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Abstract. Liver transplantation is the standard treatment 
for end‑stage liver failure; however, rejection can result in 
allograft failure. In order to investigate the role of Notch 1 
during rejection, the present study evaluated Notch 1 expres-
sion, as well as the levels of immune reactivity, in rat liver 
allografts. A heterotopic liver transplantation model was 
established using Dark Agouti (DA) rats as donors and Lewis 
rats as recipients (DA/Lewis), with DA recipient rats serving 
as controls (DA/DA). The concentration levels of immune 
reactivity markers and serum Notch  1 were measured on 
days 3, 5, and 7. The overall survival was significantly shorter 
(<10 days) in the DA/Lewis group, as compared with the 
DA/DA group (P<0.0001). The concentration levels of serum 
alanine aminotransferase and total bilirubin were significantly 
higher 5 and 7 days following transplantation in the DA/Lewis 
group, as compared with the DA/DA group (P<0.001). The 
concentration levels of serum Notch  1 were significantly 
higher in the DA/Lewis group, as compared with the DA/DA 
group on days 3, 5, and 7 following transplantation (P<0.0001). 
These results indicate that the expression levels of serum 
Notch 1 significantly increase during liver allograft rejection, 
suggesting that Notch 1 is involved in the mechanism under-
lying liver allograft rejection. Notch 1 may serve as a marker 
of acute rejection in a rat liver transplantation model.

Introduction

Liver transplantation is the standard treatment for patients 
with end‑stage liver failure. Despite immunosuppressive drugs 
providing excellent short‑term outcomes following transplan-
tation, acute and chronic rejection episodes still occur and 
affect long‑term graft function. Non‑invasive monitoring of 
graft‑specific immune activation would allow for the early 
diagnosis, and ultimately, the prediction and management of 
acute or chronic liver rejection (1). Therefore, novel methods 
are required in order to accurately predict acute rejection 
following transplantation.

The Notch gene, originally identified in Drosophila (2), 
is highly conserved in both invertebrates and vertebrates (3). 
The Notch signaling pathway consists of four Notch recep-
tors (Notch 1‑4), and five structurally similar Notch ligands 
(Delta‑like  1, 3, and  4, and Jagged  1 and  2)  (4,5). Notch 
signaling has an important role in the regulation of cell fate, 
and influences the growth and survival of progenitor cells (6). 
The Notch signaling pathway regulates various aspects of 
embryonic development, as well as differentiation processes 
and tissue homeostasis in numerous adult organ systems (7).

A recent study demonstrated that Notch receptors and ligands 
are highly expressed in the central and peripheral immune 
systems (7). The Notch signaling pathway has an important role 
in regulating the differentiation, proliferation, and function of 
mature lymphocytes, including peripheral T cells. Once naïve 
T cells migrate to the periphery in response to antigens, in 
the presence of appropriate signals the naïve T cells become 
activated and exert their function (7). Notch receptor expression 
has been linked to T cell activation, proliferation, and cytokine 
production (7), suggesting that these signals may be closely 
associated with the immune reaction to allografts. Following 
renal transplantation, Notch 1 expression was associated with 
the immune state of recipients, indicating that the expression 
levels of Notch 1 may predict long‑term renal function. Notch 1 
may therefore serve as a marker of acute rejection and long‑term 
renal function following renal transplantation (8).

Peripheral blood is easily accessible and may be used to 
assess biomarkers that accurately reflect or predict immune 
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responses to a graft. The present study established a rat liver 
transplantation model in order to examine whether increased 
expression levels of Notch 1 in the peripheral blood were 
predictive of early acute immune rejection.

Materials and methods

Animals. Male Dark Agouti (DA) and Lewis rats (age, 
8‑10 weeks old; weight, 230±20 g) were purchased from the 
Laboratory Animal Center of the Second Affiliated Hospital 
at Harbin Medical University (Heilongjiang, China), and from 
the Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai, 
China), respectively. All rats were housed in microisolator 
cages in the barrier facility of the Fujian Medical University 
(Fuzhou, China). The rats were housed at 27˚C in 45% 
humidity with 12 h light/dark cycle, with ad libitum access to 
food and water. All experiments were approved by the Ethics 
Committee of Fujian Medical University (Fuzhou, China).

Establishment of a rat heterotopic liver transplantation 
model. A heterotopic liver transplantation model was estab-
lished using DA rats (n=50) as donors and Lewis rats (n=25) as 
recipients (DA/Lewis), with DA rats (DA/DA) (n=25) serving 
as recipients in the control group (9‑11). Five rats from each 
group were sacrificed on days 3, 5, and 7 post‑transplantation, 
prior to liver tissue sample harvesting. The overall allograft 
survival rates were monitored in 10 rats from each group, with 
allograft rejection being histologically confirmed.

