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Lower torso revascularisation following ischaemia results in a systemic inflammatory response. Endothelial barrier function 
is disrupted by neutrophil-derived proteases and oxidants. Taurine, an amino acid found in large quantities in neutrophils, 
is a powerful endogeneous anti-oxidant. The aims of this study were to investigate the systemic effects of reperfusion 
following lower limb revascularisation and to evaluate the role of taurine administration in preventing this injury. A rat 
model of aortic occlusion (30 rain)followed by 2 h of reperfusion was used. Animals were randomised to one of three groups 
(n = 10 per group): control; ischaemia reperfusion untreated (IR) and taurine-treated. Taurine (4% solution) was 
administrated orally for 48 h prior to the experiment. Neutrophil infiltration and microvascular permeability were assessed 
by measuring tissue myeloperoxidase activity and wet~dry weights respectively in lung, live~ kidney, and in cardiac and 
skeletal muscle. Statistical analysis was by means of analysis of variance (ANOVA). Reperfusion resulted in pulmonary 
and renal microvascular injury as assessed by organ oedema. Hepatic tissue, skeletal and cardiac muscle were unaffected 
by lower limb revascularisation. Taurine was effective in preventing neutrophiI-mediated pulmonary but not renal 
microvascular injury. These data suggest that, whilst reperfusion-induced pulmonary injury is predominantly neutrophil- 
med&ted, agents other than neutrophiI-derived oxidative metabolites, capable of independently causing organ injury 
through direct endothelial damage, are produced during reperfusion. 

Introduction 

Reperfusion injury following an ischaemic insult is 
characterised by a systemic inflammatory response 
resulting in widespread endothelial damage and 
microvascular leakage. 1 Patients undergoing aortic 
reconstructive surgery suffer a prolonged ischaemic 
insult followed by reperfusion of a large mass of 
tissue. These patients have been shown to suffer 
transient organ dysfunction affecting particularly the 
lung, gut and kidney. 2"3 Lung microvascular injury 
resulting from reperfusion has been shown to be 
predominantly neutrophil-dependent. 4-7 However, 
the occurrence and pathogenesis of reperfusion- 
induced injury in other organs, such as kidnej6 heart, 
liver and skeletal muscle has not been as well 
established. 

Hypochlorous acid (HOC1) produced from hydro- 
gen peroxide (H202), is one of the most toxic of the 
oxygen-derived metabolites released by activated neu- 
trophils producing cell and tissue destruction by lipid 
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peroxidation. 8'9 Taurine is an amino acid found in 
high concentrations in human leucocytes, specifically 
in polymorphonuclear leucocytes. One of its main 
roles in vivo is to protect blood cells and tissues against 
attack by chlorinated oxidants, particularly HOC1.1° 
Green et al. have demonstrated that the concentration 
of intracellular taurine decreases approximately 80% 
with the conversion of resting neutrophils into acti- 
vated cells. 11 This suggests that the biological role of 
taurine is linked to the release of oxidants accompany- 
ing activation of resting neutrophils. In addition to its 
intracellular site of action, taurine is released into the 
extracellular medium bY2neutrophils in vitro and is 
found in blood plasma. 1 Concentrations of taurine 
inside leucocytes are up to 500 times the concentra- 
tions in plasma, favouring loss of taurine across a 
concentration gradient i n t o  the extracellular 
medium. ~° Extracellular taurine may help to protect 
blood cells and the tissues against attack by chlorin- 
ated oxidants produced outside the leucocytes. Based 
on these known endogenous antioxidant properties, 
taurine has already been used with some success in 
the experimental setting. Animal studies have shown 
it to be effective in preventing Neomycin-induced 
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lung fibrosis and nitrous oxide related lung injur34 the 
early stages of which are thought to be mediated by 
O2-derived free radicals. 13-18 

The aims of the present study were to investigate 
the systemic effects of reperfusion, to evaluate the role 
of the neutrophil in mediating this injury and, to 
examine the role of the naturally occurring endoge- 
nous antioxidant, taurine, in preventing this injury. 

Methods 

Animal preparation 

Animal experiments were carried out in accordance 
with the principles of laboratory animal care. Thirty- 
three adult male Sprague-Dawley rats weighing 
400-500 g were anaesthetised with inhalational halo- 
thane (IIG, Dublin, Ireland). An external jugular 
venous catheter was inserted for fluid, drug and 
heparin administration. Core temperature was mon- 
itored for the duration of the experiment using a rectal 
temperature probe. 

