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Diameter of splenic vein is a risk factor
for portal or splenic vein thrombosis
after laparoscopic splenectomy

Katsuki Danno, MD," Masataka Ikeda, MD, PhD,* Mitsugu Sekimoto, MD, PhD,?
Tomoyuki Sugimoto, PhD,b Ichiro Takemasa, MD, PhD,* Hirofumi Yamamoto, MD, PhD,?
Yuichiro Doki, MD, PhD,* Morito Monden, MD, PhD,* and Masaki Mori, MD, PhD,? Suita, Japan

Background. Splenomegaly is a risk factor for post-splenectomy portal or splenic vein thrombosis (PSVT)
due to large splenic vein stump. The relationship between splenic vein diameter (SVD) and PSVT has not
been established.

Objectives. To investigate whether SVD is a risk factor for PSVT.

Methods. Forty patients who underwent laparoscopic splenectomy were analyzed. Preoperative and
postoperative enhanced helical computed tomographic scans were obtained in all patients, and
subsequent follow-up was performed in patients with PSVT during anticoagulant therapy. SVDs at the
Junction of portal vein (PV) 2, 4, and 6 cm from the junction of PV were measured preoperatively and
postoperatively. Multivariate analysis was performed using logistic regression model.

Results. PSVT was diagnosed in 52.5 % (21/40) patients. Preoperative SVD was significantly larger in
patients with PSVT than in those without PSVT. Seventy-two percent of patients (16/22) with PSVT in
splenic veins with a diameter of >8 mm developed PSVT. Multivariate analysis identified preoperative
SVD as a significant and independent determinant of PSVT. At a cutoff value of 8 mm, receiver operator
characteristic analysis for prediction of PSVT provided an area under the curve of 0.8552 (95% CI
0.821-1.000).

Conclusion. Preoperative SVD is a risk factor for post-splenectomy PSVT. We recommend measurement of
SVD preoperatively in patients elected to undergo splenectomy, and a close Jollow-up of patients with SVD
greater than 8 mm. (Surgery 2009;145:457-64.)

From the Departments of Surgery® and Bio-Medical Statistics,® Graduate School of Medicine, Osaka

University, Suita, Japan

PORTAL OR SPLENIC VEIN THROMBOSIS (PSVT) is a seri-
ous but rare complication of elective splenec-
tomy."* However, with the improvement in
diagnostic modalities and increased interest in
this disease entity, it is becoming apparent that
the incidence of PSVT is greater than clinically ap-
preciated.”® Since the clinical manifestations of
PSVT are unspecific and most of the patients
with radiologically detected PSVT are asymptom-
atic, diagnostic work-up, prophylaxis, and treat-
ment for PSVT remain to be established.”
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PSVT occurs as a result of one or several pro-
thrombotic disorders. These factors can be grouped
into systemic and local factors.® After splenectomy,
the systemic factors include postoperative hypercoag-
ulable state and thrombocytosis, while local factors
such as venous flow congestion at the stump of the
splenic vein may promote thrombus generation.

From a clinical point of view, splenomegaly,
thrombocytosis and myelodysplastic disease are
recognized risk factors for PSVT.? Some authors rec-
ommended imaging surveillance for patients with
these risk factors,®*1° Splenomegaly is considered
a risk factor, because a large stump of splenic vein
causes blood turbulence, which in turn can result
in a local increase in coagulability and enhanced
thrombus formation.** Postoperative thrombocyto-
sis may also have a direct impact on thrombus forma-
tion."! Some groups recommended ligation of the
splenic vein at the junction of the inferior
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mesenteric vein (IMV) to prevent blood stasis.'?
Therefore, the size of splenic vein stump after sple-
nectomy may play a role as a local factor, however,
the relationship between the size of splenic vein
stump and PSVT has not been established.

Because splenomegaly is caused by a variety of
conditions, eg, portal hypertension, hypersplenism,
inflammatory reaction, and tumor growth, the
weight of the spleen cannot simply represent the
size of splenic vein stump. Prediction of spleen
weight before operation is time consuming. We
hypothesized that the diameter of the splenicvein is
directly related to the hemodynamic changes in the
portal venous system, excluding patients with portal
hypertension, and thus can be a more easily mea-
surable predictor for PSVT than spleen weight.
Accordingly, postoperative splenic vein diameter
(SVD) may represent the flow dynamics of portal
venous system after splenectomy, which could pro-
vide information regarding treatment strategy.

The aims of this study were to evaluate the
impact of preoperative SVD on PSVT after sple-
nectomy, and to determine the relationship be-
tween postoperative SVD changes and treatment
outcome using prospectively collected data.

PATIENTS AND METHODS

Patient population. Fifty-three consecutive elec-
tive splenectomies, including laparoscopic splenec-
tomy (LS) (n = 41) and hand-assisted LS (HALS,
n = 12), were performed between April 2001 and
June 2007 at the Department of Surgery, Osaka
University Medical Hospital. Before entry into the
study, informed consent was obtained from all pa-
tients. The operative technique was performed as
described previously.13 Age of the patients, sex, in-
dication for surgery, operating time, blood loss,
platelet count before the operation and on a
post-operative day (POD 7 £ 1), spleen weight, oc-
currence of PSVT, and postoperative complications
were recorded prospectively. Of the 53 patients, 17
patients overlapped with patients reported in our
previous study.”® Five patients (LS:4, HALS:1)
were excluded from this analysis because of hyper-
sensitivity to the intravenous contrast media used
in helical computed tomography (CT), renal dys-
function, or anomalies of the portal venous system.
Another group of 8 patients (LS:0, HALS:8) with
portal hypertension due to liver cirrhosis was ex-
cluded from this analysis because the high portal
vein pressure could influence SVD. Thus, the study
population consisted of 40 patients (LS:37,
HALS:3). These consisted of 26 patients with idio-
pathic thrombocytopenic purpura, 7 with malignant
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lymphoma, 2 with splenic lymphangioma/hemangi-
oma, 2 with hereditary spherocytosis, 1 with autoim-
mune hemolytic anemia, 1 with Evans syndrome,
and 1 with splenic cyst (Table I}.

Detection and diagnosis of PSVT. All 40 patients
underwent preoperative and postoperative helical
CT with intravenous contrast media. Imaging anal-
ysis was performed prospectively before operation,
and after splenectomy between POD 3 and POD 11
(median 6.0 POD). Detection of PSVT was based
on the criteria defined previously>'? In brief,
PSVT was diagnosed when an unenhanced region
was detected in a dilated splenoportal system,
which was otherwise free of any abnormality in
the preoperative CT. PSVT was classified into 5
types according to the location of the thrombus.'?
Distal splenic vein thrombosis (dSVT) was defined
as thrombosis located in the splenic vein distal to
the junction of IMV. Thrombi between the portal
vein and IMV were classified as proximal SVT
(pSVT). Total splenic vein thrombosis (tSVT)
(pSVT+dSVT) was defined as thrombosis involving
the entire splenic vein. When IMV was directed to-
wards the superior mesenteric vein (SMV), splenic
vein thrombosis was defined as dSVT. Thrombosis
in SMV, intra- and extra-hepatic portal vein was
classified as SMVT, iPVT, and ePVT, respectively.

Intermittent pneumatic foot pump was used for
perioperative prophylaxis of deep venous throm-
bosis until full ambulation, but no anticoagulant
was used for all patients.

Measurement of SVD. SVD was measured on
helical CT scan transaxial images using Aquarious
NET server (TeraRecon Inc., San Mateo, CA)
at 4 different locations; at the junction of splenic
vein and PV (Fig 1, 4, location a), 2 cm from the
junction (Fig 1, A, location b), 4 cm from the
junction (Fig 1, A, location ¢), and 6 cm from
the junction (Fig 1, A, location d). SVD was mea-
sured on at least two or three sequential enlarged
CT images (X 2-X 3) at all 4 locations, and the
largest diameter was selected for analysis.

