toxic oxidant (18). The

production of peroxynitrite has been recently demonstrated in rat models of endotoxic and

hemorrhagic shock (19). Our group has recently demonstrated that prevention of the

formation of peroxynitrite by a superoxide dismutase mimetic and peroxynitrite scavenger

compound improves vascular contractility and cellular energetic status in endotoxic shock

(20). We have recently proposed that the formation of peroxynitrite during HS importantly

contributes to the development of vascular failure and organ injury (14,17).

We have recently reported that mercaptoethylguanidine (MEG), a combined inhibitor

of inducible isoform of nitric oxide synthase and peroxynitrite scavenger compound (21,22),

exerts marked antiinflammatory effects in standard models of inflammation, such as

carrageenan-induced paw edema and pleurisy (23), and markedly improves the outcome of

collagen-induced arthritis (24). In rats subjected to HS, we have recently observed that

administration of MEG during resuscitation improves the blood pressure and the vascular

contractility (17). The present work was designed to investigate, in detail, the effects of MEG

on cardiovascular alterations and histological indices of injury in a large animal model of

hemorrhagic shock. Our present results, obtained in a hemorrhagic shock model of

anesthetized pigs, demonstrate that MEG provides marked therapeutic benefit in hemorrhagic

shock.
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METHODS

Surgical procedures

The animal experiments have been performed in accordance with NIH guidelines and

with the approval of the institutional review board of the Children's Hospital Research

Foundation.

Male, random-bred Yorkshire pigs, approximately 8-12 week old, weighing 12-18 kg,

were deprived of food other than water overnight before surgery. Sedation was achieved with

intramuscular ketamine hydrochloride (20 mg/kg) with atropine sulfate (0.05 mg/kg).

Endotracheal intubation was performed under 2% isoflurane anesthesia and mechanical

ventilation was instituted with a Ventimeter® ventilator (Air Shields Inc., Hatboro PA). The

respiratory rate and tidal volume were adjusted to maintain the arterial PC02 at 40 + 5 torr.

Heating pads and blankets were used to maintain core body temperature at 39.0 ± 0.4°C.

Bilateral femoral cutdowns were performed for insertion of a double lumen 5 Fr.

catheter in the right femoral vein (for fluid and drug administration), a 5 Fr. single lumen

catheter in the right femoral artery (Cook® Bloomington, IN) (for blood pressure

monitoring), and a 6 Fr. single lumen catheter in the left femoral artery (Argon Medical

Athens TX) (for blood withdrawal). Then, mechanical ventilation was continued in the

absence isoflurane and anesthesia was further maintained with sodium pentobarbital (10

mg/kg). Small supplementary doses of pentobarbital were applied when necessary.

After a midline sternotomy, the aorta and pulmonary artery were isolated, and an

ultrasonic flow probe (Transonic Systems Inc. Ithaca NY) was positioned around the

pulmonary artery for cardiac output measurements. The probe was connected to a previously

calibrated blood flow meter (Transonic Systems Inc. Model T206). Then, intracardial
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catheters (3 Fr. single lumen, Medtronics) were introduced into the left and right atria and the

pulmonary artery for pressure measurements and secured by purse string sutures.

During the surgical procedure, animals received Ringer's lactate infusion containing 5

% glucose at a rate of 15 ml/kg/hr. Swine were allowed to stabilize for a minimum of an hour

before initiation of hemorrhagic shock.
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Cardiovascular measurements

Systemic arterial and intracardial pressures were determined with the use of calibrated

transducers (Cobe Cardiovascular Inc., Arvanda CO). Pressure and blood flow signals were

digitized using a Maclab A/D converter (AD Instruments, Milford, MA) and stored and

displayed on a Macintosh personal computer.

Gas tensions in arterial blood and the pulmonary artery were determined using a Ciba-

Corning 278 blood gas analyzer (Ciba-Corning Diagnostic Corp., Madfield, MA) and were

corrected for core temperature. Fractional oxyhemoglobin saturation and hemoglobin content

were measured with a Ciba-Corning 270 CO-Oximeter. Arterial lactate was measured by a

spectrometric method as previously described (25).

Cardiac output was normalized for body weight and expressed as cardiac index (Cl;

ml/kg/min). Systemic vascular resistance (SVR) was calculated as 79.96 x (MAP - RA) / Cl

where MAP is the mean arterial pressure and RA is the right atrial pressure. Pulmonary

vascular resistance (PVR) was calculated as 79.96 x (PAP - 5) / Cl where MPAP is the mean

pulmonary artery pressure. Arterial oxygen content was calculated using the following

standard formula: Sa02 x 1.36 x Hgb + (0.0031 x Pa02), where Sa02 is the arterial oxygen

saturation; Hgb is the hemoglobin concentration in plasma and Pa02 is the arterial oxygen

tension. Systemic oxygen consumption was calculated as: Cl x (arterial oxygen content -

venous oxygen content).

Hemorrhagic shock protocol

After a one-hour stabilization (t=0 min), HS was elicited by withdrawing blood (into

60 cc reservoirs containing 50 U heparin) from the femoral artery until the cardiac index

reached 40 ml/kg/min over ten min. Additional blood was withdrawn or retransfused to
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maintain this cardiac index for 2 hr. Experiments later included the consideration where the

maximum volume of blood loss was 30-40 % of the calculated blood volume.

21 pigs were assigned to four groups in a randomized design: Group 1 (control; n=3)

underwent surgical preparation without subsequent HS and received saline (1 ml/kg bolus, 1

ml/kg/hr infusion) at t=120 min. In time matched MEG treated sham operated animals (MEG;

n=3), saline contained 15 mg/kg MEG. Group 3 (HS, vehicle control; n=8) was subjected to

120 min of HS and was given as a saline vehicle (t= 120 min, 20 ml/kg bolus over 10 min

followed by a continuous infusion of 1 ml/kg/min. Group 4 (HS, MEG, n=7) was bled and

treated with MEG (20 ml/kg saline containing 15 mg/kg MEG over 10 min, followed by a

continuous infusion at a dose of 15/mg/kg in 1 ml/kg/hr saline) at t=120 min. MEG was

prepared as previously described (21). The dose of MEG was based on previous studies in

demonstrating the lack of effect of the drug on constitutive nitric oxide synthesis in rats, and its

effectiveness in a rat model of hemorrhagic shock (17, 21). The rate of blood withdrawal and

the amount were not statistically different between the two hemorrhaged groups (Fig. 1).

After initiation of fluid replacement, swine were monitored for three hours or until

death. Determinations of systemic and pulmonary arterial pH, P02, PC02, hemoglobin,

hemoglobin oxygen saturation, and lactate were obtained at baseline and at 30 minute

intervals.

At the end of experiments, tissue samples were taken from the terminal ileum and the

right lung for histological as well as tissue myeloperoxidase and malondialdehide

determinations.

Myeloperoxidase (MPO) assay

Myeloperoxidase activity, as an index of neutrophil accumulation in tissue, was

determined by using a modified method of Kuebler et al. (26). MPO was extracted from tissue



9

by two separation procedures. Samples were initially homogenized in 0.02 M potassium

phosphate buffer at pH 7.4 containing protease inhibitor (PMSF) and centrifuged at 20,000g

for 20 min. The pellet was resuspended in 0.05 M potassium phosphate buffer at pH 6.0

containing 0.5 % hexadecylammonium bromide. The suspension was sonicated, frozen-thawn

3 times and centrifuged again at 20,000 g for 20 min. The supernatant was then heated at 60

°C for 60 min to facilitate the recovery of MPO. An aliquot of supernatant was mixed with a

solution of 1.6 mM tetra-methyl-benzidine and 0.002% hydrogen peroxide. Activity was

measured spectrophotometrically as the change in absorbance at 650 nm at 37 °C. Results are

expressed as units of MPO activity per gram wet tissue.

