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Abstract

AIM: To explore a simple method to create intestinal
autotransplantation in rats and growing pigs and to
investigate the effect of L-arginine supplementation on
serum nitric oxide (NO), nitric oxide synthase (NOS) and
intestinal mucosal NOS and Na+-K+-ATPase activity during
cold ischemia-reperfusion (IR) in growing pigs.

METHODS: In adult Wistar rat models of small bowel
autotransplantation, a fine tube was inserted into
mesenteric artery via the abdominal aorta. The superior
mesenteric artery and vein were occluded. Isolated
terminal ileum segment was irrigated with Ringer’s
solution at 4 ℃ and preserved in the same solution at
0-4 ℃  for 60 min. Then, the tube was removed and
reperfusion was established. In growing pig models, a
terminal ileum segment, 50 cm in length, was isolated
and its mesenteric artery was irrigated via a needle with
lactated Ringer’s solution at 4 ℃. The method and period
of cold preservation and reperfusion were described above.
Ten white outbred pigs were randomly divided into control
group and experimental group. L-arginine (150 mg/kg)
was continuously infused for 15 min before reperfusion
and for 30 min after reperfusion in the experimental
group. One, 24, 48, and 72 h after reperfusion, peripheral
vein blood was respectively collected for NO and NOS
determination. At the same time point, intestinal mucosae

were also obtained for NOS and Na+-K+-ATPase activity
measurement.

RESULTS: In adult rat models, 16 of 20 rats sustained
the procedure, three died of hemorrhage shock and one
of deep anesthesia. In growing pig models, the viability
of small bowel graft remained for 72 h after cold IR in
eight of 10 pigs. In experimental group, serum NO level
at 1 and 24 h after reperfusion increased significantly
when compared with control group at the same time
point (152.2±61.4 mol/L vs 60.8±31.6 mol/L, t = 2.802,
P = 0.02<0.05; 82.2±24.0 mol/L vs 54.0±24.3 mol/L,
t = 2.490, P = 0.04<0.05). Serum NO level increased
significantly at 1 h post-reperfusion when compared with
the same group before cold IR, 24 and 48 h post-reperfusion
(152.2±61.4 mol/L vs 75.6±16.2 mol/L, t = 2.820,
P = 0.02<0.05, 82.2 ±24.0 mol/L, t = 2.760, P = 0.03<0.05,
74.2±21.9 mol/L, t = 2.822, P = 0.02<0.05). Serum NOS
activity at each time point had no significant difference between
two groups. In experimental group, intestinal mucosal
NOS activity at 1 h post-reperfusion reduced significantly
when compared with pre-cold IR (0.79±0.04 U/mg vs
0.46±0.12 U/mg, t = 3.460, P = 0.009<0.01). Mucosal
NOS activity at 24, 48, and 72 h post-reperfusion also
reduced significantly when compared with pre-cold IR
(0.79±0.04 U/mg vs 0.57±0.14 U/mg, t = 2.380, P = 0.04
<0.05, 0.61±0.11 U/mg, t = 2.309, P = 0.04<0.05,
0.63±0.12U/mg, t = 2.307, P = 0.04<0.05). In control group,
mucosal NOS activity at 1 and 24 h post-reperfusion was
significantly lower than that in pre-cold IR (0.72±0.12 U/mg
vs 0.60±0.07 U/mg, t = 2.320, P = 0.04<0.05, 0.58±0.18
U/mg, t = 2.310, P = 0.04<0.05). When compared to the
normal value, Na+-K+-ATPase activity increased significantly
at 48 and 72 h post-reperfusion in experimental group
(2.48±0.59 mol/mg vs 3.89±1.43 mol/mg, t = 3.202,
P = 0.04<0.05, 3.96±0.86 mol/mg, t = 3.401, P = 0.009
<0.01) and control group (2.48±0.59 mol/mg vs 3.58±0.76
mol/mg, t = 2.489, P = 0.04<0.05, 3.67±0.81 mol/mg,
t = 2.542, P = 0.03<0.05).

CONCLUSION: This novel technique for intestinal
autotransplantation provides a potentially consistent and
practical model for experimental studies of graft cold
preservation. L-arginine supplementation during cold IR
may act as a useful adjunct to preserve the grafted intestine.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Small intestinal transplantation may eventually become the
most logical definitive treatment for short bowel syndrome.
One of  the determining factors in intestinal transplantation
is the extreme sensitivity of bowel to cold IR injury[1,2]. Apart
from rejection-related events, the manifestation of IR injury
remains a major problem, hampering success in human small
bowel transplantation (SBT)[3]. Moderate hypothermia
throughout intestinal IR injury reduces multiple organ
dysfunction[4]. Ischemic preconditioning provides a way
of protecting organs from damage inflicted with prolonged
IR[5,6]. It has been shown that L-arginine and molsidomine
application prior to reperfusion significantly reduced the
preservation and reperfusion-related injury after small bowel
transplantation. The architecture of intestinal mucosae was
best preserved after treatment with L-arginine and
methylprednisolone[7]. NO is an important mediator of both
physiological and pathological responses. Its dual role in
ischemia-reperfusion syndrome is still controversial[8].

