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Abstract: This research aimed to explore the effect of augmenter of liver regeneration (ALR) in acute pancreatitis 
(AP) of mice and the underlying mechanism. Caerulein were given to mice to get AP models. AP mice were given 
saline, ALR plasmids or negative control plasmids. Then, pancreas tissues were fixed and stained for histological ex-
amination. The levels of serum amylase, serum lipase, MPO, HMGB1, TNF-α, IL-1β as well as MCP-1 were detected 
by ELISA assay. The mRNA levels of TLR4, p65, IκBα, iNOS, COX-2 and GAPDH were examined by RT-qPCR. The 
protein levels of HMGB1, TLR4, MD2, MyD88, IκBα and GAPDH were detected by western blotting. ALR decreased 
serum amylase as well as lipase levels and alleviated the histopathological alterations of the pancreas in AP mice. 
ALR decreased the MPO activity of pancreas in AP Mice. ALR decreased the HMGB1/TLR4 signaling pathway in AP 
Mice. ALR decreased pancreas IL-1β and MCP-1 in AP mice, and also decreased plasma TNF-α and IL-1β in AP mice. 
ALR attenuated the cerulein-caused increase in p65 mRNA and protein levels, but had no effects on mRNA and 
protein levels of IκBα. The AP mice significantly promoted the mRNA levels of iNOS and COX-2 that was inhibited by 
ALR. HNE formation was also increased in AP mice, but it was decreased by ALR. ALR alleviates acute pancreatitis by 
inhibiting HMGB1/TLR4/NF-κB signaling pathway. It is promising to alleviate the syndromes of patients with acute 
via targeting ALR.    
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Introduction

Pancreatitis is a kind of rare, early-onset genet-
ic disease featured with pain in the epigastrium 
as well as various severe complications [1]. 
Acute pancreatitis is a disorder with different 
severity. Some patients with acute pancreatitis 
have mild and self-limited syndromes, but oth-
ers have a more serious, highly morbid, as well 
as frequently deadly attack [2]. Acute pancre-
atitis is a life-threatening disorder and the cor-
rect mechanism remains unclear about how 
local pancreas inflammation can develop into 
systemic illness. Under normal circumstances, 
acinar cell damage is the early events of acute 
pancreatitis. Afterwards, the damage of acinar 
cells result in local immune activation of the 
pancreas, then leading to systemic illness of 
the patients [3].

Augmenter of liver regeneration (ALR) is a kind 
of sulfhydryl oxidase enzyme, which is express- 
ed in all of mammalian tissues [4]. ALR exhibits 
strong cellular protection and pro-survival func-
tions. More and more reports demonstrate that 
ALR is a protector of cells from apoptosis ca- 
used by H2O2, tumor cells in particular [5]. 
Subsequent evidences showed that ALR have 
far-reaching influence on basic biological pro-
cesses like energy transduction, cell viability 
and regeneration, metabolic balance, iron me- 
tabolism, as well as maintenance of stem cells 
[6]. In addition, depletion of ALR in mitochon-
drial ALR raises oxidative stress, decreases 
adenosine triphosphate rapidly, as well as leads 
to cell death via apoptosis and necrosis [7]. 
However in some other conditions, ALR attenu-
ates apoptosis in activated lymphocytes [8], 
renal proximal tubular cells, neuroblastoma 
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cells, glioma, and skeletal muscle cells [9]. 
Moreover, in primary hepatocytes, ALR protects 
against apoptosis from various stimuli [10].  

In consideration of the cellular protection and 
prosurvival functions of ALR, we hypothesized 
that ALR could alleviates acute pancreatitis in 
mice. This research aimed to investigate the 
role of ALR in acute pancreatitis of mice and 
the underlying mechanism.

Materials and methods

Animal model and experiment grouping design

A total of 32 three-week old adult SD mice 
which weigh 120-170 g were purchased from 
the Laboratory Animal Center of the Xi’an 
Jiaotong University (Xi’an, China). All mice were 
treated and fed as previously reported [11]. To 
get acute pancreatitis model, 6 doses of ceru-
lein (50 μg/kg, MedChem Express, NJ, USA) at 
1-hour intervals were intraperitoneally injected 
to mice. Mice were divided into 4 groups at ran-
dom: control group, AP group, AP+NC group, 
AP+ALR group. In control group, mice were 
treated with 0.9% NaCl intraperitoneally rather 
than cerulein. In AP+ALR group, the ALR plas-
mid (10 mg/kg, Genepharm Company, Shang- 
hai, China), was injected into the tail vein of 
mice 6 hours before cerulein treatment. In 
AP+NC group, a negative control plasmid (10 
mg/kg, Genepharm Company, Shanghai, China) 
was used in the same way as the ALR plasmid.  

