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The adipose-derived mesenchymal stem
cell secretome promotes hepatic
regeneration in miniature pigs after liver
ischaemia-reperfusion combined with
partial resection
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Abstract

Background: Hepatic ischaemia-reperfusion injury (HIRI) is inevitable in complicated liver surgery and is a major
factor leading to postoperative complications and liver dysfunction. Studies have shown that the paracrine
mechanisms of stem cell may be essential to tissue repair and functional improvement after transplantation.
However, the role of the adipose-derived mesenchymal stem cell secretome (ASC-secretome) in liver regeneration
in large animals remains to be determined.

Methods: Twenty-four miniature pigs were subjected to laparoscopic liver ischaemia-reperfusion combined with
partial hepatectomy and divided into the following four groups: the saline group, the DMEM group, the ASC group
and the ASC-secretome group. Serum and liver tissue samples were collected before the operation and at 1, 3 and
7 days after the operation, and changes in tissue pathology, serum inflammation, liver function, angiogenesis-
related factors and liver tissue regeneration-related genes and proteins were evaluated.
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Results: Detailed histological analysis showed that ASCs and the ASC-secretome changed pathological damage to
liver tissue after liver ischaemia-reperfusion combined with partial hepatectomy (1 and 3 days: p < 0.01). Compared
with the saline and DMEM control groups, the ASC-secretome group had significantly reduced expression levels of
ALP (1 and 3 days: p < 0.05), ALT (1 day: p < 0.01; 3 days: p < 0.05) and AST (1 and 3 days: p < 0.01), which promoted
the recovery of liver function. Moreover, detection of the expression levels of TNF-α and IL-1β (1 day: p < 0.01; 3
days: p < 0.05), IL-6 (1 and 3 days: p < 0.05) and IL-10 (1 and 3 days: p < 0.01) in serum confirmed that the ASC-
secretome had obvious anti-inflammatory effects. In addition, the ASC-secretome increased the expression levels of
ANG-1 (3 days: p < 0.01), ANG-2 (3 and 7 days: p < 0.01) and VEGF (1 and 7 days: p < 0.05; 3 days: p < 0.01) and
promoted angiogenesis during liver regeneration. Moreover, it promoted the mRNA expression of HGF and Cyclin
D1 (1 and 3 days: p < 0.01); increased the levels of p-STAT3 (1 and 3 days: p < 0.01), PCNA and Ki67 (1 and 3 days:
p < 0.01; 7 days: p < 0.05); inhibited the negative feedback of SOCS3 (1 and 3 days: p < 0.01); and decreased the
mRNA expression of TGF-β (3 days: p < 0.01). The cytokines and growth factors detected in the ASC-secretome
included TNF-α, IL-6, IL-1β, ANG-1, ANG-2, VEGF and b-FGF.

Conclusion: The ASC-secretome alleviates the inflammatory response induced by ischaemia-reperfusion combined
with partial hepatectomy in miniature pigs and promotes liver regeneration.
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Background
Ischaemia-reperfusion injury is a pathological
phenomenon in which tissue and cell damage in hypoxic
organs increases after the oxygen supply is restored [1].
Complex liver surgery inevitably leads to hepatic
ischaemia-reperfusion injury (HIRI), which is a key factor
leading to postoperative complications and liver dysfunc-
tion [2]. The most effective treatment for end-stage liver
disease is orthotopic liver transplantation (OLT). How-
ever, its application is limited due to the shortage of organ
donors, the high cost and immunosuppression [3, 4].
The use of stem cell therapy as a treatment method

for liver diseases has been studied in more than 500 clin-
ical trials for several inflammatory diseases and liver dis-
eases [5]. The mechanism by which stem cells exert
their therapeutic effects is not yet fully understood.
Studies have shown that the paracrine mechanism by
which stem cells release soluble cytokines may be essen-
tial for tissue repair and functional improvement after
cell transplantation [6]. Mesenchymal stem cell-
conditioned medium (MSC-CM) is considered the next
generation of regenerative medicine [7]. Preclinical stud-
ies have shown that the use of MSC-CM can reduce
liver damage [8]. Some studies have even proven that
direct injection of factors secreted by stem cells can have
a better therapeutic effect than transplantation of the
cells themselves [9]. This is mainly because a variety of
nutritional factors secreted by stem cells can suppress
immune and inflammatory responses, thereby promoting
the repair and regeneration of damaged tissues. Cell-free
therapy provides a promising method for future liver re-
generative medicine.
The adipose-derived mesenchymal stem cell secretome

(ASC-secretome) is abundant and easily stored and can

be produced rapidly. The MSC secretome is effective in
treating myocardial infarction [10], psoriasis vulgaris
[11] and osteoarthritis [12], regulating glucose levels
[13], and attenuating sepsis [14], among other effects. It
has been shown that the MSC secretome in culture
medium, known as conditioned medium, contains a var-
iety of components, such as cytokines, growth factors,
extracellular matrix proteins, extracellular matrix prote-
ases, and hormones [15, 16]. To date, most studies on
stem cell-conditioned medium in liver regeneration have
been in rodents [17, 18], but the role of the ASC-
secretome in liver regeneration in large animals remains
to be determined. At present, there is no report discuss-
ing the role of the ASC-secretome in liver regeneration
in miniature pigs after liver ischaemia-reperfusion com-
bined with partial resection. We established animal
models through laparoscopic technology and evaluated
the therapeutic potential of the ASC-secretome by trans-
planting ASCs and the ASC-secretome. The results pro-
vide evidence that the ASC-secretome can relieve
inflammation and promote liver regeneration.

Materials and methods
Animals
The study was performed on 4- to 6-month-old mini-
ature pigs with body weights of 20–25 kg. Animal hous-
ing and experiments were complied with the
Institutional Animal Care and Use Committee of North-
east Agricultural University.