Malondialdehyde (MDA) assay

Malondialdehyde formation was utilized to quantify the lipid peroxidation in tissue and

measured as thiobarbituric acid-reactive material (27). Tissue was homogenized (100 mg/ml)

in 1.15 % KC1 buffer. To the tissue homogenate, 20% trichloroacetic acid, 0.67%

thiobarbituric acid and 2% butylated hydroxytoluene were added and the mixture was

incubated for 30 min at 95 °C. After cooling to room temperature, n-butanol was also added

and shaked vigorously. After centrifugation at 2500 g for 10 min, the organic layer was taken

and its absorbance at 532 nm was measured. 1,1,3,3-tetramethoxypropane was used as an

external standard, and the level of lipid peroxides was expressed as nmol MDA /100 mg wet

tissue.

Histological examination

Histological biopsies were fixed in formaldehyde (10%, neutral buffered), embedded in

paraffin, and sections (5 pm) were stained with hematoxylin-eosin. Histological analysis was

performed in coded sections by one investigator. Intestinal mucosal damage was assessed

Г

X
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according to the standard scale of Chiu et al. (28) with the following criteria: grade 0, normal

mucosa; grade 1, subepithelial space formation; grade 2, moderate epithelial lifting at the villi

tips; grade 3, massive epithelial lifting, a few tips are denuded; grade 4, denuded villi, dilated

exposed capillaries, increased cellularity in the lamina propria; grade 5, ulceration,

hemorrhage.

Statistical analysis

Data are expressed as mean±standard error of the mean (SEM) in all figures. Data

analysis was performed with a statistical software package (SigmaStat for Windows, Jandel

Scientific, Germany). Changes in variables within groups were analyzed by two-way ANOVA

tests followed by the Bonferroni's test. Differences between groups were evaluated by means

of Student’s unpaired t-test. p values < 0.05 were considered significant.
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RESULTS

Reduction of cardiac output to 40 ml/kg/min was accompanied with a decrease in

MAP to 30-35 mmHg and a similar dynamics and rate of blood loss in both hemorrhaged

groups (Figs. l-3a). Fluid resuscitation failed to completely restore MAP or cardiac output.

After saline resuscitation, there was a gradual decrease in both MAP and Cl within an hour.

MEG significantly ameliorated this phenomenon, thus, achieving the maintenance of a higher

cardiac output and blood pressure during the second hour of resuscitation. MEG exerted these

effects without being a pressor or cardiotonic agent in control animals (Figs. 2b-3b). LAP also

decreased during hypovolemia, then, 30 min after the beginning of resuscitation, it showed a

slight deterioration over the course of resuscitation (Fig 4a). MEG did not affect atrial

pressures (Fig 4) or the changes in heart rate (not shown). Administration of MEG in

resuscitation fluid considerably improved survival (73.1 ± 13.4 min, saline group; 134.7 ± 17.7

min, MEG group; P = 0.014).

No significant changes were seen in SVR during hemorrhage or resuscitation phases

(Fig. 5a). During the bleeding period, PVR gradually increased from 9.3 ±1.2 mmHg/ml/kg to

29.2 ± 4.2 mmHg/ml/kg at 2h after the start of bleeding. Within 5 minutes after resuscitation,

there was an abrupt fall in PVR in both vehicle-treated and MEG-treated animals (magnitude

of the fall: 11.3 ± 1.2 mmHg/ml/kg and 12.4 ± 2.3 mmHg/ml/kg in vehicle-treated and MEG-

treated animals, respectively). Thereafter, PVR did not show significant changes in either

group (not shown). MEG did not alter PVR or MPAP in sham animals (not shown).

HS caused severe metabolic acidosis, and decreased mixed venous oxygen saturation

(Table 1, Fig. 6). Resuscitation did not result in significant restoration in these parameters, and

MEG failed to affect these parameters either. Systemic oxygen consumption greatly decreased

during shock, and, after a short partial recovery at the onset of resuscitation, gradually
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declined in the later phase of resuscitation (Fig. 7). The gradual decrease in systemic oxygen

consumption was prevented by MEG treatment (Fig. 7). HS also led to a severe lactic acidosis

(Fig. 8) which persisted during resuscitation with or without MEG treatment.

Hemorrhagic shock induced significant increases in lipid peroxidation and neutrophil

deposition in lungs and the small intestine, as evidenced by increases in their MDA and MPO

contents. MEG did not affect the increase in MDA and tended to decrease MPO content in the

lung during HS (Fig. 9a-b). Moreover, no significant increase in lung MPO or MDA levels

were observed in the MEG-treated animals subjected to HS (Fig. 9c,d). HS also caused severe

structural alterations in the various organs examined. Pulmonary atelectasis and neutrophil

infiltration (data not shown) and lifting or denudation of intestinal epithelium were observed in

saline resuscitated animals (grade of intestinal mucosal damage: 4.5 ± 0.3). MEG slightly

reduced the histological injury during HS (grade: 3.3 ± 0.6; not statistically significant from

HS alone) but failed to influence tissue injury in lungs (not shown). The evaluation of the

differences in MPO, MDA and histological scores between MEG-treated and vehicle-treated

animals subjected to HS is complicated by the fact that tissues were obtained at the death of

the animals, and MEG-treated animals survived approximately twice as long as vehicle-treated

animals during resuscitation (See above).
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DISCUSSION

The physiological importance of the formation of nitric oxide by the constitutive nitric

oxide synthase isoforms, and the development of hypertension and organ injury in response to

have necessitated thelong-term inhibition of constitutive nitric oxide biosynthesis

development of constitutive nitric oxide synthase inhibitors with selectivity towards the

inducible nitric oxide synthase for anti-shock and anti-inflammatory purposes (29-32). In

addition, realization of the cytotoxic potential of peroxynitrite made it important to seek for

pharmacological approaches in order to neutralize peroxynitrite-induced oxidations. These

efforts have resulted in significant developments over the last years. Inducible nitric oxide

synthase-selective inhibitors, such as aminoguanidine, S-methyl-isothiourea, amidines, and

various isothiourea and guanidine derivative nitric oxide synthase inhibitors have been

identified and have been shown to exhibit anti-inflammatory effects in various experimental

models (21,23,32). Moreover, several classes of compounds which scavenge peroxynitrite or

selectively enhance its degradation have been identified (20,22,33). These agents exert

antiinflammatory effects in various experimental models (17,23,24).

We have recently demonstrated that mercaptoethylguanidine (MEG) is a novel

antiinflammatory compound with a remarkable, combined mode of action. Its pharmacological

effects include selective inhibition of the inducible isoform of nitric oxide synthase in vitro and

in vivo (21), and a modest direct inhibition of cyclooxygenase activity (34). MEG also acts as

a potent scavenger of hydroxyl radical and peroxynitrite (22). This combined mode of action

suggested that MEG may have antiinflammatory potential. Indeed, we have recently

completed several series of experiments in rat models of inflammation and hemorrhagic shock.

In carrageenan-induced models of local inflammation in the rat, MEG exerted significant

antiinflammatory effects and reduced the infiltration of neutrophil granulocytes into the tissues
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(23). Similarly, in a rat model of HS, MEG treatment improved blood pressure, vascular

contractility, cellular energetic status in peritoneal macrophages ex vivo (17). As a follow-up

of these latter observations, we now performed a series of experiments in a large animal model

of HS.