Sample collection and preparation

Animals were sacrificed under anesthesia by 
intraperitoneal injection of pentobarbital sodi-
um; their pancreas was dissected immediately. 
Blood samples were gathered before and 12 
and 24 hours after first cerulein injection. Af- 
ter mice sacrifice, pancreas were collected  
for further detection: a part of the pancreas 
were fixed with 4% paraformaldehyde, others 
were stored at -80°C for protein or RNA in- 
vestigation.  

Serum amylase as well as lipase assay

Blood was obtained by retroorbital bleed. Se- 
rum amylase as well as lipase were determined 
via enzymatic methods. Activity of lipase and 
amylase was determined using lipase kits 
(Nanjing Jiancheng Corp., Nanjing, China) and 
amylase kits (Zhongsheng Beikong Bio-Techno- 

logy, Beijing, China). All procedures were done 
on the basis of the kit instructions. 

Histological examination

Paraffin sections of pancreas tissues were 
treated with hematoxylin and eosin, then 
detected via a light microscope. Histopatho- 
logical analysis of slides was made by two 
pathologists blindly.

Myeloperoxidase (MPO) assay 

To carry out the assays, pancreas tissue sam-
ples were thawed and homogenized in normal 
saline. The tissue homogenate was assayed for 
MPO activity with test kits. All procedures were 
performed on the basis of the instructions of 
test kits (Nanjing Jiancheng Corp, Nanjing, 
China). 

Immunohistochemistry

Paraffin sections of pancreas tissues was de- 
paraffinized as well as rehydrated with graded 
ethanol. After antigen retrieval using citric acid, 
the tissues were washed using PBS for three 
tomes. Then tissues were blocked with block-
ing solution at room temperature for 20 min-
utes. Afterwards, slides were put into primary 
antibody overnight at 4°C. On the following  
day, slides were put into the secondary anti-
body for 45 minutes at 37°C. In the end, slides 
were counterstained with hematoxylin before 
being observed via a light microscope.

Enzyme-linked immunosorbent assays (ELISA) 

In order to detect the extents of NF-κB p65, 
TNF-α, IL-1β as well as MCP-1, enzyme-linked 
immunosorbent assays (ELISA) kits (Cell Sig- 
naling Technology, USA, for NF-κB p65; Ray- 
Biotech®, GA, USA, for TNF-α, IL-1β as well as 
MCP-1) were used. 

Real-time reverse transcriptase-PCR (RT-PCR)  

Total RNA was isolated from cells as well as  
frozen tissues via Trizol reagent (Invitrogen, 
Carlsbad, CA). Each measurement was per-
formed in triplicate and a dissociation curve 
analysis was conducted for each PCR. GAPDH 
served as internal standards for miRNA and 
mRNA, respectively. Relative quantification of 
RNA expression was calculated via the 2-ΔΔCt 
method. The primer sequences used to amplify 
mRNAs were shown in Table 1.
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Western blot (WB)

Pancreatic tissues were homogenized with 
RIPA buffer (Beyotime Biotechnology, Beijing, 
China) containing PMSF (Beyotime Biotechno- 
logy, Beijing, China) as well as protease inhibi-
tors (Roche, Shanghai, China). After detection 
of protein concentrations, a total of 50 μg pro-
teins were separated via 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis be- 
fore transferred to PVDF membranes. PVDF 
membranes were incubated with 5% none-fat 
milk at room temperature for 1 hour and put 
into primary antibody at 4°C overnight. On the 
following day, PVDF membranes were put into 
secondary antibody for 2 hour at 4°C. In the 
end, PVDF membranes were developed via the 
ECL detection system.

Statistical analyses 

Statistical analysis was done via the SPSS 16.0 
software. Results were showed as mean ± SD. 
One-way ANOVA or Student’s t test were appli- 
ed for analysis of data. P < 0.05 was consid-
ered as statistically significant.   

tration, as well as alleviated acinar cell necrosis 
(Figure 2).    

ALR reduced the MPO level of pancreas in AP 
mice

MPO level was detected to judge the neutrophil 
infiltration into the damaged pancreas tissues. 
As shown in Figure 3, mice with AP showed 
increased MPO activity in pancreas; however, 
ALR significantly reduced the MPO activity in 
pancreas (Figure 3C). Similar changes were 
also observed at the immunohistochemical 
staining of MPO in pancreatic tissues (Figure 
3A and 3B). 