Production of CM containing the secretion products of
ASCs
ASCs were isolated from the abdominal subcutaneous
fat tissue of miniature pigs. The isolation and culture of
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ASCs were carried out according to a method described
previously [19]. In short, adipose tissue was subjected to
type I collagenase digestion, centrifugation, filtration and
other steps to ultimately yield ASCs. Before producing
the CM, fourth-generation 80% confluent ASCs were
thoroughly washed with phosphate-buffered saline to re-
move serum. Then, Dulbecco’s modified Eagle’s medium
with low glucose was added. The ASCs were cultured
under serum-free starvation conditions for 48 h, and
then the CM was collected and purified by centrifuga-
tion at 3000 g for 10 min. Next, 12 mL of purified CM
was collected into a 3-kDa ultrafiltration unit (Millipore,
Billerica, USA) and centrifuged at 5000g for 1.5 h at 4 °C.
Finally, approximately 500 μL of supernatant, which is
hereafter referred to as the “ASC-secretome”, was col-
lected from every ultrafiltration unit. Then, the ASC
secretome was stored at − 80 °C for subsequent
experiments.

Establishment of HIRI in miniature pigs and infusion of
ASCs or ASC-secretome
The experimental animals were fed a piglet diet (Jinxin-
nong Feed, Shenzhen, China) and tap water and were
housed at a stable temperature (20 °C) with a 12-h light-
dark cycle. The surgery was performed after 12 h of fast-
ing and 2 h of water restriction. The miniature pigs were
anaesthetized by isoflurane inhalation for laparoscopic
surgery. First, the right portion of the liver was subjected
to ischaemia for 60 min, and then the left portion of the
liver was subjected to hepatectomy after the right por-
tion of the liver was perfused. All substances were ad-
ministered to miniature pigs through the liver
parenchyma immediately after partial hepatectomy. Ac-
cording to the substances used, the twenty-four mini-
ature pigs were divided into the following four groups,
with six animals in each group: the saline group, the
DMEM group, the ASC group and the ASC-secretome
group. The saline and DMEM groups were used as the
control groups for the ASC and ASC-secretome groups,
respectively; and the ASC and ASC-secretome groups
were the treatment groups. After hepatectomy, individ-
ual miniature pigs were administered either normal sa-
line (saline group), L-DMEM (DMEM group), ASCs
(ASC group) or ASC-secretome (ASC-secretome group).
The number of transplanted ASCs was not fixed and de-
pending on the weight of the miniature pig (1 × 106

cells/kg). Similarly, the volume of the transplanted ASC-
secretome was determined according to the number of
cells depending on the body weight of the animal. In this
way, the treatment groups were administered ASCs or
an equivalent amount of ASC-secretome. At specific
time points after surgery (1, 3 and 7 days), laparoscopic
minimally invasive techniques were used to collect liver
tissue specimens for subsequent analysis. All animals

were given Tolfedine 4% (Vetoquinol SA, France) for an-
algesia and survived well after surgery.

Histological analysis
For histopathological analysis, liver tissue was fixed with
10% formalin, processed and embedded in paraffin. Ser-
ial sections (5 μm thick) were stained with haematoxylin
and eosin. We assessed the severity of liver damage
based on the previously reported Suzuki classification
system [20], which includes the following parameters
with scores of 0 to 4: parenchymal necrosis, sinusoidal
congestion and cytoplasmic vacuolization. A professional
pathologist examined three liver slices from each pig
and scored three randomly selected fields of view from
each liver slice. Then, the average score of each animal
was determined by the sum of all scores.

Analysis of blood samples
Serum was collected from miniature pig blood samples
centrifuged at 3500 rpm for 15min. Alkaline phosphat-
ase (ALP), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), angiopoietin-1 (ANG-1),
angiopoietin-2 (ANG-2), vascular endothelial growth
factor (VEGF), tumour necrosis factor (TNF-α),
interleukin-6 (IL-6), interleukin-1β (IL-1β) and
interleukin-10 (IL-10) were investigated using commer-
cial kits (Nanjing Jiancheng Bioengineering Co., Ltd.,
Nanjing, China) according to the manufacturer’s
instructions.

Real-time quantitative PCR analysis of mRNA levels
RNA was extracted from liver tissue using TRIzol Re-
agent® (Invitrogen, Shanghai, China) for qRT-PCR ana-
lysis. Reverse transcription was performed according to
the PrimeScript™ RT Reagent Kit (Takara, Japan) in-
structions to obtain cDNA. Duplicate qRT-PCRs were
performed with SYBRGreen® qPCR Premix (Yinuoweiz-
hen Technology Co., Ltd., Hunan, China) in a Light Cy-
cler 480 Real-Time PCR System (Roche Applied Science,
Penzberg, Germany). The qRT-PCR mix consisted of
2 μL cDNA, 0.8 μL forward and reverse primer, 6.4 μL
dH2O and 10 μL Taq SYBR® Green qPCR PreMix. qRT-
PCR analysis was performed by the comparative CT
method. The primers were produced by Sangon Biotech
(Shanghai, China), and the primer sequences are listed
in Table 1.

Western blot analysis
Liver tissues were homogenized using Tissue Protein Ex-
traction Reagent supplemented with 1 mM PMSF (Beyo-
time, Shanghai, China) in an automated fast sample
grinder (Jingxin, Shanghai, China). Equal amounts of
protein (30 μg) were resolved by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
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and then electroblotted onto a nitrocellulose filter mem-
brane (Pall Corporation, USA). The membrane was
blocked in TBST containing 5% nonfat powdered milk
for 2 h at room temperature to prevent nonspecific bind-
ing, incubated with primary antibody overnight at 4 °C,
and then incubated with a horseradish peroxidase
(HRP)-conjugated anti-species secondary antibody for 2
h. Antibodies against PCNA (Abcam, Cambridge, UK),
p-STAT3, STAT3, suppressor of cytokine signalling 3
(SOCS3) (ImmunoWay, Plano, USA) and β-actin and a
horseradish peroxidase (HRP)-conjugated antibody (San-
gon Biotech, Shanghai, China) were used. Protein bands
were visualized using Hypersensitive ECL Reagent (Mei-
lunbio®, Dalian, China) and analysed using the Tanon
5200 Imaging System (Tanon Science & Technology
Co., Ltd., Shanghai, China).

