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Abstract. Establishing a steatotic liver transplantation animal 
model can be a challenging process, which requires complex 
microsurgical technologies. The present study established a 
novel rat model of stable steatotic liver transplantation for 
marginal liver graft research, which notably minimized the 
number of animals used for the experiment. Briefly, male 
Sprague‑Dawley rats (n=90) were fed with a high‑fat diet 
(HFD; 60%, kJ) or standard chow diet (SCD) for 8 weeks. 
The liver enzymes and lipid levels were assessed every week, 
and the degree of steatosis was determined via hematoxylin 
and eosin and Oil Red O staining. The results demonstrated 
that there were no significant differences in alanine amino‑
transaminase and aspartate aminotransferase levels between 
the SCD and HFD groups (P>0.05), whereas the level of 
plasma triglyceride (TG) increased by 1.76‑fold in the HFD 
group at week 2, and progressively decreased to baseline levels 
by week 8. Significantly higher levels of TG were observed 
in the HFD group compared with the SCD group at week 2 
(P<0.05). In addition, the levels of plasma glucose (P<0.05), 
portal insulin (P<0.05) and content of liver lipid (P<0.01) 
increased in the HFD group compared with the SCD group. 
After 6 weeks, the liver steatosis was successfully formed and 
stable. Consequently, a rat liver developed hepatic macrove‑
sicular steatosis >60%, which was subsequently used for 
transplantation after double‑lobectomy. Post‑transplantation 
survival rates in the HFD and SCD groups were as follows: 

Week 1, 80 vs. 100% and 1 month, 20 vs. 100%. A total of 
20 rats were not sacrificed by performing double‑lobectomy 
for biopsy. Taken together, the results of the present study 
suggest that rat liver double‑lobectomy may be safely applied 
in steatotic liver transplantation without the need to sacrifice a 
large number of animals.

Introduction

Liver transplantation (LTx) is the most effective treatment 
for patients with end‑stage liver diseases, including hepatic 
cirrhosis, hepatocellular carcinoma, hepatic hemangioma and 
hepatic echinococcosis, which has been extensively applied 
in the clinical setting for more than half a century  (1‑5). 
The discrepancy between donor organ supply and demand 
continues to increase with the growing number of potential 
candidates on the transplant waiting list (6). Thus, a series 
of strategies have been advocated to expand the donor pool 
from the extended criteria donors (ECD), including donation 
after cardiac death, age‑related mortality, and malignancy 
and hepatic steatosis (7‑9). However, liver grafts donated from 
ECD are associated with a higher risk of primary non‑func‑
tion (PNF), early allograft dysfunction and mortality (10). 

Steatotic liver, which belongs to marginal liver grafts 
(MLG), is the most common liver disorder in developed 
countries, with a prevalence of 20‑30% among the general 
population (11‑16). Hepatic steatosis is typically character‑
ized by the accumulation of lipid droplets in hepatocytes and 
is commonly divided into two subtypes, macrovescicular 
steatosis or microvescicular steatosis, based on the size of the 
fat vacuole and the location of the nucleus (17). Macrovesicular 
steatosis is defined as the accumulation of large fat droplets 
in the hepatocyte, displacing the nucleus to the edge of the 
cell, whereas microvesicular steatosis is defined as the pres‑
ence of tiny lipid vesicles in the hepatocyte, without nuclear 
displacement (17). In the clinical setting, steatosis has been 
classified into mild (<30%), moderate (30‑60%) or severe 
(>60%) depending on the degree of the fatty infiltration (18). 

Hepatic steatosis, particularly that in the liver with 30% 
macrosteatosis, is considered an independent risk factor for 
PNF due to increased susceptibility to ischemia‑reperfusion 
injury  (17,19‑21). The following mechanisms have been 

Double‑lobectomy in a steatotic liver transplantation rat model
LIN FAN1*,  ZHEN FU1*,  YAN XIONG1,  SHAOJUN YE1,  YANFENG WANG1,  GUIZHU PENG1  and  QIFA YE1,2

1Zhongnan Hospital of Wuhan University, Institute of Hepatobiliary Diseases of Wuhan University, 
Transplant Center of Wuhan University, Hubei Key Laboratory of Medical Technology on Transplantation, 