ALR decreased the HMGB1/TLR-4 signaling 
pathway in AP mice

HGMB1, a kind of danger signaling cytokine, 
activates TLR4 endogenously. Firstly, we detect- 
ed main influences of cerulein exposure as  
well as ALR plasmid in HMGB1 expression. 
Higher expression of HMGB1 in AP mice was 
attenuated by ALR group (Figure 4A and 4B). 
Meantime, there was an increase in both TLR4 

Table 1. RT-PCR primers’ sequence details
Gene name Forward primers (3’-5’) Reverse primer (5’-3’)
TLR4 ACATCAGAGGAAGAACAAGAAGCA CGGAAATTGTAAACATAATGGGTTT
p65 CATGCGTTTCCGTTACAAGTGCGA TGGGTGCGTCTTAGTGGTATCTGT
IκBα TGGCCTTCCTCAACTTCCAGAACA TCAGGATCACAGCCAGCTTTCAGA
iNOS GGACCACCTCTATCAGGAA CCTCATGATAACGTTTCTGGC
COX-2 CTTCGGGAGCACAACAGAG GCGGATGCCAGTGATAGAG
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
[TLR4: Toll-like receptor 4; p65: subunit p65 of nuclear factor kappa B; IκBα: I kappa B 
alpha protein; iNOS: inducible oxide nitric synthase; COX-2: cyclooxygenase-2; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase].

Figure 1. Effect of ALR (augmenter of liver regeneration) on serum amylase and 
lipase levels in AP (acute pancreatitis). Blood samples were collected before and 
12 and 24 hours after first caerulein injection for amylase and lipase analysis. 
Data are represented as mean ± SD (n = 8 per group). **p < 0.01. 

Results

ALR decreased serum 
amylase as well as lipase 
levels and alleviated the 
histopathological altera-
tions of the pancreas in 
AP mice 

Serum amylase as well as 
lipase are most frequently 
regarded as serum mark-
ers of AP, which can repre-
sent the severity of AP. As 
shown in Figure 1, ALR  
significantly decreased se- 
rum amylase as well as 
lipase levels. Then we ex- 
amined the histopathologi-
cal alterations of the pan-
creas. Normal pancreatic 
architectures were seen in 
the control group. Com- 
pared with the AP group, 
we found that ALR plas-
mids notably improved the 
histological features of pa- 
ncreatic injury, featured by 
lower degree of edema, 
less inflammatory cell infil-
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mRNA and protein expression in AP group, 
while ALR reduced the effect on TLR-4 mRNA 
and protein expression (Figure 4C and 4D). 
Myeloid differentiation protein-2 (MD2) is the 

co-receptor of TLR4, and the myeloid differen-
tiation factor 88 (MyD88) works as an adapter 
protein of the TLR4 signaling pathway in the 
cell. Meanwhile, we detected the expression of 

Figure 2. Effect of ALR (augmenter of liver regeneration) on pancreas histology in AP (acute pancreatitis). Pancreas 
was dissected 24 hours after first caerulein injection. (A) Representative HE staining and (B) histological scores of 
pancreas are shown. Data are represented as mean ± SD (n = 8 per group). **p < 0.01.   

Figure 3. Effect of ALR (augmenter of liver regeneration) on the neutrophil infiltration in pancreas. MPO activity in 
the pancreas was examined to evaluate the neutrophil infiltration into the damaged tissue. A. Representative Im-
munohistochemistry images for Myeloperoxidase (MPO) in the pancreas. B. The frequencies of MPO positive cell in 
pancreas. C. MPO activity of pancreas. Data are represented as mean ± SD (n = 8 per group). **P < 0.01.   
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MD2 and MyD88. Cerulein exposure increased 
the protein expression of MD2, while ALR 
reduced the cerulein-induced upregulation in 

MD2 protein expression (Figure 4E). For MyD88 
protein expression, ALR had the same effect 
(Figure 4F).  

Figure 4. Effects of ALR (augmenter of liver regeneration) in the HMGB1/TLR4 signaling pathway in AP (acute pan-
creatitis) mice. A. HMGB1 levels measured by enzyme-linked immunosorbent assays. B. HMGB1 levels by western 
blot. C. Relative mRNA levels of TLR4. D. Protein levels of TLR4 levels by western blot. E. Protein levels of MD2 by 
western blot. F. Protein levels of MyD88 by western blot. Data are represented as mean ± SD (n = 8 per group). *P 
< 0.05; **P < 0.01.    

