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Abstract

Background and Aims: Acute liver failure (ALF) is a life-
threatening clinical problem with limited treatment options. 
Administration of human umbilical cord mesenchymal stem 
cells (hUC-MSCs) may be a promising approach for ALF. This 
study aimed to explore the role of hUC-MSCs in the treat-
ment of ALF and the underlying mechanisms. Methods: 
A mouse model of ALF was induced by lipopolysaccharide 
and d-galactosamine administration. The therapeutic effects 
of hUC-MSCs were evaluated by assessing serum enzyme 
activity, histological appearance, and cell apoptosis in liver 
tissues. The apoptosis rate was analyzed in AML12 cells. 
The levels of inflammatory cytokines and the phenotype of 
RAW264.7 cells co-cultured with hUC-MSCs were detected. 
The C-Jun N-terminal kinase/nuclear factor-kappa B signal-
ing pathway was studied. Results: The hUC-MSCs treatment 
decreased the levels of serum alanine aminotransferase and 
aspartate aminotransferase, reduced pathological damage, 
alleviated hepatocyte apoptosis, and reduced mortality in 
vivo. The hUC-MSCs co-culture reduced the apoptosis rate 
of AML12 cells in vitro. Moreover, lipopolysaccharide-stim-
ulated RAW264.7 cells had higher levels of tumor necrosis 
factor-α, interleukin-6, and interleukin-1β and showed more 
CD86-positive cells, whereas the hUC-MSCs co-culture re-
duced the levels of the three inflammatory cytokines and 
increased the ratio of CD206-positive cells. The hUC-MSCs 
treatment inhibited the activation of phosphorylated (p)-
C-Jun N-terminal kinase and p-nuclear factor-kappa B not 
only in liver tissues but also in AML12 and RAW264.7 cells 
co-cultured with hUC-MSCs. Conclusions: hUC-MSCs could 
alleviate ALF by regulating hepatocyte apoptosis and mac-
rophage polarization, thus hUC-MSC-based cell therapy may 
be an alternative option for patients with ALF.
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Introduction
Acute liver failure (ALF) is a lethal clinical syndrome with a 
high mortality rate; it is characterized by severe deteriora-
tion in liver function within a short period of time despite 
no underlying chronic liver diseases.1 Liver transplantation 
is the most effective therapeutic option, providing improved 
outcomes for patients with ALF. However, widespread ap-
plication of liver transplantation is limited by donor organ 
shortage and high medical costs.2 Thus, new therapeutic ap-
proaches for ALF are desperately required.

ALF occurs when the rate and extent of hepatocyte death 
exceed the capacity of liver to repair. The massive death of 
hepatocytes during ALF progression results in the activation 
of innate immune cells, leading to the massive production of 
cytokines and chemokines. The resulting spillover of these 
inflammatory mediators triggers the development of system-
ic inflammatory response syndrome (SIRS). Massive liver cell 
death and disturbed immune and inflammatory responses 
are distinguishing features that support the development 
of ALF. It has been speculated that measures inhibiting cell 
death and the inflammatory storm can prevent the progres-
sion of ALF and thus serve as a bridge to liver transplanta-
tion. Apoptosis is a model of cell death that finally leads to 
ALF.3 Caspases are a central component of the machinery 
responsible for cell apoptosis. Specific signals in apoptotic 
cells trigger the initiator caspase (-8, -9,-10), which then ac-
tivates the executive caspases (-3, -6, -7).4 The activation of 
executive caspases is the focal point shared by all apoptotic 
pathways.

Kupffer cells, tissue-specific macrophages present within 
the liver, constitute 20–25% of the total non-parenchymal 
liver cell count and have remarkable significance in innate 
immunity.5 Macrophages are highly plastic and adaptable. 
Traditionally, macrophages are functionally classified into 
two phenotypes: proinflammatory (M1) and anti-inflam-
matory macrophages (M2).6 During the different stages of 
ALF, hepatic macrophages undergo phenotypic and func-
tional changes to either aggravate injury or promote tissue 
recovery. The process of macrophage functional transfor-
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mation is known as polarization.7 During the initiation and 
propagation phases of ALF, macrophages are triggered and 
switch to the proinflammatory M1 phenotype because of the 
injury stimulus, leading to the release of inflammatory cy-
tokines and chemokines that amplify the proinflammatory 
signal and recruit bone marrow-derived monocytes into the 
liver to expand the macrophage pool.8,9 Meanwhile, these 
macrophage-released inflammatory mediators recruit and 
activate other circulating immune cells, predominantly den-
dritic cells, eosinophils, and T cells, thus driving the devel-
opment of SIRS. During the resolution phase, macrophages 
undergo functional reprogramming and shift from M1 to M2 
phenotype to promote tissue recovery.10 Therefore, ALF is 
an immune-driven disorder wherein macrophages are the 
key determinant of the initiation, propagation, and resolution 
phases of the disease.11 Strategies approaching macrophage 
polarization as the therapeutic target may have the potential 
to alleviate ALF.