Wuhan, Hubei 430071; 2The 3rd Xiangya Hospital of Central South University, 
Research Center of National Health Ministry on Transplantation Medicine Engineering and Technology, 

Changsha, Hunan 410013, P.R. China

Received March 28, 2020;  Accepted September 16, 2020

DOI: 10.3892/etm.2021.9687

Correspondence to: Dr Qifa Ye, Zhongnan Hospital of Wuhan 
University, Institute of Hepatobiliary Diseases of Wuhan University, 
Transplant Center of Wuhan University, Hubei Key Laboratory 
of Medical Technology on Transplantation, 169  East Lake Road, 
Wuhan, Hubei 430071, P.R. China
E‑mail: yqf_china@163.com

*Contributed equally

Key words: liver transplantation, hepatic steatosis, reduced size, 
animal model



FAN et al:  STEATOTIC LIVER TRANSPLANTATION RAT MODEL2

proposed for hepatic steatosis: Liver microcirculation is 
hampered with excessive fat accumulation, which leads to 
mitochondrial damage, and oxidative stress during reperfusion, 
coupled with inflammatory response involving lipid peroxida‑
tion and leukocyte adhesion may contribute to the graft failure 
following transplantation (20,22,23). Ploeg et al (18) reported 
that PNF rates increase up to 80% in the severely steatotic liver. 
In addition, previous studies have demonstrated that severely 
steatotic graft is associated with high PNF rates (0‑66%) 
and a 1‑year graft with a survival rate of 25‑90% (18,24‑26). 
Currently, macrovesicular steatosis of >30% is considered an 
independent predictor for a reduction of PNF and 1‑year graft 
survival (27). Thus, the evaluation and restoring of organs 
from ECD attract increasing attention. 

Due to difficulties and complexities in microsurgical 
technology (28), establishing a rat steatotic liver transplanta‑
tion model can be challenging. In addition, donor livers or 
grafts require multiple biopsies at the point of procurement, 
during preservation and after transplantation. When using liver 
transplantation models, a single biopsy requires animals to be 
sacrificed, resulting in an increased number of experimental 
animals, which is not conducive to animal welfare and ethical 
principles. Thus, the present study established a novel method 
to decrease the number of experimental animals. The results of 
the present study suggest that liver tissues from different parts 
at different time points may significantly decrease the number 
of experimental animals used. In addition, the proposed method 
did not affect post‑operative animal mortality (papillary 
process and quadrate lope excision: Partial liver transplantation 
vs. whole liver transplantation survival; 5/5 vs. 5/5).

The steatotic liver animal model induced by a high‑fat 
diet (HFD) is commonly applied to assess hepatic steatosis 
in vivo. This model can mimic the etiology of hepatic steatosis 
in human beings (29). The present study aimed to establish 
a stable and reproducible steatotic liver model induced by a 
HFD that may be used to investigate the efficacy of reduced 
size transplantation in MLG research.

Materials and methods

Animals. A total of 90 male Sprague‑Dawley rats (210±10 g), 
aged 6‑8 weeks, were obtained from Hubei Provincial Center 
for Disease Control and Prevention in China. All animals 
were housed in an environment with a temperature of 23±1˚C, 
relative humidity of 55±10%, air exchange 12‑14 times/h, a 
light/dark cycle of 12/12 h, and were provided with food and 
tap water ad libitum. The present study was approved (IRB 
approval no.  AF‑177) by Wuhan University Institutional 
Animal Care and Use Committee (Wuhan, China). 

A total of 10 rats were procured after 7 days of acclimation to 
provide baseline values. A total of five rats in the HFD group or 
standard chow diet (SCD) group were samples each week during 
8 weeks of modeling. Rats were randomly divided into 8 groups 
(n=10). Body weight and food intake were monitored on a daily 
basis. The time schedules for blood extraction in relation to the 
frozen sections used for analysis are presented in Fig. 1.

