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Abstract
Background: Human umbilical cord mesenchymal stem cells (hUCMSCs) transplantation has been
proposed as a promising therapeutic approach for treating acute liver failure (ALF), but its application is
limited by immune rejection and tumor formation. Exosomes contain various bioactive cargos including
mRNA, microRNA, and protein that can alter the cellular enviroment to enhance tissue repair. However, the
exact effects of hUCMSCs derived exosomes (hUCMSC-Exo) on the healing of ALF and their potential
mechanisms are not explored.

Methods: In vivo, mouse model of ALF were set up through a single intraperitoneal injection of
acetaminophen (APAP, 380 mg/kg). In vitro, human hepatocyte cells LO2 were treated with APAP (5 mM).
Then APAP-induced ALF mice and APAP-injured LO2 cells were treated with hUCMSC-Exo. Finally, the
effects and the mechanisms were estimated.

Results: We found that a single tail vein administration of hucMSC-Exo effectively enhanced the survival
rate, inhibited apoptosis in hepatocytes, and improved liver function in APAP-induced mouse model of
ALF. Furthermore, the deletion of glutathione (GSH) and superoxide dismutase (SOD), generation of
malondialdehyde (MDA), and the over expression of cytochrome P450 E1 (CYP2E1) and 4-
hydroxynonenal (4-HNE) caused by APAP were also inhibited by hucMSC-Exo, indicating that hucMSC-
Exo inhibited APAP-induced apoptosis of hepatocytes by reducing oxidative stress. Moreover, hucMSC-
Exo signi�cantly down-regulated the levels of in�ammatory cytokines IL-6, IL-1β, and TNF-α in APAP-
treated livers. Western blot showed that hucMSC-Exo signi�cantly promoted the activation of ERK1/2 and
IGF-1R/PI3K/AKT signaling pathways in APAP-injured LO2 cells, resulting in the inhibition of apoptosis of
LO2 cells. Importantly, PI3K inhibitor LY294002 and ERK1/2 inhibitor PD98059 could reverse the function
of hucMSC-Exo on APAP-injured LO2 cells in some extent.

Conclusions: Our results suggest that hucMSC-Exo offer antioxidant hepatoprotection against APAP in
vitro and in vivo by inhibitiing oxidative stress-induced apoptosis via upregulation of ERK1/2 and
PI3K/AKT signaling pathways, suggesting that administration of hucMSC-Exo may be an alternative
approach for the treatment of ALF.

Background
The liver is the most important organ in the body and plays a key role in the metabolism of drugs and
toxins, detoxification, and secretion ([1]). Acute liver failure (ALF) is a clinical syndrome characterized by
icterus, coagulopathy, and encephalopathy due to a sudden decline in liver function [2]. In recent years,
drug-induced liver injury has been the most common cause and associated with over 50% of ALF [3].
Acetaminophen (APAP) is one of the widely available and commonly used analgesic drugs worldwide,
safe when used at therapeutic dosage [4]. However, excessive intake of APAP might cause very serious
damages to the liver and leads to ALF in humans [5]. N-acetyl-p-benzoquinone imine (NAPQI), an APAP
toxic metabolite, is believed to be responsible for APAP-induced hepatotoxicity. NAPQI decreases
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glutathione (GSH) content, increases reactive oxygen species (ROS) accumulation, and increases
in�ammation response in the liver, resulting in hepatocyte necrosis and apoptosis [6, 7]. Therefore, novel
strategies to prevent APAP-induced ALF effectively are greatly needed.