Mesenchymal stem cells (MSCs) are multipotent cells that 
can self-renew and differentiate into various somatic cells, 
such as adipose cells, osteocytes, chondrocytes, and hepato-
cyte-like cells. MSCs also secrete soluble cytokines and par-
ticipate in immunomodulation.12 They can be isolated from 
various human body sites, such as adipose tissue, bone mar-
row, placental tissue, dermis, and umbilical cord (UC).13 The 
UC is a preferred source for MSC isolation given its advantag-
es of abundant resources, ease of collection, and noninvasive 
collection procedure.14

Notably, MSCs have multipotent differentiation potential as 
well as paracrine and immunomodulatory properties that 
are exerted via cellular crosstalk and production of bioac-
tive molecules, therefore, MSCs have been widely studied, 
and their use has been considered a promising strategy for 
treating various diseases, including liver failure.15,16 The 
mechanisms underlying how MSCs can prevent liver failure 
are complex and remain to be elucidated. In this study, we 
performed in vitro and in vivo experiments to explore the 
role of human UC MSCs (hUC-MSCs) in the treatment of 
Lipopolysaccharide (LPS)/ D-galactosamine (D-GalN)-in-
duced ALF and the underlying mechanisms, with particular 
focus on hepatocyte apoptosis and macrophage polariza-
tion.

Methods

Cell culture and in vitro experiments
hUC-MSCs were provided by Hui Rong Tong Chuang Bio-
logical Technology Co., Ltd. and were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 20% fetal bo-
vine serum (FBS, Gibco, Grand Island, USA) and 1% peni-
cillin-streptomycin under standard culture conditions (a hu-
midified 5% CO2 incubator at 37°C). The hUC-MSCs used in 
the present study were all within passage 5.

AML12, a mouse hepatocyte cell line, was obtained from 
Haixing Biological Technology Co., Ltd. (Suzhou, China) and 
cultured in DMEM/F12 containing 1% insulin-transferrin-
selenium, 40-ng/mL dexamethasone, and 10% FBS under 
standard cell culture conditions (5% CO2, 95% air). A hUC-
MSC/AML12 co-culture system was established to explore 
the effect of hUC-MSCs on injured hepatocytes in vitro. The 
hUC-MSCs seeded in 6-well plates were cultured overnight. 
Meanwhile, AML12 cells were cultured in Transwell inserts 
(0.4-µm pores, Falcon) for 12 h. Transwell inserts contain-
ing AML12 cells were added to plates preloaded with hUC-
MSCs, and then, AML12 cells were stimulated with 150-ng/
mL LPS and 50-µg/mL D-GalN. The co-culture system was 

incubated for 24 h under standard culture conditions. The 
upper AML12 cells were collected and washed for the follow-
ing experiments.

The murine macrophage RAW264.7 cell line was incubated 
in DMEM (HyClone, USA) supplemented with 10% FBS (Gib-
co, Grand Island, USA) and 1% penicillin-streptomycin at 
37°C and 5% CO2. A hUC-MSC/ RAW264.7 co-culture system 
was established to explore the effect of hUC-MSCs on mac-
rophage polarization in vitro. Briefly, hUC-MSCs seeded in 
6-well plates were cultured overnight. The Transwell inserts 
containing RAW264.7 cells were exposed to LPS (1 µg/mL) 
stimulation and were immediately added to plates preloaded 
with hUC-MSCs, and the co-culture system was incubated for 
12 h under standard culture conditions. The upper RAW264.7 
cells were collected for further study.

