Available online at www.jbr—pub.org

Open Access at PubMed Central

JBR

The Journal of Biomedical Research, 2015, 29(1):69-75

Original Article

Portal vein arterialization promotes liver regeneration after extended
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Abstract

In the current study, we sought to establish a novel rat model of portal vein arterialization (PVA) and evaluate its
impact on liver regeneration after extended partial hepatectomy (PH). A total of 105 Sprague-Dawley rats were
randomly assigned to three groups: 68% hepatectomy (the PH group), portal arterialization after 68% hepatectomy
(the PVA group), and right nephrectomy only (the control group). Liver regeneration rate (LRR), 5-bromo-2-deox—
yuridine (BrdU) labeling index, and liver functions were assessed on postoperative day 2, 7, 14 and 28. The 28-day
survival rates were compared among the three groups. The 28-day survival rates were similar in all groups (P =
0.331), and the anastomotic patency was 100%. The LRR in the PVA group was significantly higher than that
of the PH group within postoperative 14 days (P < 0.05). The PVA and PH group had increased serum alanine
aminotransferase levels (232 £ 61 U/L and 212 £ 53 U/L, respectively) compared with the control group (101
* 13 U/L) on postoperative day 2, whereas from postoperative day 7 to day 28 there were no differences among
the three groups. Serum albumin values were higher after the PVA procedure within postoperative day 14, which
gradually became comparable on postoperative day 28 among the three groups. The peaks of BrdU labeling index
appeared on postoperative day 2 in all rats, and the PVA procedure was associated with increased BrdU labeling
index from postoperative day 7 to 28. The 28-day survival of the PVA rats was comparable. Our findings demon—
strate that the PVA procedure utilizing portal vein trunk-renal artery microvascular reconstruction promotes rem—
nant liver regeneration and confers beneficial effects on maintaining and even optimizing liver function after
extended partial hepatectomy in rats.
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Introduction Portal vein arterialization combined with portacaval

shunt increases blood supply to the liver through the
7]
.In

Portal vein arterialization (PVA) was initially intro—
duced to improve encephalopathy and prevent liver
failure after portacaval shunt in cirrhotic patientsm
and massive necrosis due to obstruction of the hepatic
artery after extended hepatopancreatobiliary surgery'.
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arterialization of the portal stump by an artery
orthotopic and heterotopic liver transplantation, per—
manent portal vein arterialization was performed in
cases with insufficient portal flow to the graft and
showed beneficial effects on shortening warm ischemia
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time of the donor liver and consequently reducing the
incidence of immediate postoperative graft failure'™”.
In the event of an extensive portal vein thrombosis or
the absence of a mesenteric vein as an anatomic var—
iant, PVA ensures an adequate blood supply to an
orthotopic graft'*"”. In addition, some authors have
emphasized a proliferation-promoting influence of
PVA on the liver tissue and recommended PVA as a
therapeutic option in acute liver failure or after exten—
sive liver resection’ .

A steady supply of oxygen is necessary for liver
regeneration after hepatectomy' ™' "', The effects of
portal arterialization on hepatic regeneration after par—
tial hepatectomy have been investigated by several
authors and beneficial effects on hepatic regeneration
have been reported ""'. However, other authors sug—
gested that the destruction of hepatic architecture
brought about portal hypertension and that mitosis in
the regenerating liver was not enhanced ", There
are no proven answers for regenerative ability of the
liver after PVA. Furthermore, due to the various sizes
of vessels between portal vein and alternative artery,
microsurgical technical obstacles of this direct hand
suturing anastomosis were overcome in the last decades.
The models presented in literatures were established by
various stent cannula techniques, in which the simula—
tion of the PVA is insufficient; thus, the outcomes of
different models are not comparable and debatable.

The conflicting evidence prompted us to attempt a
more simulative technique of end-to-end arterial-
venous anastomoses following an extended partial
hepatectomy (68% hepatectomy) to establish a novel
PVA model. Liver growth and regeneration rate were
compared among rats with either venous portal inflow
or arterialized portal inflow after extended partial
hepatectomy, and then proliferation of hepatocytes was
examined. Therefore, we determined whether this PVA
procedure, which increased oxygen concentration in
the portal vein, was an effective approach to the promo—
tion of liver regeneration rate (LRR) and the improve—
ment of liver function after extended hepatectomy.