At present, small intestinal transplantation models in
rats and pigs has frequently been used in experimental
investigations. However, the surgical technique involved in
intestinal transplantation in rats and pigs is rather difficult
with a lower successful rate[9,10]. Cold preservation and
vascular anastomosis of graft are very important for successful
transplantation[11]. In the current study, the aim was to explore
a simple method to create intestinal autotransplantation in
rats and pigs and to investigate the effects of L-arginine on
serum NO, NOS and intestinal mucosal NOS and Na+-K+-
ATPase activity after cold IR in growing pig models.

MATERIALS AND METHODS

Creation of intestinal autotransplantation model in rats
Healthy inbred Wistar rats of both sex, weighing 250-320 g,
from Experimental Animal Center of Shandong University
were used in the present study. The rats were provided
with standard laboratory chow and water and housed in
accordance with institutional animal care policies. Twelve
hours prior to experimentation, animals were fasted with
free access to water. All animals were anesthetized with
intraperitoneal ketamine (15 mg/kg) and maintained with
intermittent boluses of  intraperitoneal ketamine (10 mg/kg).
Animals were placed on a heating pad set at 37 ℃. Through
a mid-abdominal incision, the aorta below the renal artery
level was carefully dissected with microsurgical technique.
A fine tube was inserted into mesenteric artery via the
dissected aorta. The superior mesenteric artery and vein
were occluded with non-traumatic vascular clamps. The
mesenteric artery of  isolated terminal ileum segment was
irrigated with Ringer’s solution at 4 ℃, and the fluid
outflowed through a leak of mesenteric vein. Then the

irrigated bowel segment in vivo was stored for 60 min in a
plastic bag filled with Ringer’s solution at 4 ℃. Hypothermia
was maintained at 0-4 ℃ with ice below the water bag. The
tube and clamps were removed, the leaks of aorta and vein
were repaired with 9-0 non-traumatic suture. Reperfusion
of  the intestine (graft) was confirmed by the return of
pulsatile mesenteric blood flow.

Creation of intestinal autotransplantation model in growing
pigs
Ten white outbred pigs of  both sex, from Animal Center
of Nanjing General Hospital of Nanjing Military Command,
four weeks of age, weighing 4.5-7.0 kg, were used to
create intestinal autotransplantation model. Prior to the
experiments, pigs were fasted for 24 h with free access to
water. Atropine (0.02 mg/kg) and ketamine (20 mg/kg)
were given intramuscularly 30 min before anesthesia. Sodium
thiopental (20%) was given intravenously to maintain proper
anesthesia. After laparotomy, 50-cm distal ileum was isolated
and its mesenteric artery was irrigated with lactated Ringer’s
solution at 4 ℃. The mesenteric artery and vein were
blocked with non-traumatic vascular clamps. At the same
time, a 3-mm incision of  the mesenteric vein was performed
to drain the irrigation fluid. Cold preservation method and
period were described above, and graft lumen was perfused
with metronidazole solution at 4 ℃. During cold ischemia,
the leaks of mesenteric vein and artery were repaired using
microsurgical technique. When the cold ischemia ended
(60 min), the vascular clamps were removed and the graft
was re-vascularized. Both proximal and distal ends were
exteriorized as stomas (Thiry-Vella loop), and the remaining
bowel anastomosis was performed to restore its continuity.

Experimental protocol
Ten growing white outbred pigs, from Animal Center of
Nanjing General Hospital of Nanjing Military Command,
four weeks of age, weighing 5.0-7.5 kg, were randomized
into two groups with five animals in each. Intestinal cold IR
and autotransplantation model was established as described
above. In experimental group (EG), intravenous L-arginine
(150 mg/kg) was given for 15 min before reperfusion
and for 30 min after reperfusion. In control group (CG),
intravenous normal saline of  the same volume was given.

Sampling procedure
One, 24, 48 and 72 h after reperfusion of the graft, each
pig was anesthetized with ketamine intramuscularly, and
2 mL of peripheral blood sample was collected. The serum
was separated and immediately stored at -20 ℃ for NO
and NOS activity analysis. At the same time points,
relaparotomy was performed and experimental bowel
segment was sampled. The mucosae (about 1 g each time)
were obtained, washed with cold normal saline, and stored
immediately at -20 ℃ for NOS and Na+-K+-ATPase activity
determination.

