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Dual-graft liver transplantation (DGLT) expands the pool of donors, ensures the

safety of the donors, and treats a potential small for size syndrome (SFSS).

However, some of the recipient graft showed atrophy. The cause and

mechanism of the unbalanced proliferation and atrophy of dual grafts after

clinical DGLT have not been clarified. We established and optimized the rat

model of DGLT to explore the causes of growth unbalance. Continuously and

dynamically observed bilateral graft volume and portal vein blood flow change by

magnetic resonance imaging (MRI) and ultrasound (US). We detected liver

function indexes: alanine aminotransferase (ALT), aspartate aminotransferase

(AST), lactate dehydrogenase (LDH), total bilirubin (TBIL), direct bilirubin (DBIL),

and indirect bilirubin (IBIL). Liver samples from receptors were obtained for

morphology, and apoptosis was measured by RT-PCR and western blot.

Optimization of the model improved the 7-day survival rate from former 58.3%

to 87.5%, and the 30-day survival rate was 68.8%. The volume of the right graft

gradually increased, and the left graft atrophied during the 30-day observation

period. The portal blood flow of the left graft gradually decreased until the 30th

day (0.13 ± 0.01 ml/s) compared with the sham group (0.63 ± 0.05 ml/s), and the

right graft significantly increased on the 30th day (0.75 ± 0.11ml/s). The liver

function initially increased and then recovered. The total volume (12.52 ± 1.60 ml

vs 4.47 ± 0.08 ml) and weight (12.09 ± 1 g vs 4.91 ± 0.18 g) of the graft increased

significantly compared to pre-transplantation and reached the level of the sham

operation group on the 30th day. The volume and weight of the right graft

increased more than those of the left graft (P < 0.05). There was more

inflammatory cell infiltration in the left graft, and the right graft had obvious

proliferation of hepatocytes and mature bile duct cells. Left grafts were more

prone to apoptosis than right grafts (P < 0.05). In conclusion, growth of the right

graft is superior to the left; after double liver transplantation, perfusion blood flow

and apoptosis may be the reason contributing to the volume differences in

dual grafts.
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Introduction

For many end-stage hepatobiliary diseases, liver transplantation

is the most effective treatment strategy (1–3). However, the main

obstacle with regard to liver transplantation is donor shortage (4–6).

Viral hepatitis and end-stage liver disease are very prevalent

worldwide (7, 8), but organ donation rates remain low. Organ

shortages caused by imbalance in supply and demand are a

common problem and a challenge (9). Subsequently, the

emergence of living donor liver transplantation (LDLT) has been

a great milestone and therefore greatly increased the number of

donors within a considerable time frame (10). The main limitation

of LDLT is the insufficient size of the graft (11, 12). Usually, left lobe

graft from small donors cannot meet the metabolic needs of larger

liver recipients (4, 13). To curb this problem, right lobe

implantation is always the most appropriate and best for surgical

purposes (4). However, donor safety in liver transplantation is often

the most important precaution and consideration (14). Although

right lobe donation can meet the needs of recipients, the remaining

left lobe sometimes endangers the donor due to small size and

insufficient residual liver function (13). In this case, the donor is not

allowed to donate the right lobe (13, 15–18). In addition, the size of

the donor and recipient liver grafts does not match, and the fatty

degeneration of the donor and the complex anatomical structure of

the right lobe restricts the acquisition of grafts (15).

Based on this problem, Lee achieved the first dual-graft liver

transplantation (DGLT) in 2001 (13). Furthermore, DGLT in

Europe, Japan, and China has made remarkable progress

(Table 1). Compared to traditional liver transplantation, the

striking feature is that it requires two donors, which makes the
Frontiers in Immunology 02
donor safer because it theoretically reduces the donor’s donated

