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Abstract: Ischemic preconditioning (IPC) has been introduced to protect grafts against ischemic reperfusion injury 
(IRI) during liver transplantation (LT) in recent years. However, the underlying molecular mechanisms of IPC are not 
fully understood. We aimed to confirm whether the efficacy of IPC is dependent on T cell Immunoglobulin and Mu-
cin domain-containing molecules-1 (TIM-1). Quantitative real-time reverse transcription PCR and western blotting 
were used to detect the expression of genes of interest. Graft function was assessed using the levels of alanine 
transaminase (ALT) and aspartate transaminase (AST), percentage of apoptosis cells and pathological examination. 
IPC treatment alleviated graft function after ischemic reperfusion. AST, ALT, CD68, CD3 positive cells and tissue 
myeloperoxidase activity were decreased significantly by IPC. IPC decreased the expressions of the cytokines and 
chemokines. Compared with the IRI group, TIM-1 expression and TIM-1 positive cells were inhibited significantly in 
the IPC group. TIM-1 blockage abolished the protective effect of IPC on IRI damage. IPC could not further improve 
graft function and decrease the sequestration of immune cells after blocking TIM-1 signaling. IPC is a convenient 
therapeutic strategy against IRI during LT. The benefit of IPC depends on TIM-1 signaling.
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Introduction

Hepatitis B virus infection is highly prevalent in 
China, which could lead to more than five mil-
lion patients developing irreversibly decompen-
sated liver cirrhosis and even hepatocellular 
carcinoma (HCC) [1]. Liver transplantation (LT) 
is considered the best life-saving therapy. 
However, a serious shortage of donor livers is 
the main limit for the survival rate of patients 
on the waiting list for an LT. To solve this issue, 
several transplant centers use donor livers that 
exceed traditional criteria, including age beyond 
60, prolonged time of warm and cold storage, 
and macrovesicular steatosis beyond 30% [2]. 
These ‘marginal’ livers are particularly sensi-
tive to ischemia reperfusion injury (IRI), which 
leads to frequent primary graft non-function 
and promotes the progression of acute or 

chronic rejection [3]. Furthermore, IRI also 
causes damage to other organs, such as acute 
kidney injury [4], which is a fatal complication 
[5].

As early as 1986, Murry et al. confirmed that 
the multiple brief ischemic episodes that pre-
cede myocardial infarction were beneficial to 
protect the myocardium from coronary occlu-
sion [6]. Currently, accumulating evidence sh- 
ows that ischemic preconditioning (IPC) increas-
es liver resistance to IRI and longer ischemia 
[7-10]. However, few studies have focused on 
the molecular mechanism of IPC. Moreover, the 
wide application of IPC in clinical practice is lim-
ited because of the direct mechanical trauma 
to major vascular structures, the unpredictabil-
ity of the ischemic episode, and for ethical rea-
sons. Especially in China, the donor livers are 
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harvested mainly from donations from 
deceased cardiac patients. Despite remote 
ischemic conditioning being considered as an 
alternative choice that could protect kidneys 
from IRI after LT, it presented no protective 
effect on graft function [11]. In this regard, fur-
ther investigation of the molecular mechanism 
of IPC is required urgently.

Recently, several studies reported that the T 
cell Immunoglobulin and Mucin domain-con-
taining molecules-1 (TIM-1) was responsible for 
activation of various myeloid leukocytes [12]. 
TIM-1 belongs to the TIM gene family and is 
located on human chromosome 5q33.2 in a 
region that is correlated significantly with aller-
gy, asthma, and autoimmunity [13, 14]. Mo- 
reover, TIM-1 is a pattern recognition receptor 
that recognizes phosphatidylserine (PtdSer) 
[15] expressed on activated CD4+ T cells, and 
sustains preferentially the expression of Th2, 
but no or little expression of Th1 and Th17 after 
differentiation [16]. Crosslinking of TIM-1 with 
its ligand or agonist monoclonal antibody pro-
vided a potent co-stimulatory signal to increase 
the proliferation of naïve T cells and interleukin 
(IL)-4 production of Th2 cells [16]. In addition, 
the interaction of TIM-1 with TIM-2, TIM-3, or 
TIM-4 is also involved in regulating Th1, and 
certain dendritic cells and macrophages via 
PtdSer exposed on exosomes [17]. 