Figure 5. Release of TNF-α, IL-1β 
and MCP-1 in pancreas and/or 
plasma after individual treatments. 
Enzyme-linked immunosorbent as- 
say (ELISA) data of pancreas of 
TNF-α (A), IL-β (C) and MCP-1 (E). 
ELISA-detected plasma levels of 
TNF-α (B) and IL-β (D). Data are 
represented as mean ± SD (n = 8 
per group). *P < 0.05; **P < 0.01; 
ns, none significant.  
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Effects of ALR in plasma and pancreas TNF-α, 
IL-1β as well as MCP-1

The levels of TNF-α protein were higher in pan-
creas of mice under cerulein treatment, but 

7B). On account of an over-activation of pro-
inflammatory signaling pathways, lipid perox-
ides generated because of activated cellular 
oxidative stress have a bad influence on cell 
viability. HNE adduct is a reactive compound 

Figure 6. Activation of pancreas NFκB in AP (acute pancreatitis) mice and 
effects of ALR (augmenter of liver regeneration) treatment. A. Relative mRNA 
levels of NFκB p65. B. NFκB p65 activity measured by an ELISA-based kit. C. 
Relative mRNA levels of IκBα. D. Protein levels of IκBα measured by western 
blot. Data are represented as mean ± SD (n = 8 per group). *P < 0.05; **P 
< 0.01; ns, none significant. 

Figure 7. Role of ALR (augmenter of 
liver regeneration) in iNOS and COX-
2 expressions, and lipid peroxida-
tion in AP (acute pancreatitis) mice. 
A. Relative mRNA levels of iNOS. B. 
Relative mRNA levels of COX-2. C. 
Relative levels of 4-hydroxynonenal 
(4-HNE), a natural product of lipid 
peroxidation. Data are represented 
as mean ± SD (n = 8 per group). *P 
< 0.05; **P < 0.01.

were not inhibited by ALR 
(Figure 5A). But we found a 
noticeable increase of TNF-α 
levels in plasma of AP mice, 
which could be inhibited by 
ALR (Figure 5B). AP mice had 
an increase in pancreas IL-1β 
protein levels, which was atte- 
nuated by ALR (Figure 5C). In 
plasma, cerulein also increas- 
ed plasma IL-1β levels, an 
effect that was inhibited by 
ALR (Figure 5D). Regarding 
MCP-1 levels, AP mice showed 
higher levels of MCP-1 in pan-
creas and ALR attenuated this 
effect (Figure 5E). 

Effect of ALR in NF-κB signal-
ing pathway in AP mice 

In the pancreas of AP mice, 
there was an increase of NF- 
κB p65 mRNA levels, and this 
increase could be partially in- 
hibited by ALR (Figure 6A). 
The NF-κB p65 activity was 
also increased in the pancre-
as of AP mice, which could be 
counteracted by ALR (Figure 
6B). Meanwhile, AP mice sh- 
owed increased mRNA and 
protein expression of IκBα. 
However, ALR could not inhibit 
the increase in mRNA and pro-
tein levels of IκBα (Figure 6C 
and 6D). 

Effect of ALR in iNOS and 
COX-2 expression as well as 
lipid peroxidation in AP mice

NF-κB activation leads to the 
generation of inflammatory 
mediators, like iNOS and COX-
2. AP mice showed a vital  
promotion in the iNOS mRNA 
level, which was attenuated  
by ALR (Figure 7A). At the 
same time, COX-2 expression 
had the same trend (Figure 
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produced via lipid peroxides decomposition. AP 
mice showed an increase in the HNE formation 
in pancreas, while ALR decreased the forma-
tion of HNE (Figure 7C).  

Discussions

In this study, we for the first time confirmed that 
ALR could remarkably alleviate the severity of 
acute pancreatitis (AP) via inhibiting HMGB1/
TLR4/NF-κB signaling pathway. In mice model, 
AP induced by caerulein injection is similar to 
the clinical manifestations of human AP [12, 
13]. In this current research, we detected the 
effect of ALR in AP of mice. Our research 
showed that ALR notably improved the pancre-
atic injury in AP, as characterized by the results 
of histological characteristics, MPO activity, 
and serum amylase and lipase levels. In addi-
tion, ALR may regulate the severity of acute 
pancreatitis via inhibiting HMGB1/TLR4/NF-κB 
signaling pathway. 

