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• RAPID COMMUNICATION •

INTRODUCTION
Intestinal ischemia and subsequent reperfusion (IR) injury 
is encountered in a variety of  clinical conditions, including 
hypovolemic shock[1], strangulation obstruction[2], cardio-
vascular surgery[3], abdominal aortic surgery[4], and small 
bowel transplantation[5]. The attenuation of  IR injury is 
vital for intestinal graft function and survival after small 
bowel transplantation[6]. IR injury is associated with the 
breakdown of  microvascular perfusion with subsequent 
impairment of  tissue oxygenation[7]. The maintenance of  
microvascular perfusion is the ultimate determinant of  
viability of  an organ[8]. IR injury of  the intestine is a sys-
temic phenomenon resulting in bacterial translocation[9], 
endotoxemia[10], acute respiratory distress syndrome[11], 
acute hepatic injury[12], which may eventually lead to multi-
ple organ dysfunction syndrome[13]. 
    Therapeutic strategies aimed at ameliorating IR injury 
have focused both on preventing the effects of  reactive 
oxygen species and on downregulating the signal transduc-
tion cascades related to the expression of  pro-inflammato-
ry genes. Pharmacologic preconditioning based on enhanc-
ing the production or activity of  endogenous protective 
molecules has also been proposed as an alternative thera-
peutic intervention. Among such agents, pyrrolidine dithi-
ocarbamate (PDTC) has a variety of  biochemical activities, 
such as redox state alternation, chelation of  heavy metals, 
and enzyme inhibition[14]. PDTC was initially regarded as 
a potent inhibitor of  nuclear factor-kappa B (NF-κB) and 
used as an antioxidant compound to counteract the toxic 
effects of  free radicals[15]. PDTC is one of  the most ef-
fective inducers of  heme oxygenase-1 (HO-1), which also 
confers cytoprotection against oxidative stress[16]. HO is the 
rate-limiting enzyme in the conversion of  heme into car-
bon monoxide (CO), biliverdin (which is rapidly converted 
to bilirubin) and free iron (Fe2+)[17]. Three isoforms of  HO 
have so far been identified: inducible HO-1; constitutively 
expressed HO-2; and HO-3 which is related to HO-2, but 
is less well characterized[17]. The HO system is thought to 
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Abstract    
AIM: To evaluate whether pyrrolidine dithiocarbamate 
(PDTC), an enhancer of HO production, attenuates 
intestinal IR injury. 

METHODS: E ighteen male rats were randomly 
allocated into three groups: (a) sham; (b) IR, consisting 
of 30 min of intestinal ischemia, fol lowed by 2-h 
period of reperfusion; and (c) PDTC treatment before 
IR. Intestinal microvascular perfusion (IMP) was 
monitored continuously by laser Doppler flowmetry. At 
the end of the reperfusion, serum samples for lactate 
dehydrogenase (LDH) levels and biopsies of ileum were 
obtained. HO activity in the ileum was assessed at the 
end of the reperfusion period.  

RESULTS: At the end of the reperfusion in the IR group, 
IMP recovered partially to 42.5% of baseline (P<0.05 
vs  sham), whereas PDTC improved IMP to 67.3% of 
baseline (P<0.01 vs  IR). There was a twofold increase 
in HO activity in PDTC group (2 062.66±106.11) as 
compared to IR (842.3±85.12) (P <0.001). LDH was 
significantly reduced (P<0.001) in PDTC group (585.6±102.4) 
as compared to IR group (1 973.8±306.5). Histological 
examinat ion showed that the i lea l mucosa was 
significantly less injured in PDTC group as compared with 
IR group.

CONCLUSION: Our study demonstrates that PDTC 
improves the IMP and attenuates IR injury of the 
intestine possibly via HO production. Additional studies 
are warranted to evaluate the clinical efficacy of PDTC in 
the prevention of IR injury of the small intestine. 