TIM-1 is also called known as kidney injury mol-
ecule (KIM-1), whose expression is localized 
specifically on the regenerating proximal tubule 
epithelial cells and is apparently upregulated in 
the post-ischemic rat kidney [18]. Previously, in 
the IRI model with LT, we found that TIM-1 
expression increased in the liver with IRI, and 
TIM-1 blockage overcame IRI by decreasing 
TGF-β and IFN-γ expression, and increasing the 
expression of IL-4, IL-10, and IL-22 [19]. 
Furthermore, the use of an antagonistic anti-
TIM-1 antibody decreased hepatocellular apop-
tosis and improved liver function by inhibiting 
local neutrophil infiltration, and sequestration 
of macrophages and T lymphocytes in LT [20]. 

This evidence implied that TIM-1 plays a crucial 
role in the activation and differentiation of T 
cell and immunity-mediated IRI. Here, we pro-
vide evidence that suppression of TIM-1 signal-
ing is essential for the IPC-mediated decreases 
in IRI damage in LT.

Material and methods

Animals

Male C57BL/6 mice (5-week-old, 18-22 g) were 
obtained from the Shanghai Laboratory Animal 
Center, Chinese Academy Sciences, and 
housed in a controlled 12-h light/dark cycle 
environment with free access to food and 
water. All animal experiments were performed 
according to the Zhejiang University guidelines 
for animal care and were approved by the 
Animal Ethics Review Committee of Zhejiang 
University, and conformed to the National 
Institutes of Health Guide for Care and Use of 
Laboratory Animals (NIH Publications, No. 
8023, revised 1978).

Experimental groups

36 mice were randomly divided into 3 groups (n 
= 12): sham group, IRI group, and IPC+IRI 
group. The mice in the sham-operated group 
underwent surgery, with the portal vein and 
artery were isolated without occlusion. In the 
IRI group, the mice were subjected to 70% liver 
ischemia for 90 min, followed by 6 h of reperfu-
sion, as previously described [20]. In the IPC+IRI 
group, the mice were subjected to 10 min of 
ischemia and 10 min of reperfusion prior to 
sustained ischemia, as previously described 
[20]. Additionally, 6 mice each from the IRI and 
IPC+IRI groups were randomly selected to 
receive an infusion containing a blocking mono-
clonal antibody against TIM-1 (0.5 mg/mouse 
i.v.; Bio X Cell, West Lebanon, NH, USA) at 1  
h prior to the induction of ischemia. At the end 
of reperfusion, blood and liver samples were 
collected and preserved for subsequent 
procedures.

Enzyme-linked immunosorbent assay

Antibodies were diluted to 1-10 µg/mL with buf-
fer. Subsequently, 0.1 mL of antibody was incu-
bated in 96-well plate for 1 h. The liquor was 
discarded and the plate was washed three 
times with Tris-buffered saline and Tween-20 
(TBST). Graft protein (0.1 mL/100 μg) was 
added to the 96-well plate and incubated for 1 
h at 37°C in an incubator. After washing three 
times, the reaction system was further incubat-
ed with 0.1 mL enzyme labeled antibody for 1 
h. Finally, the concentration of graft protein was 
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determined by measuring the OD value at 450 
nm.

Immunohistochemistry

Sections (4 µm) of graft tissues were deparaf-
finized and rehydrated before being subjected 
to heat-induced epitope retrieval. Next, the 
endogenous peroxidase activity was quenched 
using 3% hydrogen peroxide, and nonspecific 
binding was blocked with 5% fetal bovine serum 
(FBS). After incubation with primary antibodies 
(CD3, ab16669, Abcam, USA; CD68, ab125212, 
Abcam, USA). Overnight at 4°C, the sections 
were further incubated with corresponding con-
jugated-HRP secondary antibodies (anti-rabbit-
HPR, 7074, CST, USA) for 1 h at room tempera-
ture. The target protein expression was 
visualized using 3, 3’-diaminobenzidine, fol-
lowed by hematoxylin counterstain. Further- 
more, the negative control was established 
using phosphate-buffered saline (PBS) rather 
than the primary antibody.