Immunohistochemical analysis of Ki67 expression
Fresh liver tissue samples were fixed in 4% paraformal-
dehyde for 24 h and then embedded in paraffin using
standard methods. Serial sections (5 μm thick) were
dewaxed and rehydrated. The tissue sections were
immersed in a 3% hydrogen peroxide solution to elimin-
ate endogenous peroxidase, 0.1M citrate buffer was used
for antigen repair, and then the sections were blocked
with BSA. Following incubation with the primary anti-
body (Novus, USA) overnight at 4 °C, the sections were
washed with PBS and then incubated with a HRP-
conjugated goat anti-rabbit secondary antibody (Boster,
Wuhan, China) at room temperature for 30 min. Then,
DAB staining was performed, and the sections were
counterstained with haematoxylin. All sections were ob-
served by light microscopy and quantified with Image-
Pro Plus 6.0 software (Media Cybernetics, USA).

Enzyme-linked immunosorbent assay (ELISA) of CM from
ASCs
The method used to produce the CM was described
above. After cell starvation, five bottles of cells were col-
lected as parallel samples, and the supernatant was col-
lected under aseptic conditions. ELISA was used to
detect and evaluate cytokines of ASC-CM in this study.
Following the manufacturer’s instructions, kits from
Nanjing Jiancheng Bioengineering Co., Ltd. (Nanjing,
China) were used to detect the concentrations of the fol-
lowing factors in CM: IL-6, IL-1β, TNF-α, ANG-1,

ANG-2, VEGF and basic fibroblast growth factor (b-
FGF).

Statistical analysis
All data were analysed using GraphPad Prism 7.04
(GraphPad Software, USA) and are presented as the
mean ± standard deviation. Statistical significance was
determined by one-way ANOVA. A p value less than
0.05 was considered statistically significant.

Results
Identification of ASCs characteristics
Fourth-generation ASCs showed the characteristics of
MSCs: they expressed the MSC markers CD90, CD29
and CD44 but did not express the haematopoietic
marker CD34. The ASCs successfully differentiated into
adipocytes, osteoblasts and hepatocytes in suitable
media. We have previously described the isolation, cul-
ture and identification of ASCs [21].

ASC-secretome improves histopathology after liver injury
Liver tissue pathological sections and the results of
histological analysis are shown in Fig. 1. Sections from
each group were observed under a microscope and
scored histologically according to the Suzuki classifica-
tion system. On the 1st postoperative day, obvious vacu-
olar degeneration and hepatocyte swelling were observed
in the saline group and the DMEM group; additionally,
the cord-like arrangement of hepatocytes was disrupted,
and a large number of inflammatory cells were observed.
In contrast, hepatocytes in the ASC group and the ASC-
secretome group were slightly swollen and less vacuo-
lated and had fewer inflammatory cells. The pathological
scores showed that the difference between the treated
group and the untreated group was extremely significant
(p < 0.01), and the difference between the ASC-
secretome group and the DMEM group was significant
(p < 0.05). Three days after surgery, multiple focal necro-
ses and more inflammatory cell infiltration were seen in
the saline group and the DMEM group, while a small
amount of inflammatory cell infiltration was seen in the
ASC group and the ASC-secretome group, and no nec-
rotic foci or vacuolar degeneration of liver cells was
found. Additionally, hepatocyte swelling was milder than
that of the untreated group. The pathological scores
showed that the difference between the treated group
and the untreated group was extremely significant (p <
0.01), and the difference between the ASC-secretome
group and the DMEM group was significant (p < 0.05).
At 7 days postoperatively, only a few inflammatory cells
were seen in the saline group and the DMEM group,
while there were almost no inflammatory cells in the vis-
ual field of the ASC group and the ASC-secretome
group. The cord-like arrangement of hepatocytes was

Table 1 Sequences of primers used in real-time PCR

Gene Forward primer (5′- > 3′) Reverse primer (5′- > 3′)

HGF TGATCAACTCAGACGGCCTA AGCCCCAGCACATATTTCAG

CyclinD1 AAGTGCGTGCAGAAGGAAAT AGGAAGCGGTCCAGGTAGTT

TGF-β CCATTCGCGGCCAGATT GCTCCGGTTCGACACTTTC

β-actin TCTGGCACCACACCTTCT TGATCTGGGTCATCTTCTCAC
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basically restored, and hepatocyte swelling disappeared.
The pathological scores showed no significant differ-
ences between the groups.

Detection of cytokines and growth factors in ASC-
secretome
We detected the cytokines and growth factors in the
CM of fourth-generation ASCs. ELISA was used to de-
tect the concentrations of cytokines and growth factors
in CM after 48 h of serum-free starvation. The concen-
trations of TNF-α, IL-6, IL-1β, ANG-1, ANG-2, VEGF,
and b-FGF were 47.78 ± 3.2 pg/ml, 255.12 ± 16.97 pg/ml,
183.13 ± 7.49 pg/ml, 957.7 ± 90.79 pg/ml, 5.81 ± 0.23 ng/
ml, 75.31 ± 4.62 pg/ml and 305.23 ± 23.18 pg/ml,
respectively.

ASC-secretome reduces inflammation after liver injury
The serum inflammation indicator results are shown in
Fig. 2. Compared with those in the saline group, the
serum TNF-α and IL-1β levels in the ASC-secretome
group were significantly decreased 1 day after surgery
(p < 0.01) and 3 days after surgery (p < 0.05), and the
serum IL-6 levels were significantly different at 1 and 3
days after surgery (p < 0.05). The serum IL-6 levels of

the ASC-secretome group and the DMEM group were
significantly different at 1 day (p < 0.01) and 3 days (p <
0.05) after surgery (Fig. 2a), and the serum TNF-α and
IL-1β levels of the ASC-secretome group were signifi-
cantly different 1 day after surgery (p < 0.05, Fig. 2b, c).
The serum IL-10 levels showed an overall upward trend
after the operation, and the increase in the treatment
group was greater than that in the control group (Fig.
2d). Both the ASC-secretome group and the ASC group
had significantly increased serum IL-10 levels at 1 and 3
days after surgery (p < 0.01). Compared with those in the
DMEM group, the levels of serum IL-10 in the ASC-
secretome group were significantly different at 1 and 3
days after surgery (p < 0.01).