Dietary interventions. The HFD consisted of 60% lipid, 
20.6% carbohydrate and 19.4% protein (kJ), and was provided 
in rods direct from the manufacturer (Trophic Animal Feed 

High‑Tech Co., Ltd.). The lipids included in the HFD consisted 
of 90% lard and 10%  soybean oil (Trophic Animal Feed 
High‑Tech Co., Ltd.). The SCD consisted of usual pellet rat 
chow (Trophic Animal Feed High‑Tech Co., Ltd.). In order to 
avoid fatty diarrhea, rats in the HFD group were fed using the 
following 6 day schedule: i) 2 days of 30% weight (wt) HFD 
and 70% wt SCD; ii) 2 days of 50% wt HFD and 50% wt SCD, 
and iii) 2 days of 70% wt HFD and 30% wt SCD.

Graft procurement and reduced size procedure. Anesthesia 
during liver procurement and transplantation was maintained 
using isoflurane (cat. no. R510‑22‑4; RWD Life Technology 
Co., Ltd.; 4% isoflurane for induction and 2% isoflurane for 
maintenance). Briefly, heparin (100 IU) in 2 ml saline solution 
(cat. no. H8060‑1g; Beijing Solarbio Science & Technology Co., 
Ltd.) was injected into the penile vein, and a 5 mm long stent 
prepared from polyethylene tube was inserted into the common 
bile duct (CBD) and secured with 6‑0 sutures. Livers were 
flushed in situ with 20 ml of University of Wisconsin (UW) 
solution at 4˚C. A total of two hepatic lobes, the papillary 
process and the quadrate lobe were procured for assessment, 
using the liver volume reduction method illustrated in Fig. 2. 
The papillary process (Fig. 2C) was removed to assess the 
extent of hepatic steatosis before cold storage (CS) at 4˚C. The 
quadrate lobe (Fig. 2D) was cut following preservation with 
UW solution at 2‑4˚C for 4 h. Venous cuffs prepared from two 
sizes of polyethylene tubes were subsequently placed in the 
portal vein (PV) and intrahepatic inferior vena cava (IHVC). 
The inside/outside diameters of polyethylene tube for CBD, 
PV and IHVC were 0.6/1.0, 1.8/2.2 and 2.8/3.2 mm, respec‑
tively. Grafts were stored in UW solution at 4˚C for 4 h prior to 
implantation (Fig. 2E).

Serum analyses. Blood was drawn from the rats every week 
during the modeling process to detect hepatocyte injury and 
serum lipid levels via alanine aminotransaminase (ALT), 
aspartate aminotransferase (AST), triglyceride (TG), total 
cholesterol (TC), free fatty acid, high‑density lipoprotein and 
low‑density lipoprotein. These indices were measured at the 
Institute for Clinical Biochemistry and Diagnostics, Zhongnan 
Hospital of Wuhan University (Wuhan, China). Lipids from 
rat livers were prepared using chloroform‑methanol extrac‑
tion (30). Plasma glucose concentration was detected using a 
glucose analyzer (590; Yuwell), while insulin concentration 
was detected using commercially available RIA kits (cat. no. 
E‑EL‑R3034; Elabscience Biotechnology Co., Ltd.).

Histological assessment. The papillary process of liver tissues 
was obtained and divided into two parts immediately after 
collection. One part was fixed in a cold buffered 4% para‑
formaldehyde solution or cold buffered 3% glutaraldehyde 
solution. Following fixation, the first part of tissues in each 
group was embedded in olefin, cut into 4‑mm thick slices and 
stained with hematoxylin (10 min at room temperature) and 
eosin (2 min at room temperature) or toluidine blue (3 min at 
room temperature) (31). The second part of tissues was treated 
with Oil Red O (ORO) for 8 min at room temperature to assess 
the degree of steatosis (32), and for intraoperative assessment 
of the steatotic extent to determine whether it can be used 
as a donor. The degree of steatosis was estimated based on 
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the percentage of hepatocytes containing lipid droplets using 
Scoring System Definitions (33) and the following formula: 
Degree of steatotic change (%)=[(number of hepatocytes with 
fatty droplets in the all microscopic field)/(number of total 
hepatocytes in the all microscopic field)] x100. The degree of 

steatotic change in all groups was determined by calculating 
the percentage in 10 random areas. A total of two pathologists 
(Zhongnan Hospital of Wuhan University), blindly assessed 
and confirmed all biopsies. All liver sections were observed 
under a light microscope (magnification, x200; TE2000‑U; 