liver volume. Henceforth, it meets the receptor’s physiological

functions of the liver and reduces the donor’s risk to hazardous

conditions simultaneously (14). The main reason is that the graft

provided by two donors could provide the recipient with a relatively

sufficient liver, improve the survival rate of the recipient, and reduce

complications (19). The mismatch of the blood type between a

donor and a recipient did not have any prognostic effects on the

patients’ condition (26). In addition, based on the dual-donor

characteristics of DGLT, some experts have proposed that a

donor bank can be established among social groups and that

donors can be flexibly matched to achieve optimal therapeutic

effects (25). However, DGLT also has many challenges and

problems. For example, the surgical procedure is very

complicated and can only be performed in advanced well-

equipped medical centers, which alters the risk from a single

donor to two donors (14). More importantly, in clinics, some

DGLT has proven to have one-sided graft atrophy post-surgery in

some patients (13, 20, 24, 27, 28). Reports have found that atrophied

grafts mainly include the following factors: (1) The portal vein of

the graft with a larger volume receives more blood flow and presents

with a better proliferative state than the small-volume graft, which is

called “blood stealing” (21, 23, 29). (2) DGLT includes four

transplantation modes: left hepatic lobe to left hepatic fossa, right

hepatic lobe to right hepatic fossa, left hepatic lobe to right hepatic

fossa, and right hepatic lobe to left hepatic fossa; the combination of

the two grafts depends on the occasion (13, 14). Studies have found

that left hepatic lobe to right hepatic fossa and right hepatic lobe to

left hepatic fossa are related to the atrophy of grafts; grafts not in the

original hepatic fossa are prone to tension, distortion, stretching,
frontiersin.org
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and atrophy (16, 20). In addition, studies have shown that hepatic

vein blockage is also related to liver graft atrophy (22, 30–32). If one

side of the hepatic vein is blocked, blood flow does not proceed

smoothly or the flow rate is slow compared with the other side of

the graft hepatic vein (30). The blood vessel pressure from that side

of the liver is always high and causes the portal vein velocity to

decrease (30). Ultimately, the total portal vein blood flow to the

contralateral portal vein increases, causing the contralateral graft to

mature well (30, 33). Therefore, the main aim and purpose of our

study are to explore the factors that affect the volume difference of

dual grafts post-transplantation.
Materials and methods

Ethical approval of this study’s protocol

The present study was approved by the Laboratory Animal

Protection and Use Committee of Lanzhou University of China

(ID:2016-D42), and all experiments were conducted according to

the government and international guidelines regarding animal

experimentation. Animal suffering was minimized, and the total

number of rats was limited so that few were utilized for easy control

and experimentation and to avoid wastage.
Animal and experimental design

All SD (Sprague Dawley) rats were provided by Lanzhou

Veterinary Research Institute of the Chinese Academy of

Agricultural Sciences under the production license number SYXK

(Gan) 2015-0001 [laboratory animals use license number SYXK

(Gan) 2018-0003]. All animals were housed under standard

conditions with a 12-h light/dark cycle, with free movement

permitted, a constant temperature and humidity, and ad libitum

access to water and food. The rats were allowed to acclimatize to the

new environment for ≥3 days, and each rat was fasted for 12 h

before surgery. After the experiment, all rats were euthanized by

cervical dislocation, and respiratory movements and heartbeats

were monitored to verify that the rats had demised.
Frontiers in Immunology 03
A total of 96 SPF male SD rats, 8–10 weeks old, weighing 270 g–

300 g, were randomly divided into transplantation groups

(transplantation group, n = 72) and sham groups (sham group,

n = 24). The transplantation group (n = 72) randomly used two

donors and one recipient for transplantation, and the dual right

upper lobes (45%–50% of the recipient liver weight) were

transplanted in one recipient. There were 12 recipients assigned

to collect specimens and perform hemodynamic, morphological,

and serological monitoring, while the other 12 recipients were

observed until the 30th day after the operation for survival

analysis. The sham group (n = 24) was used to mobilize the liver

by the division of the hepatic ligaments. There were 12 rats in the

sham group designated for specimen collection, and the remaining

12 rats were used for survival analysis.

Basic data of the dual-graft liver transplantation rat model are

depicted in Table 2.
Transplantation procedure

The entire surgical process is shown in Figure 1, including harvesting

of the donor’s liver, Y-shaped blood vessel acquisition, graft trimming,

and dual-graft connection as well as surgery involving the recipient.
TABLE 2 Basic data of the dual-graft liver transplantation rat model.

Dual liver transplantation Data

Donor weight 274.5 ± 3.4 g

Recipient weight 287.2 ± 5.7 g

GRLWR 54.0%–64.6%

Graft weight 5.98 ± 0.17 g

Recipient liver weight 10.14 ± 0.42 g

Operation time 2 h

Cold ischemia time 35 min

Warm ischemia time 15 min

Anhepatic phase 25 min
TABLE 1 Reported cases of dual liver transplantation worldwide.