Materials and methods

Experimental animals

Male specific pathogen free (SPF) Sprague-Dawley
rats weighting from 240 to 300g were used in this
study. The study protocol was approved by the local
institutional review board at the authors” affiliated
institutions, and animal welfare as well as the experi—
mental procedures was carried out in accordance with
the established institutional and state guidelines
regarding animal care and use. All rats were housed

in environmentally controlled conditions (a tempera—
ture-controlled environment, a 12 hours light/dark
cycle with the light cycle from 6:00 to 18:00 and the
dark cycle from 18:00 to 6:00) with ad libitum access
to a rodent chow diet and water. After an acclimation
period of 1 week, all rats were fasted for 24 hours
before surgery. Sixty rats were randomly assigned into
3 groups with 20 rats per group for specimen harvest—
ing, and another 45 rats were divided into 3 groups for
survival data collection and analyses.

Surgical procedure

The procedures were performed under aseptic tech—
niques and ether anesthesia via inhalation. A heating
pad was used to maintain a stable body temperature
at approximately 36°C throughout the surgery.
Through a median laparotomy, the liver was mobilized
from its supporting ligaments. The right renal artery
was isolated from its origin to the bifurcation, and
the right renal vein was separated from the renal pedi—
cle to the vena cava. The ureter was sectioned and
nephrectomy was performed in all groups.

In the PH group, a 68% partial hepatectomy
was accomplished as described by Higgins and
Anderson"”. The median and left lobes of the liver
were excised after placement of a 5-0 silk suture liga—
ture on the corresponding pedicle. Then, the portal
triad clamping was performed for 20 minutes (equiva—
lent to the average time needed to perform PVA and
porto-renal shunt in rats of the PVA group).

In the PVA group, ligation and division of the pylo—
ric vein was carried out following 68% partial hepa—
tectomy, and then transection at the lower 1/3 of the
portal vein trunk was completed after it was gently
isolated from the hepatic hilum to the confluence of
the superior mesenteric and splenic veins. The right
renal artery was sectioned at the bifurcation and
reshaped as an artery disc to fix the caliber of the
hepatic inflow portal trunk. After irrigation with
heparinized solution, an end-to-end anastomotic
reconstruction between the right renal artery disc and
the hepatic inflow portal trunk was accomplished by
a microsurgical semi-continuous suture technique,
which 6 stitches were placed on the anterior wall first,
and then another 6 stitches were placed on the posterior
wall after a 180-grade rotation of the vessel. Finally, an
end-to-end porto-renal (confluence of the superior
mesenteric and splenic veins-right renal vein) shunt
was completed according to the techniques by Lee
and Fisher™. Then, 10-0 polypropylene non-absorb—
able monofilament sutures (SurgiproTM II—SurgiproTM
Suture, Covidien, MA, USA) were utilized in vascular
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anastomosis. Anastomotic patency was examined after
the vascular procedures were finished. The vascular
reconstruction was operated under a microsurgical
telescope with 10—-16 X magnifications. The perito—
neal cavity was closed in 2 layers (Fig. 1).

At the end of the operation, 1.5 mL of heparinized
saline was transfused intravenously. The preoperative diet
of food pellets was resumed 2 hours after the operation.

Assessment of liver regeneration

Five rats from each group were sacrificed on post—
operative day 2, 7, 14 and 28 to harvest blood and liver
specimens for biochemical, histological, and immuno—
histochemical examinations. All rats were weighed,
and then intraperitoneal injection of 5-bromo-2-deox—
yuridine (BrdU, Sigma-Aldrich, St. Louis, MO, USA)
was given [100 mg/kg per body weight (BW)] 1 hour
prior to autopsy. Each liver specimen was removed and
immediately weighed. The ratio of the liver weight
(LW) to the BW was calculated. From the resected LW
at surgery and remnant LW at autopsy, the LRR was
determined according to the formula of Child et al.*"":
(LW at autopsy-estimated residual LW at the time of
surgery)/resected LW X 100%.