Statistical analysis. Continuous data are ex-
pressed as median and range, unless otherwise
specified. Statistical analysis was performed using
the Chi-square test or the Fisher exact test for
categorical data and the Mann-Whitney U test for
nonparametric continuous data. The Wilcoxon
signed rank test was used to compare preoperative
and postoperative or post-treatment SVD. The re-
lationships between clinical features and the inci-
dence of PSVT were examined using logistic
regression models in the single-variate and multi-
variate analyses. The above statistical analyses
were completed using StatView 5.0] software
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Table I. Comparison of clinical features of patients with or without portal or splenic vein thrombosis

No PSVT (n = 19) PSVT (n = 21) P valuet

Age (years)* 56, 17-74 37, 18-73 233
Sex (M:F) 7:12 5:16 .369
BMI (kg/m?)* 22.6, 17.9-30.3 22.1, 18.2-24.3 .364
Operating time (min)* 185, 65-200 115, 66-358 291
Blood loss (ml)* 40, 6-180 20, 10-160 156
Platelet count: preoperative (X10*/uL)* 8.8,1.4-21.9 9.7, 2.6-27.4 218
Platelet count: POD 71 (X10*/uL)* 19.5, 0.7-52.4 28.8, 2.9-75.7 .06
Spleen weight (g)* 122, 11-608 220.5, 61-2315 (n = 20) .028
Surgical procedure (LS:HALS) 19:0 3:18 .087
Indication for surgery

Benign:Malignant 16:3 17:4 787

Idiopathic thrombocytopenic purpura 15 11

Splenic lymphangioma/hemangioma 0 2

Hereditary spherocytosis 0 2

Autoimmune hemolytic anemia 0 1

Evans syndrome 0 1

Splenic cyst 1 0

Malignant lymphoma 3 4

BMI, Body mass index.
*Data are median and range, or number of patients.

1By Chi-square test or Fisher exact test for categorical data and Mann-Whitney U test for nonparametric continuous data.

(SAS Institute Inc., Cary, NC). A P value of <.05
was considered statistically significant. The useful-
ness of individual prognostic values was estimated
using the analysis of receiver operating character-
istic (ROC) curves, which were constructed using
the R statistical software from http://www.
r-project.org.

RESULTS

Incidence of PSVT and comparison of periop-
erative factors. PSVTwas diagnosed in 52.5% (21/40)
patients. The number of patients and throm-
bus location were: 5 patients with both iPVT and
dSVT, 6 with iPVT only, 3 with both iPVT and tSVT,
2 with tSVT only, 3 with dSVT only, and 2 with
ePVT, iPVT, and tSVT. In our 40-case series, 4
patients were symptomatic: 4 had fever greater
than 38°C, and 2 had abdominal pain of unknown
cause.

There were no significant differences between
patients with and without PSVT in terms of age,
sex, BMI, operating time, blood loss, and platelet
count (preoperative and POD 7 + 1), surgical
procedure, indication for surgery (Table 1). How-
ever, the weight of the resected spleen was signifi-
cantly greater in patients with PSVT than those
without PSVT (P = .028).

Preoperative SVD was then compared between
patients with and without PSVT. As shown in Fig 2,
preoperative SVD measured at all locations in pa-
tients with PSVT was significantly greater than in

patients without PSVT. Nine of 11 (82%) patients
with preoperative SVD at location b of more than
10 mm had PSVT. Furthermore, in patients with
preoperative SVD of 8 to 10 mm, 6 to 8 mm, and
<6 mm measured at location b, the incidence
of PSVT was 64% (7/11), 43% (6/14), and 0%
(0/4), respectively. In patients with preoperative
SVD of more than 10 mm at locations a, b, ¢, and
d, the incidence of PSVT was 100% (6/6), 82%
(9/11), 100% (8/8), and 89% (8/9), respectively.

Comparison of postoperative and post-treat-
ment SVD. In order to compare the flow dynamics
of portal venous system after splenectomy, we com-
pared postoperative SVD in patients without PSVT
and post-treatment SVD in patients with PSVT after
recanalization. Of the 21 patients with PSVT, 4
received intravenous infusion or subcutaneous hep-
arin (adjusted individually with the aim of 1.5- to
2-fold prolongation of the pretreatment activated
partial thromboplastin time) followed by oral
anticoagulation with warfarin, while 16 patients
received only warfarin. The dose of warfarin was
adjusted to achieve an international normalized
ratio (INR) between 1.5 and 2.0. The last patient
had dSVT only and did not receive any anticoagu-
lation. Unresolved dSVT was found in 6 patients in
spite of anticoagulation for 3 to 6 months; however,
all other PSVTs resolved during the same period.
One patient had short splenic vein stump after
splenectomy; SVD in this patient could not be
measured at locations cand d. The median preoper-
ative SVD at locations a, b, ¢, and din patients who
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a. Junction of splenic vein

Fig 1. Measurement locations of splenic vein diameter
and corresponding computed tomographic image. (A)
Splenic vein diameter (SVD) was measured in the trans-
axial images of computed tomography (CT) at the junc-
tion of portal vein (a), and 2 cm (b), 4 cm (o), and 6 cm
(d) from the junction of portal vein. (B) Representative
image of CT for measurement of SVD.

did not develop PSVT was 6.4, 7.2, 7.3, and 6.5 mm,
respectively (Table II). The median postoperative
SVD at the same locations after operation decreased
to 6.1, 6.2, 5.9, and 5.7 mm, respectively, and these
changes except for SVD at location a were signifi-
cant (Table 1I}. In patients with PSVT, the respective
preoperative values were 8.4,9.3, 9.6, and 9.5 mm,
which decreased to 5.2, 5.5, 4.9, and 3.9 mm, respec-
tively, after treatment (Table 1I). The reduction in
SVD was significant for all 4 locations.

Fig 3 shows the rate of reduction of SVD follow-
ing splenectomy. The median SVD reduction rate
in patients without PSVT was less than 25% at
each of the 4 locations, while that in patients
with PSVT was significantly greater at each of the
4 locations. Differences in SVD following splenec-
tomy were compatible with the results of rate of re-
duction (data not shown).

Multivariate analysis. Multiple logistic regres-
sion analysis was performed to summarize the
development of PSVT and the multivariable asso-
ciations with variables potentially considered as
independent risk factors for PSVT following
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Fig 2. Box-and-whisker plots of preoperative SVD in pa-
tients with and without portal or splenic vein thrombosis
(PSVT). Symbols: values of individual patients, boxes:
group data. Open symbols and boxes: patients without
PSVT, Gray symbols and boxes: patients with PSVT. In
these plots, lines within the boxes represent median
values; the upper and lower lines of the boxes represent
the 25th and 75th percentiles, respectively; and the up-
per and lower bars outside the boxes represent the
90th and 10th percentiles, respectively. Statistical analysis
was performed using the Mann-Whitney U test.

splenectomy. Ten factors identified by univariate
analysis (listed in Table I) and preoperative SVD
values measured at 4 different locations from the
junction of PV were considered candidate covari-
ates that could be included in the multivariate
analysis. The type of surgical procedure (LS vs
HALS) was excluded from the multivariate analy-
sis, because information on surgical procedure is
covered or carried by that of spleen weight in
this study, ie, HALS was performed in patients
with spleen weight greater than 650 g while pa-
tients less than 650 g underwent LS. Each value
of preoperative SVD measured at 4 locations
(SVD a, b, ¢, and d) was included separately in
the analysis, since the 4 measurements had quite
similar information to each other and, in particu-
lar, averaging them in the multivariate analysis is
inappropriate due to problems of multi-colinearity
as well as interpretability in multivariate fitting.
Based on these considerations, the 10 factors:
age, sex, BMI, malignant versus benign, operating
time, blood loss, platelet counts before operation
and at POD 7, spleen weight and a preoperative
SVD value measured at 1 of the 4 locations, to
sufficiently describe differences in characteristics
of patients and/or confounders, were included
in the multivariate analysis.

Table III shows the results of multiple logistic re-
gression analysis when such analysis included one
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Table II. Changes in splenic vein diameter after surgery

No PSVT (n = 20) PSVT (n = 21)
Location Before surgery After surgery P value* Before surgery After treatment P value*
a 6.4, 5.1-9.6 6.1, 4.2-7.8 .0663 8.4, 4.5-12.1 5.2, 3.6-8.2 (n = 20) <.0001
b 7.2, 3.8-10.6 6.2, 4.0-8.5 0150 9.3, 6.4-13.3 5.5, 2.0-7.9 (n = 20) <.0001
¢ 7.3, 4.2-9.5 5.9, 4.1-79 .0004 9.6, 6.2-15.9 4.9, 2.2-75 (n=19) <.0001
d 6.5, 8.3-10.0 5.7,2.0-7.8 .0095 9.5, 6.1-17.7 3.9,1.4-5.4 (n=15) <.0001
Data are median, range (mm).
*By Mann-Whitney U test.
® P= 0008 P=0011 P= 0005 I dlr.ectly influenced the develiopment of P.SVT,
B 1001 while all other 9 factors, especially spleen weight,
g 20 did not. To further explain the above findings,
2 we included only two variables in the multiple lo-
£ 60 1 gistic regression models: spleen weight and preop-
> a0 erative SVD values measured at the 4 locations
= (which were identified as significant factors in uni-
;g- 20 - variate analysis). The results of such analysis also
‘5 identified each of the preoperative SVD value as
= 01 significant determinant of PSVT (P = .027, .003,
g .20 .007, and .0006 for SVD q, b, ¢, and d, respectively)
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Fig 3. Box-and-whisker plots of the rate of reduction of
SVD in patients with and without PSVT. Reduction rate
(%) = (preoperative SVD — postoperative SVD)/preop-
erative SVD X 100. Numbers in parentheses indicate
the number of SVDs measured. Symbols: values of indi-
vidual patients, boxes: group data. Open symbols and
boxes: patients without PSVT. Gray symbols and boxes:
patients with PSVT. In these plots, lines within the boxes
represent median values; the upper and lower lines of
the boxes represent the 25th and 75th percentiles, re-
spectively; and the upper and lower bars outside the
boxes represent the 90th and 10th percentiles, respec-
tively. Statistical analysis was performed using the
Mann-Whitney U test.