Author Region Time Reference Cases

Song et al. Korea 2017 (19) Ann Surg 400

Broering et al. German 2007 (20) Liver Transpl 2

Kaihara et al. Japan 2002 (21) Surgery 1

Nicoluzzi et al. Brazil 2012 (22) Rev Col Bras Cir 1

Botea F, et al Romania 2013 (23) Chirurgia (Bucur) 1

Dayangac et al. Turkey 2010 (16) Transplant Proc 1

Zhang et al. China 2008 (15) Hepatogastroenterology 1

Chen et al. China 2009 (24) J Surg Res 6

Yang et al. Taiwan 2009 (25) Surgery 4
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Measurement of the liver volume by MRI

Dual- graft volume data in dual grafts on the 1st, 3rd, 7th, and

30th days post transplantation were acquired on a Siemens Verio

3.0 T scanner (Siemens, Erlangen, Germany).
Determination of portal vein blood flow
using an ultrasound imaging technique

Ultrasonic detection of portal vein velocity (PVV, portal vein

diameter), portal vein diameter (PVD), and portal vein blood flow

(PVF, portal vein) on the 1st, 3rd, 7th, and 30th days after

transplantation was executed (Siemens Acuson Sequoia, probe:

10L4, frequency of the transducer: 4–10 MHz). Because the

hepatic artery was ligated during the transplantation process, the

hepatic artery hemodynamics could not be measured.
Serum parameter

Preoperatively and 3, 7, and 30 days after operation, alanine

aminotransferase (ALT), aspartate aminotransferase (AST), lactate

dehydrogenase (LDH), total bilirubin (TBIL), direct bilirubin (DBIL),
Frontiers in Immunology 04
and indirect bilirubin (IBIL) were determined at 25°C by standard

enzymatic techniques (micro method, Kodak Ektachem, Germany).
Measurement of the weight and volume
of liver

After the observation period, liver tissues from the rat model dual

grafts were collected and weighed using an electronic balance scale, and

volumes weremeasured by incorporating the use of ameasuring cylinder.
Hematoxylin and eosin staining

Specimens were fixed in 10% buffered formaldehyde phosphate for

at least a day for tissue evaluation and were subsequently dehydrated

and embedded in paraffin wax to cut sections at a thickness of 4 µm.

The growth status of bilateral grafts was evaluated. Morphologic

parameters were recorded by routine histology.
Real-time polymerase chain reaction

RNA was isolated using TRIzol (Invitrogen). A Reverse

Transcription Reagent kit with gDNA Eraser (Takara Bio, Shiga,
B

C D

E F

G H

A

I J

FIGURE 1

(A) Ligation of the left axillary vein. (B) Bile duct intubation. (C) Excision of access liver lobes and preservation of the right upper lobe. (D) Exposition
of the inferior cavity and ligation of the right renal vein and right adrenal vein. (E) Systemic heparinization. Irrigation of the liver through the
abdominal aorta changed the color to gray. (F) Exposure and cutting of the portal vein. (G) Cutting of the thoracic aorta. (H) Connection of two
grafts. (I) Removal of recipient liver. (J) Transplantation of the composite donor into the recipient, opening of the portal vein, and changing of the
graft into red.
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Japan) was used to perform reverse transcription. Real-time

polymerase chain reaction (PCR) was performed using an ABI 7500

Sequence Detection System (Applied Biosystems, Foster City, CA) with

SYBR Green I (Takara Bio, Shiga, Japan). Data were analyzed using the

comparative method (2−DDCT). The primers were purchased from the

Beijing Genomics Institute (Shenzhen, China), and the primer

sequences are shown in Table 3.
Frontiers in Immunology 05
Western blot

Liver tissues were washed with precooled PBS; 600 µl of

mixed working solution (RIPA lysis solution: PMSF = 100:1) was

added to each sample, ground thoroughly with liquid nitrogen,

and centrifuged at 13,000 rpm/min for 10 min. The supernatant

was collected and stored in aliquots at −80°C until analysis by

western blot analysis. The protein concentration was measured

by a BCA protein assay system. Protein samples were separated

by 10%–12% SDS-PAGE and transferred to PVDF membranes.