Aortic occlusion and reperfusion 

Prior to the experiment, animals were randomised to 
one of three groups: control; ischaemia reperfusion 
untreated and taurine-treated animals. All animals 
were fed standard rat chow prior to the experiment 
and control and IR animals were given water to drink 
ad libitum. In the taurine group, taurine (4% weight/  
volume) was given in drinking water for 48 h prior to 
the experiment. Anaesthetised animals underwent a 
midline laparotomy. Following systemic heparinisa- 
tion (400 units heparin/kg Leo Laboratories) the 
infrarenal aorta was exposed. In control animals the 
aorta was exposed but not clamped and a saline 
infusion was commenced after 30 min, lasting 125 
rain. In the ischaemia reperfusion (IR) group and 
taurine-treated group the aorta was clamped for 30 
rain using a microvascular clamp. A saline infusion (1 
ml/h)  was commenced 5 min prior to aortic unclamp- 
ing and continued throughout the 2 h period of 
reperfusion. At the end of the experiment the animals 
were killed with an overdose of anaesthetic. After 
sternotomy the left main bronchus was clamped. 
Bronchoalveolar lavage (BAL) of the right lung was 
performed with 2 ml of saline containing 0.07M EDTA 
and repeated three times. The combined lavage 3-4 
ml) returned was centrifuged at 1500 rpm for 20 min at 

4°C, frozen at -20°C and subsequently assessed for 
protein concentration. 

Myeloperoxidase assay 

Neutrophil infiltration in lung, heart, skeletal muscle, 
kidney and liver was assessed by measuring tissue 
myeloperoxidase activity. Myeloperoxidase (MPO) is a 
haem-containing enzyme within the azurophil gran- 
ules of neutrophils. Its measurement has been shown 
to be a simple quantitative method of detecting 
leucosequestration. The right ventricle was cannu- 
lated using a 25 gauge needle (Jelco, Critikon Ltd.) and 
the right pulmonary hilum clamped. The pulmonary 
vasculature of the left lung was flushed using 50 ml of 
saline to clear the lung of intravascular neutrophils. 
After weighing, the left lung was homogenised in 10 
ml of 0.5% hexadecyltrimethyl ammonium bromide 
(HTAB) in 50 mM potassium phosphate buffer at a pH 
of 6. A similar protocol was used to assess MPO 
activity in the left ventricle, intercostal muscle, left 
kidney and right lobe of the liven The homogenates 
were freeze-thawed twice and centrifuged at 12 000 g 
for 15 min. The resultant supernatent was assayed 
spectrophotometrically for myeloperoxidase activity 
by incubating 0.1 ml of the supernatent with 2.9 ml of 
a solution containing 2.9 ml of O-dioniside dihy- 
drochloride in 90 ml distilled water, 10 ml of 50 mM 
potassium phosphate buffer (pH 6.0) and hydrogen 
peroxide. The change in absorbance with time, at 460 
nm was then recorded (Phillips, CPU 8720, UV/VIS 
Scanning Spectrophotometer). One unit of MPO was 
defined as that degrading 1 micromole peroxide/rain 
at 25°C. 

Wet-to-dry lung weight ratio 

The wet-to-dry ratio of lung, heart, liver, kidney and 
skeletal muscle was calculated after weighing the 
freshly harvested organ, and heating it at 60°C in a 
gravity convection oven (Gallen-Kamp, Model IH- 
150) over a 72 h period after which the weight had 
become constant. 

Bronchoalveolar lavage 

Lung lavage fluid protein content was measured 
spectophotometrically using the Lowry method. 19 
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Neutrophil counts in bronchoalveolar lavage fluid 
was carried out by Diff-Quick staining and consec- 
utive counting of neutrophils per high power field. 