Animal experiments
C57BL/6J male mice (6–8 weeks old, weighing 20–25 g) were 
purchased from Huaxi Laboratory Animal Center of Sichuan 
University (Chengdu, China). All mice were maintained under 
controlled conditions (24°C, 55% humidity, and 12-h day/
night rhythm) and had ad libitum access to food and water. 
The mice received human care according to the Institutional 
Review Board guidelines for compliance with the Animal Pro-
tection Act of Sichuan University. The mice were prepared for 
further study after 1 week of acclimation.

LPS (Escherichia coli, 0111:B4) and D-GalN were pur-
chased from Sigma (St. Louis, MO, USA). Mice were random-
ly divided into the following three groups (n=10/group): the 
normal control group, LPS/D-GalN group, and LPS/D-GalN + 
hUC-MSCs group. The mouse model of ALF was induced by 
simultaneous intraperitoneal injection of LPS (10 µg/kg) and 
D-GalN (700 mg/kg) dissolved in pyrogen-free physiological 
saline (NS). Mice in the LPS/D-GalN + hUC-MSCs group were 
injected with approximately 2.5 × 106 hUC-MSCs dissolved 
in 250 µL of NS via the tail vein 1 h before LPS/D-GalN ad-
ministration. To assess the therapeutic effect of hUC-MSCs 
on ALF, all mice were euthanized by cervical dislocation 7 h 
after the establishment of the mouse model of ALF induced 
by LPS/D-GalN, and the liver tissues and serum were col-
lected for further study.

Using the Kaplan-Meier curve, the survival rates of the 
mice were monitored at different time points for 10 h after 
LPS/D-GalN administration. The number of alive mice was 
counted every 2 h after LPS/D-GalN injection.

Serological assessments of the liver function and 
cytokines
For liver function assessment, serum alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) levels 
were detected using commercially available enzymatic assay 
kits (Solarbio® Life Sciences, Beijing, China). To assess the 
inflammation status in mice, the levels of serum cytokines 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 
IL-1β were measured using enzyme-linked immunosorbent 
assay kits (Neobioscience, Beijing, China) according to the 
manufacturer’s instructions.

Histological assessment
Hematoxylin-eosin staining (HE) was performed to evaluate 
histological changes in the liver. Liver tissue was collected, 
routinely fixed with 4% paraformaldehyde, and then embed-
ded in paraffin. After immobilization, the tissues were cut 
into 5-µm sections. The sections were stained with HE ac-
cording to a standard protocol and were visualized under a 
light microscope.
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Immunohistochemistry
The deparaffinized and rehydrated paraffin sections were in-
cubated in the presence of cleaved caspase-3 antibody (Cell 
Signaling Technology, USA), iNOS antibody (Cell Signaling 
Technology, USA), and CD206 antibody (Cell Signaling Tech-
nology, USA) overnight at 4°C, and then, they were incu-
bated with a biotinylated secondary antibody for 1 h at room 
temperature (20–25°C). After staining with diaminobenzi-
dine (DAB) and counterstaining with hematoxylin, the sec-
tions were observed under a light microscope (40×).

TUNEL staining
Using the Colorimetric TUNEL Apoptosis Assay Kit (Beyotime 
Institute of Biotechnology, Jiangsu, China), TUNEL staining 
was performed to detect apoptotic cells, according to a pre-
vious report.17 Briefly, paraffin sections were routinely de-
paraffinized, rehydrated, rinsed, and incubated in 20-µg/mL 
protease K. Then, the sections were blocked with 3% H2O2 
solution, followed by incubation with the TUNEL reaction mix-
ture. Subsequently, the sections were incubated for 30 min 
at room temperature with horseradish peroxidase-conjugat-
ed streptavidin solution, stained with DAB chromogenic rea-
gent, and dehydrated twice with 95% ethanol for 5 min and 
then with 100% ethanol. The sections were observed under 
a microscope.

Real-time quantitative PCR analysis
Total RNA was extracted from liver tissues using the TRIzol 
reagent (Invitrogen, USA) according to the manufacturer’s 
instructions. Total RNA was reverse-transcribed using Prime-
Script™ RT Master Mix (Takara, Japan). The expression of 
gene mRNAs was measured by real-time PCR using Maxima 
SYBR green/ROX qPCR Master Mix (Fermentas Life Sciences, 
Canada). The primer sequences of GAPDH (the reference) 
and the target genes TNF-α, IL-6, and IL-1β are listed in Ta-
ble 1. The relative expression of the target genes was calcu-
lated by determining their ratio to GAPDH.