The blots were blocked with 5% skimmed milk in Tris-buffered

saline containing 0.1% Tween 20 (TBST) for 1 h at room

temperature and then incubated at 4°C overnight with primary

antibodies against GAPDH (ImmunoWay, 1:8,000), Fas

(Proteintech, 1:1,000), caspase-8 (Proteintech, 1:1,000),

caspase-9 (Proteintech, 1:800), granzyme b (Abcam, 1:800),

and caspase-3 (Abcam, 1:1500). After being washed in TBST

three times, the membranes were incubated with a horseradish

peroxidase-conjugated secondary antibody (goat anti-rabbit,

ImmunoWay, 1:10,000, goat anti-mouse, ImmunoWay,

1:10,000) for 1 h at room temperature. Finally, the membranes

were washed three times for 5 min each with TBST. The specific

protein bands were visualized using Super Signal West Pico

Chemiluminescent Substrate and imaged using a VersaDoc

imaging system (Bio-Rad, USA).
B

C D

A

FIGURE 2

The improved operation techniques. (A) Bile duct intubation: the optimum length was 5 mm under the liver. (B) Adding the right lateral lobe to the
right graft. (C) Trimming Y-shaped veins and suturing of small branches of blood vessels. (D) Reconstruction of the inferior vena cava by the “triangle
pulling method”.
TABLE 3 Primer sequences of genes.

b-Actin forward primer (rat) 5 ′-ACAACCTTCTTGCAGCTCCTC-3 ′

b-Actin reverse primer (rat) 5 ′-AGGATTCCATACCCAGGAAGG-3 ′

Fas forward primer (rat) 5 ′-TCAGCCTGGTGAACGAAAAGT-3 ′

Fas reverse primer (rat) 5 ′-GTTCGTGTGCAAGGCTCAAG-3 ′

Caspase-8 forward primer (rat) 5 ′-CTGCAAGACAACTCGAGCCT-3 ′

Caspase-8 reverse primer (mouse) 5 ′-ATCCGTTCCGTAGACGATGC-3 ′

Caspase-9 f orward primer (rat) 5 ′-TACTCCACCTTCCCAGGTTTTG-3 ′

Caspase-9 f orward primer (rat) 5 ′-AGCAGTGATGCTGGTGTCTG-3 ′

Granzyme b reverse primer (rat) 5 ′-CTCTTGCTCCTGCTGAGCTT-3 ′

Granzyme b forward primer (rat) 5 ′-CTTGGCCTTACTCTTCAGCTTT-3 ′

Caspase-3 reverse primer (rat) 5 ′-GCTTGGAACGGTACGCTAAGA-3 ′

Caspase-3 forward primer (rat) 5 ′-CCCCTTCATCACCATGGCTT-3 ′
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Statistical analysis

The data are shown as the means ± standard deviations (SD).

Group comparisons of normally distributed data were performed

with unpaired Student’s t test (two-tailed) or one-way ANOVA.

Statistical analysis was performed using SPSS 19.0 (IBM, Armonk,

NY, USA), and P < 0.05 was considered to indicate statistically

significant differences.
Frontiers in Immunology 06
Results

Establishment and optimization of a dual-
graft liver transplantation model in rats

The model’s stability, sustainability, and rigidity were improved

by increasing the rat’s body anatomic mass, moderate bile duct

length, pruning Y-blood vessels, and “triangle method” anastomosis

(Figure 2). Compared with a previous model established by our

team in 2012 (34), the survival rate of the improved model increased

significantly; the 7-day survival rate increased from 58.3% to 87.5%,

and the 30-day survival rate was 68.8% (Figure 3).
Volume changes of dual grafts
after transplantation

The volume of the dual grafts was continuously observed by

MRI. The results showed that the volume of the right graft gradually

increased, and the left graft firstly increased before the 7th day and

then decreased until the 30th day (Figure 4).
Changes in portal vein blood flow
in dual grafts

The portal vein blood flow of the dual grafts were continuously

observed by US. According to the blood flow formula Q =

Vmean×p×(D/2)2 (Q means quantity of flow, V means velocity,

D means diameter), the portal vein blood flow was calculated. The
B C D

E F G H

A

FIGURE 4

The nuclear magnetic images of dual-graft liver transplantation rats within 30 days, (A, E) (1st d), (B, F) (3rd d), (C, G) (7th d), (D, H) (30th d) are
coronal and horizontal images, respectively.
FIGURE 3