Neutrophil respiratory burst activity 

Blood samples were drawn from the central venous 
line prior to aortic cross clamping, at the end of the 
cross clamp period, and at 5, 30 and 60 min following 
clamp removal. Blood was drawn into heparinised 
tubes and assayed within 4 h. The Respiratory Burst 
was assessed using a BURSTTEST (Orpegen, Heidel- 
berg, Germany). This method allows the determina- 
tion of intracellular leucocyte oxidative and enzymatic 
activity using Dihydrorhodamin 123 as a fluorogenic 
substrate, measured flow cytometrically (FACSCAN, 
Becton-Dickinson).2° One-hundred microlitres of 
whole blood was incubated alone or with 10 ~1 of rat 
serum opsonised Escherichia Coli for 10 min. Ten 
microlitres of the fluorogenic substrate, dihydrorhoda- 
rain 123 (DHR 123) was then added and incubated for 
a further 10 min. Erythrocytes were lysed by addition 
of lysing solution for 20 min. Following centrifugation 
the cell pellets were washed and suspended in 100 B1 
DNA staining solution. The analysis of PMN respira- 
tory burst activity was performed on a FACScan 
cytofluorometer (Becton Dickinson, CA, U.S.A.) 
detecting mean channel fluorescence. A minimum of 
5000 cells were collected and analysed using the 
software Lysis II. 

significantly attenuated by treatment with taurine 
(4.37 + 0.64 units/g) (p < 0.01 ANOVA) (Fig. 1). 
Reperfusion had no effect on kidney MPO activity. 
Values obtained were similar in control (0.528 + 0.06 
units/g) and IR animals (0.552 + 0.07 units/g). MPO 
activity in taurine-treated animals were lower 
(0.437 + 0.06 units/g) but this was not statistically 
significant (Fig. 2). Reperfusion had no effect on liver 
MPO activity. Values obtained were similar in control 
(0.412 + 0.03 units/g) and IR animals (0.42 _+ 0.07 
units/g). MPO activity in taurine-treated animals was 
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Eig. 1. Effect of ischaemia reperfusion on pulmonary myeloperox- 
idase activity. Data is expressed as mean + S.E.M. p < 0.01 vs. 
Control/taurine (ANOVA). 

Statistics 

Results were expressed as mean + S.E.M. in text and 
figures. Statistical analysis was carried out using 
analysis of variance for comparison of multiple means 
with post-hoc Scheffe test analysis. Significance was 
accepted for p < 0.05. 

Results 

Myeloperoxidase activity 

Ischaemia followed by reperfusion resulted in a 
significant increase in pulmonary leucosequestration 
as indicated by an increase in MPO activity from 
3.4 + 0.44 uni ts /g in control animals to 7.29 _+ 0.84 
uni ts /g in the IR group (p < 0.01). This increase was 
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Fig. 2. Effect of ischaemia reperfusion on kidney myeloperoxidase 
activity. Data is expressed as mean _+ S.E.M. 
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lower (0.385 +_ 0.08 uni ts /g)  but this was not statisti- 
cally significant (Fig. 3). Lower torso revascularisation 
resulted in a significant increase in MPO activity in 
intercostal muscle in IR animals (2.25 + 0.4 uni ts /g)  
compared to controls (0.86 + 0.14 uni ts /g)  (p < 0.05 
ANOVA) (Fig. 3). This was prevented by prior 
administration of taurine (0.868 + 0.2 uni ts /g)  
(p < 0.05 ANOVA). Ischaemia reperfusion had no 
effect on left ventricular neutrophil infiltration (Con- 
trol 0.465 + 0.08 uni ts /g;  IR 0.49 ± 0.06 units/g).  MPO 
activity was significantly lower in the taurine treated 
group (0.244 + 0.05 uni ts /g)  (p < 0.05 ANOVA) (Fig. 
3). 

1.95 + 0.04). Oedema in the taurine treated group was 
less severe (Taurine 1.83 + 0.01) but this was not 
statistically significant (Fig. 6). Skeletal muscle we t /  
dry  weight ratio was similar in control (2.6 + 0.1) and 
IR animals (2.56 + 0.1). Oedema was less marked in 
the taurine treated animals (2.25 + 0.21) but  this was 
not statistically significant (Fig. 6). Left ventricular 
muscle w e t / d r y  weight ratio was similar in control 
(3.28 + 0.18) and IR animals (3.14 ± 0.17). Oedema 
was less marked in the taurine treated animals 
(2.94 + 0.13) but this was not statistically significant 
(Fig. 6). 