In the present porcine model of HS, MEG prevented the decompensation after severe

HS, primarily by preventing the deterioration in mean arterial pressure and cardiac output

during the resuscitation phase. As a result, MEG treatment resulted in a marked improvement

in the survival rate. Excess fluid movement into the interstitium and reduced circulating blood

volume, and impaired responsiveness toward vasoconstrictor stimuli are typical characteristics

of hypovolemic circulatory states. Administration of MEG did not influence changes in atrial

pressures. Therefore, the protective effects of MEG is unlikely to be mediated by influencing

extravascular/intravascular fluid redistribution during resuscitation. Unaltered filling pressures

and heart rate, combined with preserved stroke volume may underlie the protection by MEG

of the loss of cardiac contractile function. Thus, we propose that an improvement of the

cardiac contractile function may be the main mode of therapeutic action of MEG in HS in the

present study. The mechanism of this action requires further investigations.

The model utilized in the current study produced a severe shock, characterized by poor

peripheral perfusion and supply-dependent oxygen consumption. This was reflected by a low

level of mixed venous oxygen saturation and a level of 02 consumption less than 50% of

baseline levels. Although arterial and mixed venous oxygen content were not influenced by

MEG, the agent improved tissue oxygen consumption during HS. This indicates that, in the

present HS model, oxygen consumption was directly proportional to cardiac index, and an

improvement by MEG of the cardiac index resulted in improved tissue oxygen extraction.

It is noteworthy that nitric oxide, and peroxynitrite are known to inhibit many key

enzymes in the mitochondrial respiratory chain, with subsequent reduction in tissue oxygen
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consumption (35,36). Inhibition by MEG of nitric oxide production and/or peroxynitrite

generation during hemorrhagic shock may improve oxygen utilization on the cellular level.

However, the present experiments were not adequate to investigate this scenario, because

oxygen consumption was supply-dependent.

It is important to emphasize that the effects of MEG in HS were prominent despite the

fact that MEG did not induce any hemodynamic changes in control (sham-shocked) animals.

This is in marked contrast with the effects of non-isoform selective inhibitors of nitric oxide

synthase, which induce marked hemodynamic effects both in sham, and in shocked animals

(31). Another important feature of the current study was that MEG was administered in

conjunction with fluid resuscitation, and exerted beneficial effects in addition to the effects of

fluid alone. One may envision that inclusion of MEG (or other agents with similar

pharmacological profile) into conventional resuscitation fluids may improve the outcome of

future resuscitation therapies.
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FIGURE LEGENDS

Fig 1. Cumulative blood loss during 120 min of HS in animals that were later resuscitated with

saline (closed bars) or saline containing MEG (hatched bars). Data is expressed as mean ±

SEM.

Fig. 2. a. Effect of MEG on cardiac index (Cl) in anesthetized pigs subjected to 120 min of

HS followed by resuscitation. Animals were resuscitated with 15 mg/kg of MEG in 20 ml/kg

saline (t=120 min) followed by a continuous infusion of 15 mg/kg/hr in 1 ml/kg saline (closed

rectangles) or an equal volume of saline (open circles), b. Effect of MEG on Cl in

anesthetized sham operated pigs (not subjected to hemorrhagic shock). Control animals (open

circles) received 1 ml/kg saline plus 1 ml/kg/hr saline infusion starting at t=120 min. At MEG

treated animals (closed rectangle), saline contained 15 mg/kg MEG. Data represent mean

values ± SEM. # P < 0.05 vs. saline treated group; P < 0.01 vs. pre-shock values not indicated.

The number of animals in each group is indicated in brackets.

Fig. 3. a. Effect of MEG on mean arterial pressure (MAP) in anesthetized pigs subjected to

120 min of HS followed resuscitation. Animals were resuscitated with 15 mg/kg of MEG in 20

ml/kg saline (t=120 min) followed by a continuous infusion of 15 mg/kg/hr in 1 ml/kg saline

(closed rectangles) or an equal volume of saline (open circles), b. Effect of MEG on MAP in

anesthetized sham operated pigs (not subjected to hemorrhagic shock). Control animals (open

circles) received 1 ml/kg saline plus 1 ml/kg/hr saline infusion starting at t=120 min. At MEG

treated animals (closed rectangles), saline contained 15 mg/kg MEG. Data represent mean

values ± SEM. # P < 0.05. vs. saline treated group, P < 0.01 vs. pre-shock values not

indicated. The number of animals in each group is indicated in brackets.
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Fig. 4. a. Time course of changes in left atrial pressure (LAP) in anesthetized pigs subjected to

120 min of HS followed by resuscitation. Animals were resuscitated with 15 mg/kg of MEG in

20 ml/kg saline (t=120 min) followed by a continuous infusion of 15 mg/kg/hr in 1 ml/kg

saline (closed rectangles) or an equal volume of saline (open circles), b. Effect of MEG on

LAP in anesthetized sham operated pigs (not subjected to hemorrhagic shock). Control

animals (open circles) received 1 ml/kg saline plus 1 ml/kg/hr saline infusion starting at t=120

min. At MEG treated animals (closed rectangles), saline contained 15 mg/kg MEG. Data

represent mean values ± SEM. * P < 0.05 vs. pre-shock values.

Fig. 5. a. Time course of changes in systemic vascular resistance (SVR) in anesthetized pigs

subjected to 120 min of HS followed by resuscitation. Animals were resuscitated with 15

mg/kg of MEG in 20 ml/kg saline (t= 120 min) followed by a continuous infusion of 15

mg/kg/hr in 1 ml/kg saline (closed rectangles) or an equal volume of saline (open circles), b.

Effect of MEG on SVR in anesthetized sham operated pigs (not subjected to hemorrhagic

shock). Control animals (open circles) received 1 ml/kg saline plus 1 ml/kg/hr saline infusion

starting at t=120 min. At MEG treated animals (closed rectangles), saline contained 15 mg/kg

MEG. Data represent mean values ± SEM.

Fig. 6. Effect of MEG on mixed venous oxygen saturation in anesthetized pigs subjected to

120 min of HS followed by resuscitation. Animals were resuscitated with 15 mg/kg of MEG in

20 ml/kg saline (t=120 min) followed by a continuous infusion of 15 mg/kg/hr in 1 ml/kg

saline (closed rectangles) or an equal volume of saline (open circles). Data represent mean

values ± SEM. * P < 0.01 vs. pre-shock values.

V-
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Fig. 7. Effect of MEG on systemic oxygen consumption in anesthetized pigs subjected to 120

min of HS followed by resuscitation. Animals were resuscitated with 15 mg/kg of MEG in 20

ml/kg saline (t=l 20 min) followed by a continuous infusion of 15 mg/kg/hr in 1 ml/kg saline

(closed rectangles) or an equal volume of saline (open circles). Data represent mean values ±

SEM. * P < 0.01 vs. pre-shock values. # P < 0.05. vs. saline treated group.

Fig. 8. Effect of MEG on systemic arterial lactate concentration in anesthetized pigs subjected

to 120 min of HS followed by resuscitation. Animals were resuscitated with 15 mg/kg of MEG

in 20 ml/kg saline (t=120 min) followed by a continuous infusion of 15 mg/kg/hr in 1 ml/kg

saline (closed rectangles) or an equal volume of saline (open circles). * P < 0.01 vs. pre-shock

values.