Histological examination

After the experiment ended after 6 h of re- 
perfusion, the hepatic tissue samples harvest-
ed from the mice were fixed with 4% parafor-
maldehyde. The hepatic tissue samples were 
immediately removed and post‑fixed in 4% 
paraformaldehyde for 24 h. Paraffin‑embedded 
sections (3 mm thick) were stained with hema-
toxylin and eosin (H&E) for visualization under a 
light microscope (magnification, ×200; Leica 
Microsystems, Wetzlar, Germany).

Terminal deoxynucleotidyl transferase (TdT) 
dUTP nick-end labeling (TUNEL) assay

The cell apoptosis of the graft was analyzed 
using a TUNEL staining kit (Roche, Basel, 
Switzerland), following the manufacturer’s 
instructions. The TUNEL assay was performed 
in triplicate and repeated ten times with inde-
pendent liver tissues from each treatment 
group. The percentage of cell apoptosis was 
determined by dividing the number of TUNEL 
positive cells by the total number of liver cells.

Quantitative real time PCR (qRT-PCR)

The extraction of total RNA from grafts was per-
formed using a TRIzol RNA extraction kit 
(Invitrogen Co.), and then reverse transcription 
was conducted using a Rever Tra Ace-a- reverse 

transcription kit (Invitrogen Co.). QRT-PCR was 
performed using a Takara SYBR Premix Extaq 
kit in the Roche LightCycler system. All experi-
mental procedures were performed according 
to the manufacturer’s instructions. Primers 
were produced by the Shanghai Sangon 
Biological Engineering Technology Services Co., 
Ltd. The nucleotide sequences of each primer 
were as follows: IL-1β: AAATCTCGCAGCAGCACAT 
(forward), CACACACCAGCAGGTTATCA (reverse); 
Cxcl-1: CTGGGATTCACCTCAAGAACATC (forwa- 
rd), CAGGGTCAAGGCAAGCCTC (reverse); Cxcl-2: 
CCAACCACCAGGCTACAGG (forward), GCGTCA- 
CACTCAAGCTCTG (reverse); Tim-1: ACATATCG- 
TGGAATCACAACGAC (forward), ACAAGCAGAA- 
GATGGGCATTG (reverse); IL-6: CCACTTCACAA- 
GTCGGAGGCTTA (forward), CCAGTTTGGTAGC- 
ATCCATCATTTC (reverse); TNF: TATGGCCCAGA- 
CCCTCACA (forward), GGAGTAGACAAGGTACA- 
ACCCATC (reverse); IFNγ: CATCAGCAACAACA- 
TAAGTGTCATC (forward), CATTGACAGCTTTGT- 
GCTGGA (reverse).

Western blotting 

The protein from grafts was collected with lysis 
buffer (Cell Signaling Technology, Beverly, MA, 
USA) at 4°C according to the manufacturer’s 
instructions. The protein concentrations were 
detected using the Bradford assay (Bio-Rad, 
Hercules, CA, USA) and a BCA Protein Assay Kit 
(Pierce, Rockford, IL, USA). Proteins (30-50 
µg/10 µL proteins were separated by electro-
phoresis in 10% PAGE gels and then transferred 
onto 0.45 µm polyvinylidene fluoride (PVDF) 
membranes (Millipore, Bedford, MA, USA). After 
being blocked with 5% non-fat milk in TBST buf-
fer for 1 h, the membranes were incubated with 
primary antibodies overnight at 4°C. After 
washing three times, the membranes were 
incubated with conjugated-HRP secondary anti-
bodies at room temperature for 1 h. The amount 
target proteins were defined using the Super 
Signal West Pico Chemiluminescent Substrate 
(Pierce, Billerica, MA, USA).