© 2005 The WJG  Press and  Elsevier  Inc.  All rights  reserved.
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play a pivotal role in the maintenance of  antioxidant and 
oxidant homeostasis during cellular injury. The HO sys-
tem exerts four major beneficial effects broadly: (a) anti-
oxidant function; (b) maintenance of  the microcirculation; 
(c) anti-apoptosis; and (d) anti-inflammatory function[17]. 
The antioxidant function relies on heme degradation, pro-
duction of  bilirubin[18], and the formation of  ferritin via 
Fe2+[19]. The production of  CO with its vasodilatory and 
anti-platelet properties maintains the microcirculation and 
may be involved in anti-apoptotic and cell arrest mecha-
nisms. The HO system exerts anti-inflammatory effects 
via the modulation of  endothelial adhesion molecules.
    To the best of  our knowledge, there are no previous 
studies exploring the effect of  PDTC on IR injury of  the 
intestine. Therefore, we have designed the present study 
to examine whether PDTC preconditioning induces HO 
expression in the small intestine and reduces the inflam-
matory response during reperfusion by focusing on the 
intestinal microvascular perfusion.
 

MATERIALS AND METHODS
Animals 
Male Sprague-Dawley rats, weighing 250-300 g, were used 
in this study. Rats were kept in a temperature-controlled 
environment with 12-h light-dark cycle and allowed tap 
water and standard rat chow pellets ad libitum. Animal care 
and experimental protocols were performed in accordance 
with the UK Government Guidance in the Operation of  
the Animals (Scientific Procedures) Act 1986. 

Surgical procedures 
Animals were anaesthetized using isoflurane (Baxter, 
Norfolk, UK) and allowed to breathe spontaneously via 
concentric mask connected to an oxygen regulator. The 
animal’s body temperature was maintained at 36-38 oC 
using a heating pad (Harvard Apparatus Ltd, Kent, UK) 
and monitored with a rectal temperature probe. The 
arterial oxygen saturation (SaO2) and heart rate (HR) were 
continuously monitored with a pulse oximeter (Ohmeda 
Biox 3740 pulse oximeter, Ohmeda Louisville Co., USA). 
The left carotid artery was cannulated with a polyethylene 
catheter (0.76 mm inner diameter, Portex, Kent, UK) and 
connected to a pressure transducer for the monitoring of  
mean arterial blood pressure (MABP). The right jugular 
vein was cannulated with a smaller polyethylene catheter 
(0.40 mm inner diameter, Portex, Kent, UK) for the 
administration of  normal saline (1 mL/100 g body weight/h) 
to compensate for intra-operative fluid evaporation. All 
animals had an intravenous bolus of  heparin (20 U/kg) 
to prevent potential thrombus formation in the ischemic 
segment of  the intestine due to hemostasis.
    Laparotomy was carried out through a midline incision. 
The superior mesenteric artery (SMA) was identified and 
dissected out from the mesentery to enable the passage of  
a 4/0 vicryl (Ethicon, Edinburgh, UK) suture loop. The 
SMA was occluded according to the method described 
by Arumugam et al[20]. The free ends of  the vicryl suture 
were then passed through a 5-cm segment of  polyethylene 

tube (1.4 mm inner diameter). The tube was then gently 
advanced over the suture onto the mesentery and fixed 
in place with a hemostat. Reperfusion started when 
the hemostat was released. The animal’s abdomen was 
covered with a plastic wrap (Saran wrap) to prevent fluid 
evaporation. At the end of  the experiment, the animals 
were killed by exsanguination.
 
Experimental design
Rats were randomly allocated to three study groups (n = 6/
group). Group 1: sham laparotomy, the SMA was identified 
and passage of  vicryl suture was performed, but without 
vascular occlusion. Group 2: IR, the SMA was clamped 
for 30 min, followed by a 2-h period of  reperfusion. 
Group 3: PDTC+IR, the animals received intramuscularly 
a single dose of  100 mg/kg of  PDTC (Sigma Chemical Co., 
St. Louis, MO, USA) 30 min before IR. 

Measurement of intestinal microvascular perfusion
Intestinal microvascular perfusion was measured by a 
surface laser Doppler flowmeter (LDF, DRT4, Moor 
Instruments Limited, Axminster, UK) in flux units. The 
Doppler signal varies linearly with the product of  the 
total number of  moving red blood cells in the measured 
volume of  a few cubic millimeter multiplied by the mean 
velocity of  these red blood cells. The numeric product is 
termed as perfusion units or blood cell flux units. LDF has 
been validated as a method for measuring gastrointestinal 
microvascular blood flow in animal models[21] and in 
clinical studies[22]. The LDF probe was placed on a fixed 
site on the serosa of  the ileum and was held in place by 
a probe holder. Serosal blood flow has previously been 
shown to correlate well with mucosal flow[23].