Figure 2. Reduced size procedure prior to transplantation. (A) Schematic representation of hepatic lobes in rats. (B) Two lobes were cut from the whole liver. 
(C) The papillary process was immediately removed following graft procurement. (D) The quadrate lobe was procured after 4 h of cold storage ex vivo. (E) The 
remaining five lobes were prepared for transplantation. Liver transplantation process, including (F) pre‑ and (G) post‑ hypothermic perfusion, (H) ex vivo 
preparation, (I) pre‑ and (J) post‑ portal vein reperfusion. (K) Bile outflow after reperfusion.

Figure 1. Time schedule of diet‑induced period and orthotopic liver transplantation. SCD, standard chow diet; HFD, high‑fat diet; W, week; SCS, static cold 
storage; h, hour; OLT, orthotopic liver transplantation; LTx, liver transplantation.
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Nikon Corporation) and the number and area of fat droplets in 
hepatocytes were assessed using Image‑Pro Plus (version 6.0; 
Media Cybernetics Inc.).

Orthotopic liver transplantation (OLT). Rats in the HFD 
group (n=15; 6‑8  weeks), with hepatic macrovesicular 
steatosis >60%, were subjected to intraoperative ORO 
staining. OLT was performed as previously described by 
Kamada and Calne (28). Steatotic liver grafts or lean liver 
grafts were procured and transplanted into healthy adult rat 
recipients 4 h after preservation. For transplantation, the 
liver of the recipient was removed after clamping the supra‑
hepatic inferior vena cava (SHVC), PV and the IHVC, and 
grafts were transplanted by anastomosing the SHVC with 
8‑0 monofilament nylon suture. The cuff was subsequently 
inserted into the corresponding vessels and secured with 
6‑0 sutures. The bile duct was anastomosed using an intra‑
luminal stent. The macroscopic changes of liver grafts after 
portal vein opening were recorded in different groups. A total 
of five rats in each group were transplanted and observed 
for 180 days, whereby the survival rate was calculated. For 
the control group, five rats from the SCD group underwent 
the same treatment. The transplanted rats were recovered at 
the Intensive Care Unit Cage (Vetario S10; Brinsea Products 
Ltd.) and subcutaneously injected with 0.1 mg/kg buprenor‑
phine (Shanghai Hengyuan Biotechnology Co., Ltd.) twice 
a day for 3 continuous days post‑surgery to relieve pain. To 
fulfill ethical obligations set by the Swiss legislation, all 
rats were appropriately evaluated using an animal suffering 
score, as previously described  (34). All transplanted rats 
were individually housed at a temperature of 23±1˚C, relative 
humidity of 55±10%, air change 12‑14 times/h, light/dark 
cycles of 12/12 h, and had ad libitum access to food and tap 
water 6 h post‑surgery. The steatotic liver graft was procured 
from the recipient for biopsy 1‑year after LTx.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism software (version 4.0; GraphPad Software, 
Inc.), the non‑parametric Mann‑Whitney‑Wilcoxon test or 
two‑way analysis of variance, followed by Bonferroni test 
for selected pairs of columns. All data are presented as the 
mean ± standard deviation. Survival analysis was performed 
using the Kaplan Meier method and log‑rank test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Body weight. The changes in body weight are presented in 
Fig. 3A. In weeks 2 and 3, lower body weight was observed in 
the HFD group compared with the SCD group (340.70±16.50, 
310.20±18.24 g vs. 375.4±22.2, 388.8±26.7 g, respectively). 
However, no significant differences were observed between 
the groups (P>0.05).

HFD induces rats to develop dyslipidemia and causes no 
inflammation. The results of the present study demonstrated 
changes in ALT and AST expression in rats fed a HFD 
compared with those fed a SCD; however, no statistical 
differences were observed between the groups (P>0.05; 
Fig. 3C and D). 