Hepatocyte synthesis evaluation

Liver specimens were fixed in 10% formalin and
embedded in paraffin. Five-micron thick sections were
stained with hematoxylin and eosin for light micro—
scopic examination. To allow calculation of the BrdU
labeling index, an indicator for DNA synthesis in hepato—
cytes, immunohistochemical staining of incorporated par—
affin embedding BrdU was performed with established
method as follows: heat-induced antigen retrieval was per—
formed by a microwave with Tris-EDTA buffer for
20 minutes after deparaffinizing by xylene, and then the
slides were washed 2 X 5 minutes in TBS plus
0.025% Triton X-100 with gentle agitation, and blocked
in 10% goat serum with 1% BSA in TBS for 2 hours at
room temperature. The slides were incubated with anti-
BrdU antibodies (Abcam, Cambrige, UK) overnight at
4°C afterward, and secondary antibody incubation for
30 minutes at 37°C was performed subsequently. After
incubation with 3,3’-diaminobenzidine chromogen for
10 minutes and rinsed in phosphate buffer solution
(PBS), the slides were counterstained using hematoxylin
for 6 minutes and bluing reagent for 2 minutes.
Hepatocytes contained nuclei with brown staining were
considered labeled. The number of positive stained cells

Fig. 1 Illustration of portal vein arterialization (PVA) associated with porto-renal shunt model. The right kidney was removed after

isolating the right renal artery and renal vein, then an end-to-end hepatic inflow portal vein trunk-right renal artery anastomoses (thin arrow) was

established after shaping the bifurcation of the right artery, the end-to-end porto-renal shunt (thick arrow) was performed subsequently. A: Hepatic

inflow portal vein trunk, B: Confluence of the superior mesenteric and splenic veins, C: Right renal artery, D: Right renal vein, E: Superior mesenteric

vein, F: Splenic vein.
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was counted in randomly selected fields of 10 each in
periportal, midzonal, and centrolobular areas using
high-power fields (original magnification X 400).
The number of BrdU-labeled nuclei per 1,000 hepato—
cytes was designated the BrdU labeling index.

Liver biochemical tests

Serum alanine aminotransferase (ALT) and albumin
(Alb) concentrations were measured by an automatic
analyzer (Hitachi Co. Ltd. Tokyo, Japan) for assess—
ment of hepatic parenchymal injury and hepatic ana—
bolism, respectively.

Statistical analysis

Data are expressed as mean =+ standard deviation
(SD). One-way analysis of variance (Student’s r-test)
or Mann-Whitney U test was applied for normally or
non-normally distributed continuous data, respectively.
The Log-rank test was used for survival analyses.
P value < 0.05 was set as statistically significant.

Results

Survival rate and anastomosis patency

The postoperative 28 day survival rates were 80.0%,
73.3% and 93.3% in the PH group, the PVA group and
the control group, respectively (Fig. 2). There were no
differences observed in the survival rate among the 3
groups (Log-rank test, P = 0.331). In the PVA group,
all the anastomoses remained patent at autopsy, and the
rate of the anastomotic patency was 100%.

Liver regeneration rate

As shown in Fig. 3, the LRR gradually increased
after operation in the PH group and the PVA group.
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Fig. 2 The postoperative 28-day survival rates in three groups
according to different procedures. There were no differences

observed in survival rates among three groups (Log-rank test, P = 0.331).
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Fig. 3 Liver regeneration rates (LRRs) after surgery. Rats with
PVA procedure (the PVA group, n = 5) presented significantly greater
liver growth rate than rats with 68% PH only (the PH group) within the
postoperative 14 days. However, on postoperative 28 day, the LRRs
between these two groups turned to similar levels. Note: Data are
expressed as mean £ SD. *P < 0.05. **P < 0.01.

The LRR increased from 49.0% =+ 2.4% (the PH
group) and 58.2% =+ 3.7% (the PVA group) on post—
operative day 2 to 83.9% % 3.6% and 92.0% * 2.2%
on postoperative day 7, and 112.5% * 7.9% and
131.6% =+ 5.8% on day postoperative 14, respectively.
In comparison, the LRR of the PVA group was signif—
icantly higher at all time within 14 days postopera—
tively (P < 0.05). However, on postoperative day 28,
the LRR of the PH group (131.3% = 8.0%) and the
PVA group (140.4% £ 9.0%) became comparable
(P = 0.13).

Liver biochemical tests

The results in serum albumin and ALT are summar—
ized in Table 1. The mean serum albumin concentra—
tions remained significantly higher in the PVA group
than either the PH group or the control group within
14 days postoperatively (P < 0.05). Meanwhile, there
were no significant differences between the PH group
and the control group at all time after operation. On
postoperative day 28, serum albumin levels gradually
became comparable in all three groups.