Liver function measurements. The serum concentration levels 
of total bilirubin (TBIL) and alanine transaminase (ALT) were 
measured using the caffeine method and rate method according 
to the manufacturer's instructions (Cobas 8000 Biochemical 
Analyzer; Roche Diagnostics, Basel, Switzerland) on days 3, 5, 
and 7 following liver transplantation. 

Notch 1 quantification by ELISA. The concentration levels of 
serum Notch 1 were quantified on days 3, 5, and 7 following liver 
transplantation by ELISA (450 nm) using Quantikine M kits 
(Yueyan Biotech, Shanghai, China), according to the manufac-
turer's instructions. The Bio‑Rad 550 ELISA Plate‑Reader was 
used (Bio‑Rad Laboratories, Inc., Hercules, CA, USA).

Histological analysis. Allografts were histologically examined 
following fixing of allograft tissues in 4% paraformaldehyde 
and embedding in paraffin (Sinopharm Chemical Reagent Co., 
Shanghai, China). on days 3, 5, and 7, and the overall rejection 

rates were assessed according to the Banff schema  (12). 
Paraffin sections (5 µm) were cut, then dewaxed and rehy-
drated through reducing graded alcohols, using a standard 
protocol: Three changes of xylene (Sinopharm Chemical 
Reagent Co.), 3  min each; two changes of 100%  ethanol, 
2 min each; 95% ethanol, 1 min; 70% ethanol, 1 min. Tissue 
sections were then stained with hematoxylin (Amresco, Solon, 
OH, USA) and eosin (Sinopharm Chemical Reagent Co.) for 
histological examination and were observed by microscopy 
(BX46; Olympus, Tokyo, Japan). The pathological features of 
acute rejection included the presence of inflammatory infil-
trates in the portal tracts, bile duct damage, and endotheliitis, 
with at least two of these three features required for diag-
nosis (13,14). All histological evaluations were performed in a 
double‑blinded manner by two researchers.

Statistical analysis. SPSS 12 (SPSS, Inc., Chicago, IL, USA) 
analytical software was used for all statistical analyses. The 
results were presented as the mean ± standard deviation, and 
compared by one‑way analysis of variance or Student's t‑test. 
Graft survival was analyzed by life table methods, with differ-
ences in survival assayed by the log‑rank test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Liver function evaluation. The concentration levels of normal 
serum ALT and TBIL in the Lewis rats were 26.3±7.3 U/l 
and 11.36±4.35 µmol/l, respectively (data not shown). A total 
of 5 and 7 days following transplantation, the concentration 
levels of both TBIL and ALT were significantly higher in 
the DA/Lewis group, as compared with the DA/DA group 
(P<0.001) (Figs. 1A and B). These results indicate that liver 
function in the DA/Lewis group was continuously being 
restored following transplantation.

Histological assessment of donor liver grafts. The liver grafts 
in the DA/Lewis group exhibited moderate to severe acute 
rejection. Pathological changes included mixed infiltrate, 
infiltration of most ducts by inflammatory cells, and severe 
perivenular inflammation extending into the perivenular 
parenchyma. Conversely, the liver grafts in the DA/DA group 
exhibited no evidence of rejection (Fig. 2A‑F).

Survival of liver allografts in recipients. Liver grafts survived 
>90 days in the DA/DA group, but <10 days in the DA/Lewis 
group (P<0.0001); (Fig. 3). These findings indicate severe 

Table I. Detection of the concentration levels of serum Notch 1 in the liver transplant recipients, as determined by ELISA (µmol/l).

Group	 Day 3 	 Day 5 	 Day 7

DA/DA 	 9.313±1.011	 9.030±0.742	 8.791±0.721
DA/Lewis	 13.405±0.802a	 17.527±0.824a	 23.605±0.731b

Concentration levels of serum Notch 1 were significantly higher in the Dark Agouti (DA)/Lewis group, as compared with the DA/DA group 
on days 3, 5 and 7 (aP<0.0001 vs. DA/DA rats), as determined by an unpaired two‑tailed Student's t‑test. In addition, these concentrations 
significantly increased over time in the DA/Lewis group (bP<0.0001 vs. DA/DA rats).
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acute rejection in the DA/Lewis rats, whereas no rejection was 
observed in the DA/DA group.

Serum Notch  1 levels. The concentration levels of serum 
Notch 1 were significantly higher in the DA/Lewis group, as 
compared with the DA/DA group on days 3, 5 and 7 (P<0.0001) 
(Table I). These concentrations increased significantly over 
time in the DA/Lewis group (P<0.0001), suggesting a corre-
lation between Notch 1 concentration and the progression of 
acute liver rejection. 

Discussion

The present study established a rat liver transplantation model 
in order to examine the correlation between immune allograft 
rejection and Notch 1 levels in peripheral blood. The results 
indicated the presence of both acute rejection and increasing 
serum concentration levels of Notch  1 over time in the 
DA/Lewis group, suggesting that Notch 1 concentration may 
serve as a marker for early acute rejection.