Fig. 9. Myeloperoxidase activity and malondialdehyde content in intestinal and lung samples in

sham operated and hemorrhaged groups of pigs. Both groups included saline or saline +

MEG treated animals. Data represent mean values ± SEM. * P < 0.05 vs. sham.
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Table 1. Effect of MEG on various blood gas parameters in pigs subjected to HS
Parameters Groups Preshock Shock

(Ihr)
Shock
(2hr)

Resuscitation Resuscitation Resuscitation
(3hr)(Ihr) (2hr)

Arterial pH 7.44+/-0.0I
7.43+/-0.02

tt 7.24+/-0.03 
# 7.21+/-0.03

H.S. 7.19+/-0.02 
7.15+/-0.02

7.22+/-0.02 
7.17+/-0.03

7.21+/-0
7.21+/-0.04H.S.+ MEG tt 7.25+/-0.11

27.5±0.73
26.910.81

Arterial bicarbonate 
(mM/L)

H.S. tt 14.810.94 
# 13.8Ю.99

ft 17.311.4 
tt 16.311.19

tt 15.111.01 
tt 15.411.69

ft 13.8Ю 
# 16.111.9H.S.+ MEG # 16.916.5

4.9110.47
3.8910.99

Arterial base excess H.S. If -8.811.94 
fl -10.011.7

ft -12.011.14 
ft -13.9611.45

ft -10.9411.32 
It -12.0611.72

If -12.010 
ft -10.1212.4H.S.+ MEG If -8.7518.1

Arterial hemoglobin 
(g/dl)

Venous pH

8.03Ю.25
7.7710.3

H.S. 8.0910.37
7.810.36

7.9410.36
7.9610.29

* 6.7810.24
* 7.0610.38

8.310
* 7.36Ю.25H.S.+ MEG • 6.9Ю.7

H.S. 7.3710.01
7.3710.02

tt 7.0910.04 
ft 7.09Ю.05

If 7.05Ю.01 
ft 7.04Ю.02

ft 7.11Ю.03 
tt 7.09Ю.04

tt 7.09+0 
It 7.10Ю.86H.S.+ MEG tt 4.3311.23

Venous bicarbonate 
(mM/L)

28.810.41
28.110.8

H.S. It 20.311.2 
tt 19.711.13

tt 17.911.19 
tt 16.811.14

tt 17.511.16 
tt 17.611.32

tt 16.010 
ft 18.511.78H.S.+ MEG ft 19.816.45

4.310.35
3.610.45

Venous base excess H.S. tt -9.011.22 
tt -9.911.34

# -11.811.21 
tt -13.111.11

tt -10.7611.07 
tt -11.711.1

tt -12.910 
tt -10.211.65H.S.+ MEG tt -8.815.1

7.7410.27
7.610.33

7.6810.37
7.7710.25

Venous hemoglobin 
(g/dl)

H.S. 7.91Ю.44
7.71Ю.27

* 6.5210.38 
7.4410.51

7.210
7.4810.24H.S.+ MEG 7.1Ю.7

Values are means ± SEM. MEG, mercaptoethylguanidine. H.S..saline resuscitated hemorrhaged group;
H.S.+ MEG, Saline + MEG resuscitated group. * P < 0.05 and # P < 0.01 significant difference from preshock values.
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ABSTRACT

Background/aims: Oxidant-mediated DNA damage triggers the activation of poly (ADP-ribose) 

synthetase (PARS) resulting in intracellular energetic failure and tissue dysfunction. Herein we 

investigated the impact PARS activation on the inflammatory response and barrier dysfunction of 

the intestine to mesenteric ischemia-reperfusion. Methods. In rats, ileal mucosal permeability and 

PARS activity measurements were performed in an early reperfusion phase after 15 min of 

mesenteric ischemia. Neutrophil infiltration (myeloperoxidase activity) and lipid peroxidation 

(malondialdehyde formation) were examined in a later stage of reperfusion also using wild type 

and PARS deficient strain of mice. Results: Exposure of rats to 15 min of mesenteric ischemia 

and 10 min of reperfusion increased ileal mucosal PARS activity. Inhibition of PARS by 3- 

aminobenzamide or nicotinamide reduced histologic injury, mucosal hyperpermeability, and 

neutrophil infiltration. Depletion of glutathione, an endogenous antioxidant and a scavenger of 

peroxynitrite, by L-buthionine-(S,R)-sulfoximine, exacerbated hyperpermeability, whereas nitric 

oxide synthase inhibition, which blocks the production of peroxynitrite, ameliorated 

hyperpermeabilty and histologic injury. In mice subjected to 15 min of ischemia and 180 min of 

reperfusion, targeted gene disruption of PARS reduced ileal mucosal lipid peroxidation and ileal 

mucosal and pulmonary neutrophil infiltration. Conclusions: Our data demonstrate the crucial role 

of PARS in mediating regional and remote tissue injury in the early and late phases of mesenteric 

reperfusion.
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INTRODUCTION

Intestinal injury resulting from acute ischemia constitutes a significant life threatening 

event. As a result of a local increase in gut mucosal permeability during reperfusion, impaired 

intestinal barrier function favors the translocation of potentially toxic substances from the bowel 

(1) and plasma loss into to the intestinal lumen (2). Even after reversible ischemic episodes, 

mortality frequently occurs due to the development of multiple organ dysfunction syndrome (3,4).

One of the major factors causing intestinal injury is the generation of free oxyradical 

species in the mucosa during the phase of reperfusion (5). In general, low levels of reactive 

oxygen species are reduced to less toxic substances by the oxidation of glutathione (GSH) (6,7), 

the most abundant thiol found in mammalian cells (8), in conjunction with other intrinsic anti

oxidant protective mechanisms. Under conditions of severe oxidative challenge, glutathione levels 

may become depleted (9), allowing excess formation of oxygen radicals to induce tissue damage 

via the oxidation of nucleic acids, enzymes, receptors, and membrane lipids (10).

The onset of reperfusion is also accompanied by the production of low levels of the 

nitrogen-centered free radical nitric oxide (NO) (11,12). At low concentrations, NO may prevent 

reperfusion injury by augmenting local blood flow (13-16) and by serving various anti

inflammatory functions, inhibiting neutrophil adhesion (17,18), platelet aggregation (19), and 

mast cell degranulation (18). At higher concentrations, NO has the capacity to mediate tissue 

injury directly, via its attack on iron-sulfur centers of critical enzymatic reactions involved in 

oxidative phosphorylation (20-24). Accordingly, inhibition of NO synthesis has been shown to 

have a salutary effect in various experimental models of inflammation characterized by high- 

output NO synthesis (25-28).

Increasing evidence suggests, however, that the toxicity of NO may be both an intrinsic 

property of NO per se and the result of its combination with superoxide anion to form the highly 

potent oxidant peroxynitrite (29). Evidence supporting a role of peroxynitrite-mediated injury
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derives from studies utilizing inhibitors of NO or superoxide radical formation or various recently 

developed peroxynitrite scavengers (30-33). Peroxynitrite formation has been implicated in the 

development of epithelial hyperpermeability in immunostimulated intestinal epithelial cells (34), 

lipid peroxidation after lung ischemia (35), and tissue damage after splanchnic (36), myocardial 

(37,38), hepatic (39), and renal ischemia-reperfusion injury (40).

Peroxynitrite and related oxidants, such as hydroxyl radical, mediate tissue injury via 

several parallel cytotoxic pathways. In particular, these potent oxidants cause the loss of cellular 

energetics via their induction of DNA single strand breaks, which then activate the abundant 

nuclear enzyme poly (ADP-ribose) synthetase (PARS) (41-45). The subsequent energy

consuming PARS-catalyzed formation of poly (ADP-ribose) results in the cytotoxic depletion of 

intracellular NAD+ and ATP (36,46). In vitro observations suggest that PARS activation is 

involved in xanthine oxidase-mediated ATP depletion (47), oxygen radical and NO mediated 

toxicity (48), and in xanthine oxidase or peroxynitrite-induced mitochondrial dysfunction (49,50). 