Serum ALT values peaked on postoperative day 2 in
all groups, in the rats undergoing 68% hepatectomy in
both the PH group (212 = 53 U/L) and the PVA
group (232 £ 61 U/L), and the values were signifi—
cantly higher than those of the control group (101 =+
13 U/L) (P < 0.05). However, no significant differ—
ence was observed between the PH group and the
PVA group. The ALT values gradually decreased
thereafter, and there were no significant differences
from postoperative day 7 to 28 in all groups.
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Table 1 Postoperative serum albumin and ALT
concentrations

Day 2 Day 7 Day 14 Day 28
Alb (g/dL)
The PH group 29+03 32+01 33%02 3.3%03
The PVA group 3410.1*% 3.610.3*% 35%0.1*% 34103
The control group 3.0£0.3 3.1%£02 34+0.1 33103
ALT (U/L)
The PH group 2124537 68131 56115 50117
The PVA group 232+61" 72129 63113 49+ 14
The control group 101 £13 56117 5018 5110

NOTE: n = 5. Data expressed as mean * SD. Alb: albumin; ALT:
alanine aminotransferase. *P < 0.05 versus the PH group and the

control group, P < 0.05 versus the control group.

BrdU labeling index

Immunohistochemical staining for BrdU in the liver
tissues of the 3 groups is shown in Fig. 4. The BrdU
labeling index peaked on postoperative day 2, which
then gradually declined within 28 days postoperatively
in all rats. The values in the PVA group and the PH
group were both significantly higher than those in
the control group at all time after operation (P <
0.01). On postoperative day 2, BrdU labeling indexes
in the PVA group and the PH group were similar;
however, from postoperative 7 to 28 days, BrdU label-
ing index in the PVA group was significantly higher
than that in the PH group (P < 0.05, Table 2).

Discussion

The liver has a dual blood supply, via the hepatic
artery and portal vein, and about 80% is poorly oxyge—
nated venous blood delivered through the portal tract.
Alternations of oxygen and blood supply underlie
pathological changes in a majority of liver diseases.
We established this rat model to evaluate the PVA
technique, which can effectively enhance oxygen and
blood supply to the liver, to verify the benefits and also
to investigate the damage to hepatic function. The
28-day survival of the PVA rats were comparable, which
demonstrated that the technique of the mcrovascular
hand suturing anastomosis was feasible and reliable.
PVA helped faster recovery of hepatic function, and
ALT level was not deteriorated due to the drastic
changes of the hemodynamics of the portal tract. The
remnant liver regeneration was optimized and acceler—
ated by the PVA procedure.

Several studies in small and large experimental ani—
mal models reported that increasing oxygen delivery
to the liver by arterialization of the portal vein enhances
the regenerative capacity after extended hepatect—

#*2%1 Nonami et al."” have reported that hepatic
oxygen consumption affected by dopamine and dobuta—
mine is associated with an increase in the extraction of
lactate and thus hyperdynamic hepatic circulatory sup—
port is advantageous to hemodynamics and metabolism
in the residual liver after massive hepatectomy. However,

Fig. 4 The BrdU labeling indexes after surgery (HE X 400). The BrdU labeling indexes peaked on postoperative 2 day, then gradually

declined within postoperative 28 days in all rats. On postoperative day 2, BrdU labeling index in the PVA group (A) and the PH group (B) was similar,

and both were significantly higher than the control group (C). From postoperative 7 to 28 days, BrdU labeling indexes in the PVA group (D) were

maintained significantly higher than either the PH group or the control group (P < 0.01).



74 Li J et al. J Biomed Res, 2015, 29

Table 2 Postoperative BrdU labeling indexes in the 3
groups

Group (n = 5) Day 2 Day 7 Day 14 Day 28
The PH group 126£19" 68%11° 53+£12° 23 10"
The PVA group 133£21"  87X£13*"  76Xx11%¥"  39+09%"
The control group 419 3218 2519 19+6

Data were expressed as mean=®SD. *P < 0.05 versus the PH group,

P < 0.01 versus the control group.