Mesenchymal stem cells (MSCs) are multipotent stem cells with the capacity to differentiate into
deribates of the three embryonic layers, including osteoblasts, chondrocytes, and adipocytes [8]. In recent
years, a growing number of studies have shown that MSCs transplantation may be a promising
therapeutic approach for treating ALF [9-12]. However, transplanted MSCs have been shown to have a
lower survival rate in mice and liver tissue [13]. In addition, such as immune rejection, tumor formation,
and dedifferentiation, further limit the clinical application of direct MSCs transplantation for ALF [14].
Recent studies have shown that the mechanism of MSCs repaired tissue injury is mainly through a
paracrine mechanism rather than direct transdifferentiation, and exosomes play an important role in this
process [15]. Exosomes as a nanosized subpopulation of extracellular vesicles (30–150 nm) are secreted
by almost all human cell types and are involved in cell-cell communication and intracellular signaling [16,
17]. They are less complex and smaller in size than their parent cells and thus are easier to produce and
store [18]. Exosomes contain various bioactive cargos including protein, lipid, mRNA, microRNA, and DNA
fragments [19] that can alter the cellular environment to enhance tissue repair [20, 21]. Moreover, they
present no risk for tumor formation and are less immunogenic [22]. Multiple recent studies have
demonstrated that exosomes derived from MSCs are bene�cial in the treatment of ALF [23-26]. Human
umbilical cord-derived MSCs (hucMSCs) are isolated from umbilical cord, which can be easily obtained
without invasive procedures and have the ability to differentiate into cell types belonging to all three germ
lineages [27, 28]. The low immunogenicity, active proliferative potential, anti-in�ammatory function,
immunomodulatory activity and tissue repair ability of hucMSCs can be bene�cial to the repair of ALF
[29, 30]. However, the exact effects of hucMSC-derived exosome (hucMSC-Exo) on the liver injury repair in
APAP-induced mice and their potential mechanism are not explored.

Therefore, this work sought to investigate the effects and underlying mechanisms of hucMSC-Exo on
APAP-induced ALF. We isolated hucMSCs from human umbilical cord and characterized their
morphology, phenotypic pro�les, pluripotency, and growth potency. hucMSC-Exo were also isolated from
hucMSCs culture supernatants and the characterization of exosomes were identi�ed by TEM and western
bloting. In vivo, we investigated the role of hucMSC-Exo in liver injury repair using a APAP-induced ALF
mouse model. We found that hucMSC-Exo transplantation enhanced the survival rate, inhibited apoptosis
in hepatocytes, and improved liver function in APAP-induced mouse model of ALF by attenuating
oxidative stress and reducing in�ammatory response. In vitro, we assess the in�uences of hucMSC-Exo
on the apoptosis of APAP-injured LO2 cells. The results showed that hucMSC-Exo inhibited APAP-induced
apoptosis in LO2 cells through activation of ERK1/2 and IGF-1R/PI3K/AKT signaling pathways. Our
results provide a better understanding for using hucMSC-Exo for treating ALF and suggest that hucMSC-
Exo may serve as a novel therapy for ALF patients in the clinic.

Results
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Identi�cation of hUCMSCs and hUCMSC-Exo

hUCMSCs and hUCMSC-Exo were prepared as described previously [25, 31, 32]. The hUCMSCs exhibited a
spindle-shaped, �broblast-like morphology (Fig. 1a), and they expressed high levels of mesenchymal
stem cell markers CD29, CD90, CD73, and CD105 and did not expressed hematopoietic stem cell markers
CD34 and CD45 (Fig.1b). hUCMSC-Exo were successfully isolated from hUCMSCs culture supernatants
using the differential centrifugation method. Under adipogenic and osteogenic differentiation conditions,
hUCMSCs could differentiate into adipocytes and osteocytes, indicating that hUCMSCs have multi-
lineage differentiation potentials (Fig. 1c).