ASC-secretome promotes liver regeneration after liver
injury
Serum ALP, ALT and AST levels were measured to
evaluate the damage to hepatocytes after ischaemia-
reperfusion combined with partial resection. As shown
in Fig. 3a, the concentrations of ALP, ALT and AST in
the serum increased rapidly after surgery and then de-
creased gradually over time. The levels of ALP in the
serum of the ASC-secretome group were significantly

Fig. 1 Histopathological changes and results of histological analysis results (original magnification × 400). The red arrow indicates haemorrhage,
the yellow arrow indicates hepatocyte vacuolar degeneration, the black arrow indicates hepatocyte necrosis, and the blue arrow indicates
inflammatory cells. The data are expressed as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01, versus the saline group. #p < 0.05, ##p < 0.01, versus the
DMEM group.

Jiao et al. Stem Cell Research & Therapy          (2021) 12:218 Page 5 of 12



reduced at 1 and 3 days after surgery (p < 0.05) com-
pared with those of the saline group, and the ALP levels
in the ASC-secretome group were also significantly lower
than those in the DMEM group (1 day: p < 0.05; 3 days:
p < 0.01). Compared with the saline group, the ASC-
secretome group had significantly reduced serum ALT
levels after surgery (1 day: p < 0.01; 3 days: p < 0.05), while
the ASC-secretome group also had significant differences
compared with the DMEM group (p < 0.01). Compared
with the control groups (saline and DMEM groups), the
ASC-secretome group had significantly reduced levels of
AST at 1 and 3 days after surgery (p < 0.01).
The serum levels of ANG-1, ANG-2 and VEGF in-

creased significantly after surgery (Fig. 3b). Compared
with the saline group, the ASC-secretome group and the
ASC group had significantly increased serum VEGF
levels 1 day after surgery (p < 0.05); 3 days after surgery,
the ASC-secretome group and the ASC group had sig-
nificantly increased serum levels of ANG-1, ANG-2 and
VEGF (p < 0.01), and the difference in these factors be-
tween the ASC-secretome group and the DMEM group
was highly statistically significant (p < 0.01). After 7 days,
compared with the control group, the ASC-secretome
group and the ASC group still had significantly in-
creased expression levels of serum ANG-2 (p < 0.01).
The treatments significantly promoted the expression of
angiogenesis-related factors after liver ischaemia-
reperfusion combined with partial resection.

After liver ischaemia-reperfusion combined with
partial resection, the hepatocytes entered the prolifer-
ation phase, and the expression of hepatocyte growth
factor increased (Fig. 3c). Compared with the saline
group, the ASC-secretome group and the ASC group
had significantly increased HGF and Cyclin D1
mRNA expression in liver tissue 1 day after surgery
(p < 0.01). Three days after surgery, the treatment
group still showed higher HGF and Cyclin D1 mRNA
expression in liver tissue, but there was a significant
inhibition of TGF-β mRNA expression in liver tissue
(p < 0.01).
Figure 4a shows immunohistochemical staining of

Ki67 in sections from each group at different time
points. Analysis of the sections (Fig. 4b) indicated that
compared with the control group, the ASC-secretome
group and the ASC group had significantly increased the
rates of Ki67-positive cells (1 and 3 days: p < 0.01; 7 days:
p < 0.05). Figure 4c shows the Western blots of proteins
related to liver tissue regeneration, and their relative ex-
pression levels normalized to that of β-actin are shown
in Fig. 4d–f. Compared with the control group, the
ASC-secretome group exhibited significantly increased
expression of PCNA (1 and 3 days: p < 0.01; 7 days: p <
0.05), increased phosphorylation of p-STAT3 (1 day and
3 days: p < 0.01), and significantly inhibited expression of
SOCS3 (1 day and 3 days: p < 0.01) to promote liver
regeneration.

Fig. 2 Effects of ASCs and the ASC-secretome on the serum levels of inflammatory response indicators. The serum levels of the inflammation
indicators IL-6 (a), TNF-α (b), IL-1β (c) and IL-10 (d) are shown. The data are expressed as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01, versus the saline
group. #p < 0.05, ##p < 0.01, versus the DMEM group.
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Discussion
We hypothesized that the ASC-secretome could pro-
mote liver regeneration after hepatic ischaemia-
reperfusion combined with partial hepatectomy. We
used laparoscopic technology to establish a miniature
pig liver ischaemia-reperfusion model with partial hepa-
tectomy and performed liver parenchymal transplant-
ation of the ASC-secretome. Our study showed that the
ASC-secretome not only reduced inflammation and pro-
moted cell proliferation in the model of liver ischaemia-
reperfusion combined with partial hepatectomy, but also
activated the STAT3 signalling pathway to promote liver
regeneration. To our knowledge, this is the first study to
describe the effect of the ASC-secretome on liver regen-
eration after liver ischaemia-reperfusion combined with
partial resection in miniature pigs. However, this study
also has its shortcomings. A minimally invasive laparo-
scopic technique was used to collect samples, and the
animals were not slaughtered, so the ratio of liver weight
to body weight was not calculated during liver
regeneration.

Liver ischaemia-reperfusion and partial hepatectomy
damage the liver parenchyma, and the remaining healthy
liver tissue will also undergo pathophysiological changes
due to ischaemia-reperfusion. The content of AST in the
serum is very low under normal physiological conditions
because it is mainly located in the mitochondria of liver
cells, but after HIRI occurs, AST is released into the
blood. ALT is mainly distributed in liver cells. The liver
cell membrane structure is destroyed after HIRI, which
disrupts cell integrity and causes ALT to be released into
the blood. After HIRI, liver cells produce excessive
amounts of ALP, which enters the blood through the
lymphatic tract and hepatic sinusoids, causing the ALP
content in the blood to rise. ALT, AST and ALP are in-
dicators that can sensitively reflect the function of the
liver. In this study, it was observed that the ASC and
ASC-secretome groups had reduced expression levels of
ALT, AST and ALP compared with those of the control
group at 1 and 3 days after surgery, indicating that ASCs
and the ASC-secretome had obvious therapeutic effects.
The ASC-secretome group was significantly different