preoperative SVD value measured at any of the 4
locations. Preoperative SVD measured at location
b was identified as the only significant determinant
of PSVT (P = .014), while the other factors were
not (P> .05) under the sample size of this study.
In addition, the results of multivariate analysis us-
ing any of the preoperative SVD measured at the
other 3 locations also identified preoperative
SVD as the only significant risk factor (P = .022,
.004, and near 0 for SVD q, ¢, and 4, respectively),
while all the other factors did not achieve statistical
significance. These results indicate that preopera-
tive SVD, irrespective of the site of measurement,

Results of ROC analysis. Since multivariate
analysis identified preoperative SVD value mea-
sured at each of the 4 locations as significant
determinant of postoperative PSVT, we next ana-
lyzed the cutoff values of preoperative SVD that
can best predict the development of PSVT by
multiple logistic regression model that included
preoperative SVD grouped at a cutoff value and
the other 9 covariates used in the multivariate
analysis. For such analysis, we used 8 mm as the
cutoff value for preoperative SVD &, because it was
found to be the best determination when search-
ing the integer values (6, 7, 8, 9, 10, and 11 mm)
with clinical convenience. As a risk estimate for
the development of PSVT in preoperative SVD &
grouped at the cutoff value of 8 mm, the adjusted
odds ratio of patients with SVD =8 mm to those
with <8 mm was 5.221 (95% confidence interval
[95% CI] 1.017-33.46). Fig 4 shows the results of
ROC analysis for prediction of PSVT, based on
this logistic regression model, including preopera-
tive SVD b grouped at a cutoff value of 8 mm. The
AUC was 0.8552 (95% CI 0.821-1.000).

DISCUSSION

Splenomegaly is considered as a risk factor for
PSVT after splenectomy.®*1%12 A large stump of
splenic vein tends to enhance thrombosis probably
due to blood stasis and turbulence.!? Although
splenomegaly indirectly indicates splenic vein
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Table III. Results of multivariate logistic regression analysis of post-splenectomy PSVT
Estimate (log-OR) 95% confidence interval P value*
Age 0.0078 —0.047, 0.063 781
Sex (M:0, F:1) -0.0193 —2.858, 2.820 .989
BMI (kg/m?) -0.3075 —0.769, 0.154 164
Malignant vs benign ~1.1937 —4.618, 2.231 .496
Operating time (min}): ~0.0105 —0.034, 0.013 374
Blood loss (ml) —0.0006 —0.025, 0.024 964
Platelet count: preoperative (X 10%/uL) 0.0075 —0.007, 0.022 .295
Platelet count: POD 7 (X 10%/uL) 0.0003 —0.005, 0.006 916
SVD at location & (mm) 0.6280 0.052, 1.204 013
Splenic weight 0.0029 —0.004, 0.010 .238

SVD, Splenic vein diameter.

*The relationships between the parameters and incidence of PSVT was examined by logistic regression models in the single-variate and multivariale

analyses.
10 edema and ascites. The drawbacks of CT are expo-
sure to radiation and use of contrast material.
08 Our analysis demonstrated that preoperative
SVD in patients who later developed PSVT was
> 06 significantly larger than that of patients who did
s not develop PSVT irrespective of surgical treat-
"é ment, and that the incidence of PSVT after lapa-
g 04 AUC=0.8552 |93%C1: 0.821 - 1.000) roscopic splenectomy correlated with preoperative
[ ]
SVD. Especially, the incidence of PSVT in patients
02 with preoperative SVD greater than 8 mm was very
high. Multivariate analysis identified preoperative
00 SVD, irrespective of the location of measurement,
0.0 0.2 0.4 06 08 10 as a significant independent risk factor for PSVT.

1-specificity

Fig 4. Receiver operator characteristic curve prediction
of post-splenectomy PSVT using preoperative SVD value.
Values for the area under the curve (AUC) and 95% con-
fidence intervals are provided.

dilation, the direct relationship between SVD and
postsplenectomy PSVT has rarely been studied.
Possible reasons are (1) the majority of all retro-
spective analyses have been evaluated by ultraso-
nography and retrospective data collection was
impossible, (2) measurement of SVD was not in-
cluded in the prospective trials. Since we have
been studying postsplenectomy PSVT with contrast
helical CT, we were able to review and collect data
of SVD pre- and postoperatively. Moreover, as we
described in our previous study, the usefulness
of CT for the diagnosis of PSVT after splenectomy
has been emphasized previously.g“*’]0 We prefer to
perform CT rather than ultrasonography to detect
PSVT, because it provides precise and objective in-
formation on PSVT for the entire portal venous
system as well as on other lesions such as bowel

Because measurement of SVD is very simple and
easy, preoperative SVD can be a very useful indi-
cator in the prediction of post-splenectomy PSVT.
We recommend measuring SVD preoperatively in
patients elected to undergo splenectomy.

We found significant differences in preoperative
SVD at all 4 locations. For practical purposes, SVD
should be measured at about 2 cm distal from the
PVjunction, because itis visually easier to recognize
this portion on transaxial CT images than other
locations. Eguchi et al'* demonstrated that SVD was
significantly larger in patients with idiopathic portal
hypertension (IPH) than in those with liver cirrho-
sis (16.2 vs 14.2 mm), and the incidence of PSVT was
higher in patients with IPH than those with liver cir-
rhosis. Although their investigation was conducted
in patients with portal hypertension, our results in
patients with normal portal pressure are consistent
with their data in terms of SVD and tendency for
PSVT. They concluded that a decrease in blood
flow in the portal vein might be associated with
the development of PSVT in patients with IPH.
De Cleva et al'® also found low blood flow in
portal veins of patients with PSVT after esophago-
gastric devascularization with splenectomy for
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hepatosplenic infestation with Schistosoma mansonia.
However, the difference in the reduction of portal
flow was not significant between patients with and
without PSVT (42 + 16 vs 33 + 30%). Since reduc-
tion in SVD correlates with reduction in portal or
splenic vein blood flow, we speculate that the
greater the reduction rate of SVD is, the greater
the incidence of PSVT. Our data on the reduction
rate of SVD clearly showed that the reduction rate
of SVD in patients with PSVT was significantly
greater than in patients without PSVT.

We also found that the reduction of the size of
SVD in patients with PSVT were greater than those
without PSVT. Since thrombosis exacerbates nar-
rowing of the splenic vein, these results might not
be the cause, but rather the effect of thrombosis.
However, we have one possible explanation for
that. After splenectomy, splenic vein flow is re-
duced, followed by a decrease in SVD. These
changes enhance the development of PSVT, A
marked decrease in splenic vein flow volume
following splenectomy requires sufficient narrow-
ing of the splenic vein in order to maintain splenic
vein flow speed; otherwise, thrombosis develops in
the splenic vein, leaving little space for drainage of
decreased blood flow. Thus, a greater reduction
rate of SVD and larger reduction in size was noted
in patients with PSVT. On the other hand, moder-
ate or mild decrease in splenic vein flow volume is
not associated with narrowing of the splenic vein
and hence protects against thrombosis. Our results
that the reduction rate of SVD and reduction in
size were smaller in patients without PSVT are
consistent with this hypothesis.

Before the present study, many patients who
underwent laparoscopic splenectomy had unevent-
ful recovery without any treatment for PSVT.
However, it was reported that progression of the
thrombus to occlude the portal and mesenteric
veins could cause acute hypertension in the
splanchnic circulation and intestinal infarction,
which negatively influences the outcome in these
patients.” Accordingly, we believe that prevention
of further thrombus propagation is vital, even in
patients asymptomatic at the time of a diagnosis.
Since we do not know the natural history of
PSVT and there is no supporting evidence on no-
treatment, we are in the situation that all PSVT
would better be treated unless clinically contraindi-
cated. We have recently reported that patients with
total splenic vein thrombosis are more likely to de-
velop clinical symptoms and are thus candidate for
aggressive treatment.'® Importantly, since CT can
detect small thrombi, not all patients with PSVT
detected by CT are symptomatic. Further research
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on patients with asymptomatic PSVT must be car-
ried out.