Flow cytometric assessment
AML12 cell apoptosis was evaluated using an annexin V-
fluorescein isothiocyanate apoptosis detection kit (Sigma-
Aldrich, USA) following the manufacturer’s protocol. Briefly, 
AML12 cells were collected, washed, and resuspended in 1× 
binding buffer and then stained with the annexin V-fluoresce-
in isothiocyanate conjugate and a propidium iodide solution. 
After incubation for 15 min in the dark at room temperature, 
stained cells were analyzed by flow cytometry (Bio-Rad, Her-
cules, California, USA).

RAW264.7 cells, with or without the co-culture of hUC-
MSCs, were collected after LPS stimulation for 12 h and then 
subjected to fluorescence-activated cell sorting analysis. 
RAW264.7 cells were centrifuged at 400g for 5 min and re-
suspended in phosphate-buffered saline and were sequen-
tially incubated at 4°C with anti-mouse CD86 (E-AB-F0994E, 
Elabscience) and then with anti-CD206 (E-AB-F1135D, Elab-
science) for 60 min in the dark, according to the manufac-
turer’s instructions. Then, these RAW264.7 cells were added 
with flow dye buffer and centrifuged at 400g for 5 min. After 
removing the supernatant, RAW264.7 cells were resuspend-
ed with flow dye buffer and detected by flow cytometry (BD 
Biosciences, San Diego, CA, USA).

Western blot analysis
The protein expressions were determined by Western blot-
ting, according to the standard manufacturer’s protocol. 
The antibodies for phosphorylated (p)-NF-кB/NF-кB, p-Jun 
N-terminal kinases (JNK)/JNK, TNF-α, IL-6, IL-1β, cleaved 
caspase-3, cleaved caspase-9, iNOS and CD206 were all 
purchased from Cell Signaling Technology, Inc. (Beverly, 
MA, USA). The primary antibodies were all diluted 1:800. 
β-Tubulin and β-actin (Zhong Shan-Golden Bridge Biological 
Technology CO., Ltd., Beijing, China) were used as internal 
references. The images of the gels were captured using a 
Bio-Rad Image Lab (ChemiDoc™ MP Imaging System, Bio-
Rad, California, USA). The bands were analyzed using Image 
J software (National Institutes of Health, MD, USA).

Statistical analysis
Statistical analysis was performed using SPSS 20.0 software. 
Independent experiments were repeated three times. Data 
are presented as mean±deviation. The t test or the nonpara-
metric Mann-Whitney U test was performed to calculate the 
differences between quantitative data, as appropriate. The 
results were considered statistically significant if the p value 
was <0.05.

Results

hUC-MSCs decrease serum ALT/AST levels, histologi-
cal injury, and mortality in mice with LPS/D-GalN-
induced ALF
A mouse model of ALF was induced by intraperitoneal injec-
tion of LPS/D-GalN. hUC-MSCs were administered through 
the tail vein 1 h before LPS/D-GalN injection (Fig. 1A). Liver 
histological examination revealed substantial hepatocyte ne-
crosis and severely damaged liver architecture, along with 
massive hemorrhage and inflammatory cell infiltration in the 
LPS/D-GalN group (Fig. 1B). Meanwhile, the levels of ALT and 
AST were significantly increased in the LPS/D-GalN group 
compared with the normal control group (Fig. 1C, p=0.005). 
The hUC-MSCs treatment remarkably alleviated the extent of 
liver injury, which was evidenced by improved liver histology 
(Fig. 1B) and reduced ALT and AST levels (Fig. 1C, p=0.006). 
Mice in the LPS/D-GalN group began to die at 4 h after LPS/
D-GalN administration, and their mortality reached 100% at 
9 h. Conversely, mice in the LPS/D-GalN + hUC-MSCs group 
began to die at 6 h after LPS/D-GalN administration, with 3 
out of 10 mice still alive at the end of our observation period 
(Fig. 1D, p=0.028).

hUC-MSCs inhibit hepatocyte apoptosis during acute 
liver injury
As shown in Figure 2A, a significant increase was observed in 
both cleaved caspase-9 and cleaved caspase-3 in the LPS/D-

