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Abstract
Intraportal injection is regarded as the current standard procedure of hepatocyte transplantation (HTx). In islet transplantation,
which shares many aspects with HTx, recent studies have clarified that instant blood-mediated inflammatory reaction (IBMIR),
characterized by strong innate immune responses, can cause poor engraftment, so other transplant sites to avoid such a reaction
have been established. Although IBMIR was reported to occur in HTx, few reports have evaluated alternative transplant sites for
HTx. In this study, we sought to determine the optimum transplant site for HTx. Rat hepatocytes (1.0� 107) were transplanted at
the 9 transplant sites (intraportal (IPO), intrasplenic (IS), liver parenchyma, subcutaneous, intraperitoneal, renal subcapsular,
muscle, inguinal subcutaneous white adipose tissue, and omentum) of analbuminemic rats. The serum albumin levels,
immunohistochemical staining (albumin, TUNEL, and BrdU), and in vivo imaging of the grafts were evaluated. The serum
albumin levels of the IPO group were significantly higher than those of the other groups (p < .0001). The BrdU-positive
hepatocyte ratio of liver in the IS group (0.9% + 0.2%) was comparable to that of the IPO group (0.9% + 0.3%) and tended to
be higher than that of the spleen in the IS group (0.5% + 0.1%, p ¼ .16). Considering the in vivo imaging evaluation and the
influence of splenectomy, the graft function in the IS group may be almost entirely achieved by hepatocytes that have migrated
to the liver. The present study clearly showed that the intraportal injection procedure is more efficient than other procedures
for performing HTx
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Introduction

Liver transplantation is now established as a standard

treatment for end-stage liver disease. However, this approach

is suggested to be too invasive for patients suffering from acute

liver failure and liver-related metabolic disorders, since merely

replacing damaged or enzyme-defective hepatocytes with nor-

mal hepatocytes would theoretically be sufficient to cure these

diseases1–7, thereby avoiding the need for invasive whole-

organ transplantation. Hepatocyte transplantation (HTx) is

thus expected to be a promising alternative therapy for such

patients due to its low invasiveness and the potential advantage

of using livers that are not suitable for liver transplantation.

HTx has thus far been performed in more than 100 cases

worldwide8–10. In HTx, intraportal (IPO) injection is
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regarded as the current standard procedure. In pancreatic

islet transplantation, which shares many aspects with HTx,

IPO injection is also believed to be the most efficient

approach. However, several recent studies have clarified that

IPO injection procedure is not as effective as expected, and

instant blood-mediated inflammatory reaction (IBMIR),

characterized by the activation of both coagulation and com-

plement cascades, is a plausible underlying cause for this

poor engraftment11–14.Given these findings, alternative

transplant sites for islet transplantation, including the

spleen15, liver direct injection (LDI)16, muscle17, renal sub-

capsular space18, subcutaneous space19, intraperitoneal

cavity20, omentum21,22, and inguinal subcutaneous white

adipose tissue (ISWAT)23, are eagerly being sought in order

to avoid IBMIR.

IBMIR was also reported to occur in HTx24, since hepato-

cytes as well as pancreatic islets express a substantial amount

of tissue factor, which is well recognized as a potent initiator

of IBMIR12. However, in HTx, few reports have evaluated

other transplant sites. In one previous report, an intrasplenic

(IS) approach resulted in extremely efficient hepatocyte

engraftment25. Unfortunately, in that report, no comparison

was performed between IS and other approaches.

Therefore, in the present study, to determine the optimum

transplant site for HTx, we examined the applicability of

several different transplant sites for islet transplantation in

HTx using an analbuminemic rat transplant model, immu-

nohistochemical analysis, and an in vivo imaging system

(IVIS).

Materials and Methods

Animals

For functional evaluation of the HTx, rat livers were obtained

from male inbred F344/NSLc rats (age: 9–10 weeks; weight

180–220 g; Japan SLC Inc., Shizuoka, Japan). The analbumi-

nemic rats (age: 10–14 weeks; weight 180–240 g) were pro-

vided by Prof. Yuji Nishikawa (Asahikawa Medical College)

and were bred at Tohoku University. These analbuminemic

rats had a syngeneic background to the donor rats.