In conclusion, preoperative SVD was identified
as a significant independent determinant of post-
splenectomy PSVT, with a calculated cutoff value of
8 mm. We currently perform pre- and post-opera-
tive CT routinely to detect PSVT. However, there
are many issues to be answered. For example,
should all patients be screened? Should asymp-
tomatic PSVT be treated? Should prophylaxis be
carried out for patients with greater SVD? We plan
prospective studies to resolve such issues. Future
prospective studies related to postsplenectomy
PSVT need to include measurement of pre- and
post-operative SVD to clarify these issues. Because
hemodynamic changes in the portal system play
pivotal role and can be influenced by pneumoper-
itoneum, measurement of splenic vein flow is also
mandatory. Prospective investigation of postsple-
nectomy PSVT to evaluate these factors would
answer questions on postoperative surveillance,
efficacy of prophylaxis, and treatment of PSVT.

This study did not demonstrate the risk of
laparoscopic surgery on postsplenectomy PSVT.
Since  pneumoperitoneum-associated hemody-
namic changes and coagulation impairment have
been 1postulated recently as etiologic factors for
PSVT,'720 prospective randomized studies that
compare the incidence of PSVT between laparo-
scopic and open splenectomy with similar patient
background stratified by SVD are necessary.

In conclusion, preoperative SVD is a risk factor
for postsplenectomy PSVT. We recommend mea-
surement of SVD preoperatively in patients elected
to undergo splenectomy. Patients with preopera-
tive SVD greater than 8 mm should be closely
monitored after splenectomy because they are at
high risk for portal or splenic vein thrombosis.
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introduction

MicroRNA (miRNA) is small (~22 nucleotides), non-coding
RNA. Mature miRNA transcribed as long primary transcripts is
processed to pre-miRNA in the nucleus by Drosha/DGC8 [1], and
then processed in the cytoplasm by Dicer [2]. MiRNA is further
incorporated into the RNA-inducing silencing complex (RISC),
which includes Argonaute [3] to regulate gene expression via post-
transcriptional repression. Over the past few years, more than 400
miRNAs have been identificd, but their function is largely
unknown. Several miRNAs exhibit tissue-specific or developmen-
tal stage-specific expression [4,5], indicating that they have
important roles in many biological processes.

Dicer] encodes an RNaselll endonuclease, a key enzyme that
processes miRNA. It is broadly expressed in developing tissues,
and several mutant alleles of Dicer! have been generated in mice.
Dicer] scems to be critical in early development since loss of its
function was lethal at embryonic day 7.5 [6]. Characterization of
Dicer] hypomorphic mice showed that the gene is required for
embryonic angiogenesis [7]. Conditional inactivation of Dicer! in
the mouse limb bud mesenchyme [8], lung epithelium [9],
epidermal hair follicle [10], and pancreas [11], T cell development
and differentiation {12] led to the conclusion that Dicerl, which
processes miRNA, is indispensable for the development and
morphogenesis of these tissucs.

We previously generated Dicer!-hypomorphic mice (homozy-
gous Dicer] —/— mice) [13). Completc loss of Dicer! in mice results
in carly embryonic death [6]; however, our Dicer!-hypomorphic
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mice were viable [13]. To study the function of Dicer! in the
maintenance of homeostasis in adult tissues, we analyzed the adult
tissues histologically and found abnormalities only in the pancreas.
The phenotypes detected in the pancreas of Dicerl-hypomorphic
mice might resemble the diflerentiation of endocrine precursor
cells in adult pancreas,

The pancreas consists of threc main tissue cell types: the
endocrine cells (islet of Langerhans) which produce hormones such
as insulin and glucagon; the exocrine acinar tissues which secrete
digestive enzymes; and the branched duct. Numerous mechanisms
that control the differentiation of endocrine and exocrine cells in
the embryonic pancreas have been revealed [14], but how
endocrine cells (especially insulin-producing B cells) are main-
tained in postnatal life has been controversial [15]. At E9.5, the
endocrine cells of the pancreas arise from endocrine precursor
cells, which express both glucagon and insulin and divide into
distinct lincages such as glucagon or insulin-expressing cells. On
the other hand, in the adult pancreas, it had been considered that
there are no endocrine progenitor cells and that B cells are
gencrated only by the replication of existing B cells, not from the
differentiation of endocrine precursor cells (ncogenesis) {16,17].
Hovwever, several studies suggested that B cell differentiation from
endocrine precursor cells can occur in adults in the regeneraling
pancreas after a partial pancréatectomy or  duct ligation
(18,19,20,21}. In the regenerating pancreas, vigorous expansion
of the B cell population was observed, and partial pancreatectomy
and duct ligation has been a good model for regenerating
endocrine cells. The phenotypes obscrved in Dicerl-hypomorphic
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mice suggested that Dicer] regulates the endocrinal neogenesis in
the adult pancreas. Previous study showed that Dicer! is
indispensable for normal development of the pancreas [11];
however, its function in the adult pancreas had not been
elucidated. Here we report that Dicer] also has important functions
in the adult pancreas.

Results

Dicer1 expression was significantly reduced in all tissues
of Dicerl-hypomorphic mice but histological
abnormalities were only found in the pancreas

Dicerl-hypomophic mice (homozygous  Dicer/—/— mice}
showed a lower birth rate than cxpected by Mendelian rules
[13]; however, they did not differ from their wild-type littermates
in overall health. Although they showed slight growth retardation
from 10 to 50 days of age, their body weight was similar to that of
wild-type mice after 50 days of age (Fig. 1). A comparison of Dicer!
expression in nine tissues of adult mice revealed a 70-85%
reduction in the hypomorphic mice (Fig. 2). Although we analyzed
more than 40 tissues (Table 1), histological examination revealed
no abnormalities in any tissues except the pancreas (Fig. 3); thus
we focused on the pancreas of Dicerl-hypomorphic mice.

Dicer1 could be involved in differentiation of endocrine

cells in adult pancreas

In DicerI-hypomorphic mice, the size of the pancreas in adults
(8-10 wecks of age) was nearly identical to that in the wild-type
mice; however, there were more small islets (Fig. 4). In some of
these islets, the distribution of islet cells and staining of nuclei were
irregular (Fig. 5A). The boundary of islets and ducts was not
clearly defined in the pancreas (Fig. 5B). Immunohistochemical
analysis revealed mostly normal staining of insulin and glucagon at
8-10 weeks of age; however, the number of ductal epithelial cells
stained with insulin or glucagon was significantly increased
(Fig. 5C-111, P=0.0051). In some modcls of pancreatic regener-
ation including partial pancreatectomy, insulin or glucagon-
stained cells are present in the ductal epithelium, which had led
to the idea that some endocrine cells differentiate in the ducts
[18,19,20,21]. Our observations in Dicer/-hypomorphic mice
suggest that regeneration from the endocrine precursor cells took
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Figure 2, Comparison of Dicer! expression in nine tissues
between wild-type (+/+) and Dicerl-hypomorphic {~/~) mice.
The expression in the Dicerl-hypomorphic mice was normalized to that
in the wild-type mice.

doi:10.1371/journal.pone.0004212.9002

place in adulthood. Next we conducted a histological examination
of the markers Pdx-1 and Ki67. The population of ducts
containing Pdx-1-positive cells was significantly increased
(Fig. 5C-IV, P=0.009). Pdxl-positive cells in the ducts are
possibly the adult progenitor cells [22,23], and PDX-1 protein was
detected in the pancreatic duct in adult rats after partial
pancreatechtomy [21]. Surprisingly, abnormal staining of Ki67,
which is a marker for proliferation of the cells, was detected in the
pancreatic ducts in two of six Dicer/-hypomorphic mice (Fig. 5C-
V). In some Ki-67-positive ducts, all the epithelial cells were
stained. No such observations were found in wild-type mice.
Interestingly, cells morphologically different from either acinar
or islet cells were observed in Dicerl-hypomorphic mice (Fig. 5D-I).
Under a light microscope, some appeared to be syncytial multi-
nucleated cells near the pancreatic duct and in acini, Numerous
nuclei were distributed irregularly and were often clustered in the
cells, which were all double-positive for insulin and glucagon
(Fig. 5E). Cells double-positive for insulin and glucagon were
significantly increased in DicerI-hypomorphic mice compared to
wild-type mice (Fig. 5D-11, P=0.0019). In the exocrine portion of

Figure 1. Body weight growth curves. Male wild-type (+/+) and Dicer1-hypomorphic (—/—) mice were measured to determine the change in

body weight from 10 to 80 days of age. *, P<0.05. n=8-10 per group.
doi:10.1371/journal.pone.0004212.g001
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Table 1. The list of tissues with histological analysis (H&E
assessment).

harderian gland  esophagus

kidne 6f uscl hyroid glar
pancreas seminal vesicle sciatic nerve liver
tongue ulati lecyst

spleen

pituitary gland
submandibular gland

parotid gland

yriu

cervical lymph node

spinal cord

rectum

Histological analysis of these tissues was performed in wild-type (+/+} (n=2)
and Dicer1-hypomorphic {—/—) mice (n=4),
doi:10.137 Vjournal.pone.0004212.t001

the pancreas of Dicer/-hypomorphic mice, most acini were
morphologically normal, but some showed an irregular morphol-
ogy (Fig. 5F). The shapes and position of the cells were irregular
and the acinar structure was not organized. In normal acinar cells,
zymogen granules are observed in the center of the acinus and the
nucleus is located at its periphery.