Flow cytometry analysis

Peripheral blood mononuclear cells (PBMCs) 
were isolated from mouse venous blood sam-
ples and incubated with anti-PE for 30 minutes 
on ice. The background fluorescence was 
adjusted using the corresponding isotype anti-
body. After washing three times with PBS, TIM-1 
expression was analyzed using a four-color 
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FC500 flow cytometer (Beckman-Coulter, Mi- 
ami, FL, USA) for 1×105 cellular events.

Statistical analysis

All experiments were conducted three times 
and the data were described as means with SD 
or as a frequency. Fisher’s exact test and a  
two-tailed Student’s t test were performed to 
analyze the difference in target parameters 
between IRI and IPC groups. All statistical anal-
yses were performed in SPSS 19.0 software 
(SPSS Inc., Chicago, IL, USA), and a P-value less 
than 0.05 was thought to be statistically 
significant.

Results

IPC attenuates IRI damage in LT

To determine the effect of IPC on liver protec-
tion, the serum alanine transaminase (ALT) and 
aspartate transaminase (AST) levels was 
detected at 6 h of reperfusion, the peak of IRI. 

Compared with the IRI group, mice conditioned 
with IPC presented significantly decreased lev-
els of ALT and AST (Figure 1A, *p < 0.05, **p < 
0.01, ***p < 0.001 vs IRI; #p < 0.05 vs Tim-
1+IR). Furthermore, pathological examination 
suggested that IPC improved the sinusoidal 
congestion in the graft with IRI (Figure 1B). The 
frequency of hepatocellular apoptosis was also 
detected, and TUNEL-positive cells in the IRI 
group was higher compared with the IPC group 
(Figure 1B, 1D). Western blotting further 
showed increased Bcl-2, and Bcl-xl levels and 
decreased Bax and Cleaved caspase3 levels in 
grafts with IRI following IPC (Figure 1C). These 
results implied that IPC was an effective meth-
od to protect against IRI.

IPC decreases neutrophil, T cell, and macro-
phage graft sequestration

Given that the accumulated neutrophils, T cells, 
and macrophages are the main cells that con-
tribute to IRI progression, we performed immu-

Figure 1. IPC attenuates IRI damage in LT. A. Ischemic preconditioning (IPC) significantly attenuated the liver dam-
age caused by ischemic reperfusion injury (IRI) during liver transplantation (LT). *p < 0.05, **p < 0.01, ***p < 
0.001 vs IRI; #p < 0.05 vs Tim-1+IR. B. Liver histology examined using hematoxylin and eosin (HE) staining, and 
cell apoptosis examined using TdT-mediated biotin-16-dUTP nick-end labeling (TUNEL) assay (magnification, ×400; 
**P < 0.01, ***P < 0.001, vs Control; ##P < 0.01 vs IR). IPC treatment improved the sinusoidal congestion in the 
graft with IRI. C. Western Blot was used to detect protein expression. Compared with the IRI group, the IPC group 
presented increased Bcl-2 and Bcl-xl expression, and decreased Bax and Cleaved caspase3 expression in the graft. 
D. The ratio of hepatocellular apoptosis was 12% in the IRI group and 5% in the IPC group. **p < 0.01, ***p < 
0.001 vs Control; ##p < 0.01 vs IR. 
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nohistochemical staining for CD68 and CD3 in 
the IRI, IPC, and control groups. After IPC treat-
ment, the percentages of CD68 and CD3 posi-
tive cells decreased in the grafts with IRI (Figure 
2A). Furthermore, a myeloperoxidase (MPO) 
assay was performed to further detect neutro-
phil infiltration into the graft. Similarly, IPC sup-
pressed the MPO activity (U/g) significantly 
compared with the IRI controls (Figure 2C).

In parallel, the graft expression of cytokines (IL-
6, TNF-α, IFN-γ and IL-1β) and chemokines 
(CXCL-1 and CXCL-2) were analyzed using qRT-
PCR. Compared with the IRI group, IPC mice 
presented significantly decreased induction of 
IL-6, TNF-α, IFN-γ, and IL-1β (Figure 2B). CXCL-1 
and CXCL-2 predominantly drive neutrophils 
trafficking [21]. The reduced expression of 
CXCL-1 and CXCL-2 also suggest decreased 
neutrophil infiltration.