Transmission electron microscopy (TEM) showned that hUCMSC-Exo had a characteristic ball-like shape,
with a diameter ranging from 30 to 150 nm (Fig. 1d). The concentration was determined by using BCA
protein assay kit. Western blot con�rmed that hUCMSC-Exo expressed exosomal surface markers CD9,
CD63, Rab5, and CD81 (Fig. 1e). These results demonstrate that hEMSC-exosomes were successfully
isolated .

hUCMSC-Exo enhanced the survival rate, inhibited apoptosis in hepatocytes, and improved liver function
in APAP-induced mouse model of ALF

To evaluate the lethality of APAP in mice, APAP/kg (150-380 mg/kg, intraperitoneal) was tested for
hepatotoxicity and lethality. APAP at 150 mg/kg and 250 mg/kg body weight did not induce su�cient
lethality. Mice began to die at 6 h after they were injected with APAP at 380 mg/kg, and the mortality rate
reach 100% within 72 h. Thus, 380 mg/kg was used for subsequent experiments. To assess the
therapeutic potential of hUCMSC-Exo, 200 μL PBS or 200 μL PBS containing hUCMSC-Exo (20 mg/kg)
was given 1 h after the administration of APAP by tail vein. In the APAP group and APAP+PBS group, all
animals died of live failure within 3 days after administration of APAP (0 of 10 mice survived), whereas in
the APAP+ hUCMSC-Exo group, 70% of the mice were rescued (Fig. 2a). In vivo �uorescent imaging
results showed that PKH26-labeled hUCMSC-Exo administered by tail vein targeted injured livers at 24 h
post-injection (Fig. 2b).

To assess general morphological changes in the liver, liver tissue sections of different groups were
mounted and stained with hematoxylin and eosin (H&E). The normal groups (Control) showed a normal
liver architecture. In contrast, the APAP-treated and APAP+PBS treated mice displayed severe centrilobular
focal necrosis, apoptosis, and in�ammation. Mice in APAP+hUCMSC-Exo group showed a much lower
degree of hepatocellular necrosis and in�ammation than were observed in the APAP-treated and
APAP+PBS group (Fig. 2c, d, f). In addition, liver tissue sections from control, APAP, APAP+PBS, APAP+
hUCMSC-Exo group were subjected to TUNEL staining. After 1 day of injection, the number of TUNEL-
positive cells was signi�cantyly increased after APAP treatment compared to the control group. However,
hUCMSC-Exo treatment signi�cantly decreased the number of APAP-induced TUNEL-positive cells,
suggesting that hUCMSC-Exo inhibited APAP-induced apoptosis of liver cells in vivo (Fig. 2e, g). To further
elucidate the protective effect of hUCMSC-Exo in APAP-induced ALF mice, the liver functions were
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evaluated by measurements of serum alanine aminotransferase (ALT), aspartate aminotransferase
(AST), albumin (ALB), and alkaline phosphatase (ALP) after 1 day of hUCMSC-Exo transplantation.
Compared with those in the control group, the values of AST, ALT, and ALP were signi�cantly higher in
APAP and APAP+PBS treated mice. The value of ALB was decreased signi�cantly in the APAP and
APAP+PBS treated mice compared to control mice. Compared with the APAP and APAP+PBS group,
hUCMSC-Exo injection signi�cantly reduced the levels of AST, ALT, ALP and increased the level of ALB
(Fig. 2h). Taken together, our results showed that hUCMSC-Exo transplantation signi�cantly enhanced the
survival rate, inhibited apoptosis in hepatocytes, and improved liver function in APAP-induced mouse
model of ALF.

hUCMSC-Exo attenuated oxidative stress and reduced mRNA expression of in�ammatory mediators in
the liver of APAP-treated mice

Compared to the control group, GSH and SOD contents signi�cantly decreased in the APAP and
APAP+PBS group. However, hUCMSC-Exo inhibited the depletion of GSH caused by APAP and restored
hepatic SOD activity. In addition, hUCMSC-Exo could also block the APAP-induced increase of MDA level
in the liver (Fig. 3a). Immuno�uorescence staining was used to detemine 4-HNE and CYP2E1 expression
levels in liver tissues. The results showed that hUCMSC-Exo treatment signi�cantly reversed the over-
expression of 4-HNE and CYP2E1 caused by APAP compared to the control group (Fig. 3b, c). Q-PCR
analysis con�rmed that pro-in�ammatory cytokines IL-6, IL-1β, and TNF-α were signi�cantly decreased in
hUCMSC-Exo group compared to APAP and APAP+PBS group (Fig. 3d). These results clearly
demonstrated that hUCMSC-Exo reduced the oxidative stress injury and in�ammatory response in liver
tissues caused by APAP.