+/+ -/- ++ /-
heart spleen
lung tongue
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duodenunyiejunum
cholecyst
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prostate E o I
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ectum
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We next investigated when the abnormal morphology appeared
in the development of the pancreas in Digerl-hypomorphic mice.
For this purpose, a histological analysis was performed using E15.5
embryos, PI mice, and 4-week-old mice. The pancreas of both
wild-type and Dicer/-hypomorphic mice developed normally and
endocrine and exocrine cells appeared morphologically normal at
E15.5 and Pl (Fig. 6A, B); the same abnormalities obscrved in
adult Dicerl-hypomorphic mice were detectable at 4 weeks of ages
(Fig. 6C), although the number of abnormal cells was less than that
found in adult Dicer/-hypomorphic mice. This suggested that the
pancreas of Dicer/-hypomorphic mice developed normally after
birth and abnormal cells appeared at around 4 weeks after birth,
increasing with age.

Surprisingly, the observations found in Dicerl-hypomorphic
mice were quite similar to the histological findings in transgenic
mice expressing a truncated type II activin receptor [24].
Therefore, we next investigated the expression of the activin type
IT receptor in the pancreas of Dicerl-hypomorphic mice. Two
related receptors, ActRIIA and ActRIIB, were initially identified
as type II receptors for activin [25,26]. ActRIIA and ActRIIB have
been reported to bind not only to activin [27], but also to other
TGF-B family proteins, including BMP7 [28), GDF8 [29], Nodal
[30], and GDFI11 [31]. The precise role of the two activin
receptors is still not clear. Real-time PCR analysis revealed that
the expression of ActRIIA was slightly up-regulated in Dicerl-
hypomorphic mice compared to wild-type mice, while the
expression of ActRIIB did not differ (Fig. 7). Therefore, the
abnormal morphology might be attributed to another signaling
cascade.

submandibular gland

e

Figure 3. H&E-stained section of adult tissues of wild-type (+/+) (n=2} and Dicer’-hypomorphic {~/—) mice (n=4),

doi:10.1371/journal.pone.0004212.g003
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Figure 4. Comparison of the size of islets in wild-type and Dicer1-hypomorphic mice, The islets mass was measured in wild-type (blue bar)
and Dicer1-hypomorphic mice (pink bar). The numbers of islets were examined in wild-type (n=6) and Dicerl-hypomorphic (n=6) mice, with six
sections from each animal. The graph shows the percentage of islets in each size category.

doi:10.1371/journal pone.0004212.g004

Detection of differential expressed miRNAs by microarray
analysis

Because Dicerl is required for the processing of miRNAs, the
reduction of Dicer] results in a decrease in miRNAs. To determine
the differential expression of miRNAs in the pancreas of adult
wild-type and Diceri-hypomorphic mice, a miRNA microarray
analysis was performed. The miRNAs of the pancreas of two wild-
type and two Dicer/-hypomorphic mice were analyzed. Signals
were very weak on hybridization with miRNA in the pancreas
compared to other tissues; therefore a total of 83 miRNAs, which
showed strong signals, were analyzed. Fig. 8 shows the change in
the distribution of miRNA levels in Dicer/-hypomorphic mice
compared to wild-type mice. Surprisingly, miRNA expression did
not dramatically change in Dicer-hypomorphic mice compared to
the wild-type animals: however, 7% of miRNAs were down-
regulated less than 0.5 fold. These miRNAs might function in
maintaining the adull pancreas, but at present their relationship
with the abnormal phenotype in Dicerl-hypomorphic mice is
unclear. Why was only 7% of the miRNA expressed in pancreas
attenuated? Dicerl protein might catalyze processing of pre-
miRNA differently dependent on the sequence when generating
miRNA. The down-regulated miRNAs might be more difficult to
process than the other miRNAs and thus significantly reduced
Dicer] expression might affcct their generation.

Glucose metabolism was normal in Dicer1-hypomorphic
mice

The hypo-expression of Dicer] leads to abnormal endocrine
cells, which might affect the function of the pancreas; therefore, we
next investigated the metabolism of glucosc in Dicer! -hypomorphic
mice. Despite histological abnormalities in pancreatic islets, a
glucose tolerance test showed that Dicer! -hypomorphic mice were
able to clear glucose from the blood as efficiently as wild-type mice
(Fig. 9A), and had insulin levels similar to wild-type mice (Fig. 9B).
Despite no significant differences in the insulin content of serum
afler overnight fasting, Dicerl-hypomorphic mice showed a slightly
reduced blood glucose level on fasting. Dicer] -hypomorphic mice

@ PLoS ONE | www.plosone.org

were smaller than the wild-type mice before 50 days of age;
therefore, we hypothesized that the growth hormone level affects
fasting hypoglycemia. We checked the blood growth hormone
level; however, we found no significant differences with wild-type
mice (Fig. 9C). Thus, the growth hormone level is not responsible
for fasting hypoglycemia in Dicer]-hypomorphic mice, probably
due to an unknown mechanism involved in glucose metabolism in
other tissues.

Discussion

Dicer, the enzyme that generates miRNAs, has been reported to
have quile important roles in a variety of developmental processes.
In our Dicerl-hypomorphic mice, histological analysis (H&E
assessment) showed that the abnormalities were found only in
the pancreas and not in other tissues. However, we could not
exclude the possibility that there are more minute structural
abnormalities not detected with the H&E assessment, or functional
abnormlities. In this study, we focused on the pancreas. The
pancreatic-specific knockout of Dicer] clarified that miRNA is
required for the development of the pancreas in embryogenesis
[11]. Our study suggested that Dicer] also has important functions
in maintaining the adult pancreas.

Histological, abnormalities such as the irregular distribution of
islet cells, and deviations from the typical structure of the acinus,
were found in endocrine and exocrine cells in the adult pancreas of
Dicerl-hypomorphic mice, although none of thesec abnormalities
were detected before 4 weeks of age. Dicer] is indispensable for
normal pancreatic cell differentiation at embryogenesis [11]. The
pancreas-specific Dicer] knockout mice survived until birth but
died before P3. Thesc mice showed gross defects in all pancreatic
lincages, and the formation of exocrine cells and duct celis,
especially endocrine cells, was greatly impaired. Given that
miRNA most probably plays essential roles in the morphogenesis
of many tissues in a developing embryo [7,8,9,10,12], the gross
defects in all pancreatic lincages observed upon removal of Dicer!
are not surprising. These mice dicd soon after birth; therefore, it is
impossible to study the role Dicer may play in adult tissues.