In the IVIS evaluation, rat livers were obtained from male

luciferase transgenic rats26 (age: 16 weeks; weight 260–300 g)

provided by Prof. Eiji Kobayashi (Keio University) and

bred at Tohoku University. The recipient rats were male

LEW/NSLc rats (age: 12 weeks; weight 260–300 g; Japan

SLC Inc., Shizuoka, Japan). All rats were maintained on a

12-h light/dark cycle with ad libitum access to food and

water. All animals were handled according to the Guide for

the Care and Use of Laboratory Animals27, and the guide-

lines for animal experiments at Tohoku University. The

experimental protocol of the present study (protocol ID:

2016 MdA-138) was approved by the animal experimental

committee in the Tohoku University. All surgeries were

performed under anesthesia, and every effort was made to

minimize suffering.

Hepatocyte Isolation

Rat hepatocytes were isolated by the two-step collagenase

perfusion technique as described previously28. First, Ca2þ-

free Hanks’ balanced salt solution (HBSS) (Sigma-Aldrich,

St. Louis, MO, USA) containing ethylene glycol tetraacetic

acid was perfused through the portal vein at a rate of 14 ml/min

for 5 min. Second, Ca2þ-containing HBSS with 0.5 mg/ml of

collagenase (Sigma type V; Sigma-Aldrich) was perfused via

the same route at the same rate. The isolated cells were

suspended in Dulbecco’s modified Eagle’s medium

(Sigma-Aldrich) containing 10% fetal bovine serum and

4-(2-hydroxyethyl)-1- piperazineethanesulfonic acid. The cells

were then filtered through a #150 mesh (Ikemoto Scientific

Technology, Tokyo, Japan) and purified by gradient centrifu-

gation (50 g, 2 min) at 4�C. Gradient centrifugation (50 g,

20 min) at 4�C was performed again using Percoll density

gradient centrifugation media (physical form: Colloidal solu-

tion of silica coated with polyvinylpyrrolidone, density max:

1.135 g/ml osmolality: <25 mOsm/kg, viscosity max: 15cP,

conductivity: <100 mS/m, pH range: 8.5–9.5) (GE Healthcare

Biosciences, Pittsburgh, PA, USA) to obtain a highly purified

cell population. The hepatocyte viability was evaluated by a

trypan blue exclusion assay. We transplanted 1.0 � 107

hepatocytes with a viability exceeding 90%.

Transplantation Procedures

In the IPO, IS, LDI, and muscle transplant procedures, 1.0 �
107 hepatocytes were spun down, and the pellets were

directly injected slowly into the portal vein, splenic pulp,

liver parenchyma, and biceps femoris of recipient rats using

a 25-G needle with a gastight syringe (Hamilton Company,

Reno, NV, USA). The renal subcapsular transplantation was

performed, as previously described with slight modifica-

tions29. Briefly, small incisions were made in the lower pole

of both kidneys of the recipient rats. A specially constructed

instrument was inserted to separate the renal capsule from

the underlying renal cortex, thereby creating a pocket around

the kidney. 5.0 � 106 hepatocytes were spun down, and

the pellet was injected into both subcapsular pockets (total

1.0 � 107 cells), with the incision subsequently closed with

medical adhesive. In the subcutaneous transplant procedure,

small incisions were made in both sides of the recipient rat’s

back to create subcutaneous pockets. Then, 5.0 � 106 hepa-

tocytes were spun down, and the pellet was injected into both

subcutaneous pockets (total 1.0 � 107 cells), with the inci-

sions sutured using 4-0 nylon. In the ISWAT transplant pro-

cedure, skin incisions were made in both inguinal areas of

the recipient rats. The inferior epigastric artery and vein

were identified on ISWAT, and a small pocket was created

superiorly to the vessels. Then, 5.0 � 106 hepatocytes were

spun down, and the pellet was injected into both pockets

(total 1.0 � 107 cells), with the incisions sutured using 5-0

nylon. In the renal subcapsular, subcutaneous and ISWAT

transplant procedures, hepatocytes were transplanted into
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two pockets (left side and right side) because 1.0 � 107

hepatocytes were too much to place in one pocket. In the

intraperitoneal transplant procedure, 1.0 � 107 hepatocytes

were spun down, and the pellets were transplanted into the

right side of the intraperitoneal space. In the omentum pouch

transplant procedure, the greater omentum was spread out

onto wet gauze, and 1.0 � 107 hepatocytes were spun down,

with pellet placed onto the omentum surface. The omentum

margin and gastric serosa were then sutured using 7-0 nylon

to create the omental pouch. In the omentum thrombin

method, the greater omentum was spread out onto wet gauze,

and 1.0� 107 hepatocytes were centrifuged. The supernatant

was discarded, and the hepatocytes were resuspended in

analbuminemic rat plasma. After centrifugation a second

time, most of the excess plasma was removed, and the slurry

of hepatocytes/plasma was collected with a gastight syringe.