Organ water content (wet~dry ratio) 

Wet to dry lung weight ratios followed a similar trend 
to the previous results indicating a higher amount  of 
extravascular lung water in untreated IR animals 
(3.66 + 0.08) in comparison to control (3.29 + 0.14) 
and taurine treated animals (3.29 + 0.1) (p < 0.05 
ANOVA) (Fig. 4). Ischaemia reperfusion resulted in 
significant renal oedema in both the untreated IR 
group (2.99 _+ 0.08) and the taurine treated group 
(3.01 _+ 0.08) compared to controls (2.7 + 0.06) 
(p < 0.01 ANOVA) (Fig. 5). Ischaemia reperfusion had 
no effect on liver w e t / d r y  ratio, (Control 1.9 + 0.04; IR 

Pulmonary permeability 

Pulmonary permeability as assessed by BAL protein 
and neutrophil counts was significantly higher in 
untreated animals compared to control and taurine 
treated groups. 

BAL neutrophil counts were 1.50 + 0.098/ram 3 in 
IR animals, 0.491 + 0.060/ram 3 in controls (p < 0.02 
vs. IR) and 0.533 + 0 . l / r am 3 (p < 0.02 vs. IR) in 
taurine treated animals (Fig. 7). Similarly, treatment 
with taurine returned BAL fluid protein content 
(124 + 5.59 ~g/ml)  towards control levels (117 + 6.3 
btg/ml) compared to the IR group (150 + 8.88 ~tg/ml; 
p < 0.01 vs. control and taurine) (Fig. 8). 
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Fig. 3. Effect of ischaemia reperfusion on liver, cardiac muscle and skeletal muscle myeloperoxidase activity. Data is expressed as 
mean + S.E.M. p < 0.05 vs. IR/taurine (ANOVA). 
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Fig. 4. Effect of ischaemia-reperfusion on pulmonary wet /dry  lung 
weight ratio. Data is expressed as mean + S.E.M. p < 0.05 VS. IR 
(ANOVA). 

Fig. 5. Effect of ischaemia-reperfusion on kidney wet /d ry  weight 
ratio. Data is expressed as mean +_ S.E.M. p < 0.05 vs. Control 
(ANOVA). 
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Fig. 6. Effect of ischaemia-reperfusion on liver, skeletal muscle and cardiac muscle wet /dry  weight ratio. Data is expressed as 
mean _+ S.E.M. 
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Neutrophil respiratory burst activity 

Baseline PMN respiratory burst activity was similar at 
the start of the experiment (control 21.12 + 2.48 mean 
channel fluorescence; IR 22.34 + 1.62; taurine 
18.73 + 4.87 mcf). Reperfusion resulted in an increase 
in PMN respiratory burst activity at 5 rain 

(28.27 + 2.29 mcf) and 40 min (28.1 +_ 1.73) in the IR 
group compared to the control group (19.9 + 0.44 at 5 
min; 21.51 + 2.1 at 40 rain). Animals treated with 
taurine exhibited a more marked and significant 
increase in neutrophil respiratory burst activity at 30 
min in response to reperfusion (31.16 + 9.3 mcf at 5 
min; 39.89 + 15 mcf at 40 min, p < 0.05 ANOVA). (Fig. 
9). 
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Fig. 7. Effect of ischaemia-reperfusion on bronchoalveolar lavage 
neutrophil  counts. Data is expressed as mean + S.E.M. *p < 0.02 vs. 
Control / taur ine (ANOVA). 
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Fig. 8. Effect of ischaemia-reperfusion on bronchoalveolar lavage 
protein content. Data is expressed as mean _+ S.E.M. p < 0.01 vs. IR 
(ANOVA). 