the concept of PVA and the outcomes of the animal
model have been controversial in decades. The alterna—
tion of the reconstructed hepatic hila and the subse—
quently physiopathologic changes induced by the
elevated pressure of the portal tract and increased
volume of the blood supply still remain uncertain,
and it is still unclear that whether the lack of portal
blood including specific hepatic factors would inhibit
liver regeneration, or whether an adequate blood sup—
ply is adequate for liver growth. Furthermore, micro—
vascular reconstruction by hand suturing technique is
very demanding and usually requirs longer learning
curve; hence, the models of PVA reported in litera—
tures are commonly established by different artificial
polyethylene tube cannula technique in spite of the
high risk of stent thrombosis due to its non-endothe—
lialization nature. Besides, inflammation and adhesion
caused by external artificial graft might also affect
portal tract hemodynamics, hepatic structure and liver
function”". There still remains a gap between the
simulation of animal model and clinical practice.
Few literatures have presented the survival rates of
the PVA model after partial hepatectomy and checked
the patency of the anastomoses at autopsy.
Theoretically, when the pressure and inflow volume
changed rapidly as a result of portal vein-artery
reconstruction, the unalterable and inelastic nature of
the stent pipe could not adapt and buffer the hyperdy—
namic circulation as effectively as autogenous vascular
anastomoses. To that extent, the polyethylene tube inter—
position technique is an adverse factor that may affect the
survival rate and the experimental outcomes. To elimi—
nate the shortcomings of sutureless cannula technique,
we developed a novel model of PVA by reconstructing
the portal vein and renal artery in a microvascular hand
suturing anastomotic method after we had shaped
and matched the sizes of two different vessel ends.
Moreover, the combination of total portocaval shunt
was an effective prevention of splanchnic portal tract
hypertension and upper digestive bleeding. The survival
data revealed that there were no significant differences in
all groups according to different procedures, and the
anastomoses of the portal vein-artery reconstruction

demonstrated reliable patency when the rats were sacri—
ficed, which proved that the microvascular suturing
techniques played a beneficial role in survival rates and
could be considered an accepted standard. In contrast
to the stent cannula anastomosis, our microsurgical
end-to-end semi-continuous vascular suturing technique
does not require external artificial graft and could maxi—
mally eliminate the injury to the vascular wall and
endothelium. Hence, owing to its safety and patency,
our method was more applicable and feasible for PVA
after extended partial hepatectomy.

Investigators have shown that perfusion of systemic
venous blood rather than blood from the intestines and
pancreas maintains the liver size”“"*" and regenerative
hyperplasia is within the normal range[zgl. Rocheleau™”
et al. showed that either portal venous or hepatic arterial
flow could maintain viable liver mass in proportion to
the amount of blood flow delivered. The present study
documented that the liver regeneration rates were sig—
nificantly higher in rats that underwent arterialization
within 14 days after extended partial hepatectomy, which
showed that an increase in portal blood flow and oxygen
supply was beneficial to liver regeneration after hepatect—
omy. Besides, the initiation and maintenance of liver
regeneration after hepatectomy do not necessarily require
highly concentrated hepatotrophic factors; instead, other
classic splanchnic factors in the portal blood may be the
alternative initial triggers of the regenerative process.
The LLR outcome indicated that the sufficiency of the
hepatic blood inflow, originated from either the portal tract
or artery, play a more important and essential role rather
than the presence of the factors in portal blood. The reason
is probably that factors and elements involved in liver
regeneration will be absorbed and metabolized more effi—
ciently in a hyperdynamic circulating situation.

The limitation of the PVA technique is the negative
effects of ““overarterialization”, which may result in
damage to the parenchyma. Furthermore, the mechanical
injury caused by hyperdynamics may lead to hepatic
fibrosis. In our study, increasing portal inflow and portal
tract pressure was buffered and well adapted, reaching a
new hemodaymic balance shortly after operation.
However, further research is needed to investigate the
anastomoses with inflow control which can ultimately
avoid the overflow to the liver. The hand suturing
microvascular reconstruction technique utilized in our
model is more demanding and frustrating as compared
with the sutureless stenting technique. To our knowl—
edge, this limitation can be conquered by sufficient prac—
tice and a tacit cooperative surgical team. In addition,
longer-term studies are required to evaluate liver func—
tion and the effects of the altered hepatic hemodynamics
on sinusoidal cell function, and longer-term observations
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of the ultrastructural pathological changes of the hepatic
parenchymal and mesenchymal cell are also desired.

In conclusion, our microvascular hand suturing anasto—
motic technique for portal vein-renal artery reconstruction
is simple, safe and feasible, and the PVA rat model which
we established is not only a pathway for improving rem—
nant liver regeneration swiftly, it also maintains and even
optimizes the liver function after extended hepatectomy.
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