The hepatocyte/plasma slurry was gently distributed onto the

surface of the omentum, and then thrombin (NIHON PHAR-

MACEUTICAL CO., LTD, Tokyo, Japan) was gently

dripped onto the graft. The omentum margin and gastric

serosa were sutured using 7-0 nylon to create the omental

pouch.

Blood samples were taken pre-transplantation and every 2

weeks after transplantation. All groups were evaluated until

10 weeks after transplantation. For comparisons between the

IPO and IS groups, the groups were evaluated until 16 weeks

after transplantation. In the IPO group, we selected 3 rats that

showed relatively high serum albumin levels compared with

the other rats and observed them for 72 weeks after trans-

plantation. The serum albumin levels were quantified using a

LBIS Rat Albumin ELISA kit (AKRAL-220; FUJIFILM

Wako Shibayagi, Gunma, Japan).

Immunohistochemical Staining

In the IPO and IS groups, hepatic tissue and splenic tissue

were retrieved at 2 weeks after transplantation (n ¼ 5). On

the day 3, 4, 5, 10, 11, 12 after transplantation, 5-bromo-2’-

deoxyuridine (BrdU) (Abcam plc, Cambridge, UK) was

injected into the intraperitoneal space of the recipients

(500 mg/kg). The BrdU and albumin double staining was

performed using BrdU immunohistochemistry Kit (Abcam

plc) and anti-albumin antibodies (MP Biomedicals, Santa

Ana, CA, USA) combined with the SK5100 Vector Red

(Vector Laboratories, Inc., Burlingame, CA, USA). The

number of albumin-stained, BrdU-stained hepatocytes in

each sample was counted by microscopy, and the BrdU and

albumin-stained hepatocytes/albumin-stained hepatocytes

ratio (BAR) was calculated. In addition, metalloproteinase-

2 (MMP-2) and albumin double staining was performed in

the IPO and IS groups (n ¼ 3). Hepatic tissue and splenic

tissue were retrieved at 8 hours after transplantation. The

MMP-2 and albumin double staining was performed using

MMP-2 monoclonal antibody (MMP2/8 B4) (Invitrogen,

Waltham, MA, USA) combined with the goat anti-mouse

IgG1, Alexa Fluor 647 (Thermo Fisher Scientific, Waltham,

MA, USA) and rabbit anti-rat albumin, conjugated with

FITC (Exalpha Biologicals inc. Shirley, MA, USA). In all

groups, tissue samples from the transplant sites were

retrieved at 10 weeks after transplantation. Albumin staining

was performed using anti-albumin antibodies (MP Biomedi-

cals, Santa Ana, CA, USA) combined with the VECTAS-

TAIN ABC system (Vector Laboratories, Inc., Burlingame,

CA, USA), and terminal deoxynucleotidyl transferase-

mediated uridine triphosphate nick end labeling (TUNEL)

staining was performed using a TACS2 TdT DAB kit (Tre-

vigen Inc., Gaithersburg, MD, USA). In the IPO group, we

selected 3 rats that showed relatively high serum albumin

levels compared with the other rats, and their hepatic tissue

was retrieved at 72 weeks after transplantation. Albumin

staining were performed in these tissues.

IVIS

The IVIS Spectrum (PerkinElmer Co., Ltd, Inc., Waltham,

MA, USA) was used to detect the luciferase expression.