Fig. 3 Effects of ASCs and the ASC-secretome on liver function and regeneration-related growth factors and genes. The liver functions of ALP,
ALT and AST are shown in a. The angiogenesis-related factors ANG-1, ANG-2 and VEGF are shown in b. The liver regeneration-related genes HGF,
Cyclin D1 and TGF-β are shown in c. The data are expressed as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01, versus the saline group. #p < 0.05, ##p < 0.01,
versus the DMEM group.
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from the DMEM group, and there were no significant
differences between the DMEM group and the saline
group, indicating that the basal medium had no thera-
peutic effect, while the ASC-secretome had a therapeutic
effect due to the effective biological components se-
creted by ASCs into the basal medium. Similar results
have been obtained in other studies. Majid Lotfini [22]
used 15-fold concentrated MSC-CM to treat
thioacetamide-induced acute liver failure in mice and
observed significantly reduced expression levels of ALT

and AST. Sang [23] reported that ASC-CM reduced liver
damage and improved the liver microenvironment after
ischaemia-reperfusion injury.
HIRI involves inflammatory pathways triggered by

multiple inflammatory factors. It causes the secretion of
a large number of pro-inflammatory factors to stimulate
excessive inflammation, and the expression of anti-
inflammatory factor IL-10 also increases accordingly. IL-
10 can inhibit the release of inflammatory mediators
such as TNF-α, IL-1β and IL-6 from mononuclear

Fig. 4 Effects of ASCs and the ASC-secretome on liver regeneration-related proteins. a Immunohistochemical staining of the Ki67 protein in liver
tissue sections at all time points in the four groups. b Results of Ki67 immunohistochemical analysis. c Western blot of liver regeneration-related
proteins. d Analysis of PCNA protein expression levels. Figure 4e: Analysis of p-STAT3 protein expression levels. f Analysis of SOCS3 protein
expression levels. The data are expressed as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01, versus the saline group. #p < 0.05, ##p < 0.01, versus the
DMEM group.
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macrophages. Studies have shown that the CM of bone
marrow mesenchymal stem cells (BMSCs) reduced the
serum concentrations of TNF-α, IL-1β and IL-6; in con-
trast, the level of the anti-inflammatory cytokine IL-10
significantly increased in rats with radiation-induced
liver injury [24]. Xu et al. [25] found that the ASC-
secretome ameliorated neuroinflammation after trau-
matic brain injury and the IL-6 and TNF-α levels were
reduced. Systemic infusion of MSC-CM also significantly
reduced the expression levels of TNF-α and IL-6 in a rat
model of acute liver injury induced by D-galactosamine
[9]. The results obtained in this study are consistent with
previous research. These findings revealed the effect of
the ASC-secretome on the inflammatory response in
liver ischaemia-reperfusion combined with partial hepa-
tectomy injury.
The process of liver tissue regeneration and repair in-

volves the activation, proliferation, and migration of vas-
cular endothelial cells and the construction of new
vascular networks. In this process, VEGF is an important
paracrine factor of MSCs that promotes vascular endo-
thelial cell proliferation and new blood vessel formation.
ANG-1 stimulates blood vessel sprouting; ANG-2 plays
an important role in angiogenesis by interacting with
VEGF [26]. Gaetani et al. [27] proved that MSC-CM de-
rived from the skin can promote the formation of capil-
laries. Among the cytokines involved in liver
regeneration, HGF, the strongest known promoter of
liver regeneration and its receptor c-Met, participate in
the initiation of liver regeneration and play an important
regulatory role in the process of liver cell proliferation
[28, 29]. Cyclin D1 promotes the proliferation of hepato-
cytes. However, some evidence indicates that TGF-β
plays a negative regulatory role in cell proliferation and
prevents excessive cell proliferation [30]. In this study,
the results showed that ASCs and the ASC-secretome
significantly increased the levels of HGF and Cyclin D1
mRNA while inhibiting the increase in TGF-β mRNA.
Similarly, Fouraschen et al. [31] reported that MSC-CM
significantly increased the expression of HGF mRNA in
liver tissue after 70% partial hepatectomy in mice, and
Sang Chul et al. [32] found that the ASC-secretome sig-
nificantly increased the expression of HGF protein and
promoted liver regeneration.
Hepatectomy caused an increase in the expression of

inflammatory cytokines, among which IL-6 plays a
prominent role in initiating liver regeneration. IL-6 can
activate the downstream inflammation-related transcrip-
tion factor STAT3 after binding to its receptor IL-6R to
promote liver regeneration. Moreover, IL-6 increases the
expression of SOCS3, which is an important target gene
of STAT3, inhibits the phosphorylation of STAT3 and
negatively regulates the process of liver regeneration.
Studies have found that the IL-6/STAT3 pathway

mediates cell proliferation and that the stem cell secre-
tome obtained from hypoxia preconditioning promotes
liver regeneration by inducing continuous expression of
STAT3 in the liver, which is due to the decreased ex-
pression of SOCS3 [33]. In the study of Sang Chul et al.
[32], the ASC-secretome significantly reduced serum IL-
6 and TNF-α levels in partially hepatectomized mice,
while the number of Ki67-positive cells increased signifi-
cantly, and the expression of IL-6/STAT3 signalling
pathway components reached its maximum. In this
study, the results showed that the phosphorylation level
of STAT3 increased and the expression of SOCS3 de-
creased compared with those in the control group. It is
possible that the secretome inhibits the expression of
SOCS3 through the action of cytokines in the liver
microenvironment, delays negative feedback regulation
of liver regeneration, reduces the expression of inflam-
matory factors, promotes hepatocyte proliferation and
accelerates the process of liver regeneration (Fig. 5).
PCNA is an important marker of liver regeneration. It is
a cofactor of DNA polymerase that regulates DNA repli-
cation and the cell cycle. The Ki67 protein is expressed
in proliferating cells. Therefore, PCNA and Ki67 pro-
tein levels can reflect the proliferation status of liver
cells [34]. In a study of ASC-secretome treatment of
liver resection, the expression of PCNA in the ASC
group and ASC-secretome group were higher than
that in the control group, and the phosphorylation
levels of STAT3 increased, which significantly pro-
moted liver regeneration [17]. In other studies,
BMSCs and BMSC-CM were shown to inhibit necro-
tizing inflammation, increase Ki67 expression and
promote liver regeneration [35]. MSC-CM increased
the protein expression of Ki67 after 50% OLT in rats
and promoted the proliferation of liver parenchymal
cells [36]. Similarly, the present study showed that
both ASCs and the ASC-secretome promoted the
protein expression of PCNA and Ki67, which is con-
sistent with the above results.
In this study, we also compared the effects of injection