IPC suppressed TIM-1 expression in grafts with 
IRI

Given that TIM-1 is essential for immune cells 
sequestration in grafts with IRI, we detected 

TIM-1 expression by western blotting and qRT-
PCR. IPC treatment apparently suppressed the 
TIM-1 expression induced by IRI in the graft 
(Figure 3A, 3B). Furthermore, the peripheral 
blood TIM-1 positive cells were analyzed by flow 
cytometry. Compared with the IRI group, the 
IPC group showed a lower percentage of TIM-1-
positive cells in peripheral blood. There were 
only 3.7% TIM-1 positive cells in the control 
group, 16.6% in the IR group, and 9.3% in the 
IPC group (Figure 3C).

TIM-1 blockage abolished the protective effect 
of IPC on IRI damage

To further determine whether TIM-1 is essen- 
tial for IPC protection, an anti-TIM-1 antibody 
was utilized to block TIM-1 signaling in LT. 
Treatment with the anti-TIM-1 antibody not only 
reduced the IR-induced serum ALT and AST lev-
els, but also decreased the apoptosis rate and 
improved the pathological changes observed 
on histology. However, in the IPC group follow-
ing anti-TIM-1 antibody treatment, the serum 
ALT and AST levels were not reduced signifi-

Figure 2. PC decreases neutrophil, T cell, and macrophage graft sequestration. A. The average percentage of CD68 
and CD3 positive cells was 95, 52 in the ischemic reperfusion injury (IRI) group and 74, 5 in the ischemic precon-
ditioning (IPC) group, respectively. *p < 0.05, ***p < 0.001 vs Control; ###p < 0.001 vs IR. B. The results of quan-
titative real-time reverse transcription PCR (qRT-PCR) suggested decreased expression of interleukin (IL-6), tumor 
necrosis factor alpha (TNF-α), interferon (IFN)-γ, IL-1β, chemokine (C-X-C motif) ligand 1 (CXCL1), and CXCL-2 after 
IPC treatment. *p < 0.05, **p < 0.01 vs Control; #p < 0.05, ##p < 0.01 vs IR. C. Furthermore, the myeloperoxidase 
(MPO) assay showed suppressed MPO activity (U/g) in IPC group compared with that in the IRI group. *p < 0.05, 
***p < 0.001 vs Control; ##p < 0.01 vs IR.
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cantly compared with the IRI graft with TIM-1 
blockage (Figure 4A). Moreover, the number of 
apoptotic cells was not different between the 
IRI and IPC group after disruption of TIM-1 sig-
naling (Figure 4B, 4D). Western blotting con-
firmed that TIM-1 blockage abolished the effect 
of IPC on increasing Bcl-2 and Bcl-xl expres-
sion, and decreasing Bax and Cleaved cas-
pase-3 expression in grafts with IRI (Figure 4C). 
These results suggested that TIM-1 signaling is 
necessary for the effectiveness of IPC.

Disruption of TIM-1 signaling eliminated im-
mune regulation of IPC

After receiving anti-TIM-1 antibody treatment, 
neutrophil, T cell, and macrophage graft se- 
questration were detected in the mouse mod-
els. Compared with the IR group, the expres-
sions of CD68 and CD3 were apparently sup-

pressed in the IRI+TIM-1 blockage group and in 
the PC+TIM-1 blockage group, but similar 
between these two groups (Figure 5A). In addi-
tion, the MPO activity, another index of neutro-
phil infiltration, was highest in the IR group, and 
moderate in both the IRI+TIM-1 blockage and 
IPC+TIM-1 blockage groups, which also showed 
had no significant difference between them 
(Figure 5C). Furthermore, after TIM-1 blockage, 
the detection of cytokines and chemokines 
confirmed that IPC treatment could not de- 
crease the expressions of IL-6, TNF-α, IFN-γ, 
IL-1β, CXCL-1, and CXCL-2 further (Figure 5B).