Activation of PARS has also been previously implicated in mediating tissue dysfunction in various 

experimental models of ischemia-reperfusion injury (30,51). These findings led us to investigate 

the relationship between peroxynitrite formation and PARS activation and its effect on mucosal 

permeability and tissue injury in the early and late stages of reperfusion after mesenteric ischemia. 

More specifically, we investigated the effects of NO synthase and PARS inhibition as well as 

glutathione depletion on early mucosal hyperpermeability of the intestine during reperfusion. 

Finally, we evaluated the formation of markers of tissue damage such as myeloperoxidase activity 

(MPO) and malondialdehyde (MDA) during the late stages of reperfusion. These latter 

experiments were carried out in rats, in the presence or absence of PARS inhibition, or by 

comparing the responses in wild-type mice with the responses in mice from a PARS deficient 

strain.
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METHODS

Surgical procedure. In vivo studies were performed in accordance with National Institutes of 

Health guidelines and with the approval of the Institutional Review Board of the Children's 

Hospital Research Foundation.

In a first set of studies, mesenteric ischemia-reperfusion was performed in anaesthetized 

male Wistar rats (Charles River Laboratories). Animals weighing 280-320 g were fasted 18-24 hr 

with access to water ad libitum. Following induction of anesthesia with sodium pentobarbital (80 

mg/kg, i.p.), a cannula was placed into the trachea to facilitate breathing. The carotid artery and 

the femoral artery and vein were cannulated with PE50 cannula for blood pressure monitoring, 

blood sampling, and infusion (2.5 ml/hr). Data from continuous blood pressure measurements 

(Maclab A/D converter) were displayed and stored on a Macintosh personal computer. After a 

midline celiotomy, 3 ml of warmed (37 °C) saline was poured into the abdominal cavity, the 

whole intestinal tract was exteriorized on a plastic sheet, and the mesenteric artery was isolated 

near its aortic origin. During this procedure, the intestine was placed between gauze pads soaked 

with warmed 0.9% saline. After returning the abdominal organs to the peritoneal cavity, a 

segment of the terminal ileum (approx. 1 g) supplied by 3 blood vessel arcades was isolated by 

incising the mesentery and transsecting the bowel wall between two aneurysm clips. Proximal and 

distal to the clips, the gut lumen was closed with sutures. The intestinal segment used for 

permeability measurements was cannulated at both ends and its luminal contents were gently 

flushed out with warmed saline (10 ml) from the oral to aboral direction; the distal end was then 

closed. After initiating a 15 min period of ischemia by mechanically occluding the mesenteric 

artery with a small aneurysm clip, the abdominal cavity was closed. Sham-operated animals 

underwent the same procedure except that the mesenteric artery was not occluded. In separate 

groups of animals, changes in epithelial permeability and PARS activity of the intestinal epithelium 

were measured. In an additional group of rats, histological grading was performed, and tissue
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samples were taken and analyzed for tissue myeloperoxidase activity. The protocols for the 

respective measurements are detailed below.

In a second series of the experiments, the role of PARS activation was evaluated using 

PARS''' mice and littermate wild-type controls (PARS+/+). These animals (129/Sv x C57BL6, 20- 

22 g) were kindly provided by Dr. Z.Q. Wang of the Institute of Molecular Pathology, Vienna, 

Austria, and a colony of these animals was maintained and bred in our animal facility. Anesthesia 

was induced with 2% isoflurane and maintained with a mixture of 1.5% isoflurane and 50% 

oxygen using the anesthesia port of a Ventimeter® ventilator (Air Shields Inc., Hatboro PA). 

Animals were maintained at 37°C on a heating pad. After a median laparotomy, the intestine was 

exteriorized on a plastic sheet and a mechanical vascular occlusion produced by placing an 

aneurysm miniclip on the mesenteric artery near its aortic origin. 15 min after the initiation of 

ischemia, the peritoneal cavity was reopened and the bowel examined for manifestations of 

ischemia. Then, the miniclip was removed, 2 ml of warmed saline were poured into the abdominal 

cavity, and the laparotomy was closed by suture. After 180 min of reperfusion, intestinal samples 

and lungs were removed for analysis of myeloperoxidase and malondialdehyde content and 

histologic damage.

Permeability measurements. Intestinal permeability (lumen to plasma) was measured using a 

4,300 Da fluorescent dextran (FD4), as previously described (1). Following surgical preparation 

and stabilization (t=-40), baseline hemodynamic data were collected. 10 minutes prior to ischemia 

(t=-25), drug or saline vehicle control was administered as a bolus of 1 ml/kg, followed by a 

continuous infusion of 2.5 ml/kg/hr. The mesenteric artery was mechanically occluded for 15 min 

beginning at t=-15 min. Shortly before releasing the occlusion, the renal pedicles were ligated and 

the isolated intestinal segment was slowly filled with 0.5 ml warmed FD4 solution (25 mg/ml; 

t=0). Then, the vascular clamp was removed and the abdominal cavity closed. After 10, 20 and 30 

min of reperfusion, 0.3 ml femoral arterial blood samples were obtained for fluorescent 

determination. At t=30 min, histological samples were taken from the ileum and the rodents
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euthanized by an overdose of pentobarbital. The intestinal segment was then removed and 

weighed.

Blood samples were stored on ice in the dark and centrifuged at 4000 g for 10 min. After 

diluting the plasma and luminal solution (1:100 and 90,000, respectively) the concentration of 

FD4 was determined using a Perkin Elmer luminescent spectrophotometer (lex=492 nm, slit 

width=2.5 nm; lem=515 nm; slit width=10 nm). Ileal mucosal permeability was calculated as the 

arterial FD4 concentration/luminal concentration. The slope of the increase in ileal mucosal 

permeability was then calculated for each groups of animals.

Changes in the mucosal permeability during mesenteric ischemia-reperfusion were 

determined in rats randomly assigned to treatment with the NO synthase inhibitor L-NMA (i.v. 

bolus of 3 mg/kg, followed by a continuous infusion of 3 mg/kg/hr; n=9), or the PARS inhibitors 

3-aminobenzamide (i.v. 10 mg/kg plus 10 mg/kg/hr; n=9) and nicotinamide (200 mg/kg plus 30 

mg/kg/hr; n=9). An additional group was treated with the glutathione depletor L-buthionine- 

(S,R)-sulfoximine (BSO) (0.5 g/kg administered 24 and 6 hr before ischemia; n=9), a dose which 

has been previously shown to cause a marked decrease in the endogenous glutathione content 

(52,53). Parallel treatment groups not subjected to ischemia served as controls (n=4-5 per 

treatment condition).

PARS activity measurements. At 10 min after reperfusion in the rats, a 7 to 8 cm section of small

intestine was excised and the mucosal surface exposed. This surface was then rinsed with sterile

saline and the epithelium scraped using a blunt spatula. The resultant cell/tissue pellet was divided

into four equal parts and each placed into a microfuge tube containing 500 pi PARS buffer (56

mM HEPES; 28 mM KC1; 28 mM NaCl; 2 mM MgCl2; 0.01% digitonin; 0.125 pM NAD+). Two

out of the four tubes also contained the PARS inhibitor 3-aminobenzamide (1 mM). PARS was

then measured using a modification of the previously described protocol (45). First, to each tube
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0.25 pCi [3H]-NAD+ was added and the tubes incubated in a 37 °C water bath for 10 minutes. 

After incubation, 200 pi ice-cold 50% trichloroacetic acid (TCA) was added to each tube and the

tubes placed on ice. Samples were then transferred to 4 °C for an additional period of 3 hours.