Discussion 

There is widespread experimental data to support a 
major role for neutrophils in the initiation and 
promotion of oxidative damage in the lung following 
lower torso reperfusion injury. 4-7 However, the effect 
of reperfusion on other organs such as the heart, 
kidney and liver has been less intensely studied. 
Neutrophils stimulated by mediators of reperfusion 
undergo a "respiratory burst" which results in 
increased production of short-lived oxidant species 
such as superoxide anion (02). 9 Superoxide anion is 
rapidly metabolised to hydrogen peroxide by the 
action of superoxide dimutase. In the presence of 
chloride ions, MPO converts hydrogen peroxide to 
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Fig. 9. Effect of ischaemia-reperfusion on peripheral  blood neu- 
trophil activation state assessed by neutrophil  respiratory burst  
activity. Time points at which blood samples were taken are 
indicated on the x-axis: Pre = Prior to application of aortic cross 
clamp; Post = post-aortic cross-clamping; 5 rain; 30 min; 60 min = 5 
min, 30 min, 60 min post  release of cross clamp. The y-axis 
documents  neutrophil  respiratory burst  activity as Mean Channel 
Fluorescence (MCF). Data is expressed as mean _+ S.E.M. p < 0.05 vs. 
Baseline taurine-treated at 30 min (ANOVA). (C)) taurine treated; 
( I )  untreated IR. 
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hypochlorous acid, the most potent and destructive of 
the neutrophil-derived oxidants. 
In the current study reperfusion resulted in significant 
neutrophil activation, as assessed by respiratory burst 
activit)~ in animals subjected to ischaemia reperfusion 
compared to control animals. This phenomenon, 
previously described by our group, has also been 
demonstrated by Freischlag et al. in an animal model 
of lower limb ischaemia and revascularisation. 21'22 
The role of neutrophils in mediating reperfusion lung 
injury has been well established in animal and human 
studies. 6 Neutrophil depletion and the use of mono- 
clonal antibodies to neutrophil adhesion receptors 
have been shown to prevent this type of injury. 23'24 
Taurine (2-aminoethanesulphonic acid) is a naturally 
occurring sulphur-containing amino acid present in 
high concentrations in many tissues prone to oxidant 
attack, including lung. This amino acid has anti- 
oxidant and membrane-stabilising properties. 18'25 
Taurine interacts uniquely with neutral phospholipids 
of biological membranes, stabilising the cell mem- 
brane by altering membrane cation binding character- 
istics and preventing excessive calcium influxes. Exog- 
enous administration of taurine has previously been 
shown to protect against oxidant-induced lung dam- 
age. Giri et al. have demonstrated that administration 
of taurine in combination with niacin prevented 
bleomycin-induced injury. ~s Gordon et aI. have also 
demonstrated a protective effect for taurine in NO 2 
induced lung in jury .  16'17 N O  2 has been shown to 
mediate lung injury through the process of lipid 
peroxidation. In addition to its known membrane- 
stabilising properties taurine acts as a trap for the 
hypochlorous acid produced by the MPO-hydrogen 
peroxide-chloride system of monocytes and neu- 
trophils. The reaction of taurine with HOC1 forms the 
oxidant taurine-chloramine, which is less reactive and 
much less toxic than HOC1 but is also bacteriocidal. 26 
In the current study animals pre-treated with taurine 
showed a more exaggerated neutrophil response to 
reperfusion than the untreated group, but did not 
have any features of pulmonary microvascular injury. 
The finding of enhanced neutrophil activation is in 
keeping with previous studies from this department 
which have shown that taurine possesses potent anti- 
microbial properties as assessed by its ability to 
increase neutrophil phagocytic ability and respiratory 
burst activity. 27 

Lower torso revascularisation in this study resulted 
in significant renal oedema. However, unlike the lung 
there was no significant change in myeloperoxidase 
activity in the kidney. Since tissue MPO activity is an 
indicator of neutrophil number, this finding suggests 
that neutrophils do not play a significant role in 

mediating renal endothelial damage. Our results 
correlate with those of Augustin et al. who demon- 
strated similar findings in a rat model of supra- 
diaphragmatic aortic cross-clamping. 2s Further sup- 
port for this hypothesis comes from the work of Paller 
et al. who failed to protect against renal ischaemia- 
reperfusion injury by inducing neutropenia. 29 There is 
evidence to suggest that the injury induced by 
ischaemia and reperfusion of the kidney is due to an 
imbalance between vasodilating and vasoconstricting 
agents rather than a direct neutrophil-mediated 
effect. 3°'31 However, the finding of evidence of endo- 
thelial injury in the absence of neutrophil infiltration 
may also imply that some other agent generated 
during reperfusion may be capable of inducing endo- 
thelial injury independent of the neutrophil. This is 
supported by the finding that taurine, which pre- 
vented the pulmonary injury associated with reperfu- 
sion, failed to prevent the renal oedema resulting from 
the same injury. Paterson et al. and others have 
previously suggested the existence of such a plasma 
factor, which is capable of producing an inflammatory 
reaction independently of neutrophils. 32 Results from 
our own laboratory which demonstrate direct endo- 
thelial and neutrophil activation by plasma harvested 
during the reperfusion phase of aortic surgery support 
this theory. 33 