In addition, the level of plasma TG in the HFD group 
increased by 1.76‑fold at week 2, and progressively decreased to 
baseline levels by week 8. Significantly higher levels of TG were 
observed in the HFD group compared with the SCD group by 
week 2 (P<0.05; 1.548±0.172 mmol/l vs. 0.691±0.153 mmol/l). 
The peak TG level was observed at week 4 in the SCD group 
(Fig. 4). Notably, the levels of plasma TG in both the HFD and 
SCD groups were not time‑dependent (P>0.05; Fig. 4A). 

The HFD group exhibited small but significantly higher 
plasma glucose values (P<0.05; Fig. 3B), accompanied by 
significantly higher overall plasma insulin values in portal 
blood (P<0.05; Fig. 3E) but not in peripheral blood (Fig. 3F), 
compared with the SCD group. Furthermore, the column 
demonstrated that liver TG content ascended with time, with 
a statistically significant difference between the two groups 
after week 2 (P<0.05; Fig. 4B).

Morphological assessment. The rat liver receiving HFD 
was marginally obtuse and became dark yellow in color 
compared with the SCD‑fed rats. In addition, a greasy surface 
was observed in fatty livers  (Fig. 5). Histological analysis 
demonstrated that the HFD group developed macrovesicular 
steatosis after 4 weeks of receiving HFD (Fig. 6). The hepatic 
steatosis aggravated ~10% per week during the experimental 
process (Fig. 7).

These results were validated via ORO staining and 
quantification of TGs. The results demonstrated that intracyto‑
plasmic accumulation of TGs aggravated with time (Fig. 8). The 
cytoplasm was primarily occupied by several microvesicular 
steatosis and small fat vacuoles around the nucleus in week 3. 
However, macrovesicular steatosis was observed in most of the 
sections in week 6. The size of the vacuoles increased, pushing 
the nucleus to the periphery of the cell (Fig. 8).

Post‑transplantation graft function and rat survival. 
Steatotic LTx displayed poor hepatic morphology following 
reperfusion compared with the normal graft transplanta‑
tion (Video S1). The reperfusion condition was better in 
the SCD group compared with the HFD group (Video S1). 
Furthermore, the liver enzymes were significantly elevated 
24 h after LTx in the HFD group compared with the SCD 
group  (Fig.  9A). The early post‑transplantation survival 
rates on day 7, 30 and 365 were 80% (4/5), 20% (1/5) and 
20% (1/5) in the HFD group, and 100% (5/5), 100% (5/5) 
and 100% (5/5) in the SCD group (Fig. 9B). Among the rats 
that accepted severely steatotic grafts, only one rat survived, 
while the other four died 8 days post‑surgery (8±2 days). The 
postmortem examination revealed massive ascites, and it was 
concluded that the rats died from PNF (4/5). Macrovesicular 
steatosis dissipated from severely steatotic liver graft 1‑year 
after LTx (Fig. 10).

Discussion

Currently, several fatty liver animal models have been devel‑
oped, including rats, mice, the sand rat, rabbit, duck, geese 
and miniature swine  (35‑40). The rat model, which is the 
most commonly used fatty liver animal model, can be clas‑
sified into three types: Congenital, genetically modified and 
food/drug‑induced model (35‑40). However, the former two 
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are not in conformity with the pathogenesis of the human 
disease. In the present study, food‑induction was used to 
induce hepatic steatosis and simultaneously exclude other 
interference factors (41). Volume reduction was implemented 
as a self‑control method, making the data in the control group 
more accurate without enlarging samples, which is in line with 
the 3Rs concept of animal experiments (replacement, reduction 
and refinement) (42). OLT was performed using normal grafts, 
with or without a 20% volume reduction to verify the safety of 
this method. Post‑surgery survival rates were assessed within 
the two groups (100 vs. 100%).

Regarding body weight, lower body weight was observed 
in the HFD group compared with the SCD group; however, no 
significant differences were observed between the two groups. 
The lower body weight may be attributed to a time period of 
adaptation for HFD rats to their diet. In addition, the diameter 

of PV, SHVC, IHVC and bile duct was narrower in rats fed 
with HFD compared with those fed with SCD. 