Table 1.  Primer sequences used for real time PCR

Gene Primers (5′−3′)

TNF-α Forward ATGGCCTCCCTCTCATCAGT

Reverse TTTGCTACGACGTGGGCTAC

IL-6 Forward TGCAATAACCACCCCTGACC

Reverse ATTTGCCGAAGAGCCCTCAG

IL-1β Forward TGCCACCTTTTGACAGTGATG

Reverse ATGTGCTGCTGCGAGATTTG

GAPDH Forward CCCTTAAGAGGGATGCTGCC

Reverse TACGGCCAAATCCGTTCACA

TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; IL-1β, interleukin-1β; GAP-
DH, Glyceraldehyde 3-phosphate dehydrogenase.
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GalN group, whereas the hUC-MSCs treatment arrested the 
cleavage of caspase-9 (p=0.001) and caspase-3 (p=0.021). 
Correspondingly, TUNEL staining findings revealed significant 
increases in LPS/D-GalN-induced liver apoptosis, whereas a 
decrease in apoptotic cells was noted after hUC-MSCs admin-
istration (Fig. 1B, p=0.005). Meanwhile, IHC results showed 
more cleaved caspase-3-positive cells in the LPS/D-GalN 
group (p=0.004).

To confirm our above results, the anti-apoptotic effect of 
hUC-MSCs on LPS/D-GalN-stimulated AML12 cells was fur-
ther assessed in vitro. The flow cytometry findings showed 
that the hUC-MSC/AML12 co-culture significantly prevent-
ed LPS/D-GalN-induced cell apoptosis (21.33±2.038% vs. 
33.53±2.027%, p=0.013). These data show that hUC-MSCs 
can alleviate LPS/D-GalN-induced ALF by inhibiting hepato-
cyte apoptosis.

hUC-MSCs suppress hepatocyte apoptosis in ALF 
through inhibiting JNK/NF-кB activation
We investigated the expressions of some common proteins 
involved in apoptosis to clarify the mechanisms underlying 
hUC-MSC-mediated suppression of cell apoptosis, and among 
these proteins, c-JNK and nuclear factor-kappa B (NF-κB) 
were widely discussed. As shown in Figure 3A, protein ex-
pressions of p-JNK (p=0.028) and p-NF-κB (p=0.047) were 
upregulated in the LPS/D-GalN group and downregulated in 
the LPS/D-GalN +hUC-MSCs group (Fig. 3A).

As shown in Figure 3B, LPS/D-GalN stimulation in vitro in-
creased the levels of p-JNK (p=0.007) and p-NF-κB (p<0.001) 
in AML cells compared to the normal control group, whereas 
the hUC-MSCs co-culture downregulated the phosphorylation 
of both JNK (p=0.036) and NF-κB (p=0.010). Taken togeth-
er, hUC-MSCs may suppress hepatocyte apoptosis in LPS/D-
GalN-induced ALF by inhibiting JNK/NF-κB activation.

hUC-MSCs inhibit LPS/D-GalN-induced liver inflam-
mation
Inflammatory mediators play a vital role in liver failure de-
velopment, and some common inflammatory factors, such 
as TNF-α, IL-6, and IL-1β, may be upregulated in ALF.18,19 
Herein, the levels of the proinflammatory factors TNF-α, IL-
6, and IL-1β were also measured (Fig. 4). The serum levels 
of TNF-α (p<0.001), IL-6 (p<0.001), and IL-1β (p=0.009) 
were found to be significantly increased in the LPS/D-GalN 
group, and this increase was reversed by the hUC-MSCs 
treatment (Fig. 4A). Similar differences in the expression 
of TNF-α, IL-6, and IL-1β genes were also observed at the 
transcriptional level between the LPS/D-GalN group and the 
LPS/D-GalN + hUC-MSCs group (Fig. 4B). Protein expres-
sion of the three cytokines was dramatically increased in the 
LPS/D-GalN group compared with the normal control group, 
and this increase was reversed by hUC-MSCs administration 
(Fig. 4C).