of ASCs and the ASC-secretome on liver regeneration.
MSC-CM contains a variety of cytokines, chemokines
and growth factors that have multiple positive effects on
wound healing by improving endothelial cell migration
and angiogenesis [37]. Studies have shown that cytokines
do not work alone. For example, when VEGF and b-FGF
are used in combination, they effectively promote the
formation of collateral vessels in a rabbit hindlimb is-
chaemia model [38]. Various cytokines in the ASC-
secretome work together to promote the repair of liver
damage, reduce inflammation and promote liver regen-
eration. Our study showed that the ASC-secretome had
the same promoting effect on liver regeneration as
ASCs. Therefore, this study proved the potential of using
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the ASC-secretome to promote liver regeneration after
liver ischaemia-reperfusion combined with partial
resection.

Conclusions
Our study highlights the potential of using the ASC-
secretome to promote liver regeneration after liver
ischaemia-reperfusion combined with partial resection.
Importantly, we concluded that in a mammalian model
organism, the miniature pig, the ASC-secretome exerted
the same effect as ASCs transplantation. In particular,
the ASC-secretome showed anti-inflammatory, pro-
angiogenic and liver regenerative effects in this study.
Considering the disadvantages of stem cell transplant-
ation, the current study demonstrates the ASC-
secretome as an advanced alternative to stem cell ther-
apy for liver regeneration.
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Fig. 5 The experimental procedure and the mechanism by which the ASC-secretome promotes liver regeneration. The model of liver ischaemia-
reperfusion combined with partial hepatectomy was established by laparoscopy. The ASC-secretome of miniature pigs was prepared and injected
into the liver parenchyma immediately after the operation. The ASC-secretome exerted obvious anti-inflammatory and liver regenerative effects.
The mechanism may be as shown in Fig. 5. After partial hepatectomy, the STAT3 signalling pathway was activated to promote the proliferation of
hepatocytes. Furthermore, a SOCS3 negative feedback loop was activated to terminate the STAT3 signalling cascade. The ASC-secretome acted
on SOCS3 to reduce its expression and interrupted the negative feedback regulation of the STAT3 signalling pathway, accelerating the process of
liver regeneration. Cytokines in the ASC-secretome regulate inflammation and promote liver regeneration.

Jiao et al. Stem Cell Research & Therapy          (2021) 12:218 Page 10 of 12



Author details
1College of Veterinary Medicine, Northeast Agricultural University, Harbin
150030, People’s Republic of China. 2College of Wildlife and Protected Area,
Northeast Forestry University, Harbin, People’s Republic of China.

Received: 26 November 2020 Accepted: 11 March 2021

References
1. Szabó MR, Pipicz M, Csont T, Csonka C. Modulatory effect of myokines on

reactive oxygen species in ischemia/reperfusion. Int J Mol Sci. 2020;21(24):
9382. https://doi.org/10.3390/ijms21249382.

2. Hu C, Zhao L, Wu D, Li L. Modulating autophagy in mesenchymal stem cells
effectively protects against hypoxia-or ischemia-induced injury. Stem Cell
Res Ther. 2019;10:1–13.

3. Aravalli R N. Generating liver using blastocyst complementation:
Opportunities and challenges[J]. Xenotransplantation, 2020: e12668.

4. Hu C, Zhao L, Zhang L, Bao Q, Li L. Mesenchymal stem cell-based cell-free
strategies: safe and effective treatments for liver injury. Stem Cell Res Ther.
2020;11:1–12.

5. Owen A, Newsome PN. Mesenchymal stromal cell therapy in liver disease:
opportunities and lessons to be learnt? Am J Physiol Gastrointest Liver
Physiol. 2015;309(10):G791–800. https://doi.org/10.1152/ajpgi.00036.2015.

6. Nahar S, Nakashima Y, Miyagi-Shiohira C, Kinjo T, Toyoda Z, Kobayashi N,
Saitoh I, Watanabe M, Noguchi H, Fujita J. Cytokines in adipose-derived
mesenchymal stem cells promote the healing of liver disease. World J Stem
Cells. 2018;10(11):146–59. https://doi.org/10.4252/wjsc.v10.i11.146.

7. Gunawardena TNA, Rahman MT, Abdullah BJJ, Abu Kasim NH. Conditioned
media derived from mesenchymal stem cell cultures: the next generation
for regenerative medicine. J Tissue Eng Regen Med. 2019;13(4):569–86.
https://doi.org/10.1002/term.2806.

8. Parekkadan B, Van Poll D, Suganuma K, Carter EA, Berthiaume F, Tilles AW,
Yarmush ML. Mesenchymal stem cell-derived molecules reverse fulminant
hepatic failure. PLoS One. 2007;2(9):e941. https://doi.org/10.1371/journal.
pone.0000941.

9. Van Poll D, Parekkadan B, Cho CH, Berthiaume F, Nahmias Y, Tilles AW,
Yarmush ML. Mesenchymal stem cell–derived molecules directly modulate
hepatocellular death and regeneration in vitro and in vivo. Hepatology.
2008;47(5):1634–43. https://doi.org/10.1002/hep.22236.

10. Li X, Ma T, Sun J, Shen M, Xue X, Chen Y, Zhang Z. Harnessing the
secretome of adipose-derived stem cells in the treatment of ischemic heart
diseases. Stem Cell Res Ther. 2019;10(1):196. https://doi.org/10.1186/s13287-
019-1289-7.

11. Seetharaman R , Mahmood A , Kshatriya P , et al. Mesenchymal Stem Cell
Conditioned Media Ameliorate Psoriasis Vulgaris: A Case Study[J]. Case
Reports in Dermatological Medicine, 2019, 2019:1-5.