The 7-day survival rate (87.5%) of the new model was higher than
that (58.3%) of the old model. Older models have lower survival
rates due to a variety of reasons such as biliary leakage, jaundice,
and bleeding.
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results showed that the PVF of the left graft gradually decreased

until the 30th day, while right graft decreased slightly before the 7th

day but increased significantly on the 30th day (Figure 5).
Serological changes in rats after dual-graft
liver transplantation

ALT, AST, TBIL, DBIL, IBIL, and LDH are significant indexes

for liver function evaluation. Blood samples from the sham-

operated group and transplanted group on the 3th, 7th, and 30th

days were obtained. The results are shown in Figure 6. Compared

with the sham-operated group, liver function increased at different

time points in transplanted group, and the differences in liver

function indexes were statistically significant (P < 0.05). ALT,

AST, TBIL, DBIL, IBIL, and LDH all peaked on day 3 and then
Frontiers in Immunology 07
decreased continuously. Moreover, the liver function parameters

recovered, while LDH increased again drastically on the 30th day.
Morphological measurement of the weight
and volume of dual grafts

The weight and volume of dual grafts were measured before the

operation and 30 days after transplantation. Compared with the

initial weight and volume of the two grafts, the total weight and total

volume after 30 days of transplantation increased significantly (P <

0.05) (Figure 7A). The weight and volume of the right graft were

significantly larger than those of the left graft (Figures 7B, C),

compared with the sham operation group. There was no significant

difference in total volume masses 30 days post transplantation (P <

0.05) (Figure 7D).
B C

D E F

A

FIGURE 6

Changes in blood biochemical indicators 1 day, 3 days, 7 days, and 30 days after transplantation. (A) ALT. (B) AST. (C) LDH. (D) TBIL. (E) DBIL. (F) IBIL.
*P<0.05, **P<0.01, ***P<0.001.
BA

FIGURE 5

Changes in portal vein flow in dual grafts 1 day, 3 days, 7 days, and 30 days after transplantation. (A) Ultrasound images of the dual grafts portal vein.
(B) Statistical plot of portal vein blood flow (* means statistically significant in right graft vs left graft. *P < 0.05, **P < 0.01. # means statistically
significant right and left graft vs control group, #P < 0.05, ##P < 0.01, n = 6).
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Hematoxylin and eosin staining

In the early stages following transplantation, the dual grafts

showed vacuolar changes, sinusoidal congestion, and swelling of the

endothelial cells in the portal area. The vacuolated lesions were

gradually alleviated. Nonetheless, up to 30 days post-

transplantation, the hepatocyte morphology of the dual grafts

seemed to be normal, and significant hyperplasia of the bile duct

was observed; this suggested considerable growth in the liver tissue.

In addition, there were a large number of infiltrating inflammatory

cells in the portal area of the left graft (Figure 8).
Changes in the apoptotic indexes
in dual grafts

To explore the molecular mechanisms of dual- graft volume

differences after DGLT, we compared the apoptotic changes in dual

grafts by qRT-PCR and Western blots in the sham group and

transplantation group on the 3rd, 7th, and 30th days post-surgery.

RT-PCR showed that fas, caspase-8, granzyme b, and caspase-3

were highly expressed on the 3rd day and then decreased gradually

until the 30th day in the right graft, and caspase-9 increased again

on the 30th day. In the left graft, except caspase-3 that increased on

the 3rd day and decreased until the 30th day, all others increased on

the 3rd day, decreased on the 7th day, and increased again on the

30th day. Overall, apoptosis was higher in the left graft than the

right graft (Figure 9). Western blot analysis showed that fas,

caspase-8, and caspase-3 firstly increased and then decreased in

dual grafts. However, the expression of granzyme b and caspase-9
Frontiers in Immunology 08
continued to increase in the left grafts and decreased in the right

graft from the 7th day to the 30th day (Figure 10).
Discussion

The donor shortage puts patients awaiting liver transplantation

at risk of death. The emergence of split and living liver

transplantation largely expands the donor pool, but SFSS occurs

when donor–recipient volume is unmatched or when donor liver

quality is poor (35). DGLT surgery has been shown to be effective in

solving SFSS (13). However, after DGLT, some patients have shown

unilateral graft atrophy and even death (13, 20, 24, 27, 28), which is

an undesirable complication for liver transplantation. Moreover,

the small number of cases and short follow-up time lead to a lack of

information on the physiological process in DGLT. Thus, our team

has established a rat dual-graft liver transplantation model (34, 36).