Hepatocytes were obtained from luciferase transgenic rats

and transplanted into LEW/NSLc rats using the IPO (n ¼ 8),

IS (n ¼ 8), and LDI procedures (n ¼ 3). For in vivo ima-

ging, the 150 mg/kg D-luciferin (Promega Corporation,

Madison, WI, USA) was injected into the penile vein. One

minute after injection, bioluminescence images were cap-

tured for 3 min. Regions of interests (ROIs) were analyzed,

and total quantification of bioluminescence was quantified

using the Living Image® (PerkinElmer Co., Ltd, Inc.) soft-

ware program. Imaging was performed at 2 h and 2 and

4 weeks after transplantation. The ROIs at each point were

shown as the percentage in comparison to the ROIs at 2 h

after transplantation.

The Evaluation of the Influence of Splenectomy on the
Serum Albumin Levels in the IS Group

In the IS group, splenectomy was performed at 4 weeks

after transplantation (n ¼ 8). Blood samples were taken

pre-transplantation and every 2 weeks after transplanta-

tion. All groups were evaluated until 10 weeks after trans-

plantation. The influence of splenectomy was evaluated

by serum albumin levels among the IS group recipients

with (IS splenectomy [þ]) and without splenectomy

(IS splenectomy [-], n ¼ 8).

Statistical Analyses

All values were expressed as the means and standard devia-

tion. The statistical analyses were performed using the JMP

pro 13 software program (SAS institute Inc., NC, USA). The

serum albumin levels, the percentage of ROIs and the BAR

were analyzed by a two-way analysis of variance, and

Tukey-Kramer’s test was used for post-hoc comparisons

between the groups. p values of < .05 were considered to

indicate statistical significance.
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Results

The Comparison of Hepatocyte Engraftment After
Transplantation at Various Transplant Sites

The serum albumin levels of the IPO group and the IS group

were significantly higher than those of the other groups inves-

tigated in the present study (p < .0001) (Fig. 1A and Table 1).

When we focused on transplant sites other than for those

in the IPO and IS groups, the serum albumin levels of the

LDI group and omentum pouch group were significantly

higher than those of the other groups (p < .0001) (Table

1). Concerning the comparison between the IPO and IS

groups, the serum albumin levels of the IPO group were

significantly higher than those of the IS group (p < .0001),

even with a longer observation period (Fig. 1B and Table 2).

In both cases, the serum albumin levels appeared to plateau

at 10 weeks after transplantation and remained high during

the observation period.

Immunohistochemical Staining of the Transplanted
Hepatocytes

The albumin-positive hepatocyte grafts were easily detected

in the livers of the IPO group and in the liver (IS-L) and

Figure 1. A comparison of the serum albumin levels after transplantation at various transplant sites. A total of 1.0�107

hepatocytes were transplanted into the liver via the portal vein (IPO group: �, solid line, n ¼ 8), spleen pulp (IS group: �, solid line, n ¼ 8),
liver parenchyma (LDI group: &, solid line, n¼ 8), omentum (pouch method: c, solid line, n¼ 8; thrombin method: �, solid line, n¼ 8), renal
subcapsular (2, solid line, n¼ 8), ISWAT (~, solid line, n¼ 8), muscle (4, solid line, n¼ 8), intraperitoneal cavity (�, dotted line, n¼ 8), and
subcutaneous space (�, dotted line, n¼ 8). (A) The serum albumin levels of all of the tested groups. The serum albumin levels of the IPO and
IS groups were significantly higher than those of the other groups (p < .0001). (B) The serum albumin levels of the IPO and IS groups during
the longer observation period. The serum albumin levels of the IPO group were significantly higher than those of the IS group (p < .0001). In
both cases, the serum albumin levels appeared to plateau at 10 weeks after transplantation and remained high during the observation period.

Table 1. Serum albumin levels of IPO, IS, LDI, and Omentum pouch groups.

Serum albumin levels (mg/ml)

Pre 2 weeks 4 weeks 6 weeks 8 weeks 10 weeks

IPO 8.5 + 1.1 70.4 + 18.7 106.7 + 28.0 126.4 + 40.3 150.6 + 53.3 149.8 + 56.3
IS 6.8 + 1.4 45.4 + 18.0 63.8 + 30.9 72.6 + 33.4 88.0 + 39.9 93.1 + 43.2
LDI 8.1 + 1.3 14.9 + 6.3 19.2 + 10.5 23.4 + 12.7 21.9 + 12.4 23.5 + 13.4
Omentum pouch 7.6 + 1.1 15.7 + 3.4 18.4 + 4.6 18.7 + 2.9 20.9 + 2.8 19.5 + 1.6

Table 2. Serum Albumin Levels of IPO and IS Groups.