January 2009 | Volume 4 | lssue 1 | e4212
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Propertion of ducts
containing epithelial cells
ctained with Pdxi

Figure 5. Pancreas morphology in adult (8-10 weeks of age) Dicerl-hypomorphic mice. A, B: Hematoxylin-eosin (H & E)-stained islets of
the pancreas from an 8-week-old wild-type (+/+) mouse and Dicer1-hypomorphic (—/—) mice (*400). A: Arrows indicate an irregular distribution of
islet cells. B: Arrowheads indicate that the boundary of islets and ducts was not clearly defined in the pancreas of Dicer1-hypomorphic mice. C:
Immunohistochemistry of duct cells of Diceri-hypomorphic mice. (1) insulin (green) and glucagon (red) double-expressing cells were detected in the
duct. {I§) insulin-positive cells (brown) and glucagon-positive cells (blue) were observed in the duct, (i) Compoarison of the number of epithelial cells
stained with both insulin and glucagon, only insulin, and only glucagon in wild-type and Dicerl-hypomorphic mice. These numbers were averaged
from 6 animals, with six sections from each animal, **, P<0.01. (IV) Comparison of the proportion of ducts containing epithelial cells stained with
Pdx1 in wild-type and Dicer1-hypomorphic mice. Arrowheads indicate the Pdx1-positive cells. ¥, P<0.01. (V) Abnormal staining of Ki67 was observed
in the pancreas of Dicerl-hypomorphic mice. D: (1) H & E-stained multinuclear atypical cells in the pancreas of Dicer1-hypomorphic mice. The black
dotted line indicates atypical multinuclear cells. (H) Comparison of the number of multi-nucleated cells in wild-type and Dicer1-hypomorphic mice.
These numbers were averaged from 6 animals, with six sections from each animal. **, P<0.01. E: Immunohistochemistry of multinuclear atypical cells
of adjacent sections of the pancreas of Dicer1-hypomorphic mice using anti-insulin (i) and anti-glucagon () antibodies. F: H & E-stained acinar cells.
The rectangular areas outlined in the upper panels are magpnified in the lower panels. An abnormal structure of exocrine cells was observed in the

pancreas of Dicer1-hypomorphic mice.
doi:10.1371/journal.pone.0004212.g005

The pancreas of our Dicerl-hypomorphic mice developed
normally and the reduced expression of Dicer/ did not affect the
development of the pancreas during embryogenesis or the
neonatal stage. However, aberrant endocrine and exocrine cells
could be detected after 4 weeks of age, and the number of
abnormal regions secemed to increase with age. It is interesting that
the developing pancreas during embryogenesis and the adult
pancreas differ in sensitivity to the Dicer/ level. In other words, the
reduction in Diser! only affects the maintaining of adult pancreas,
not the normal development of the pancreas.

In addition, these observations, such as the increasing number
of ductal epithelial cells stained positive for insulin, glucagon, and
Pdx-1 in Dicer]-hypomorphic mice (Fig. 5D-III, 1V), were also
found in the regencrating pancreas [18,19,20,21), suggesting that
the differentiation of endocrine precursor cells (ncogenesis)
occurred in the adult pancreas. Morcover, a quite ntriguing
observation was the existence of unknown abnormal multi-
nucleated cells in the pancreas that expressed both glucagon and
mnsulin. In the developing pancreas, endocrine precursor cells first

@ PLoS ONE | www.plosone.org

appeared at E9, and these cells expressed both glucagon and
insulin [32,33], then differentiated into insulin-producing cells or
glucagon-producing cells. These cells in our adult Diceri-
hypomorphic mice resembled endocrine precursor cells in the
fetal pancreas in terms of the expression of both glucagon and
insulin. Therefore, Dicer! might have roles in regulating endocrine
precursor cells in the adult pancreas.

The proliferation of duct cells is increased in the regenerating
pancreas compared to the normal adult pancreas [20]. However,
in some Dicer]-hypomorphic mice, abnormal proliferation of duct
cpithelial cells was observed (Fig. 5D-V). These features were not
detected in wild-type mice and could be caused by the reduction in
Dicerl.

Surprisingly, these histological observations in Dicerl-hypomor-
phic mice were quite similar to the histological findings in
transgenic mice expressing the truncated type II activin receptor
[24]. However, as our Dicerl-hypomorphic mice showed only a
1.2-fold increase in ActRIIA in the pancreas, ActRIIA might not
cause the abnormal phenotype.
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Figure 6. Histological and immunohistochemical analysis of the pancreas at E15.5 (A) and P1 (B) of wild-type and Dicerl-
hypomorphic mice, Dicer1-hypomorphic mice show normal insulin {brown) and glucagon (blue) staining at E15.5 and P1. C Histological
abnormalities found in the pancreas of 4-week-old Dicer1-hypomorphic mice. () The endocrinal distribution was slightly irregular. The dotted line
indicates the abnormal region of the islet. Iy Multi-nucleated cells were observed. The dotted line indicates multi-nucleated cells, which were also

found in the pancreas of adult Dicer1-hypomorphic mice.
doi:10.1371/journal pone.0004212.g006

Because Dicer] has a key role in generating a large number of
miRNAs, its removal results in a significant decrease in miRNAs.
In the pancreas of our Dicerl-hypomorphic mice, the expression
levels of miRNA changed slightly compared to wild-type level
which is why the mice could survive. A complete loss of Dicer in
mice results in early embryonic death. A large number of genes
control the development or maintenance of the pancreas, and
these genes might be a potential target of miRNAs. Even a slight
change in miRNA expression might affect the gene expression,
leading to the abnormal morphology in Dicer]-hypomorphic mice.
Further exploration is necessary lo investigate the relation between
these genes and miRNA in the pancreas.

Our results suggest that Dicer] functions in the adult pancreas
and also raise the possibility that Dicer] regulates the differentiation
of endocrine precursor cells there. Further analysis is necessary to

25
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Fold change from wild-type

.

ActRIIA _ ActRIIB

Figure 7. Analysis of ActRIlA and ActRIIB expression. Data are
expressed relative (n-foid) to the wild-type pancreas and correspond to
the means and standard errors for three independent experiments
performed in triplicate. *, P<0.05. wild-type n=9, Dicer1-hypomorphic
mice n=9.

doi:10.1371/journal.pone.0004212.g007
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understand the mechanism behind the maintenance of each cell
type in the adult pancreas, especially B cells.

Materials and Methods

Gene targeting and mice

We generated Dicer]-deficient mice from an ES cell (RFF266),
which was obtained from Bay Genomics [34], carrying a gene
trap insertion between exon 22 and exon 23, resulting in
disruption of the second RNaselll domain and loss of the double-
stranded RNA-binding domain. A gene trap vector called
pGTI1Lxf, which has a splicing acceptor, was used to make this
ES cell. Targeted clones were injected into blastocysts to generate
chimeras. Five chimeras were generated and backcrossed with
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Figure 8. The distribution of changes in miRNA levels in Dicer]-
hypomorphic mice compared to wild-type mice.
doi:10.1371/journal.pone.0004212.g008

January 2009 | Volume 4 | lssue 1 | e4212



Glucose tolerance test

Insulin concentration

Dicer's Role in Adult Tissues

C

Growth hormone concentration

Rd

»
t

400

& 350
g ~~
‘gp 300 E
Y 250 &
“
g 200 g
2 S
B 150 &
% 100 g
] b
m 50 A

o -1

Omin

Time after glucose injection (min)

Time after glucese injection (rin)

*»

N+
o

o
In e

Growth Hormone conc (ng/mil)
o &

30min

+/+ -/-

Figure 9. Glucose metabolism and growth hormone levels in wild-type and Diceri-hypomorphic mice. A: Glucose tolerance test, Fasted
8-week-old mice received an intraperitoneal injection of glucose (2 mg/g body weight). B: Insulin concentration, Plasma insulin was measured before
and after the intraperitoneal glucose injection. C: Growth hormone concentration. Plasma growth hormone concentrations were measured in wild-
type and Dicer1-hypomorphic mice. A, B: Values are expressed as the means*S.D. (n=20 per group). C: Values are expressed as the means=S.D.,

(n=10 per group).*, P<0.05.
doi:10.1371/journal.pone.0004212.g009

C57BL/6 mice. Dicer] heterozygous mice were backcrossed with
G57BL/6 mice for 12 generations. All animal experiments were
approved by the Animal Research Ethics Board at the Guama
University.

Histochemistry and immunohistochemistry

Tissues and embryos were fixed overnight in formalin at 4°C
and embedded in paraffin. Standard techniques were used for the
embedding, sectioning and staining of tissues. Sections were cut at
5 pm. Immunohistochemistry was performed as follows: The
slides were dewaxed and washed in PBS, and blocked in 1% BSA
for 30 min, They were then incubated with primary antibodies
overnight at 4°C in PBS containing 1% BSA, washed in PBS, and
incubated with the appropriate secondary antibodies for 1 hour at
room temperature. The slides were washed in PBS and mounted
with Pristine Mount (Parma) with DAPI. The primary antibodies
used were rabbit anti-glucagon (1:200, DAKO) and guinea pig
anti-insulin (1:200, DAKO), rabbit Ki67 monoclonal antibody
(Lab Vision), and Pdxl (a gift from Christopher V. Wright
(Vanderbilt University, Nashville)). The secondary antibodies were
conjugated to rodamin (1:200, Jackson) and Alexa 488 (1:200,
Molecular Probes). The slides were examined with a Nikon
ECLIPSC TE300 and images were obtained with a LEICA
DFC400 camera.

Measurement of islet area

B-cell mass was measured using Image J software (NIH), Islet
numbers and areas were averaged from 6 animals, with six
sections from each animal, 250 um apart.