Heme oxygenase assay 
HO activity in ileal microsomal fractions was measured 
using a spectrophotometric assay of  bilirubin production 
according to the method previously described by 
Motterlini et al [24]. Briefly, tissue microsomes were added 
to the following mixture: MgCl2 (2 mmol/L), phosphate-
buffered saline (100 mmol/L, pH 7.4; Sigma, UK), rat 
liver cytosol as a source of  biliverdin reductase (3 mg of  
total protein), hemin (10 µmol/L; Sigma, UK), glucose-
6-phosphate (2 mmol/L; Sigma, UK), glucose-6-phosphate 
dehydrogenase (0.2 U; Sigma, UK) and NADPH (0.8 
mmol/L; Sigma, UK). The reaction was conducted in the 
dark for 30 min at 37 ℃ and terminated by the addition 
of  chloroform (Sigma, UK). The amount of  the extracted 
bilirubin was calculated by the difference in absorption 
between 464 and 530 nm and an extinction coefficient 
of  40 mmol/L/cm was used for bilirubin. The total 
protein content of  the samples was determined using 
a colorimetric assay according to the manufacturer’s 
instructions (Bio-Rad, UK), and bovine gamma globulin 
was used as a standard.

Biochemical assays 
Blood samples were taken at the end of  the experiments 
from the carotid ar tery. The blood samples were 
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Figure 1 Intestinal microvascular perfusion in (% of baseline) during 30 min of 
ischemia and 2 h of reperfusion measured by L-DF. Values are expressed as mean±SE 
of six animals in each group (aP<0.05 vs IR). B: Baseline.
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centrifuged at 2 000 g for 10 min at room temperature 
to sediment the erythrocytes. The serum was removed 
and analyzed on a Hitachi 747 auto-analyzer (Hitachi Ltd, 
Tokyo, Japan) by using commercially available enzymatic 
kits (Boehringer Mannheim Ltd, East Sussex, UK) for 
lactate dehydrogenase (LDH), aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT).

Histological investigation 
At the end of  the experiment, tissue samples of  ileum 
were taken, fixed in 10% neutral buffered formalin and 
embedded in paraffin, and 4-μm-thick sections were cut 
using a microtome and mounted on slides for hematoxylin 
and eosin staining. Ileal injury was assessed using a scoring 
system devised by Chiu et al[25] under light microscopy 
without the knowledge of  study groups. 

Data collection and statistical analysis 
Data from the pulse oximeter, pressure transducer and 
LDF were fed into a laptop computer and collected 
continuously at a sampling rate of  2 Hz. The data were 
calculated as 1-min averages at baseline and every 30 min 
till the end of  the experiment. All values are expressed 
as mean±SE. ANOVA and Bonferroni adjustment for 
multiple comparisons were used unless otherwise stated, 
where unpaired Student’s t-test was used for statistical 
analysis between g roups. P<0.05 was considered 
statistically significant.

RESULTS
Systemic hemodynamic parameters 
In all the animals in the experimental groups, the HR 
and the SaO2 did not change significantly throughout the 
experiment (Table 1). In the sham group, MABP did not 
change significantly throughout the experiment. However, 
during ischemia, there was a transient increase in MABP 
from the baseline values in both IR (11.97±0.53 to 14.50
±0.67 KPa, P<0.01) and PDTC groups (11.70±0.67 to 
14.23±1.33 KPa, P<0.01). However, the MABP did not 
change significantly during the reperfusion period between 

the three groups (Table 1).

Intestinal microvascular perfusion 
IMP did not alter significantly during the course of  the 
experiment in the sham group. There were significant 
differences between IR and PDTC groups in IMP at 30 
min of  reperfusion (46.7±2.8% in IR vs 67.3±6.2% in 
PDTC, P<0.01). The increase in IMP persisted till the end 
of  the 2-h reperfusion period (42.5±2.8% in IR vs 69.1±
4.5% in PDTC, P<0.01) (Figure 1).