Serum albumin levels (mg/ml)

Pre 2 weeks 4 weeks 6 weeks 8 weeks 10 weeks 12 weeks 16 weeks

IPO 7.7 + 1.3 82.7 + 34.9 129.3 + 57.9 141.3 + 60.5 167.4 + 73.8 184.2 + 86.9 184.0 + 85.9 183.9 + 65.7
IS 7.7 + 1.3 49.8 + 23.6 68.4 + 35.1 83.2 + 41.8 93.2 + 49.8 106.7 + 68.4 99.7 + 53.2 120.6 + 68.2
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spleen (IS-S) of the IS group (Fig. 2). In contrast, few

albumin-positive hepatocytes were observed in the other

groups. No TUNEL-positive hepatocytes were seen in any

groups (Fig. 3). BrdU-positive hepatocyte grafts were

detected in the IPO, IS-L, and IS-S groups (Fig. 4A, B). The

BAR of the IPO group (0.9% + 0.3%) tended to be higher

than that of the IS-S group (0.5% + 0.1%, p ¼ .16). Notably,

the BAR of the IS-L group (0.9% + 0.2%), which was com-

parable to that of the IPO group, also tended to be higher than

that of the IS-S group (p¼ .18), suggesting that the hepatocyte

engraftment might be dependent on the transplant-site envi-

ronment rather than the transplant procedures.

In the IPO and IS-L groups, transplanted hepatocytes

were widely distributed in the liver sinusoid, and graft

shapes were well-maintained. In contrast, the hepatocyte

grafts appeared to aggregate together and suffer from high

pressure due to the limited transplant space in the IS-S group

In the IPO and IS-S groups, MMP-2 was detected around

transplanted hepatocytes (Fig. 5).

The in vivo Imaging Evaluation of Hepatocytes
Transplanted into the Portal Vein, Spleen Pulp,
and Liver Parenchyma

The hepatocytes transplanted into the liver via the portal vein

were only distributed in the liver (Fig. 6A, B). The

percentage of ROIs of this group were 16.6% + 5.5% at 2

weeks after transplantation and 14.7% + 5.0% at 4 weeks

after transplantation.

In contrast, the hepatocytes transplanted into the spleen

pulp were distributed in both the spleen and liver. In this

group, a substantial number of hepatocyte grafts were

detected in the liver, even immediately after transplantation

(Fig. 6C–F). The percentage of ROIs of the spleen in the IS

group were 38.7% + 22.4% and 22.3% + 11.9% at 2 and 4

weeks after transplantation, respectively. In contrast, the

percentage of ROIs of the liver in this group were 28.1%
+ 6.8% and 22.4% + 3.2% at 2 and 4 weeks after trans-

plantation, respectively. Although the ROIs of the liver in

the IS group were approximately 1/2 to 1/4 in comparison to

the IPO group, the survival rate of transplanted hepatocytes

in the IS-L group was significantly higher than that of the

IPO group (p < .0001; Fig. 6I).

The hepatocytes transplanted into the liver parenchyma

were distributed in both the liver and lung. Considerable

numbers of grafts were distributed in the lung via the hepatic

vein to the inferior vena cava, and those grafts had disap-

peared by 2 weeks after transplantation. In this LDI group,

the hepatocyte grafts were only engrafted in the liver

(Fig. 6G, H). The percentage of ROIs of this group were

10.0% + 2.6% at 2 weeks after transplantation and 10.1%
+ 2.9% at 4 weeks after transplantation.

Figure 2. Albumin staining of the transplanted hepatocytes in the IPO and IS groups. (A) The albumin staining of the IPO group.
The albumin-positive hepatocytes engrafted in the liver are shown with a black arrow. (B) The albumin staining of the IS-S group. The
albumin-positive hepatocytes engrafted in the spleen pulp in the IS group are shown with a black arrow. (C) The albumin staining of the IS-L
group. The albumin-positive hepatocytes engrafted in the liver in the IS group are shown with a black arrow.
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The Influence of Splenectomy on the Serum Albumin
Levels in the IS Group