Augmenter of liver regeneration (ALR) was first 
recognized in regenerating rat livers [14], there-
by destining the protein for inclusion in an ever-
expanding constellation of hepatic growth fac-
tors [15]. However, the later identification of 
ALR as a protein with significant homology to 
yeast Erv1 [16, 17] hinted at a more elemental 
function. Subsequent studies revealed short 
(15 kDa) and long (22 kDa) forms of this ancient 
protein, with profound effects on fundamental 
processes such as energy transduction, cell 
survival and regeneration, metabolic homeo-
stasis, iron metabolism, and stem cell mainte-
nance. In this study, data showed that ALR 
acted as a protector of cerulean-induced acute 
pancreatitis in mice, which was chiefly reflected 
in improvements of histological features, MPO 
activity, as well as serum amylase and lipase 
levels after ALR treatment (Figures 1-3).

The high-motility group box protein 1 (HMGB1) 
was firstly regarded as a non-histone DNA-
binding nuclear protein, connecting with intra-
cellular as well as extracellular activities [18-
22]. Extracellular HMGB1 has cytokine-like 
properties [19, 22]. It can trigger the release  
of many other cytokines, like tumor necrosis 
factor-α (TNF-α), interleukin (IL)-1β as well as 
IL-6, which are involved with mediating the 
inflammatory action [23, 24]. It has been previ-
ously reported that HMGB1 increases in pan-
creatic tissue of acute pancreatitis. Moreover, 

HMGB1 elevation is tightly connected to the 
severity of acute pancreatitis [25-28]. These 
reports prove that HMGB1 plays an important 
part in the occurrence and development of AP.

Toll-like receptor (TLR) 4 is a kind of pattern-
recognition receptors, which can be activated 
by HMGB1 [29, 30]. Extracellular HMGB1 that 
bind to TLR4 leads to the activation of nuclear 
factor-κ-B (NF-κB) mediated by MyD88. Activat- 
ed NF-κB is translocated from the cytoplasm  
to the nucleus, and this translocation causes 
the increase of inflammatory factors, like TNF-
α, IL-1β as well as IL-6 [31-33]. Extracellular 
HMGB1 plays a role as a damage-related mo- 
lecular, and it triggers pro-inflammatory signal 
pathways via the activation of pattern recogni-
tion receptors, like TLR2/4 [34, 35]. It has been 
reported that TLR4 plays a vital part in the 
pathogenesis of acute lung injury, which is 
mediated by HMGB1 [18, 36]. Meanwhile, TLR4 
is widely expressed in pancreas tissues, and is 
involved with pancreatic damage during AP  
[37-39]. The activation of HMGB1/TLR4/ NF-κB 
signaling pathway results in the expression of 
various inflammatory factors [18, 36]. Super- 
fluous inflammation responses mediated by 
inflammatory cytokines plays a vital role in the 
occurrence and development of AP. In this 
study, results showed that HMGB1/TLR4 sig-
naling pathway was activated in AP mice, just 
as reported before, while ALR treatment pro-
vided a protective effect in AP mice via decreas-
ing HMGB1/TLR4 signaling pathway.

Meanwhile, we demonstrated that ALR inhibit-
ed the expression as well as the activity of 
NF-κB p65 subunit, which participates a major-
ity of the transcriptional activity of NF-κB, but 
ALR did not affect the expression of IkBα, which 
is the NF-κB inhibitory protein. NF-κB p65 sub-
unit translocation from cytoplasm to the nucle-
us triggers the transcription of various pro-
inflammatory cytokines. These released cyto- 
kines play a role in the cytoplasm and triggers 
NF-κB again in a way of amplified inflamma- 
tory responses. Though lkBα is the NF-κB inhib-
itory protein, noteworthy persistent increases 
in IkBα may result in the reducing of proinflam-
matory gene induction later on, as IkBα inhibits 
NF-κB in the cytoplasm. MCP-1 is produced via 
NF-κB transcriptional activity, and it mediates 
the migration of immune cells to damage cells. 
We demonstrated that ALR decreases the pro-
duction of IL-1β, TNF-α as well as MCP-1. In AP 
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model, increased NF-κB activity also promoted 
the expression of COX-2 and iNOS, as well as 
the production of 4-HNE, and these promotion 
were attenuated by ALR pretreatment.  

In a word, in this research we illuminate that 
ALR takes effect in alleviating acute pancreati-
tis and provide related mechanisms, which is 
notably favorable for the prevention and treat-
ment for AP. In years to come, combination 
therapy including ALR may provide a new pos-
sible molecular treatment for patients with AP.  
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