HO activity assay 
The mean HO activity in the sham group was 409.66±62.95 
pmol bilirubin/(mg protein·h). PDTC led to a twofold 
increase in HO activity (2 085.83±158.65) as compared to 
IR (768.66±103.82) (P<0.001, Figure 2).

Biochemical analysis 
LDH was significantly reduced in PDTC group (576.3±
98.7) as compared to IR group (1 866.0±267.5) (P<0.001, 
Figure 3). The LDH value in sham group at the end of  
the reperfusion was 335.23±77.7. Significant changes were 
not detected in serum indicators of  liver function (AST 
and ALT) in any of  the groups (data not shown).

Table 1 Systemic hemodynamic parameters in three experimental groups at baseline, 5 min before, at the end of 30 min ischemia and at 1 
and 2 h post-reperfusion

Values are expressed as mean±SE of six animals in each group. SaO2: arterial oxygen saturation; MABP: mean arterial blood pressure. bP<0.01 vs baseline.

Hemodynamic Baseline End of ischemia 1 h of reperfusion 2 h of reperfusion P values
parameters

Heart rate (BPM)
    Sham 250±5 252±3 240±8 230±10 >0.05
    IR 251±2 252±2 220±4 227±12 >0.05
    PDTC 252±3 251±3 240±10 232±7 >0.05
SaO2 (%)
      Sham 98±2 95±2 94±3 95±2 >0.05
     IR 98±1 95±2 97±2 95±3 >0.05
     PDTC 98±1 96±3 93±1 96±3 >0.05
MABP (mmHg)
     Sham 83±6 76± 5 74±6 78±8 >0.05
     IR 90±3 108±5b 81±3 72±5 <0.01
     PDTC 87±5 107±5b 79±4 73±6 <0.01
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Figure 4 Comparison of histological scores of ileal mucosa between three 
experimental groups (bP<0.01 vs IR).
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Figure 2 Ileal HO activity in all three experimental groups at the end of 2 h of 
reperfusion (bP<0.01 vs IR).
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Figure 3 Serum LDH levels (U/L) at the end of 2 h reperfusion period. Values are 
expressed as mean±SE of six animals in each group. In PDTC group, LDH was 
significantly lower compared to the IR group (bP<0.001 vs IR).
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Figure 5 Representative photomicrographs of histological sections of ileum (a) in 
sham operated animals, (b) subjected to 30-min period of ischemia and 2-h period 
of reperfusion (IR) and (c) subjected to PDTC+IR (H&E, original magnification ×100).
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Histological analysis
IR resulted in an increase in the histological score from a 
mean of  1.0±0.2 in sham-operated animals to 3±0.2. PDTC 
treatment improved the histological score significantly to 
1.5±0.5 (P<0.01, Figures 4 and 5).

DISCUSSION
The present study clearly showed that PDTC improved 
the small bowel microvascular perfusion and increased HO 
activity, while ameliorating IR injury. Serum LDH levels, 
which is used as a marker for intestinal injury[6], reflected 
intestinal damage in IR group, whereas PDTC decreased 
these levels. IR injury resulted in villous and crypt damage, 
which attributed to hemorrhage and necrosis, whereas 
PDTC ameliorated this effect. These results suggest that 
PDTC protects small bowel from IR injury possibly via 
HO production.
    The model of  30-min period of  SMA occlusion 
with 2-h reperfusion was reliable with no procedure-
related mortality, suggesting that 30 min of  intestinal 
ischemia is non-lethal but induces substantial intestinal 
injury. A considerable number of  experimental studies 
have indicated that IR injury of  the intestine occurs in a 
biphasic manner characterized by different time frames 
and mechanisms: (a) an early phase that immediately 