hUC-MSCs suppress proinflammatory macrophage 
M1 polarization and slightly enhance macrophage M2 
polarization in the liver
It is well known that iNOS and CD206 are the biomarkers 
of M1 and M2 macrophages, respectively.20 Therefore, we 
herein measured the levels of iNOS and CD206 to evaluate 
the macrophage phenotype in liver tissues. The results re-
vealed that iNOS protein levels were increased in the LPS/D-
GalN group but decreased in the LPS/D-GalN + hUC-MSCs 
group (Fig. 4C, p=0.009). Conversely, CD206 protein lev-
els were higher in the LPS/D-GalN + hUC-MSCs group than 
in the LPS/D-GalN group (p=0.035). Similarly, the LPS/D-
GalN group had more iNOS-positive cells than the normal 
control group (p=0.006) and the LPS/D-GalN + hUC-MSCs 
group (p=0.011), whereas CD206-positive cells were more 

Fig. 1.  The hUC-MSCs treatment alleviated liver injury in LPS/D-GalN-induced ALF. (A) A schematic of the mouse study. (B) Hematoxylin-eosin staining of 
liver tissues from the normal control group, LPS/D-GalN group, and LPS/ D-GalN+ MSCs group. (C) The levels of serum ALT and AST. (D) The survival rates of mice 
were presented using a Kaplan-Meier curve (n=10/group). **p<0.01. LPS, lipopolysaccharide; D-GalN, D-galactosamine; ALF, acute liver injury; hUC-MSCs, human 
umbilical cord mesenchymal stem cells; ALT, alanine amino transferase; AST, aspartate amino transferase.
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abundant in the LPS/D-GalN + hUC-MSCs group (Fig. 4D, 
p=0.013). These results suggest that hUC-MSCs suppress 
inflammation in LPS/D-GalN-induced ALF by regulating mac-
rophage polarization.

hUC-MSCs regulate the phenotype of LPS-stimulated 
RAW264.7 cells in vitro
To further demonstrate the role of hUC-MSCs in macrophage 
phenotype, the RAW.264.7 cell line was used to verify the 
effect of hUC-MSCs on macrophage polarization. hUC-MSCs 
were co-cultured with LPS-stimulated RAW264.7 cells. LPS 
stimulation significantly increased the levels of TNF-α, IL-6, 
and IL-1β in RAW264.7 cells; however, their co-culture with 
hUC-MSCs significantly reversed the LPS-enhanced mRNA 
and protein expression of TNF-α, IL-6, and IL-1β (Fig. 5A, B).

Flow cytometry was used to evaluate the expression lev-
els of the M1 macrophage marker CD86 and the M2 mac-
rophage marker CD206 in RAW264.7 cells (Fig. 6A). LPS 
stimulation significantly upregulated the expression of CD86, 

whereas the hUC-MSCs co-culture decreased the level of 
CD86 (79.33±3.587 vs. 92.28±1.448, p=0.029). The levels 
of CD206 were significantly higher in the hUC-MSC-treated 
group than in the LPS-stimulated group (17.06±2.134 vs. 
3.473±0.5660, p=0.004). Furthermore, the protein levels of 
iNOS and CD206 were also detected using Western blotting. 
As shown in Figure 6B, the protein expression levels of iNOS 
were significantly increased in the LPS-stimulated group 
compared with the hUC-MSC-treated group (p<0.001), 
whereas the protein expression levels of CD206 were sig-
nificantly increased in the hUC-MSC-treated group compared 
with the LPS-stimulated group (p<0.001). These results re-
vealed that hUC-MSCs inhibited LPS-induced M1 polarization 
and promoted M2 polarization in RAW264.7 cells.

hUC-MSCs regulate macrophage polarization through 
the JNK/NF-κB signaling pathway
To clarify the mechanism underlying the regulation of mac-
rophage polarization by hUC-MSCs, changes in JNK and NF-