We improved the stability and observed the changes in dual-

graft post-transplantation to explore the mechanism of

volume unbalance.

There are some differences when comparing the DGLT rat

model and the clinical DGLT. First and foremost, the rat model has

dual donors from the right upper lobe of the rat’s liver and volume

difference between the two grafts is not quite vast. However, in a

clinical scenario, there are two types: dual left lobe liver

transplantation and left lobe plus right lobe transplantation. In

dual left lobe transplantation, there comes a big question as to

which one of the two left lobes should be placed in the hepatic fossa

and which one should be placed in the left hepatic fossa. The

number and size of the bile ducts of the graft are the basis; the liver
B

C D

A

FIGURE 7

(A–C) The weight and volume of grafts both increased 30 days after transplantation compared to their initial weight and volume. (D) The level of
weight and volume in the transplantation group was similar to that in the sham group. (A) The volume and weight of dual grafts (weight, 12.09 ± 1 g
vs 4.91 ± 0.18 g; volume, 12.52 ± 1.60 ml vs 4.47 ± 0.08 ml). (B) The weight of a single graft (right, 9.61 ± 1.87 g vs 2.34 ± 0.07 g; left, 1.54 ± 1.30 g
vs 2.30 ± 0.07 g). (C) The volume of a single graft (9.91 ± 1.61 ml vs 2.09 ± 0.08 ml; left, 2.81 ± 1.79 ml vs 2.15 ± 0.17 ml). (D) Weight and volume in
the transplantation group and sham group (weight, 12.09 ± 1.00 g vs 10.1 ± 0.42 g; volume, 12.53 ± 1.60 ml vs 10.71 ± 0.59 ml). *P<0.05, **P<0.01,
***P<0.001.
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B C

D E

A

FIGURE 9

The mRNA changes in apoptosis indexes of dual grafts. (A) Fas; (B) Caspase-8; (C) Caspase-9; (D) Granzyme b; (E) Caspase-3. * means statistically
significant in Right graft VS Left graft. *P<0.05, **P<0.01, ***P<0.001. # means statistically significant Right and Left graft VS control group, #P<0.05,
##P<0.01, ###P<0.001. (n=6).
FIGURE 8

Histology results of HE staining. (A, B), 1 day after reperfusion: the right graft shows moderate vacuolar changes, and the left graft shows moderate-
severe vacuolar changes. Two grafts showed sinusoidal congestion and swollen endothelial cells. (C, D) 7 days after reperfusion: reduced vacuolar
changes and bile duct hyperplasia were observed on both grafts. (E, F), 30 days after reperfusion, the morphology of hepatocytes of the two grafts
tended to be normal, significant hyperplasia of the bile duct and fibrous tissue was observed, and more inflammatory cell infiltration could be
observed in the portal region of the left graft. The normal arrow indicates vacuolar changes, the broken arrow displays sinusoidal congestion, and
the dotted arrow indicates hyperplasia of the bile duct.
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lobe with multiple bile ducts or the liver lobe whose bile duct size

does not match the recipient bile duct is usually placed on the left

side because multiple bile duct-to-bile duct anastomoses are

performed on the right side. If both left lobes are single bile

ducts, then the evaluation would be based on the number and

size of hepatic arteries. If the conditions of the two left liver lobes are

the same, the dominant liver lobe should be placed in situ. On the

left, if the volume is larger, the degree of steatosis is lower. Both left

lobe and right lobe transplantations were orthotopic

transplantation. However, in the rat DGLT model, due to the

limitation of microsurgery technology, bile duct–bile duct

anastomosis is always completed through a Y-type prosthesis,

portal vein anastomosis is completed through the iliac blood

vessel, and the hepatic artery is directly ligated. However,

clinically, the portal vein and hepatic artery are easy to operate by

vascular anastomosis (26, 34).

After succeeding the establishment of a stable model, we used

MRI to observe the volume change in dual grafts continuously and

dynamically. The growth of right grafts was faster than that of left

grafts, and the volume of left grafts increased slowly, which seems to

reproduce the occurrence of graft atrophy cases in clinical DGLT. In

clinical DGLT, cadaveric liver, left graft, small initial graft, and left

liver lobe transplanted to right hepatic fossa were prone to atrophy.