The pathogenesis of fatty liver remains unclear; however, it 
is speculated that its formation is associated with fat metabolism 
disorders, increase in fat synthesis and oxidation‑reduction, 
as well as the imbalance in synthesis or discharge of TG and 
LDL (12). The results of the present study demonstrated no 
significant differences in ALT and AST levels between the 
HFD and SCD groups, which indicated the absence of addi‑
tional steatotic liver injury. In addition, the enzymes did not 
increase with the aggravation of hepatic steatosis. 

Notably, TC was not consistent with the degree of hepatic 
steatosis, as speculated. Conversely, no linear association was 
observed between TG levels in serum and liver. As an integral 
part of the metabolic syndrome, hepatic steatosis is associ‑
ated with the development of insulin resistance (43,44). In the 

Figure 3. Body weight and serum levels in HFD and SCD groups. (A) The changes in body weight. Plasma (B) glucose, (C) ALT and (D) AST levels. 
Plasma insulin concentrations were measured in (E) peripheral and (F) portal blood. n=5 and data are presented as the mean ± standard deviation. *P<0.05. 
HFD, high‑fat diet; SCD, standard chow diet; ALT, alanine aminotransaminase; AST, aspartate aminotransferase.
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present study, the HFD group was significantly associated 
with higher plasma glucose levels and higher portal insulin 
levels. These higher portal insulin levels in HFD rats may 
participate in the rapid development of hepatic steatosis. This 
may be one reason as to why some steatotic grafts reach full 

recovery following implantation in recipients with no insulin 
resistance. 

In the present study, the steatotic liver was larger in size, 
has a fatty surface, obtuse margin and was a dark yellow 
color compared with the healthy liver (SCD group). In addi‑
tion, no signs of fibrosis were observed in any of the groups. 
Histopathological analyses demonstrated that the hepatocytes 
of HFD rats had little lipid droplets 1 week after the model 
was established, and the number of hepatocytes increased in 
a time‑dependent manner. After 2 weeks, the little lipid drops 
demonstrated a  mutual‑fusion‑trend, indicating microve‑
sicular steatosis. A portion of microvesicular lipid droplets 
started to fuse into macrovesicular fat vacuoles at week 3, 
and notable macrovesicular steatosis was observed at week 4, 
which progressively decreased up to week 6. In addition, fat 
vacuoles were observed in the hepatocytes, and their nuclei 
were squeezed to one side, revealing the irregular shape of 
hepatocytes and hepatic sinusoid constriction, while the field 
of vision was filled with macro fat vacuoles. The hepatocytes 

Figure 5. General observations of (A) normal liver and (B) steatotic liver 
(B) in situ.

Figure 4. Plasma (A) TG, (B) liver TG, (C) plasma TC, (D) HDL, (E) LDL and (F) FFA levels in rats fed a HFD or SCD. Date are presented as the mean ± standard 
deviation. SCD compared with HFD, *P<0.05 and **P<0.01 vs. SCD. TG, triglyceride; TC, cholesterol; HDL, high density lipoprotein; LDL, low density 
lipoprotein; FFA, free fatty acid; HFD, high‑fat diet; SCD, standard chow diet.
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in the previous 3 weeks predominantly revealed microve‑
sicular steatosis, while they primarily revealed macrovesicular 
steatosis in the latter weeks. A more significant difference 
was observed between images at weeks 3 and 6 via H&E and 
ORO staining.

Based on this model, strategies such as, ischemic precon‑
ditioning, pharmacological preconditioning and machine 
perfusion may be used to enhance graft quality  (6,34). 
Although the steatotic liver model was stabilized by two 
preliminary  experiments, the results depended on the 
energy intake and individual differences. Regrouping 
would be more accurate based on TG content in tissues, 
combined with the degree of hepatic steatosis estimated by 
ORO staining.

LTx was performed using steatotic grafts or normal liver. 
Clinically, hepatic macrovesicular steatosis >60% is consid‑
ered a contraindication for transplantation due to the high 
morbidity of PNF (10). With reference to long‑term survival, 
rats receiving SCD survived longer than those fed a HFD; 
however, no statistically significant differences were observed 
in short‑term survival between the two groups. Restoring the 
rat intestinal blood flow, relieving congestion and stabilizing 
the hemodynamics are critical features for improving animal 
survival  (28). In the present study, an hepatic phase was 
limited between 20‑22 min, including the time for suturing the 
SHVC, cuffing and opening the PV, outflowing and clamping 
the IHVC, removing the SHVC clamp and letting approxi‑
mately 0.2 ml blood outflow from the IHVC in case thrombus 
or other impurities circulated into the blood when opening 

Figure 6. Hematoxylin and eosin stained liver tissues from high‑fat diet observed under a light microscope at week (A) 0, (B) 1, (C) 2, (D) 4, (E) 6 and (F) 8. 
Scale bar, 50 µm. Magnification, x200.