RNA extraction and quantitative RT-PCR

Total RNA was prepared from isolated tissues using the RNeasy
mini kit (Qiagen) with a modificd protocol to purify total RNA
containing miRNA from animal tissues. Diflerential gene
expression was confirmed using the SYBR Premix Ex Taq
(TAKARA) in accord with the manufacturer’s instructions. The
reaction was performed using the SYBER Green program on an
ABI PRISM 7700 scquence detector system (Applicd Biosystems).
The expression of mRNA was normalized to that of GAPDH
mRNA.

@ PLoS ONE | www.plosone.org

Primer sequences were as follows, ActRIIA: 5-AGCGGAG-
CTGACAGTGATTT-3', 5'-CATACACGCACAACACACCA-3'
ActRIIB: 5-TGGACATCCATGAGGTGAGA-3', 5'-CAGCAG-
CTGTAGTGGCTTCA-3'

mMiRNA microarray

Small RNAs were labeled with a miRNA labeling Reagent &
Hybridization Kit (Agilent) based on the manufacturer’s instruc-
tions. The Cy3-labeled RNA molecules were hybridized with a
Mouse miRNA microarray {Agilent), consisting of control probes,
mismatch probes, and 567 capture probes as registered and
annotated in Sanger miRBase v10.1. A DNA MicroArray Scanner
(Agilent) was used to scan images. The scanned images were
analyzed with Agilent Feature Extractin Ver.9.5.3 (Agilent). Data
were normalized globally per array. The net intensity values were
normalized to per-chip median values.

Glucose tolerance test and insulin concentration

After overnight fasting, 2 mg/g (body weight) of glucose was
administered intraperitoneally. Blood samples were drawn intra-
peritoneally from the tail at different times, and the blood ghucose
concentration was measured with an automatic blood glucose
meter, Freestyle Freedom (NIPRO). Whole blood was collected
and centrifuged, and the plasma was stored at —80°C. The insulin
concentration was measured with an insulin measurement kit
(Morinaga) in accordance with the manufacturer’s instructions.

rd

Growth hormone measurements

Growth hormone concentrations of wild-type and Dicerl-

hypomorphic mice were measured with a rat/mouse growth
hormone ELISA kit (LINCO Rescarch).

Data analysis

Data were analyzed by the one-sample t-test and independent
samples t-test. Data are the means*S$.D.
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Abstract

Background and Aim: Multipotential mesenchymal stem cells (MSC), present in many
organs and tissues, represent an attractive tool for the establishment of a successful stem
cell-based therapy in the field of regeneration medicine. Adipose tissue mesenchymal stem
cells (AT-MSC), known as adipose-derived stem cells (ASC) are especially attractive in the
context of future clinical applications because of their high accessibility and minimal
invasiveness during the procedure to obtain them. The goal of the present study was to
induce human ASC into functional hepatocytes in vitro within a very short period of time
and 1o check their therapeutic potential in vivo.

Methods: In vitro generated ASC-derived hepatocytes were checked for hepatocyte-
specific markers and functions. Afterwards, they were transplanted into nude mice with
liver injury. Twenty-four hours after transplantation, biochemical parameters were
evaluated in blood serum.

Results: We have shown here that ASC can be differentiated into hepatocytes within 13
days and can reach the functional properties of primary human hepatocytes. After trans-
plantation into mice with acute liver failure, ASC-derived hepatocytes can restore such liver
functions as ammonia and purine metabolism. Markers of liver injury, alanine aminotrans-
ferase, aspartate aminotransferase, as well as ammonia, were decreased after ASC-derived
hepatocyte transplantation,

Conclusions: Our data highlight the properties of ASC as having a special affinity for
hepatocyte differentiation in vitro and liver regeneration in vivo. Thus, ASC may be a
superior choice for the establishment of a therapy for injured liver.

Introduction

The liver is exposed to many factors such as drugs, xenobiotics and
viruses, which cause chronic hepatitis and liver cirrhosis. In most
cases these lead to hepatocellular carcinoma and finally to organ
failure, where there is chronic inflammation, fibrosis and no longer
any regeneration ability.!

At present, liver transplantation is the only effective treatment
for severe liver injuries. However, because of organ rejection and
lack of donors, alternative strategies are urgently needed.

Human primary hepatocytes are commercially available;
however, maintaining them in in vitro culture is very difficult, if
not nearly impossible. After a few days of in vitre culturing they
lose their functions. Additionally, their usage does not solve the
problem of rejection. These factors limit their experimental appli-
cations and exclude their clinical usage.

In the last few years, extrahepatic cell populations with the
potential to impact liver diseases have been discovered. The poten-

70

tial candidate stem cells for therapy of an injured liver are mesen-
chymal stem cells (MSC), which can be obtained from different
sources such as bone marrow (BM),? umbsilical cord blood (UCB),}
amniotic fluid (AF),* scalp tissue,* placenta,® or adipose tissue
(AT)™ of the human body. These cells reveal a multipotentiality
and semi-infinite proliferation ability. The hepatogenic differentia-
tion capacity of MSC has been confirmed in many independent
studies on BM-MSC* UCB-MSC,'>¢ and adipose-derived
stem cells (ASC)."" The possibility for their future application in
the therapy of liver diseases is very promising. MSC can easily be
obtained from a patient’s own tissues, isolated ex vivo, expanded,
differentiated toward hepatocytes, and transplanted back into the
patient in the form of either undifferentiated MSC or MSC-derived
hepatocytes. Such a possibility sidesteps the limits regarding
ethical issues and immunocompatibility problems. Importantly,
MSC represent an advantageous cell type for allogenic trans-
plantation as well, because they are immuno-privileged with low
major histocompatibility complex (MHC) 1 (histocompatibility

Journal of Gastroenterology and Hepatology 24 {2009) 70-77 © 2008 The Authors
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STEP2 STEP3
10 days

~few days {optional)

Unfractionated
ASCs

Collagen Type l-coated dish

Hepatocytes

Figure 1 Improved and modified hepatogenic induction strategy. At present, approximately 2 weeks are required to induce hepatogenic character-
istics in adipose-derived stem cells {ASC). Unfractionated ASC were plated on collagen type l-coated dishes and were treated with Activin A and FGF4
at step 1, followed by step 2, treatment with hepatocyte growth factor (HGF), fibroblast growth factor (FGFI1, FGF4, oncostatin M (OsM),
dexamethasone, insulin-transferrin-selenium (ITS), dimethyl sulfoxide {DMSO), and nicotinamide. At this point, cells may be maintained a few days
in hepatocyte culture medium {(HCM) alone (or optionally supplemented with 108 mol/L dexamethasone and 0.05 mmol/L nicotinamide). MSC,

mesenchymal stem cells.

lymphocyte antigen {HLA II) and no MHC I (HLA I)
expression, therefore reducing the risk of allogenic tranSplant
rejection. 2’

Currently, attention is being given to adipose tissue (AT) as a
source of MSC for regenerative medicine. From adipose tissue, a
sufficient number of stem cells for a stem cell-based therapy may
be obtained without invasiveness or damage to a patient’s health.
We have already demonstrated that human ASC have the ability to
give rise to hepatocyte-like cells and that CDI105 is a candidate
mesenchymal stem cell marker.!” However, this in vitro differen-
tiation method is not applicable to a practical, clinical use, as more
than 1 month is required to induce ASC into cells with hepatic
functions.

In the present study, we evaluate the therapeutic potential of
ASC-derived hepatocyte-like cells after transplantation into mice
with liver injury. Clinical applications in the future would require
a special approach, such as shortening as much as possible ex vivo
manipulations, including cultivation and direct hepatic fate. There-
fore, we improved and modified our hepatocyte differentiation
strategy, based on the current knowledge on in vivo mouse fetal
liver development. At present, a period as short as 13 days is
required and that strategy is enriched by pretreatment with Activin
A (PeproTech, EC, London, UK) and fibroblast growth factor
(FGF)4 (PeproTech) (one of the factors secreted by septum trans-
versum mesenchyme (STM) and cardiogenic mesoderm at the
early stage of endoderm development in vivo). Additionally, we
reorganized the content of the growth factor cocktail and enriched
it with the addition of dimethyl sulfoxide (DMSO), nicotinamide
and insulin-transferrin-selenium. Using the present protocol, we
obtained functional hepatocyte-like cells in a much shorter period
of time. Finally, we transplanted ASC-derived hepatocyte-like
cells into immunodeficient mice with liver injury/non-severe acute
liver injury. Our resuits showed a significant decrease of ammonia,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and uric acid (UA) in the blood plasma of mice after
ASC-derived hepatocyte-like cell transplantation. The results
show a very important step towards future establishment of an
alternative and successful therapy for liver disease.