Discussion 

IRI, an exogenous antigen-independent, inflam-
matory event, remains an unavoidable problem 
during LT. Although significant has been made 
to reduce the impact of IRI on grafts, little prog-

Figure 3. IPC suppressed TIM-1 expression in grafts with IRI. A, B. Suppressed T cell Immunoglobulin and Mucin 
domain-containing molecules-1 (TIM-1) expression was found in the ischemic preconditioning (IPC) group compared 
with the ischemic reperfusion injury (IRI) group by western blotting and quantitative real-time reverse transcription 
PCR (qRT-PCR). *p < 0.05, ***p < 0.001 vs Control; ##p < 0.01 vs IR. C. Furthermore, flow cytometry analysis 
showed 3.7% of TIM-1 positive cells in the normal group, 16.6% in the IR group, and 9.3% in the IPC group.
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ress has occurred in IRI therapy. Among multi-
ple strategies, IPC was proven to have consis-
tent and apparently beneficial effects in a 
rodent LT model [22]. Furthermore, multiple 
centers conducted a serial of prospective ran-
domized clinical trials in which IPC introduced 
by in local deceased donor livers [23], and dem-
onstrated that IPC could protect graft against 
IRI injury in a deceased donor LT [24, 25]. 
However, recently, the use of IPC has been con-
troversial. Koneru et al. revealed that 5 minutes 
of IPC did not decrease graft injury caused by 
IRI [23]. Unexpectedly, in another study, livers 
from 50 deceased donors that received 10 
minutes of IPC showed increased IRI in the 
graft after LT, and this ‘IPC paradox’ could not 
be explained by the researchers [26]. Desai et 
al. reviewed these paradoxical reports and con-
cluded that the different efficacy of IPC was 
potentially caused differences in the recipients’ 
ages, the time of IPC, and the IRI severity in 
these studies [27].

To further investigate the efficacy and mecha-
nism of IPC, we re-built the IRI mouse LT model 
and treated them with IPC. In the present study, 
the graft sample was collected at 6 h after 
reperfusion, when the liver dysfunction was the 
most serious. After treatment with IPC, the 
level of AST, ALT and the rate of apoptotic cells 
decreased significantly. However, compared 
with normal controls, the liver function was still 
poorer in the IPC treatment group. These 
results suggested that IPC was an effective 
therapy against IRI; however, its efficacy was 
limited by IRI severity. To the best our knowl-
edge, few studies have focused on the evalua-
tion of IRI severity. For example, Li et al. 
revealed that renalase was responsive sensi-
tively to oxidative stress and could be detected 
in the peripheral blood, which indicated the 
possibility of renalase as a promising biomark-
er for evaluating IRI severity [28]. In addition, 
the breath pentane level correlated with prog-
nosis of IRI in swine and might be a useful pre-

Figure 4. TIM-1 blockage abolished the protective effect of IPC on IRI damage. A. Serum alanine transaminase (ALT) 
and aspartate transaminase (AST) levels determined using enzyme-linked immunosorbent assay. *p < 0.05, **p < 
0.01, ***p < 0.001 vs IR; #p < 0.05 vs Tim-1+IR. B, D. Liver histology examined using hematoxylin and eosin (HE) 
staining, and cell apoptosis examined using TdT-mediated biotin-16-dUTP nick-end labeling (TUNEL) assay (magnifi-
cation, ×400; *P < 0.05, **P < 0.01 vs IR). Moreover, in the IPC group following anti-TIM-1 antibody treatment, the 
serum ALT and AST levels were not reduced significantly compared with the IRI graft with TIM-1 blockage. C. Protein 
expression was detected by Western Blot. After TIM-1 blockage, there was no difference in the expression of Bcl-2, 
Bcl-xl, Bax, and Cleaved caspase-3 between the IRI and IPC groups. *P < 0.05 vs IR. 
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dictor of IRI severity [29]. However, the current 
biomarkers are unhelpful to standardize the 
application of IPC. Therefore, a precise bio-
marker or model to assess the severity of IRI is 
needed urgently.