Assessment of serum NO and NOS, mucosal NOS and Na+-K+-
ATPase activity
The assay kits of NO, NOS, and Na+-K+-ATPase activity
were supplied by Nanjing Jiancheng Bioengineering
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Institute (Nanjing, China). The serum NO content and NOS
activity were monitored according to the manufacturer’s
instructions. The stored mucosae were homogenized and
centrifuged at 4 000 r/min for 20 min at 4 ℃. The mucosal
NOS and Na+-K+-ATPase activity were detected according
to the provider’s instructions.

Statistical analysis
All data were presented as mean±SE. Significance was
determined using t test. P less than 0.05 was considered
statistically significant.

RESULTS

Successful creation of new bowel autotransplantation model
in rats and pigs
In adult rat models, 16 of 20 rats sustained the procedure,
three died of hemorrhage shock and one of deep anesthesia.
In growing pig model, the viability of the small bowel graft
was remained for 72 h after cold IR in 8 of 10 pigs, 2 died
of either deep anesthesia or cold IR.

Serum NO contents and NOS activity
In experimental group, serum NO level at 1 and 24 h post-
reperfusion increased significantly when compared with
control group (152.2±61.4 mol/L vs 60.8±31.6 mol/L,
t = 2.802, P = 0.02<0.05; 82.2±24.0 mol/L vs 54.0±24.3
mol/L, t = 2.490, P = 0.04<0.05). Serum NO level increased
significantly at 1 h post-reperfusion when compared with
the same group before cold IR, 24 and 48 h post-reperfusion
(152.2±61.4 mol/L vs 75.6±16.2 mol/L, t = 2.820,
P = 0.02<0.05, 82.2±24.0 mol/L, t = 2.760, P = 0.03<0.05,
74.2±21.9 mol/L, t = 2.822, P = 0.02<0.05) as showed
in Table 1. Serum NOS activity at each time point had
no significant difference between two groups as shown in
Table 2.

Intestinal mucosal NOS and Na+-K+-ATPase activity
In experimental group, intestinal mucosal NOS activity at
1, 24, 48, and 72 h reduced significantly when compared
with pre-cold IR (0.79±0.04 U/mg vs 0.46±0.12 U/mg,
t = 3.460, P = 0.009<0.01, 0.57±0.14 U/mg, t = 2.380,
P = 0.04<0.05, 0.61±0.11 U/mg, t = 2.309, P = 0.04<0.05,
0.63±0.12U/mg, t = 2.307, P = 0.04<0.05). In control
group, NOS activity at 1 and 24 h post-reperfusion was
significantly lower than that in pre-cold IR (0.72±0.12 U/mg
vs 0.60±0.07 U/mg, t = 2.320, P = 0.04<0.05, 0.58±0.18
U/mg, t = 2.310, P = 0.04<0.05). But the difference of
mucosal NOS activity at the same time point between two
groups did not reach significance (Table 3). When compared
to the normal value, Na+-K+-ATPase activity increased
significantly at 48 and 72 h post-reperfusion in experimental
group (2.48±0.59 mol/mg vs 3.89±1.43 mol/mg, t = 3.202,
P = 0.04<0.05, 3.96±0.86 mol/mg, t = 3.401, P = 0.009<0.01)
and in control group (2.48±0.59 mol/mg vs 3.58±0.76
mol/mg, t = 2.489, P = 0.04<0.05, 3.67±0.81 mol/mg,
t = 2.542, P = 0.03<0.05). There was no significant difference
in Na+-K+-ATPase activity between the two groups at the
same time point (Table 4).

Table 4  Mucosal Na+-K+-ATPase activity (mol /mg) at different time
points of IR (mean±SE)

     n          24 h post-IR                  48 h post-IR 72 h post-IR

EG      5             3.29±0.79 3.89±1.43a   3.96±0.86 b

CG      5             3.17±0.64 3.58±0.76a   3.67±0.81a

Note: Normal value of ileum at the same site sampled before IR (2.48±0.59

mol /mg, n = 5). a P<0.05 vs normal value; bP<0.01 vs normal value.

DISCUSSION

Intestinal transplantation, either alone or in combination

Table 1  Serum NO contents (mol/L) at different time points of IR (mean±SE)

n     Pre-IR 1h post-IR                  24 h post-IR                  48 h post-IR                 72 h post-IR

EG 5 75.6±16.2a 152.2±61.4 82.2±24.0a 74.2±21.9a 95.6±25.7

CG 5 72.5±12.4 60.8±31.6c 54.0±24.3c 58.6±24.1 74.8±35.0

aP<0.05 vs 1 h post-IR in the experimental group (EG); cP<0.05 vs the value at the same time point in EG.