After precipitation, the samples were centrifuged at 10,000 g for 10 minutes and the supernatant

removed. The pellets were washed twice with 5% TCA and solubilized in 1.0 ml 2% SDS, 0.1N

NaOH at 37 °C for 96 hours. Samples were placed in 5.3 ml of scintillation cocktail and

radioactivity determined by scintillation counting.

Myeloperoxidase (MPO) assay. Myeloperoxidase activity, an index of neutrophil accumulation 

in tissue, was determined by using a modified method of Kuebler et al (54). Tissues were 

homogenized in 0.02 M potassium phosphate buffer (pH 7.4) and centrifuged at 20,000g for 20 

min. The pellet was resuspended in 0.05 M potassium phosphate buffer (pH 6.0) containing 0.5 

% hexadecylammonium bromide. The suspension was sonicated, freeze-thawed 3 times, and 

centrifuged again at 20,000 g for 20 min. The supernatant was then heated at 60°C for 60 min to 

facilitate the recovery of MPO. An aliquot of supernatant was mixed with a solution of 1.6 mM 

tetra-methyl-benzidine and 0.002% H202. Activity was measured spectrophotometrically as the 

change in absorbance at 650 nm at 37°C. Results are expressed as units of MPO activity per gram

wet tissue.

Malondialdehyde (MDA) assay. Malondialdehyde formation was utilized to quantify the lipid 

peroxidation in tissue and measured as thiobarbituric acid-reactive material (55). Tissue was 

homogenized (100 mg/ml) in 1.15% KC1 buffer and extracted in 20% tricloroacetic acid, 0.67%, 

thiobarbituric acid, and 2% butylated hydroxytoluene for 30 min at 95°C. After cooling to room 

temperature, n-butanol was added, the mixture shaked vigorously, and centrifuged at 2500g for 

10 min. The organic layer was collected and its absorbance at 532 nm was measured. 1,1,3,3-
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tetramethoxypropane was used as an external standard, and the level of lipid peroxides was 

expressed as nmol MDA /100 mg wet tissue.

Histological examination. Biopsies were obtained from the terminal ileum at the conclusion of the 

studies. After a 5-day incubation in 10% neutral buffered formaldehyde, tissue samples were 

embedded in paraffin, sectioned (5 pm), and further stained with hematoxylin-eosin. Histological 

analysis was performed in coded sections by one investigator blinded to the experimental 

protocol. Mucosal damage was assessed according to the standard scale of Chiu et al (56) 

utilizing the following criteria: grade 0, normal mucosa; grade 1, subepithelial space formation; 

grade 2, moderate epithelial lifting at the villi tips; grade 3, massive epithelial lifting, a few tips are 

denuded; grade 4, denuded villi, dilated exposed capillaries, increased cellularity in the lamina 

propria; grade 5, ulceration, hemorrhage.

Reagents. All reagents were obtained from Sigma/Aldrich (St. Louis, MO), unless indicated 

otherwise.

Statistical analysis. Data are expressed as mean ± standard error of the mean (s.e.m.) in all 

figures. Data analysis was performed with a statistical software package (SigmaStat for Windows, 

Jandel Scientific, Germany). The ANOVA test was used to compare means of the various 

experimental groups, followed by the Bonferroni's post-hoc test. P values < 0.05 were considered 

significant.

RESULTS

Changes in epithelial permeability. In sham-operated rats, plasma levels of FD4 increased 

steadily over the period of observation, indicative of continued lumen to plasma flux of FD4 under 

control conditions (Fig. 1). None of the inhibitors (L-NMA, 3-AB, nicotinamide, BSO)
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significantly altered permeability in sham-operated controls (not shown). Reperfusion, but not 

ischemia alone, significantly increased mucosal permeability to FD4 (P<0.01). Depletion of 

glutathione by pre-treatment with В SO exacerbated hyperpermeability. The PARS inhibitors 3- 

AB and nicotinamide as well as the NOS inhibitor (L-NMA) ameliorated the increase in 

permeability. In pilot studies, we have determined that NOS inhibition reduced ischemia- 

reperfusion induced epithelial hyperpermeability only in doses less then 30 mg/kg. At higher 

doses, NOS inhibition was deleterious (data not shown), in agreement with previous reports (57).

Changes in mean arterial blood pressure Occlusion of the mesenteric artery induced a marked 

increase in MAP which was followed by a substantial hypotension upon reperfusion (Fig. 2). L- 

NMA and 3-AB ameliorated the steep decrease in MAP during the reperfusion phase (Fig. 2). In 

control animals, 3-AB did not influence MAP (Fig. 2), whereas L-NMA exerted a pressor effect 

on its own, consistent with its inhibitory effect on constitutive NO synthesis. В SO treatment failed 

to affect MAP in control animals, or in animals subjected to ischemia-reperfusion (not shown). 

The evaluation of the effect of nicotinamide on MAP was complicated by the fact that the drug 

elicited a slight (approx. 20 mmHg) hypotension on its own, in control animals. However, there 

were no significant differences in the MAP of the vehicle-treated and nicotinamide-treated animals 

at the end of the 180 min observation period in the ischemia-reperfusion group (not shown).

Ex vivo PARS activity measurement. Epithelial scrapings of the intestinal mucosa exhibited a 

significant increase in PARS activity after a 15 min period of mesenteric ischemia followed by 10 

min of reperfusion, as shown by 3-AB inhibitable 3H-NAD+ incorporation of the ileal mucosal 

biopsies (Fig. 3 ).

MDA formation and MPO activity in the later phase of reperfusion. Mesenteric 

ischemia/reperfusion induced significant lipid peroxidation in the previously ischemic tissue as 

shown by increased ileal MDA content in PARS+/+ mice and in saline-treated rats (Fig. 4). In
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PARS'7' mice, however, no increase in MDA formation was observed after ischemic challenge 

(Fig 4). As evidenced by MPO activity measurements, a considerable neutrophil infiltration 

occurred in the late phase of reperfusion in the lung and intestine (Fig. 5 a-c). Tissue samples 

taken from the PARS deficient strain of mice, however, had significantly less MPO accumulation 

in both the intestine and lungs in response to mesenteric ischemia-reperfusion injury (Fig. 5a-b). 

Similarly, inhibition of PARS by 3-AB in rats significantly ameliorated the increase in ileal MPO 

activity (Fig 5c) and tended to decrease neutrophil sequestration in the lung (data not shown).

Histological damage. Histological samples taken from sham-operated rats exhibited grade 0 

injury of the intestine. Ischemia-reperfusion induced severe structural alterations. Subepithelial 

space formation, epithelial lifting and denudation of the tip of the villi were observed. Capillary 

congestion, increased cellularity of the lamina propria, and a reduced villus-crypt ratio were 

common (Fig. 6). Nicotinamide, 3-AB, and L-NMA significantly ameliorated the histological 

damage caused by ischemia-reperfusion. However, BSO pretreatment failed to further exacerbate 

the degree of histological injury (Fig. 6).

Ischemia-reperfusion resulted in considerably less severe histological manifestations of 

injury in mice than that of rats. Histological alterations were restricted to a moderate subepithelial 

space formation and capillary congestion in some samples of PARS+/+ mice. Abundant secretion 

of the mucosal crypts was observed in both populations of mice (not shown).
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DISCUSSION

Mesenteric ischemia-reperfusion produces major structural and functional abnormalities of 

the intestinal mucosa, resulting in hyperpermeability to luminal toxins and microbes and the loss of 

vectorial transport of the gut epithelium (58). A relationship between the formation of oxygen- 

centered oxyradical species, such as superoxide and hydroxyl radical, and intestinal barrier 

dysfunction has been previously established by data showing that exogenous treatment with 

superoxide dismutase and catalase reduces microvascular and mucosal permeability (59,60). 