Non‑invasive monitoring of graft‑specific immune activa-
tion would allow for the early diagnosis, and ultimately, the 

Figure 1. (A) Concentration levels of serum total bilirubin (TBIL) 3, 5, and 7 days following liver transplantation in the Dark Agouti (DA)/Lewis and DA/DA 
groups. The concentrations levles of TBIL were significantly higher 5 and 7 days following transplantation in the DA/Lewis group, as compared with the 
DA/DA group (*P<0.001). (B) Concentration levels of serum alanine transaminase (ALT) 3, 5, and 7 days following liver transplantation in the DA/Lewis and 
DA/DA groups. The concentrations levels of ALT were significantly higher 5 and 7 days following transplantation in the DA/Lewisgroup, as compared with 
the the DA/DA group (*P<0.001).

Figure 2. Histological assessment of donor liver grafts on (A and D) days 3, (B and E) 5, and (C and F) 7 following transplantation in the (A‑C) Dark Agouti 
(DA)/DA and (D‑F) DA/Lewis groups. The liver grafts in DA/Lewis group exhibited moderate to severe acute rejection, whereas the liver grafts in the  
DA/DA group exhibited no evidence of rejection. Magnification, x400; hemotoxylin and eosin staining.

Figure 3. Overall survival in the Dark Agouti (DA)/Lewis and DA/DA 
groups. Overall survival was significantly shorter in the DA/Lewis group, as 
compared with the DA/DA group (<10, vs. >90 days, P<0.0001).

  A   B
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prediction and pre‑emptive management of acute or chronic 
rejection (1). Peripheral blood is easily accessible and may 
be used to identify and monitor biomarkers that accurately 
reflect, detect, or predict detrimental immune responses to 
grafts (1). In the present study, livers were transplanted from 
DA rats into either Lewis or DA rats (control), in order to 
evaluate liver function, histology, and survival. The results 
demonstrated that the concentration levels of TBIL and ALT 
were significantly higher in the DA/Lewis group, as compared 
with the DA/DA group, 5 and 7 days following transplantation 
(P<0.0001). The liver grafts in the DA/Lewis group exhibited 
moderate to severe acute rejection, and overall survival was 
significantly shorter in the DA/Lewis group, as compared with 
the DA/DA group (P<0.0001). These findings indicated that a 
model of acute rejection of liver transplants had been success-
fully established.

Notch signaling pathways have important roles in 
regulating the proliferation and function of mature lympho-
cytes (6,7). Notch signaling has also been implicated as an 
important regulator of peripheral T cell activation and effector 
cell differentiation (15), and Notch signals may be closely 
associated with immune reactions in the allograft. Notch 1 
expression in peripheral blood mononuclear cells (PBMCs) 
has previously been shown to correlate with acute rejection 
and long‑term renal function following renal transplantation, 
with the expression of Notch 1 in PBMCs increasing prior to 
the increase in the concentration levels of serum creatinine (8). 
Similarly, in the present study the concentration levels of serum 
Notch 1 were higher in the DA/Lewis group, as compared with 
the DA/DA group (P<0.0001), and the concentration levels of 
Notch 1 increased significantly over time in the DA/Lewis 
group, as compared with the DA/DA group (P<0.0001). 

Notch signaling has been reported to critically influence the 
differentiation of activated T cells into T helper 1 cells, which 
control cellular immunity (15,16). Furthermore, Notch gene 
expression was induced in primary CD4+ T cells following 
specific peptide/antigen stimulation  (17). Notch activity 
contributes to peripheral T cell responses, including CD4+ 
T cells, via augmentation of a positive feedback loop (17). 
T cell receptor activation of peripheral T cells in vitro has been 
shown to upregulate the expression of Notch 1, which was 
correlated with increased T cell proliferation and interferon‑γ 
cytokine production (18).

Previous studies have reported that Notch signaling may 
induce immune tolerance. Notch signaling has been implicated 
in the induction of regulatory T cell (T reg) differentiation and 
function (19‑21). T reg cells are crucial for the negative regu-
lation of hyperactive T cells and immune tolerance, via the 
suppression of T cell reactivity in peripheral tissues (22‑24). 
Notch ligands have been reported to enhance T reg cell differ-
entiation and function in vitro (25,26); however, this activity 
has yet to be evaluated using genetic approaches (15). The 
results of the present study regarding the role of Notch 1 in the 
acute rejection model of liver transplantation appear to differ 
from these previous reports. Genetic approaches are required 
in order to clarify the importance and mechanism underlying 
Notch signaling in liver transplantation.

In conclusion, the present study demonstrated that the 
concentration levels of serum Notch  1 are significantly 
increased during liver allograft rejection. These results 

suggested that Notch 1 is involved in the mechanisms under-
lying liver allograft rejection. Therefore, Notch 1 may serve as 
a marker of acute rejection in a rat liver transplantation model. 
These findings suggest that the concentration levels of serum 
Notch 1 may predict acute rejection in rat liver transplantation. 
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