12. Niada S, Giannasi C, Gomarasca M, Stanco D, Casati S, Brini AT. Adipose-
derived stromal cell secretome reduces TNFα-induced hypertrophy and
catabolic markers in primary human articular chondrocytes. Stem Cell Res.
2019;38:101463. https://doi.org/10.1016/j.scr.2019.101463.

13. Hajmousa G, Przybyt E, Pfister F, Paredes-Juarez GA, Moganti K, Busch S,
Kuipers J, Klaassen I, van Luyn MJ, Krenning G. Human adipose tissue-
derived stromal cells act as functional pericytes in mice and suppress high-
glucose-induced proinflammatory activation of bovine retinal endothelial
cells. Diabetologia. 2018;61(11):2371–85. https://doi.org/10.1007/s00125-01
8-4713-0.

14. Akhondzadeh F, Kadkhodaee M, Seifi B, Ashabi G, Kianian F,
Abdolmohammadi K, Izad M, Adelipour M, Ranjbaran M. Adipose-derived
mesenchymal stem cells and conditioned medium attenuate the memory
retrieval impairment during sepsis in rats. Mol Neurobiol. 2020;57(9):3633–
45. https://doi.org/10.1007/s12035-020-01991-6.

15. Katsuda T, Kosaka N, Takeshita F, Ochiya T. The therapeutic potential of
mesenchymal stem cell-derived extracellular vesicles. Proteomics. 2013;
13(10-11):1637–53. https://doi.org/10.1002/pmic.201200373.

16. Ranganath SH, Levy O, Inamdar MS, Karp JM. Harnessing the mesenchymal
stem cell secretome for the treatment of cardiovascular disease. Cell Stem
Cell. 2012;10(3):244–58. https://doi.org/10.1016/j.stem.2012.02.005.

17. Lee SK, Lee SC, Kim S-J. A novel cell-free strategy for promoting mouse liver
regeneration: utilization of a conditioned medium from adipose-derived
stem cells. Hepatol Int. 2015;9(2):310–20. https://doi.org/10.1007/s12072-014-
9599-4.

18. Tan CY, Lai RC, Wong W, Dan YY, Lim S-K, Ho HK. Mesenchymal stem cell-
derived exosomes promote hepatic regeneration in drug-induced liver
injury models. Stem Cell Res Ther. 2014;5(3):76. https://doi.org/10.1186/scrt4
65.

19. Ge Y, Zhang Q, Li H, Bai G, Jiao Z, Wang H. Adipose-derived stem cells
alleviate liver apoptosis induced by ischemia-reperfusion and laparoscopic
hepatectomy in swine. Sci Rep. 2018;8:1–11.

20. Suzuki S, Nakamura S, Koizumi T, Sakaguchi S, Baba S, Muro H, Fujise Y. The
beneficial effect of a prostaglandin I2 analog on ischemic rat liver.
Transplantation. 1991;52(6):979–83. https://doi.org/10.1097/00007890-199112
000-00008.

21. Jiao Z, Liu X, Ma Y, Ge Y, Zhang Q, Liu B, Wang H. Adipose-derived stem
cells protect ischemia-reperfusion and partial hepatectomy by attenuating
endoplasmic reticulum stress. Front Cell Dev Biol. 2020;8:177. https://doi.
org/10.3389/fcell.2020.00177.

22. Lotfinia M, Kadivar M, Piryaei A, Pournasr B, Sardari S, Sodeifi N, Sayahpour
F-A, Baharvand H. Effect of secreted molecules of human embryonic stem
cell-derived mesenchymal stem cells on acute hepatic failure model. Stem
Cells Dev. 2016;25(24):1898–908. https://doi.org/10.1089/scd.2016.0244.

23. Lee SC, Kim JO, Kim S-J. Secretome from human adipose-derived stem cells
protects mouse liver from hepatic ischemia–reperfusion injury. Surgery.
2015;157(5):934–43. https://doi.org/10.1016/j.surg.2014.12.016.

24. Chen Y-X, Zeng Z-C, Sun J, Zeng H-Y, Huang Y, Zhang Z-Y. Mesenchymal
stem cell–conditioned medium prevents radiation-induced liver injury by
inhibiting inflammation and protecting sinusoidal endothelial cells. J Radiat
Res. 2015;56:700–8.

25. Xu C, Diao Y-F, Wang J, Liang J, Xu H-H, Zhao M-L, Zheng B, Luan Z, Wang
J-J, Yang X-P. Intravenously infusing the secretome of adipose-derived
mesenchymal stem cells ameliorates neuroinflammation and neurological
functioning after traumatic brain injury. Stem Cells Dev. 2020;29(4):222–34.
https://doi.org/10.1089/scd.2019.0173.

26. Fagiani E, Christofori G. Angiopoietins in angiogenesis. Cancer Lett. 2013;
328(1):18–26. https://doi.org/10.1016/j.canlet.2012.08.018.

27. Gaetani M, Chinnici CM, Carreca AP, Di Pasquale C, Amico G, Conaldi PG.
Unbiased and quantitative proteomics reveals highly increased
angiogenesis induction by the secretome of mesenchymal stromal cells
isolated from fetal rather than adult skin. J Tissue Eng Regen Med. 2018;
12(2):e949–61. https://doi.org/10.1002/term.2417.

28. Borude P, Edwards G, Walesky C, Li F, Ma X, Kong B, Guo GL, Apte U.
Hepatocyte-specific deletion of farnesoid X receptor delays but does not
inhibit liver regeneration after partial hepatectomy in mice. Hepatology.
2012;56(6):2344–52. https://doi.org/10.1002/hep.25918.

29. Johnson M, Koukoulis G, Matsumoto K, Nakamura T, Iyer A. Hepatocyte
growth factor induces proliferation and morphogenesis in nonparenchymal
epithelial liver cells. Hepatology. 1993;17(6):1052–61. https://doi.org/10.1002/
hep.1840170618.

30. Thenappan A, Li Y, Kitisin K, Rashid A, Shetty K, Johnson L, Mishra L. Role of
transforming growth factor β signaling and expansion of progenitor cells in
regenerating liver. Hepatology. 2010;51(4):1373–82. https://doi.org/10.1002/
hep.23449.