Indeed, the exquisite sensitivity of the intestinal mucosa to ischemia-reperfusion injury has been 

attributed not only to the vascular anatomy of the villus, characterized by a countercurrent 

arteriovenous plexus and a single terminal arteriole (61), but as well to the rich abundance in the 

mucosa of xanthine oxidase, a rate limiting enzyme of nucleic acid degradation which catalyzes 

the formation of oxygen-derived free radicals during reperfusion (59). In the late phase of 

ischemia-reperfusion injury, the recruitment and tissue invasion of various inflammatory cells, 

such as polymorphonuclear leukocytes, also contributes to superoxide anion production from a 

membrane-bound NADPH oxidase (62).

A role for nitrogen-centered free radical species has been implicated in intestinal ischemia- 

reperfusion injury, based upon studies in which non-selective inhibitors of NO synthase have 

exacerbated or ameliorated mucosal injury (63). The interpretation of these studies has been 

complicated, however, by the increased vascular tone evoked by NOS inhibition, which may 

produce deleterious levels of ischemia. It has thus been difficult to discern whether NO plays a 

cytotoxic role in ischemia-reperfusion injury, as has been observed in a variety of inflammatory 

conditions (63,64). The relevant NO species which mediates tissue damage in ischemia- 

reperfusion also remains undefined. Recent data from a variety of inflammatory models suggest 

that peroxynitrite, a toxic reaction product of NO and superoxide anion, and not NO per se may 

be a final common mediator of tissue injury (65-67). The formation of peroxynitrite in ischemia-
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reperfusion injury has previously been demonstrated in the intestine, lung, and liver (30,35). The 

functional significance of peroxynitrite formation in ischemia-reperfusion injury, however, is 

difficult to establish unequivocally, since there are no available pharmacologic agents which 

specifically scavenge peroxynitrite and have no incidential effects on NO and superoxide.

In the present communication we provide evidence that implicates NO in the development 

of ischemia-reperfusion induced morphologic and functional injury to the ileal mucosa. We 

observed that low dose NOS inhibition in the early stages of reperfusion ameliorated hypotension, 

mucosal hyperpermeability, and histologic injury. This protective effect is evident early in 

reperfusion, at a timepoint preceding iNOS expression, suggesting a role in ischemia-reperfusion 

injury for NO derived from NOS isoforms other than iNOS, presumably ecNOS. Typically, 

ecNOS-derived NO is associated with beneficial physiologic actions via its effect on microvascular 

patency. ecNOS-derived NO is known to act via a cGMP-dependent mechanism to maintain 

vascular dilatation and to prevent platelet and neutrophil adhesion to the endothelium. In fact, 

intestinal ischemia-reperfusion injury causes an impairment of this ecNOS activity (68). Thus, it is 

unlikely that the salutary effect of NOS inhibition in mesenteric ischemia-reperfusion injury could 

be related to the inhibition of ecNOS-derived NO mediated activation of guanylyl cyclase. At 

higher concentrations of NO, which are generated by iNOS, NO may be cytotoxic per se, thus, 

iNOS inhibition may be beneficial, as has been shown in many inflammatory conditions where 

iNOS expression occurs (64). In contrast to iNOS-derived NO, however, the levels of ecNOS- 

derived NO are insufficient to be independently toxic. Thus, it is probable that a higher and more 

toxic oxide of nitrogen, such as peroxynitrite, is involved in the early stages of mesenteric 

reperfusion injury. The absence of iNOS expression in the early phase of mesenteric reperfusion 

injury in no way excludes the possibility of peroxynitrite formation. Peroxynitrite, for example, is 

formed in intestinal, myocardial, and pulmonary ischemia-reperfusion injury prior to iNOS 

expression, as a result of superoxide anion interaction with ecNOS-derived NO (69-75). The 

protective effect of L-NMA in the present study thus could relate to its inhibition of peroxynitrite 

formation at the onset of reperfusion. The results of the current study, nevertheless, cannot
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identify peroxynitrite as a sole trigger of PARS activation during reperfusion. It is conceivable that 

oxygen-derived oxidants and radicals, such as hydrogen peroxide or hydroxyl radical, may also 

play a role in the process. In fact peroxynitrite and hydrogen peroxide may be synergistically 

cytotoxic, as demonstrated in endothelial cells (76).

Recent in vitro studies indicate that exogenous peroxynitrite can mediate cellular 

dysfunction by several distinct mechanisms, including its effect on lipid peroxidation, protein 

modification (44,77), mitochondrial respiration (78), and glutathione depletion (79). Apart from 

these direct effects of peroxynitrite, a novel pathway of injury triggered by DNA strand breakage 

and catalyzed by poly (ADP-ribose) synthetase has recently been described (80). As a result of 

DNA single strand breakage induced by peroxynitrite and hydroxyl radical, PARS undergoes a 

conformational alteration and catalyzes the production of poly (ADP-ribose), an energy

consuming reaction that results in the depletion of intracellular NAD+ and ATP (41-44). In vitro 

studies demonstrate that a PARS-dependent process can contribute to peroxynitrite-induced 

epithelial hyperpermeability (81,82). Our current data demonstrate that PARS is activated in the 

intestinal mucosa of rats at an early stage of reperfusion. Utilizing two structurally unrelated 

inhibitors of PARS activity, we observed both morphologic and functional protection of the ileal 

mucosa in the reperfusion phase. These data strongly suggest that PARS activation is involved in 

mediating mucosal barrier dysfunction of the small intestine during reperfusion.

The mechanism of protection afforded by PARS inhibition may not be entirely related to 

the depletion of energetics. We have recently reported that PARS'7' phenotype or pharmacological 

inhibition of PARS reduces the infiltration of neutrophils into inflammatory sites (83,84). 

Similarly, in the current study, PARS inhibition markedly reduced the influx of neutrophils into 

reperfused tissue. Thus, the reduction in tissue injury by PARS inhibitors may result from a 

decreased inflammatory infiltrate, which would be associated with a reduction in both oxygen and 

nitrogen centered free radical production. The basis for PARS-inhibitable neutrophil infiltration is 

not yet defined, but may relate to the effect of PARS activation on the expression of intercellular 

adhesion molecules, and/or due to modulation by PARS of a post-adhesion event (83,85,86).
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Other mechanisms by which PARS modulates neutrophil tissue infiltration cannot be excluded, 

including an effect on endothelial integrity (76). Reduced tissue invasion of inflammatory cells 

may also conceivably be related to a lower level of local lipid peroxidation, an effect that was 

strongly reduced in the PARS'7' animals.

In order to more definitively assign a role for PARS activation in the development of 

mesenteric ischemia-reperfusion injury, a gene-targeted PARS deficient murine model was 

employed. PARS deficient mice exhibited a lower extent of tissue injury than wild-type littermate 

controls, as reflected by the levels of lipid peroxidation. In agreement with the salutary effects of 

PARS inhibitors in the rat model of mesenteric ischemia-reperfiision injury, PARS'7’ mice failed to 

increase neutrophil recruitment into the gut during the reperfusion phase. In addition, PARS 

deficiency conferred a near total protection against neutrophil recruitment in remote organs, such 

as the lung.