In the process of IRI progression, the role of 
myeloid leukocytes has been explored and they 
are considered primarily responsible for IRI 
[16]. Recently, the essential role of TIM-1 co-
stimulatory signaling in the differentiation and 
proliferation of native T cells, and the activation 
of macrophages, was disclosed. In a mouse IRI 
model, TIM-1 signaling was confirmed to be 
necessary for ischemia-reperfusion induced 
hepatocellular damage via increasing T cell, 
neutrophil, and macrophage sequestration 
[20]. Previously, we also revealed that targeting 
TIM-1 expressed on CD4 positive cells could 
suppress the activation of macrophages, result-
ing in decreased IRI [19]. In the present study, 
we found that the expression level of TIM-1 in 
peripheral blood and graft tissue correlated 
with the severity of IRI. These results suggest-
ed that the level of TIM-1 might be a promising 
biomarker of IRI severity.

We also confirmed that TIM-1 blockage de- 
creased the expressions of IL-6, TNF-α, IFN-γ, 
IL-1β, CXCL-1, and CXCL-2 significantly, which 
implied that TIM-1 blockage suppressed mainly 
the activation of Th1 and macrophages, but 
whose expression was predominantly on Th2. 
This phenomenon indicated that TIM-1 co-stim-
ulatory signaling has a potent adjuvant effect 
that is induced by the crosslinking between 
TIM-1 and its ligands, including TIM-1 itself 
[30], TIM-4 [31], IgAL [32], and PtdSer [33], 
respectively, expressed on different myeloid 
leukocytes. Besides, several reports have 
implied that different anti-TIM-1 antibodies 
have different effects on immunity. Degauque 
et al. reported that treatment with the anti-
TIM-1 antibody 3B3 not only promoted the 
expansion and activation of IL-17 and IFN-γ-
secreting cells, but also inhibited the prolifera-
tion of T regulatory cells (Tregs) [34]. In con-
trast, the lower affinity antibody, RMT1-10 was 
used to block TIM-1 signaling, leading to a Th1 
to Th2-type cytokine switch and expansion of 
CD4+CD25+ Tregs, which prolonged the survival 
of grafts with mismatched major histocompati-
bility complexes (MHCs) [35]. These discover-

Figure 5. Disruption of TIM-1 signaling eliminated immune regulation of IPC. A. T cell Immunoglobulin and Mucin 
domain-containing molecules-1 (TIM-1) blockage simultaneously suppressed the expression of CD68 and CD3 in 
both the ischemic reperfusion injury (IRI) and ischemic preconditioning (IPC) groups, and no different expression 
was found between the two groups. ***p < 0.001 vs IR; ###p < 0.001 vs Tim-1+IR. B. After TIM-1 blockage, IPC 
could not decrease the expressions of interleukin (IL-6), tumor necrosis factor alpha (TNF-α), interferon (IFN)-γ, IL-
1β, chemokine (C-X-C motif) ligand 1 (CXCL1), and CXCL-2 further. *p < 0.05, **p < 0.01 vs IR. C. In addition, the 
myeloperoxidase (MPO) activity was the highest in IR group, and moderate or no different in the IRI+TIM-1 blockage 
and IPC+TIM-1 blockage groups, respectively.
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ies suggested that RMT1-10 is an effective 
therapy against IRI and rejection after LT.

Altering the expression of genes involved in cell 
death, cell cycle, stress, autophagy, and sup-
pressing the immune response are the main 
mechanisms underlying IPC against IRI in LT 
[36]. Given the important effect of TIM-1 on the 
immune response, we investigated whether the 
therapeutic efficacy of IPC was dependent on 
TIM-1. After treatment with IPC, we found the 
TIM-1 expression of both the graft and periph-
eral blood decreased significantly. Furthermore, 
TIM-1 blockage abolished the protective effect 
of IPC on IRI damage, and also eliminated IPC’s 
suppression of the immune response.

IPC is a convenient therapeutic strategy against 
IRI during LT, and the benefit of IPC is propor-
tional to the severity of IRI. High TIM-1 expres-
sion was observed in graft and peripheral blood 
during IRI development, and TIM-1 blockage 
suppressed the immune response and graft 
damage. Furthermore, the disruption of TIM-1 
signaling abolished the effect of IPC on graft 
protection and sequestration of immune cells. 
Taken together, our results suggested that 
TIM-1 might be a precise biomarker of IRI sever-
ity and is responsible for the underlying mecha-
nism of IPC.
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