The liver is relatively immune to reperfusion injury 
due to its high ischaemic tolerance and large array of 
free radical scavenging systems. 5'28 The absence of 
mesenteric ischaemia and resultant endotoxaemia in 
our model of infrarenal aortic cross-clamping proba- 
bly explains the absence of hepatic tissue damage in 
this experiment. Hind limb tourniquet iscahemia has 
been shown to induce skeletal muscle oedema, micro- 
circulatory thrombosis, and neutrophil accumulation 
in the small capillaries of the affected limb. 34'35 
Clinically this is associated with severe limb swelling 
and muscle dysfunction. We were interested to inves- 
tigate the effect of lower limb ischaemia and revascu- 
larisation on more remote skeletal muscle function. 
The muscle chosen was the intercostal muscle given its 
importance in postoperative respiratory mechanics. 
Reperfusion resulted in significant neutrophil infiltra- 
tion which was not reflected in increased tissue 
oedema, but was prevented by prior administration of 
taurine. The finding of neutrophils in skeletal muscle 
remote from the site of injury has not been previously 
reported. However, given the lack of muscle oedema, 
this neutrophil aggregation does not appear to be 
clinically significant. 

The role of neutrophils in causing postischaemic 
damage to the heart has been well established in 
experimental models of coronary artery occlusion 
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followed by reperfusion. 36-39 Intravenous taurine 
administration prior to coronary artery bypass graft- 
ing in patients with stable angina has been shown to 
reduce lipid peroxidation and decrease cell damage at 
the time of revascularisation. 4° Its mechanism of 
action in this situation has not been fully elucidated, 
but may relate to its ability to scavenge free radicals 
released at the time of revascularisation. The myocar- 
dial dysfunction seen in patients undergoing aortic 
reconstruction surgery is generally attributed to the 
profound haemodynamic changes associated with 
aortic clamping and de-clamping, 41-4s and to the 
generation of negative inotropic agents from the site of 
reperfusion. 46 The current study was designed to 
investigate the hypothesis that systemic neutrophil 
activation induced by lower limb ischaemia and 
revascularisation would cause neutrophil-mediated 
myocardial damage. Lower torso revascularisation 
did not increase myocardial oedema nor did it cause 
significant neutrophil infiltration. However, MPO 
levels in the taurine-treated group were significantly 
lower than those in either the control or ischaemia 
reperfusion groups, indicating perhaps, that general 
anaesthesia alone may induce some degree of myocar- 
dial neutrophil influx, which can be blocked by 
taurine. 

The results of this study indicate that the lower 
torso revascularisation produces significant pulmo- 
nary and renal microvascular injury. The pulmonary 
but not the renal injury is predominantly neutrophil- 
dependent. The disproportionate injury suffered by 
the lung and sparing of other organs, in this model 
may be explained by the filter role played by the lung 
in removing more activated leucocytes from the 
circulation, preventing neutrophil-mediated injury in 
other vital organs. Taurine provided protection 
against the lung, but not the kidney injury. These data 
suggest that agents other than neutrophil-derived 
oxidants and proteases are produced during reperfu- 
sion, which are capable of independently causing 
significant organ injury. 

Further studies are required to elucidate the mecha- 
nism of action of taurine in limiting neutrophil 
sequestration while paradoxically increasing oxidative 
activity. The effect of taurine on such humoral media- 
tors as thromboxane and leukotriene B4 also needs to 
be examined. McLoughlin et al. have demonstrated 
that manipulation of the MPO-H202-halide system in 
vitro by the addition of taurine can reduce levels of 
LTB4. 47 We have examined the effect of taurine on 
neutrophil CD11b expression and have found that it to 
have no effect (unpublished data). This is in keeping 
with previous in vitro studies from this department 

which demonstrated that taurine has no effect on 
leucocyte adherence to endothelial cells. 48 

Taurine is a non-toxic substance and normal con- 
stituent of the human diet. This study suggests that 
this agent administered prior to an ischaemic insult 
may be potentially useful in minimising the systemic 
inflammatory response and organ dysfunction that 
results from reperfusion. 
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