follows the ischemia and lasts for 2-3 h; and (b) a late 
phase which begins 12-24 h from the ischemia and lasts 
for about 3-4 d[13]. Hence, a period of  2 h of  reperfusion 
following ischemia was chosen to assess the changes 
in the early phase of  reperfusion injury. One of  the 
effective approaches for attenuating IR injury is to induce 
endogenous antioxidant genes, such as HO-1.
    PDTC has been shown to be a potent inducer of  
HO-1 in many experimental models [16,14]. Whereas 
increasing evidences suggest that HO-1 induction may 
mediate cellular protection against oxidant injury in 
both in vitro and in vivo models, the role of  HO in the 
intestinal microcirculation is poorly understood. In this 
study, the effects of  PDTC on IR-induced intestinal 
microcirculatory changes were studied by continuously 
measuring intestinal blood flow with LDF, which has been 
used extensively in both animals and human beings[22]. It 
is non-invasive, safe, and easy to use[23]. This technique 
allows repeated measurements of  blood flow without 
access to venous or arterial blood. In our study, the 
comparison of  IMP between the groups at different time 
points showed that PDTC increased the IMP in the initial 
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30 min of  reperfusion, suggesting that the mechanism 
of  pharmacologic preconditioning by PDTC modulating 
flow in the microcirculation is an immediate phenomenon. 
Therefore, the effect of  PDTC is l ikely to involve 
modulation of  immediate microcirculatory events at the 
level of  capillaries and postcapillary venules, because these 
are the primary sites of  microcirculatory failure induced by 
IR injury.
    The results of  the present study clearly demonstrated 
t h a t P D T C i n d u c e d m a i n t e n a n c e o f  a d e q u a t e 
microvascular perfusion in vivo, and indicated that this 
protective effect might be mediated through the action 
of  HO, which catalyzes the conversion of  heme to CO, 
biliverdin and free iron. CO and its action on capillary 
pericytes may play a major role in this protection. It is 
well known that capillaries are associated abluminally 
with pericytes which protrude primary cytoplasmic 
processes running along the axes of  the capillaries[26]. 
From these primary processes, lateral processes arise, 
which completely encircle the capillaries and form tight 
connections to the endothelial cells[26]. These pericytes 
contain muscle cytoskeletal proteins, in particular alpha-
smooth muscle actin, which regulate microvascular blood 
flow[27]. In the liver, Ito cells, which are the sinusoids-
associated pericytes, are primarily responsible for CO-
mediated regulation in sinusoidal blood f low[28]. In 
addition, there is an increasing evidence that CO inhibits 
the aggregation of  platelets[29], which could result in highly 
improved microvascular perfusion because of  unhindered 
flow. Hence, tissue viability increases because of  improved 
nutritional supply and better elimination of  toxic residues 
of  oxidative stress. Recently, Nakao et al[30] demonstrated 
that inhalation of  CO ameliorates IR injury in a model of  
bowel transplantation.
    Biliverdin is subjected to further degradation to bilirubin 
by the cytosolic enzyme biliverdin reductase[31]. It acts as 
an antioxidant and is capable of  scavenging oxygen free 
radicals that are thought to be primarily responsible for the 
tissue injury[18]. Iron, the last product of  heme breakdown, 
acts as an oxidant like other transition metals and catalyzes 
the formation of  reactive hydroxyl radicals (OH) by the 
Haber-Weiss reaction. Typically, the OH· causes biological 
damage by stimulating the free chain reaction known as 
lipid peroxidation, in which OH· attacks the fatty acid 
side chains of  the membrane phospholipids and causes 
organelle and cell disruption[32]. Therefore, it seems to 
be of  paramount importance to eliminate free iron from 
the tissue in order to maintain the cellular integrity after 
the stress event. To enable this process, an additional 
expression of  ferritin, the iron-binding protein, is induced 
simultaneously by HO[33].
    In summary, this study has demonstrated that intestinal 
IR injury induces rapid microcirculatory breakdown 
with tissue damage. Administration of  PDTC maintains 
the intestinal microvascular blood flow and markedly 
attenuates the IR injury. PDTC may be of  particular value 
in preventing IR injury to the small intestine and might 
help to improve the results of  small bowel transplantation. 
Intestinal IR injury is also an obligatory component of  

numerous surgical procedures. The results of  the present 
study may, therefore, prove beneficial in many areas of  
clinical research. Further studies are clearly warranted to 
evaluate the clinical efficacy of  PDTC in the prevention of  
IR injury of  the small intestine.
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