Fig. 2.  hUC-MSCs decreased hepatocyte apoptosis in the liver tissue and AML12 cells. (A) Protein levels of cleaved caspase 9 and cleaved caspase 3 in the 
liver tissue were measured and quantified by Western blotting; (B) Hepatocyte apoptosis was detected by TUNEL staining and immunohistochemistry staining, and the 
results were quantitatively compared. (C) Apoptosis rates in the three groups of normal AML12 cells, AML12 cells treated with LPS/D-GalN, and AML12 cells treated with 
LPS/D-GalN in the presence of hUC-MSCs were evaluated using flow cytometry. *p<0.05, **p<0.01, ***p<0.001. LPS, lipopolysaccharide; D-GalN, D-galactosamine; 
hUC-MSCs, human umbilical cord mesenchymal stem cells.
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кB signaling molecules were detected by Western blotting in 
RAW264.7 cells. As shown in Figure 6, LPS treatment signifi-
cantly increased the phosphorylation level of JNK (p<0.001) 
and NF-κB (p<0.001) in LPS-stimulated RAW264.7 cells, 
whereas hUC-MSCs reduced LPS-induced phosphorylation of 
JNK (p=0.005) and NF-κB (p=0.015). Taken together, hUC-
MSCs can regulate macrophage polarization through the 
JNK/NF-κB signaling pathway.

Discussion
In the present study, co-administration of LPS and D-GalN 
was used to establish the mouse model of ALF as LPS/D-
GalN administration has been previously reported to cause 
typical hepatic apoptosis and systemic inflammation.21,22 
Four hours after LPS/D-GalN administration, liver damage 
occurred, which was evidenced by damaged liver histology 
and elevated biochemical indicators. Liver damage in the 
LPS/D-GalN + hUC-MSCs group was remarkably alleviated 
by reduced inflammatory cell infiltration and hepatocyte ne-
crosis, decreased ALT and AST levels, prolonged mice sur-
vival, and increased number of mice alive at the end of the 
observation period. Apoptosis is the main pathological fea-
ture of LPS/D-GalN-induced ALF. Caspases are closely related 
to apoptosis induction. Caspase-9 is a major apoptotic initia-
tor and can induce the subsequent cleavage of the apoptotic 
executioner caspase-3. Activated caspase-3 is responsible 
for the execution of the final and committed phase of apo-
ptotic cell death.23 In this study, we observed that the hUC-
MSCs treatment significantly suppressed the LPS/D-GalN-
stimulated cleavage of caspase-9 and caspase-3 in the liver. 

The protective role of hUC-MSCs against LPS exposure was 
further verified in AML12 cells in vitro as hUC-MSC-treated 
cells showed fewer apoptotic cells than LPS-stimulated cells. 
These observations showed that hUC-MSCs alleviated LPS/D-
GalN-induced ALF by inhibiting hepatocyte apoptosis.

Previous studies have proven that JNK and NF-κB signal-
ing are classical pathways involved in cell apoptosis during 
acute liver damage.24–26 In the present study, we observed 
that hUC-MSCs inhibited LPS-induced JNK and NF-κB phos-
phorylation in both liver tissues and AML12 cells. Therefore, 
we speculated that the hUC-MSCs treatment exerts a protec-
tive effect against acute hepatic injury by inhibiting hepato-
cyte apoptosis via the regulation of JNK and NF-κB phospho-
rylation.

SIRS is among the early main pathogenic events that drive 
the progression of ALF.27 Suppressing the excessive inflam-
matory response may improve the prognosis of ALF. In the 
present study, LPS/D-GalN administration led to increased 
levels of some common proinflammatory cytokines, namely 
TNF-α, IL-1β, and IL-6, the levels of which may be correlated 
with the poor outcome of ALF mice. The hUC-MSCs treatment 
significantly decreased the levels of TNF-α, IL-6, and IL-1β, 
which is consistent with previous findings that substantiate 
the anti-inflammatory effects of stem cells.28,29

Macrophages have a perceptible effect on the progression 
of SIRS during ALF. They exert different functions in liver 
inflammation; the proinflammatory M1 phenotype aggra-
vates injury by producing proinflammatory cytokines and 
chemokines, whereas the anti-inflammatory M2 phenotype 
promotes tissue repair by producing anti-inflammatory me-
diators, depending on the signals derived from the tissue 