31. Fouraschen SM, Pan Q, de Ruiter PE, Farid WR, Kazemier G, Kwekkeboom J,
Ijzermans JN, Metselaar HJ, Tilanus HW, de Jonge J. Secreted factors of
human liver-derived mesenchymal stem cells promote liver regeneration
early after partial hepatectomy. Stem Cells Dev. 2012;21(13):2410–9. https://
doi.org/10.1089/scd.2011.0560.

32. Lee S, Kim K, Kim O, Lee S, Hong H, Won S, Jeon S, Choi B, Jeong W, Kim S.
Determination of optimized oxygen partial pressure to maximize the liver
regenerative potential of the secretome obtained from adipose-derived stem
cells. Stem Cell Res Ther. 2017;8(1):181. https://doi.org/10.1186/s13287-017-0635-x.

33. Lee SC, Jeong HJ, Lee SK, Kim S-J. Hypoxic conditioned medium from
human adipose-derived stem cells promotes mouse liver regeneration
through JAK/STAT3 signaling. Stem Cells Transl Med. 2016;5(6):816–25.
https://doi.org/10.5966/sctm.2015-0191.

34. Bologna-Molina R, Mosqueda-Taylor A, Molina-Frechero N, Mori-Estevez A,
Sánchez-Acuña G. Comparison of the value of PCNA and Ki-67 as markers
of cell proliferation in ameloblastic tumors. Med Oral Patol Oral Cir Bucal.
2013;18:e174–9.

35. Huang B, Cheng X, Wang H, Huang W, Wang D, Zhang K, Zhang H, Xue Z,
Da Y, Zhang N. Mesenchymal stem cells and their secreted molecules
predominantly ameliorate fulminant hepatic failure and chronic liver fibrosis
in mice respectively. J Transl Med. 2016;1:1–12.

Jiao et al. Stem Cell Research & Therapy          (2021) 12:218 Page 11 of 12

https://doi.org/10.3390/ijms21249382
https://doi.org/10.1152/ajpgi.00036.2015
https://doi.org/10.4252/wjsc.v10.i11.146
https://doi.org/10.1002/term.2806
https://doi.org/10.1371/journal.pone.0000941
https://doi.org/10.1371/journal.pone.0000941
https://doi.org/10.1002/hep.22236
https://doi.org/10.1186/s13287-019-1289-7
https://doi.org/10.1186/s13287-019-1289-7
https://doi.org/10.1016/j.scr.2019.101463
https://doi.org/10.1007/s00125-018-4713-0
https://doi.org/10.1007/s00125-018-4713-0
https://doi.org/10.1007/s12035-020-01991-6
https://doi.org/10.1002/pmic.201200373
https://doi.org/10.1016/j.stem.2012.02.005
https://doi.org/10.1007/s12072-014-9599-4
https://doi.org/10.1007/s12072-014-9599-4
https://doi.org/10.1186/scrt465
https://doi.org/10.1186/scrt465
https://doi.org/10.1097/00007890-199112000-00008
https://doi.org/10.1097/00007890-199112000-00008
https://doi.org/10.3389/fcell.2020.00177
https://doi.org/10.3389/fcell.2020.00177
https://doi.org/10.1089/scd.2016.0244
https://doi.org/10.1016/j.surg.2014.12.016
https://doi.org/10.1089/scd.2019.0173
https://doi.org/10.1016/j.canlet.2012.08.018
https://doi.org/10.1002/term.2417
https://doi.org/10.1002/hep.25918
https://doi.org/10.1002/hep.1840170618
https://doi.org/10.1002/hep.1840170618
https://doi.org/10.1002/hep.23449
https://doi.org/10.1002/hep.23449
https://doi.org/10.1089/scd.2011.0560
https://doi.org/10.1089/scd.2011.0560
https://doi.org/10.1186/s13287-017-0635-x
https://doi.org/10.5966/sctm.2015-0191


36. Du Z, Wei C, Cheng K, Han B, Yan J, Zhang M, Peng C, Liu Y. Mesenchymal
stem cell–conditioned medium reduces liver injury and enhances
regeneration in reduced-size rat liver transplantation. J Surg Res. 2013;
183(2):907–15. https://doi.org/10.1016/j.jss.2013.02.009.

37. Saheli M, Bayat M, Ganji R, Hendudari F, Kheirjou R, Pakzad M, Najar B,
Piryaei A. Human mesenchymal stem cells-conditioned medium improves
diabetic wound healing mainly through modulating fibroblast behaviors.
Arch Dermatol Res. 2020;312(5):325–36. https://doi.org/10.1007/s00403-019-
02016-6.

38. Wang J-S, Shum-Tim D, Galipeau J, Chedrawy E, Eliopoulos N, Chiu RC-J.
Marrow stromal cells for cellular cardiomyoplasty: feasibility and potential
clinical advantages. J Thorac Cardiovasc Surg. 2000;120(5):999–1006. https://
doi.org/10.1067/mtc.2000.110250.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Jiao et al. Stem Cell Research & Therapy          (2021) 12:218 Page 12 of 12

https://doi.org/10.1016/j.jss.2013.02.009
https://doi.org/10.1007/s00403-019-02016-6
https://doi.org/10.1007/s00403-019-02016-6
https://doi.org/10.1067/mtc.2000.110250
https://doi.org/10.1067/mtc.2000.110250

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Animals
	Production of CM containing the secretion products of ASCs
	Establishment of HIRI in miniature pigs and infusion of ASCs or ASC-secretome
	Histological analysis
	Analysis of blood samples
	Real-time quantitative PCR analysis of mRNA levels
	Western blot analysis
	Immunohistochemical analysis of Ki67 expression
	Enzyme-linked immunosorbent assay (ELISA) of CM from ASCs
	Statistical analysis

	Results
	Identification of ASCs characteristics
	ASC-secretome improves histopathology after liver injury
	Detection of cytokines and growth factors in ASC-secretome
	ASC-secretome reduces inflammation after liver injury
	ASC-secretome promotes liver regeneration after liver injury

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