Table 2  Serum NOS activity (U/mL) at different time points of IR (mean±SE)

n     Pre-IR                   1h post-IR                  24 h post-IR                  48 h post-IR                  72 h post-IR

EG 5 1.93±0.91 2.53±1.43 1.39±0. 42 1.49±0.40 1.31±1.01

CG 5 1.86±0.93 2.62±1.07 2.37±1.37 1.59±0.62 1.63±0.57

Table 3  Mucosal NOS activity (U/mg) at different time points of IR (mean±SE)

n      Pre-IR 1h post-IR                  24 h post-IR                  48 h post-IR                  72 h post-IR

EG 5 0.79±0.04 0.46±0.12b 0.57±0.14a 0.61±0.11a 0.63±0.12a

CG 5 0.72±0.12 0.60±0.07c 0.58±0.18c 0.64±0.17 0.62±0.17

aP<0.05 vs pre-IR in EG;  bP<0.01 vs pre-IR in the experimental group (EG); cP<0.05 vs pre-IR in control group (CG), respectively.



with liver transplantation, is a preferred therapy for patients
with irreversible failure of the intestine. However, in
comparison with solid organ transplantations, such as
kidney and liver transplantation, there has been slower
progression from experimentation towards routine clinical
practice. Improved results are only expected with newer
immunosuppressive agents, better antiviral prophylaxis
and treatment, and improved preservation and surgical
techniques[9,12]. Patients with short-bowel syndrome and
secondary TPN-related hepatic dysfunction need small-
bowel transplantation combined with a liver graft. Only a
few patients with short bowel syndrome are candidates for
non-transplant procedures, such as autologous gastrointestinal
reconstruction[13], bowel rehabilitation and combined trophic
therapy for intestinal adaptation using growth hormones[9,14].
Glycyl-glutamine-enriched long-term total parenteral
nutrition attenuates bacterial translocation and selectively
improves graft mucosal structure and function following
small bowel transplantation in pigs[9].

In recent years, several technical modifications in
experimental and clinical gut or liver transplantation have
been reported. Wu et al, adopted arterial anastomosis by
microvascular end-to-side anastomosis between the donor
aortic segment with superior mesenteric artery and the
recipient abdominal aorta, and performed a “cuff” vein
anastomosis between the donor portal vein and the recipient
left renal vein. This improved vascular anastomosis
technique simplifies the surgical procedure, reduces the
operation time, and increases the survival rate of  small
intestinal transplantation in rats. Li et al[10], used endoscopic
monitoring instead of re-laparotomy to detect gut mucosal
changes after intestinal transplantation.

The main advantage of our model is that the operation
is simplified by inserting a fine catheter into the mesenteric
artery to accomplish cold irrigation and preservation. This
new technique may lead to a higher successful rate of
autotransplantation. However, a limitation of this model is
that only segmental jejunum or ileum rather than total small
bowel can be used for autotransplantation. In small animal
models, the incidence of massive hemorrhage during tube
inserting is relatively high (3/20, 15%). But in pig models,
no massive hemorrhage has occurred. It is suggested that
these surgical modifications are feasible and reliable.

Many factors, such as moderate hypothermia[15], matrine[16],
leflunomide[17], carbon monoxide at a low concentration[18],
adenosine[19], and exotic melatonin[20] have been investigated
to prevent intestinal or hepatic and cold IR. To elucidate
the effect of  L-arginine on cold IR and preservation of  the
small bowel graft in pigs, serum NO contents, NOS activity
and graft mucosal NOS and Na+-K+-ATPase activity were
studied. When compared to the normal value, mucosal Na+-
K+-ATPase activity increased significantly at 48 and 72 h
post-reperfusion both in experimental group and in control
group. Intestinal mucosal NOS activity at 1, 24, 48, and 72 h
in experimental group reduced significantly when compared
with pre-cold IR. Meanwhile, the graft mucosal NOS activity
in control group at 1 and 24 h post-reperfusion was
significantly lower than that of pre-cold IR.

L-arginine in a storage solution to supplement the nitric
oxide synthesizing pathway (NOSP) protects the grafted

liver during ischemia-reperfusion in orthotopic liver
transplantation. In liver transplantation, the NOSP may be
a critical determinant of  successful organ transplantation,
thus providing a useful pharmacological approach to
enhancing liver preservation[8]. Our study showed that in
experimental group, serum NO level at 1 and 24 h after
reperfusion increased significantly when compared with the
control group at the same time point. Serum NO level
increased significantly at 1 h post-reperfusion when
compared with the same group before cold IR, 24 and 48 h
post-reperfusion.

In conclusion, the new intestinal autotransplantation
technique provides a potentially consistent and practical
model for experimental studies about  intestinal graft cold
preservation. L-arginine administration during intestinal cold
IR immediately enhances serum NO production and
mucosal Na+-K+-ATPase activity, reduces mucosal NOS
activity. L-arginine supplementation may act as a useful
adjunct to preserve intestinal grafts.
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