Fig. 3.  hUC-MSC-adjusted protein levels of p-JNK/JNK and p-NF-кB/NF-кB in the liver tissue (A) and in AML12 cells (B) were measured and quanti-
fied by Western blotting. *p<0.05, **p<0.01, ***p<0.001. +, with; −, without. hUC-MSCs, human umbilical cord mesenchymal stem cells; JNK, C-Jun N-terminal 
kinases; NF-кB, nuclear factor-kappa B; LPS, lipopolysaccharide; D-GalN, D-galactosamine.
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microenvironment.30,31 Accumulating evidence has proven 
that MSCs can regulate the balance of M1/M2 macrophage 
polarization and control the inflammatory response, thus 
improving the outcome of liver injury.32,33 LPS is of great 
significance in initiating immune response and is widely used 
to explore the role and phenotype of macrophages.34 In the 
present study, we observed that the hUC-MSCs treatment 
inhibited the expression of CD86 and iNOS and promoted 
the expression of CD206 in both liver tissues and RAW264.7 
cells, which is consistent with previous reports stating that 
MSCs attenuated sepsis-induced liver injury by suppressing 
macrophage M1 polarization.33,35 The aforementioned results 
suggest that hUC-MSCs can protect against LPS/D-GalN-in-
duced ALF through their immunomodulatory properties, as 
indicated by the regulation of macrophage polarization and 
the decreased level of circulating inflammatory cytokines.

A better understanding of the exact mechanisms underly-
ing the regulation of macrophage polarization during ALF may 
be a pivotal step in identifying immune-modulating strategies 
for liver injury. The JNK and NF-κB signaling pathways have 
been involved in the regulation of the macrophage pheno-
type, and their phosphorylation can induce macrophage M1 
polarization.36,37 Regarding molecular mechanisms underly-
ing macrophage polarization, we found both p-JNK and p-NF-
κB to be notably increased in LPS-stimulated RAW264.7 cells 
but decreased after the hUC-MSCs treatment, suggesting 
that hUC-MSCs suppress LPS-induced macrophage M1 po-
larization by inhibiting JNK and NF-κB activation.

Numerous studies have proven that MSCs exert protective 
effects against various insults and challenge ALF in animal 
models through their anti-inflammatory, anti-apoptotic, anti-

oxidant, and regeneration-stimulating properties.38–40 In the 
present study, we proved that hUC-MSCs treatment signifi-
cantly alleviated LPS/D-GalN-induced ALF primarily through 
its anti-apoptotic, anti-inflammatory, and immunoregulatory 
properties; however, the effects of antioxidation and regen-
eration were not explored. Our observations in the current 
study had some similarities with the findings of Liu et al. who 
reported that hUC-MSCs could alleviate ALF by inhibiting apo-
ptosis, inflammation, and pyroptosis.41 Herein, we also inves-
tigated the role of macrophage polarization in the treatment 
of hUC-MSCs for ALF. However, given the limited in vivo ob-
servation time of hUC-MSCs in our study, we could not deter-
mine whether the capacity of hUC-MSCs to differentiate into 
hepatocyte-like cells played a role in the treatment of ALF.

Besides MSCs, MSC-derived extracellular vesicles, mainly 
exosomes, have been the focus of research in recent years. 
MSC-derived exosomes are considered a cell-free approach 
for ALF with the advantage of stable characteristics, particu-
larly considering that the capacities of MSCs can be impacted 
by the microenvironment and may be abrogated after some 
passages.42,43 Unfortunately, we have neither explored nor 
discussed the effect of hUC-MSC-derived exosomes on ALF 
in this study; however, research on the role of exosomes in 
end-stage liver diseases is currently ongoing.

Conclusion
In summary, hUC-MSCs can alleviate ALF by inhibiting hepat-
ocyte apoptosis and regulating macrophage polarization, and 
thus, hUC-MSC-based cell therapy may serve as an alterna-
tive option for patients with liver failure.

Fig. 4.  The hUC-MSCs co-culture reduced inflammatory cytokine levels and regulated the macrophage phenotype. (A) ELISA analysis of TNF-α, IL-6, and 
IL-1β levels in animal serum. (B) Hepatic mRNA levels of the inflammatory cytokines TNF-α, IL-6, and IL-1β. (C) Protein levels of TNF-α, IL-6, IL-1β, iNOS, and CD206 in 
the liver tissue were measured and quantified by Western blotting. (D) Immunohistochemistry staining analysis of iNOS and CD206 levels in the liver tissue; the results 
were quantitatively compared. *p<0.05, **p<0.01, ***p<0.001. hUC-MSCs, human umbilical cord mesenchymal stem cells; ELISA, enzyme-linked immunosorbent as-
say; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; IL-1β, interleukin-1β; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; D-GalN, D-galactosamine.
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