The serum albumin levels of the IS-splenectomy [þ] group

(pre-transplantation: 6.6 + 0.7 mg/ml, 2 weeks: 50.9 + 21.0

mg/ml, 4 weeks: 76.5 + 30.1 mg/ml, 6 weeks: 92.3 + 48.9

mg/ml, 8 weeks: 97.9 + 52.9 mg/ml, 10 weeks: 95.2 + 52.7

mg/ml) were almost the same as those of the IS-splenectomy

[-] group (pre-transplantation: 6.9 + 0.4 mg/ml, 2 weeks:

54.5 + 22.2 mg/ml, 4 weeks: 73.2 + 26.0 mg/ml, 6 weeks:

85.2 + 34.7 mg/ml, 8 weeks: 107.5 + 41.8 mg/ml,

10 weeks: 96.2 + 33.9 mg/ml) (Fig. 7).

The evaluation of the serum albumin levels and immuno-

histochemical analyses of intraportally transplanted hepato-

cytes at 72 weeks after transplantation

The three recipients in the IPO group were observed for

a long period (72 weeks) after transplantation. The serum

albumin levels continued to increase up to 10-20 weeks

after transplantation and then appeared to plateau and

remained high during the observation period (Fig. 8A).

Albumin-positive hepatocytes were easily detected at both

4 and 72 weeks after transplantation. However, the number

of albumin-positive hepatocytes observed in a single view

tended to appear higher at 72 weeks after transplantation in

comparison to 4 weeks after transplantation (Fig. 8B, C).

The transplanted hepatocytes were widely distributed in the

liver sinusoid, and the graft shapes were well-maintained

(Fig. 8D).

Discussion

In the present study, the IPO transplant procedure was

clearly more efficient than the other methods for HTx. One

possible reason for this finding is the physiological compat-

ibility between the hepatocyte grafts and the transplant site

in the IPO procedure. Given that the hepatocytes originate

from the liver, this explanation is quite logical. In fact, sev-

eral crucial factors related to hepatocyte proliferation,

including hepatocyte growth factor30,31, transforming

growth factor-a32, tumor necrosis factor a33,34, and interleu-

kin 633–35, are produced in the liver. These factors are par-

ticularly strongly activated by transient portal hypertension

due to hepatectomy through the up-regulation of urokinase-

type plasminogen activator and nitric oxide36,37, subse-

quently contributing to residual hepatocyte proliferation

after hepatectomy. Likewise, transient portal hypertension

is frequently induced by the IPO injection of hepatocytes.

Given the similarity between hepatectomy and IPO HTx, the

beneficial effects of the IPO approach compared with other

methods may be explained at least in part by the presence of

these preferable growth factors. Indeed, these growth factors

may encourage the proliferation and maintenance of the

Figure 3. TUNEL staining of the transplanted hepatocytes in the IPO and IS groups. (A) The TUNEL staining of the IPO group.
(B) The TUNEL staining of the IS-S group. (C) The TUNEL staining of the IS-L group. No TUNEL-positive hepatocytes were detected in any
of the groups.
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intraportally transplanted hepatocytes for more than 1 year

(Fig. 8A, C, D).

Another possible reason for the superiority of the IPO

approach to other approaches is a sufficient transplant area.

In the IPO group, the transplanted hepatocytes were widely

distributed in the liver sinusoid, and the graft shapes were

well-maintained. In contrast, the hepatocyte grafts seemed to

aggregate together and suffer from high pressure due to the

limited transplant space in the IS group. Therefore, substan-

tial number of hepatocyte grafts were distributed in the liver

via the splenic vein and engrafted there. Corroborating our

findings, Merani et al. reported that the compaction of cells

was detrimental to islet transplantation38, so aggregation is

likely also deleterious to hepatocytes, since they are much

more fragile than pancreatic islets39. Furthermore, it has

been reported that MMP-2 and vascular endothelial growth

factor contribute to transplanted hepatocyte engraftment and

proliferation 40–42. In fact, MMP-2 was detected in both IPO

and IS-S groups (Fig. 5). However, MMP-2 was expressed

more extensively in the IPO group than the IS-S group, most

likely due to rather small cluster of transplanted hepatocytes

in the IPO group. This feature may also suggest that a suf-

ficient transplant area is beneficial for hepatocyte

engraftment.