(1) Atrophy of the cadaveric liver as a donor may be associated with

the long preservation time and impaired liver function (13). (2) The

donor’s left hepatic lobe inserted into the recipient’s right hepatic

fossa is prone to atrophy, mainly because it is not in situ and it

causes tension, distortion, and stretching during surgical operation

(23). (3) For smaller graft before transplantation, some scholars

believe that larger grafts easily gain more access to portal blood flow

and grow well (21, 23).
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To explore the cause of volume unbalance of dual grafts, we

used US to detect PVF of dual grafts in the receptor and found that

there were PVF differences in dual grafts. The PVF was consistently

decreased in the left graft. In the right graft, although the PVF

decreased on the 3th (0.37 ± 0.07 ml/s vs 0.73 ± 0.23 ml/s, left side

vs. right side) and 7th (0.17 ± 0.04 ml/s vs 0.59 ± 0.28 ml/s, left side

vs. right side) days after surgery, it was still more than the left, and

the right graft PVF increased on the 30th day, which may be a

contributing factor to volume differences in dual grafts. Broering

et al. and Kaihara et al. believed that the growth of the dual grafts is

related to the distribution of PVF and that larger grafts have an

advantageous growth and preferentially obtain more blood from the

ipsilateral portal vein, smaller grafts obtain less PVF, and

proliferation is slower. The larger-volume graft seizes blood flow

from the small graft, which is called the “blood stealing

phenomenon” (21, 23). Some scholars also believe that hepatic

vein stenosis is related to graft proliferation and shrinkage,

increased hepatic venous pressure, and the ipsilateral portal vein

pressure resulted in decreased blood perfusion of the graft and

increased portal vein perfusion of the contralateral graft (30, 33).

Apoptotic indicators of the left graft were higher than the right graft.

In the right graft, the apoptosis level decreased except caspase-9 that

decreased on the 7th day and increased on the 30th day. In the left graft,

Fas, caspase-8, caspase-9, and granzyme b decreased on the 7th day and

increased on the 30th day, which was consistent with the volume

change of the grafts and peaked on the 7th day, potentially explaining

that the volume changes may be related to apoptosis. However, we did

not compare the left and right grafts by western blotting.

Serological changes of liver function showed the worst liver

function on the 3th day after transplantation and then gradually

recovered on day 7 and day 30, which was similar to the changes of
A

B

D

E

C

FIGURE 10

(A) The apoptosis protein expression in dual grafts. (A), Caspase-3. (B), Caspase-8. (C), Caspase-9. (D), Fas. (E), Granzyme b.
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apoptosis indicators. However, LDH increased again drastically on

the 30th day. In fact, after day 7, we also performed two additional

time points at day 15 and day 25, but the changes were not

significant, and we considered that continuous anesthesia might

be the cause of the changes in LDH.

In addition, we measured the mass and volume of the dual graft on

the 30th day. Compared with the grafts before transplantation, the total

mass and volume of the transplantation group reached the level of the

sham operation group and even slightly exceeded the sham operation

group. Furthermore, with later observations, we found that many rats

have unilateral graft atrophy, and even though the left graft diminished,

the receptors were healthy. Therefore, although atrophy was not the

expected result, it did not seem to affect the survival of the rats.

Although the animal model was successfully established and

optimized in this study, the transplantation mode was all dual right

liver lobe, which was different from the complex liver lobe combination

pattern of the clinical scene and only initially reproduced the graft

atrophy scenario after clinical DGLT. Secondly, the mechanism

exploration is also very shallow, and the model observation time is

not long enough. The operation is also complicated, and it is difficult to

popularize this model for the study of liver transplantation. In addition,

although some patients have unilateral graft atrophy after DGLT, the

survival rate of most patients is tremendously good and no uncurable

complications can be pinpointed (37, 38), similar to the rat model’s

survival rate in our experiment. This “extra” or atrophic graft, although

it failed to regenerate well eventually, seems to support patients as a

transition through the period of greatest need for liver (14, 19). In the

future, we will further optimize this animal model to explore the

mechanism of cooperative regeneration of the atrophic graft with

another graft to achieve patient health.
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