The salutary effect of PARS inhibition on mucosal morphology and function may also 

relate to systemic hemodynamic alterations which influence gut mucosal perfusion. We observed 

that 3-AB, as well as the NOS inhibitor L-NMA, partially restored the loss of blood pressure that 

occurred in the reperfusion phase. These findings support previous work from our laboratory 

demonstrating that peroxynitrite-mediated PARS activation impairs ex vivo vascular contractility 

and lowers blood pressure (87). Whether the improvement in perfusion pressure could contribute 

to the favorable effects on mucosal permeability is uncertain. It is conceivable that the 

improvement in blood pressure produced by 3-AB or L-NMA may have reduced the transit time 

in the reperfused mesenteric vasculature, and thus diminished the extent of neutrophil adhesion or 

diapedesis. However, this mechanism cannot be the crucial factor, because nicotinamide, which 

had no pressor effect during reperfusion, also ameliorated the reperfusion-induced intestinal 

hyperpermeability.

Ultimately, the extent of oxidant-mediated mesenteric ischemia-reperfusion injury is 

dependent not only on the generation of toxic species, such as peroxynitrite, but also on the 

endogenous capacity of the intestinal mucosa to reduce these toxins. It is noteworthy, in this
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respect, that pharmacologic depletion of glutathione, the most abundant intracellular thiol and 

principal anti-oxidant, had a profoundly deleterious effect on the extent of histologic injury and 

hyperpermeability. These data suggest that the threshold for tissue injury is dependent on the 

cellular redox state during ischemia-reperfusion injury. Under conditions of continued oxidative 

stress, in which glutathione levels are depressed, tissues may be highly susceptible to peroxynitrite- 

mediated, or oxyradical-mediated PARS activation. Conversely, therapeutic strategies which 

support cellular reductive capacity may be expected to protect the gut from peroxynitrite- 

mediated inflammation and mucosal barrier dysfunction.

Recent studies using pharmacological PARS inhibitors or genetically engineered animals 

lacking the PARS enzyme have demonstrated that the lack of PARS activity is protective against 

reperfusion injury of the heart (51,71), brain (88,89), retina (90), and skeletal muscle (51). These 

data, coupled with our current observations, underline the crucial role of PARS in mediating 

mesenteric ischemia-reperfusion injury. Pharmacological inhibition of PARS may be a novel 

approach for the protection of tissues from reperfusion-related damage.
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LEGENDS TO THE FIGURES

Fig. 1. Lumen to plasma directional permeability during the first 30 min of after reperfusion after 

a 15-min mesenteric ischemia in rats. Data are expressed as the slope of the increase in plasma / 

lumen ratio ofFD4 (%) over a period of 30 min. The nitric oxide synthase inhibitor NG-methyl-L- 

arginine (L-NMA; i.v. 3 mg/kg plus 3 mg/kg/hr) or PARS inhibitors nicotinamide (NICAM; i.v. 

200 mg/kg plus 10 mg/kg/hr) and 3-aminobenzamide (3-AB; i.v. 10 mg/kg plus 10 mg/kg/hr) 

were administered before ischemia. The glutathione depletor L-buthionine-(S,R)-sulfoximine 

(BSO; i.p. 500 mg/kg) was given 24 and 6 hr before the start of the occlusion. Data represent 

mean ± s.e.m. **P < 0.01 represents significant effect of the various interventions, when 

compared to vehicle-treated animals subjected to ischemia-reperfusion.

Fig. 2. Time course of changes in mean arterial blood pressure (MAP) in rats subjected to 15 min 

of mesenteric ischemia followed by 30 min of reperfusion. The nitric oxide synthase inhibitor №- 

methyl-L-arginine (L-NMA; i.v. 3 mg/kg plus 3 mg/kg/hr) or PARS inhibitor 3-aminobenzamide 

(3-AB; i.v. 10 mg/kg plus 10 mg/kg/hr) were administered before ischemia (see arrow). Data 

represent mean ± s.e.m. * P < 0.05 vs. t=-25 min values. # P < 0.05 vs. saline treated group.

Fig. 3. PARS activity in sham operated rats or in animals subjected to 15 min of mesenteric 

ischemia followed by 10 min of reperfusion. PARS activity is expressed as 3-aminobenzamide 

inhibitable H3labelled NAD+ incorporation of epithelial scrapings of the intestinal mucosa. Data 

represent mean ± s.e.m. * P < 0.05 represents significant increase in PARS activity after ischemia- 

reperfusion.

Fig. 4. Malondiaidehyde formation (MDA) in the small intestine after sham operation or in 

response to a 15-min mesenteric ischemia followed by 180 min of reperfusion in PARS deficient
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strain of mice (PARS" ') and their wild type littermates (PARS+/+). Data represent mean ± s.e.m. * 

P < 0.05 vs. sham, # P < 0.05 vs. PARS+/+ mice.

Fig. 5. Myeloperoxidase activity (MPO) in the small intestine (A) and lungs (B) after sham 

operation or in response to a 15-min mesenteric ischemia followed by 180 min of reperfiision in 

PARS deficient strain of mice (PARS'7') and their wild type littermates (PARS+/+). Data represent 

mean ± s.e.m. * P < 0.05 vs. sham, # P < 0.05 vs. PARS +/+ mice. Part C represents MPO in the 

small intestine after sham operation or in response to a 15-min mesenteric ischemia followed by 

180 min of reperfusion in rats. Data represent mean + s.e.m. **P < 0.01 vs. sham, # P < 0.05 

represents difference between control and PARS inhibition in the ischemia-reperfusion group.

Fig. 6. Grades of histological injury after a 15-min mesenteric ischemia followed by 30 min of 

reperfusion in rats. The NOS inhibitor NG-methyl-L-arginine (L-NMA; i.v. 3 mg/kg plus 3 

mg/kg/hr) or PARS inhibitors nicotinamide (NICAM; i.v. 200 mg/kg plus 10 mg/kg/hr) and 3- 

aminobenzamide (3-AB; i.v. 10 mg/kg plus 10 mg/kg/hr) were administered before ischemia (see 

arrow). The glutathione depletor BSO (i.p. 500 mg/kg) was given 24 and 6 hr before ischemic 

challenge. *P < 0.05 represents significant effect of the various interventions, when compared to 

vehicle-treated animals subjected to ischemia-reperfusion.



R
at

e 
of

 in
cr

ea
se

 in
 

pl
as

m
a/

 lu
m

en
 F

D4
 ra

tio
 

(%
/m

in
)

P
P

P
P

P
О A

О to
о w

о
о т

Л
о

сл м
 IS

O
 

W
lu í 1 г 'г1

*
>

*
Я

ií
3 О

.
s;

>
я

2 г
*

Z-
*

3 >
(

Й
# *

О

э QT
Q С *Ч fi



c4
a>
i-
s

#W>

1501

125-

Иs 10°-s
PM 75-
<
2 renal ligature 15 min SMO 

L-NMA + SMO 
3-AB + SMO

50-

i Ischemia
25

301 0 20-10 0-30 -20

Time (min)



.If 40001
ф *
О
о.

3000"О)
Е
1о.

2000'о
>.
>

1000'оп
(Дос
<о. о

Sham I/R

Figure 3.



ОД) 8.5- **
с
оо

#
о
£ 6.5с
<
О

ifiS
4.5

+/+ -/- +/+ -/-

SHAM I/R

Figure 4.



a.
mice - gut14

12

W 10 #P
5-' 8 
2 6 I ■mm

IS 4

2
:• /:0

+/+ -/- +/+ -/-

SHAM I/R

b.
**

12-, mice - lung
10-

8-

p 6-
#О

Пн 4-
§

2-

0
+/+ -/- -/-+/+

SHAM I/R

c.
40-, **rats ■ gut

#^ 30-

pv—' I
О
P 20-
2

10
Saline Saline3-ЛВ 3-AB

SHAM I/R

Figure 5.



I3.0.

щ 2.0-тзяи
^ 1.0-

0.0
Saline Saline 3-АВ NICAM L-NMA BSO

SHAM I/R

Figure 6.