In contrast to the findings of a previous study reported

by Ikebukuro et al.25, in the present study, the engraftment

efficiency of hepatocytes in the IS group was not as high as

we had expected. Ikebukuro et al. reported that the excel-

lent graft function in the IS group completely disappeared

after splenectomy, suggesting that the beneficial effects

observed in their model might be due in large part to the

hepatocytes engrafted in the spleen pulp25. In contrast, no

marked influence of splenectomy on the serum albumin

levels in the IS group was observed in the present model

(Fig. 7). Furthermore, the percentage of BAR in the IS-L

group was comparable to that of the IPO group and tended

to be higher than that of the IS-S group (Fig. 4C). These

findings strongly suggest that hepatocyte engraftment and

graft function may be more dependent on the transplant-

site environment than the transplant procedure. Taken

together, these findings suggest that the liver offers a more

suitable environment for hepatocyte engraftment than

spleen pulp, and the graft function in the IS group was

likely almost entirely achieved by hepatocytes that had

engrafted in the liver parenchyma. The IVIS showed a

substantial number of hepatocytes transplanted into the

spleen pulp were distributed in liver. Of particular note,

the survival rate of transplanted hepatocytes in the IS-L

Figure 4. BrdU and albumin double staining of the transplanted hepatocytes in the IPO and IS groups. (A) The BrdU and
albumin double staining of the IPO group. The BrdU and albumin-positive hepatocytes engrafted in the liver are shown with a blue arrow. (B)
The BrdU and albumin double staining of the IS-S group. The BrdU and albumin-positive hepatocytes engrafted in the spleen pulp in the IS
group are shown with a blue arrow. (C) The BrdU and albumin-positive hepatocyte/albumin-positive hepatocyte ratio (BAR) of the IPO, IS-L,
and IS-S groups. The BAR of the IPO group tended to be higher than that of the IS-S group (p ¼ .16). The BAR of the IS-L group also tended
to be higher than that of the IS-S group (p ¼ .18).
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Figure 5. MMP-2 and albumin double staining of the transplanted hepatocytes in the IPO and IS-S groups. (A) The albumin
staining of the IPO group. (B) The MMP-2 staining of the IPO group. (C) The nuclear staining of the IPO group. (D) The figure overlayed
albumin, MMP-2, nuclear staining of the IPO group. MMP-2 was detected around transplanted hepatocytes of the IPO group. (E) The albumin
staining of the IS-S group. (F) The MMP-2 staining of the IS-S group. (G) The nuclear staining of the IS-S group. (H) The figure overlayed
albumin, MMP-2, nuclear staining of the IS-S group. MMP-2 was detected around transplanted hepatocytes of the IS-S group.
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Figure 6. The in vivo imaging evaluation of hepatocytes transplanted into the portal vein, spleen pulp, and liver parench-
yma. (A) The in vivo imaging of the IPO group immediately after transplantation. (B) The in vivo imaging of the IPO group at 4 weeks after
transplantation. The grafts were widely distributed in the liver (black arrow). (C) The in vivo imaging of the IS group immediately after
transplantation (back side). (D) The in vivo imaging of the IS group at 4 weeks after transplantation (back side). The hepatocyte grafts
distributed in the spleen are shown with an orange arrow. (E) The in vivo imaging of the IS group immediately after transplantation (ventral
side). (F) The in vivo imaging of the IS group at 4 weeks after transplantation (ventral side). The hepatocyte grafts distributed in the liver are
shown with a black arrow. (G) The in vivo imaging of the LDI group immediately after transplantation. (H) The in vivo imaging of the LDI
group at 4 weeks after transplantation. The hepatocyte grafts were distributed in the lung (red arrow) and the liver (black arrow)
immediately after transplantation. However, the grafts were only detected in the liver at 4 weeks after transplantation. (I) Percentage of
ROIs in the IPO and IS-L groups. The black square represents the IPO group (n ¼ 8). The black circle represents the IS-L group (n ¼ 8).
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group was significantly higher than that of the IPO group.