Journal of Gastroenterology and Hepatology 24 {2009) 70-77 © 2008 The Authors

Methods

Isolation and culturing of ASC

Adipose-derived stem cells were derived from abdominal subcu-
taneous adipose tissue, which was obtained from two female
gastric cancer patients (Donor #1 {36 years old] and Donor #2 [45
years old]), undergoing gastrectomy at the International Medical
Center of Japan, Tokyo. The hospital’'s committee of ethics
approved this study, and informed consent was obtained from both
patients. Adipose tissue was processed as previously described."
For in vitro differentiation, the cells (ASC062801, ASC012202,
ASC0025) obtained from DS Pharma Biomedical Co., Osaka,
Japan) were also analyzed.

Hepatic differentiation

At passage five to 10, the cells were plated on collagen type
I-coated dishes at a concentration of 3.0-4.0x 10* cells/cm’
(Fig. 1). When the cells reached confluency, hepatogenic induc-
tion was carried out over a period of 2 weeks. First, the cells
were treated for 3 days with DMEM (GibcoBRL, Tokyo, Japan)
(serum free) supplemented with 20 ng/mL Activin A and 20 ng/mL
FGF4 (PeproTech EC, London, UK). Afterwards, the cells were
cultured for 10 days in a hepatocyte culture medium (HCM),
containing S pg/mL transferrin, 107 mol/L hydrocortisone-21-
hemisuccinate, 0.5 mg/mL bovine serum albumin, 2 mmol/L
ascorbic acid, 20 ng/mL epidermal growth factor, 5 pg/mL insulin,
50 pg/mL gentamicin (Cambrex Corp., Walkersville, MD, USA)
and supplemented with 150 ng/mL hepatocyte growth factor
(HGF), 100 ng/mL FGF1, 25 ng/mL FGF4, 30 ng/mL oncostatin
M (OsM; PeproTech), (2% 10~ mol/L) dexamethasone (Dex;
Sigma, Tokyo, Japam), | X insulin-transferrin-selenium (ITS;
Gibco), 0.05 mmol/L nicotinamide (Sigma), and 0.1% DMSO
(Sigma). For the next few days, the cells were maintained with
HCM alone. For in vivo transplantation, hepatocyte-like cells from
two donors (#1 and #2) were harvested by treatment with a 0.05%
collagenase/1000 U/mL dispase solution for 3-5 min, dissolved in
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PBS (-) and injected intravenously into mice with liver injury
caused by CCl, injection.

Quantitative real-time PCR

In order to confirm the regulation of the hepatocyte-specific genes
in ASC-derived hepatocytes, we performed real-time polymerase
chain reaction (PCR) for albumin (ALB) and tryptophan 2,3-
dioxygenase (TDO2), with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as a reference gene. After retro-transcription,
¢DNA was subjected to real-time PCR by using Platinum Quan-
titative PCR Super Mix-UDG (Invitrogen, Tokyo, Japan) and
specific primers for ALB (NM_000477): F:GTCACCAAATG
CTGCACAGA, R:ACGAGCTCAACAAGTGCAGT for TDO2
(NM_005651): F:GTGTGCATGGTGCACAGAAT, R:GGGTT
CATCTTCGGTATCCA, for FOXA2 (NM_021784): F:GGGA
GCGGTGAAGATGGAAG, R'ITGCCAGCGCCCACGTA and for
GAPDH (NG_007073): F:.GAAGGTGAAGGTCGGAGT, and
R:GAAGATGGTGATGGGATTTC, based on the human genome
database. The PCR conditions were as follows: denaturation at
95°C for 30 s, annealing at 56°C or 60°C for 30 s, and extension at
72°C for 30 s for up to 45 cycles. Real-time PCR was carried out
by using the Applied Biosystems (Tokyo, Japan) PRISM 7700
Sequence Detection System.

Immunofluorescence

Cells were fixed in 4% formaldehyde for 10 min, followed by
incubation with Protein Block (DakoCytomation, Carpinteria,
CA, USA) for 30 min. ASC-derived hepatocytes were analyzed
by immunohistochemistry using monoclonal anti-human specific
albumin ALB (clone HAS-11, 1:250; Sigma) antibody overnight
at 4°C. The Alexa Fluor 488 (green, 1:1000)-conjugated sec-
ondary antibody (Invitrogen, Tokyo, Japan) was applied for
30 min. Nuclei staining was performed using 4,6-diamidino-2-
phenylindole (DAPI, Vector Laboratories, Burlingame, CA,
USA).

Albumin production

Albumin production was evaluated by enzyme linked immunosor-
bent assay (ELISA, E80-129; Bethyl Laboratories, Montgomery,
TX, USA). The antibody is human specific and does not cross-
react with mouse, rat, bovine, goat, and pig albumin. Briefly, the
supernatant during hepatogenic induction was collected every 3
days at days 3, 6 and 9, and ELISA assay was performed. Data are
reported as the mean * SD and were analyzed by Student’s r-test,
n=3 (*P <0.05).

ASC-derived hepatocyte transplantation into
mice with CCls-induced injury

Animal studies were carried out in compliance with the guidelines
of the Institute for Laboratory Animal Research, National Cancer
Center Research Institute. Six-week-old female BALB/c nude
mice (CLEA Japan Inc., Tokyo, Japan) were used. An acute liver
failure model was produced by giving one dose of CCls. At day 0,
mice underwent i.p. injection of 100 pL/20 g bodyweight of olive
oil containing 10 uL. CCl,. At day 1, mice underwent transplanta-
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tion of ASC-derived hepatocyte-like cells (Donor #1 (n=4), or
Donor #2 (n =4) at a concentration of 1.5 x 10° cells per mouse
(0.2 mL cell suspension was injected through the tail vein). As a
control, non-transplanted CCli-treated mice (n=3) and non-
transplanted CCly-non-treated (olive oil) (n = 3) mice were used.
Twenty-four hours after transplantation, blood serum was col-
lected and evaluated for biochemical parameters, such as AST,
ALT, UA and ammonia concentration levels.

Assessment of liver functions

Blood samples were obtained from each mouse, centrifuged for
20 min at 400 g and serum was collected. Serum samples were
tested for ammonia concentration level by using the Ammonia
Test-Wako (Wako Pure Chemicals, Tokyo, Japan). The concentra-
tion of markers of liver injury such as ALT, AST and UA was
analyzed by using a FUJIFILM DRI-CHEM 3500 machine and
FUJI DRI-CHEM Slides for ALT/ALT-PIII, AST/AST-PIL, and
UA-PIII, respectively (Fujifilm Co., Tokyo, Japan).

Statistical analysis

The results are given as the mean * SD. Statistical analyses were
conducted using either the variance with the Bonferroni correction
for multiple comparisons or the Student’s test. The statistical
analysis of quantitative relative expression was evaluated by using
the Pair Wise Fixed Reallocation Randomization Test©, Relative
Expression Software Tool-XL = REST-XL© (http://www.gene-
quantification.info/). A P value < 0.05 was considered significant.

Resuits

Hepatic fate specification of ASC

A direct fate hepatic specification (Fig. 1) was performed within
13 days. After that, ASC-derived hepatocyte-like cells could be
maintained for a few days in HCM alone (optionally supplemented
with Dex 10 mol/L and nicotinamide 0.05 mmol/L). After 3 days
of pretreatment with FGF4 and Activin A, ASC expressed FOXA2
(Fig. 2a), the expression of which was decreased at day 6 of the
induction system (3 days of pretreatment with FGF4 and Activin
A, followed by 3 days of treatment with a cocktail containing
HGF, FGF1, FGF4, OsM, Dex, ITS, DMSO and nicotinamide)
(Fig. 2a). FOXA2, so-called hepatocyte nuclear factor 3B (HNF-
3p) is an essential transcription factor for endoderm specification
as well as hepatogenic fate. Similarly, ALB (hepatocyte-specific
protein) and TDO2 (hepatocyte-specific enzyme, expressed by
mature hepatocytes) were also detected by quantitative PCR at day
3 and their expression increased at day 6 of the induction system
(Fig. 2a). The representative morphology of the ASC-derived
hepatocyte-like cells of either a cancer patient’s ASC or from the
commercialized cells at the 13th day of induction is shown in
Figure 2b. Importantly, 24 h of incubation with our new cocktail
(Step II) alone is enough to dramatically influence the morphology
of ASC (Donor #2) from fibroblast to epithelial (Fig. 3a). The
pretreatment with Activin A and FGF4, however, is very important,
because it induces the endodermal fate and alters further morpho-
logical changes and maturation of hepatocyte-like cells. As shown

Journal of Gastroenterology and Hepatology 24 (2009) 70-77 © 2008 The Authors

Journal compifation © 2008 Journal of Gastroenterology and Hepatology Foundation and Blackwell Publishing Asia Pty Ltd