Figure 7. Degree of steatotic change in different groups. Mix refers to hepa‑
tocytes in which both macro and micro vacuoles were observed. n=5 and data 
are presented as the mean ± standard deviation. *P<0.05 and **P<0.01 vs. 1 w; 
#P<0.05 and ##P<0.01 vs. 3 w; ++P<0.01 vs. 4 w; ‑‑P<0.01 vs. 5 w. w, week.
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Figure 10. Steatotic liver graft changes pre‑, during and post‑transplantation. Macroscopy and microscopy of the steatotic liver graft (A and D) prior to procure‑
ment, (B and E) during transplantation and (C and F) 1 year after transplantation. Scale bar, 50 µm. Magnification, x200.

Figure 9. Post‑transplantation survival of rats and (A) liver enzymes in the HFD and SCD groups. (B) The 1‑ and 4‑week survival rates were 80% (4/5) and 
20% (1/5) for recipients of grafts from steatotic liver, whereas the survival rates were 100% (5/5) and 100% (5/5) for recipients of grafts from normal liver, 
respectively. n=5 and data are presented as the mean ± standard deviation. *P<0.05. HFD, high‑fat diet; SCD, standard chow diet; LTx, liver transplantation; 
h, hour; ALT, alanine aminotransaminase; AST, aspartate aminotransferase.

Figure 8. (A and B) Oil Red O, and (C and D) hematoxylin and eosin stained liver tissue sections from the high‑fat diet group at weeks (A and C) 3 and 
(B and D) 6. Microvesicular steatosis was observed at week 3, while macrovesicular steatosis was observed at week 6. Scale bar, 50 µm. Magnification, x200.
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PV. The results of the present study demonstrated that fatty 
LTx displayed poor hepatic morphology following PV reper‑
fusion compared with the normal graft transplantation. All of 
the steatotic grafts appeared to be male‑reperfusion during 
the transplantation. The liver surface appeared to be piebald 
due to the uneven blood reperfusion. In addition, combined 
with the post‑surgery survival, the intraoperative reperfusion 
situation of the liver did not have a decisive role in predicting 
rat prognosis, it was not possible to determine whether the rats 
would achieve a good outcome just based on the reperfusion 
morphology. In one case of fatty LTx in the present study, 
nearly no blood reperfusion was observed on the liver surface 
except in the portal vein and its branches. However, despite 
the poor performance, this was the only case that survived 
more than 6 months, longer than the others that had even 
better reperfusion. As a result, the prognosis could not be 
predicted only by intraoperative morphology in steatotic LT.

The steatotic liver is vulnerable to ischemic injury (21). PNF 
was commonly observed in the severely steatotic liver group 
that had sustained 4 h CS. The post‑surgery rats only survived 
if the liver function was restored, usually within 2 weeks. In 
the present study, except for one rat in the HFD group that 
survived, four rats died 8±2 days after the surgery. In total, 80% 
of rats did not recover from PNF until their death. As steatotic 
liver leads to poor prognosis, the authors aim to use machine 
perfusion in future studies to improve the survival outcomes.

In conclusion, the results of the present study suggest that 
HFD may be used to induce stable and rapid hepatic steatosis 
in rats without inducing inflammation. In addition, the lipid 
droplets accumulate into fat vacuoles over time, from microve‑
sicular steatosis into macrovesicular steatosis. Furthermore, 
volume reduction, as a self‑control method, may be applied in 
steatotic LTx without increasing the number of animals being 
used, thus promoting animal welfare. However, therapeutic 
approaches or machine perfusion need to be implemented in 
steatotic grafts to improve the quality of donated organs and 
improve the post‑transplantation survival.
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