This may suggest that the hepatocytes with a single cell

style, such as those migrated to liver parenchyma in the IS

group, are suitable for engraftment, since a spleen

appeared to have a filtration function. The difference in

the hepatocyte graft function between the IPO and IS

groups likely depends on the number of hepatocytes

engrafted in the liver, as some of the grafts remained in

the spleen pulp in the IS group. This may explain why the

serum albumin levels of the IPO group demonstrated the

best values when the same amount of graft was trans-

planted. The contradictory outcomes between the previous

report25 and the present study may be attributed to differ-

ences in the animal models used and hepatocyte-isolation

methods, among others, but the full details underlying

this discrepancy in findings remain unclear. The clarifica-

tion on this issue and further analyses of IVIS imaging

and BrdU staining on transplanted hepatocytes in the

untested transplant sites are topics of interest for our

next study.

In the LDI group, hepatocytes were directly injected into

the liver parenchyma to minimize IBMIR and locate the

grafts near the liver sinusoid. The IVIS clearly demonstrated

that a substantial number of hepatocyte grafts were unex-

pectedly distributed in the lung via the hepatic vein to the

inferior vena cava, and those grafts had disappeared by 2

weeks after transplantation (Fig. 6G, H). In the LDI group,

only a few hepatocytes were ultimately engrafted in the

liver, suggesting that hepatocyte injection through the portal

vein may be more efficient for engrafting hepatocytes into

the liver sinusoid than the LDI procedure.

In the present study, the transplant efficiency calculated

from the serum albumin levels in the recipients (the serum

albumin levels of the IPO group/the serum albumin levels of

normal rat) and using the IVIS (percentage of ROIs at 4

weeks after transplantation � the graft numbers/whole liver

hepatocyte numbers) were almost identical (0.5%), suggest-

ing that these simple systems can be used as reliable tools for

evaluating hepatocyte engraftment. In addition, unlike com-

mercially available Nagase analbuminemic rats (SD back-

ground), mutant F344 rats with defective albumin

production were used as the recipients in this study. There-

fore, we can ignore any immunological influences and focus

on physiological engraftment by using syngeneic F344 rats

as the donors. Furthermore, unlike commercially available

Nagase analbuminemic rats, we can perceptively detect the

hepatocyte engraftment in this combination, since the basal

albumin levels of the recipients are almost zero. These

advantages associated with using this animal combination

may help increase its reliability as a useful evaluation

system39,43.

In this study, IPO injection was proven to be effective

for hepatocyte engraftment despite the presence of

IBMIR24. In islet transplantation, IBMIR is a strong inhi-

biting factor for islet engraftment. Furthermore, most islet

grafts are unable to reach the liver sinusoid and settle in

the portal branches due to the rather large size of islet

grafts, resulting in poor engraftment11,44,13. In contrast,

hepatocytes are single cells and can therefore easily

achieve efficient distribution to the liver sinusoid40.

Therefore, in HTx, effective engraftment based on a wide

distribution to the liver sinusoid may overwhelm the dis-

advantages due to IBMIR. However, the IPO procedure is

known to carry a risk of not only IBMIR but also portal

thrombosis and portal hypertension40,45, causing hepato-

cyte destruction. In fact, the estimated transplant effi-

ciency in the IPO group in this study was approximately

0.5%, although a transplant efficiency of nearly 5%
against whole liver cells is considered necessary in order

to cure metabolic liver diseases46–49. This result implies

that a nearly 10-fold greater transplant efficiently may be

needed in order to establish HTx as clinical therapy for

hepatic metabolic disorders. Therefore, it is necessary to

establish a novel strategy for improving the transplant

efficiency of the IPO procedure.

In the field of islet transplantation, various methods for

suppressing IBMIR, such as low-molecular-weight dextran

sulfate (LMW-DS)44, C5a inhibitory peptide50, and islet

surface modification51, have been reported. In HTx,

LMW-DS52 and hepatocyte surface modification53 have

already been reported to be effective for suppressing IBMIR

in in vitro models. We must therefore further investigate the

above-mentioned methods in order to suppress IBMIR using

pre-clinical models.

In conclusion, the present study clearly showed that the

IPO injection procedure is more efficient than other proce-

dures for performing HTx. Further investigations on IBMIR

inhibition will facilitate the applicability of HTx.

Figure 7. The influence of splenectomy on the serum albu-
min levels in the intrasplenic (IS) group. The black square
represents the IS-splenectomy [þ] group (n ¼ 8). The black circle
represents the IS-splenectomy [-] group (n ¼ 8). The serum albu-
min levels of the IS-splenectomy [þ] group were almost the same
as those of the IS-splenectomy [-] group.
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