hUCMSC-Exo reduced oxidative stress in APAP-injured LO2 cells

To investigate the biological effect of hUCMSC-Exo on the oxidative stress of APAP-injured hepatocytes in
vitro, human hepatocyte cells LO2 were cultured with normal medium, normal medium supplemented
with APAP (5 mM), and normal medium supplemented with APAP (5 mM) and hUCMSC-Exo (60 μg/mL).
To see whether these hUCMSC-Exo can be absorbed into LO2 cells, LO2 cells were stain with FITC
conjugated phalloidin (green) and then incubated with PKH26-labeled hUCMSC-Exo (red). After 24 h of
incubation, the red �uorescence was greatly observed in the cytoplasm of LO2 cells, which suggests that
hUCMSC-Exo could be readily internalized by LO2 cells (Fig. 4a). APAP-induced oxidative stress was
assessed by measuring antioxidant activity with DCF-DA after 24 h of hUCMSC-Exo co-incubation.
Compared to the control group, ROS were increased after treatment with APAP. However, ROS were
decreased after treatment with hUCMSC-Exo compared with APAP (Fig. 4b). We next assessed the effect
of hUCMSC-Exo on MDA level. MDA level were increased in APAP-injured LO2 cells, and were decreased in
hUCMSC-Exo treated cells (Fig. 4c). Thus, hUCMSC-Exo have antioxidant effect in APAP-injured LO2 cells.

hUCMSC-Exo inhibited APAP-induced apoptosis of LO2 cells in vitro
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To investigate the biological effect of hUCMSC-Exo on the apoptosis of APAP-injured LO2 cells, �ow
cytometry analysis was performed after 24 h of treatment. As shown in Fig. 5a, the apoptosis rates of
LO2 cells in APAP group was signi�cantly increased in comparison to that of the control group. In
contrast, the apoptosis rates of LO2 cells were signi�cantly reduced in APAP+hUCMSC-Exo group
compared with APAP group. The apoptosis rates of LO2 cells in control, APAP, and APAP+ hUCMSC-Exo
group were 17.3 ± 0.97%, 87.4 ± 4.58%, and 48.46 ± 2.36%, respectively (Fig. 5b). Additionally, the
apoptosis associated proteins Bcl-2 and Bax in LO2 cells were detected by western blot. When compared
with APAP group, Bcl-2 levels were increased and Bax levels were decreased in the hUCMSC-Exo group
(Fig. 5c, d). CCK8 assay showed that the numbers of LO2 cells in the hUCMSC-Exo group were sharply
increased when compared with the APAP group after 24 h and 48 h of treatment (Figure 5e, f). All of these
results demonstrated that hUCMSC-Exo inhibited APAP-induced apoptosis of LO2 cells in vitro.

hUCMSC-Exo inhibited APAP-induced apoptosis of LO2 cells by inhibiting oxidative stress through
activating IGF-1R/PI3K/AKT and ERK1/2 signaling pathway

ERK1/2, PI3K/AKT, JNK, and GSK3β/β-catenin signaling pathways have been reported to play an
important role in regulating hepatocyte oxidative stress, survival, and apoptosis[31, 33, 34]. Western blot
analysis showed that hUCMSC-Exo induced IGF-1R, PI3K, AKT, and ERK1/2 phosphorylation at 6 h after
treatment with hUCMSC-Exo in APAP-injured LO2 cells (Fig. 6a). However, no signi�cant different in the
expression of phospho-JNK, phospho-GSK3β, and β-catenin was observed in the hUCMSC-Exo group
compared to the APAP group (Additional file1: Figure S1). Then to elucidate if the IGF-1R/PI3K/AKT and
ERK1/2 signaling pathways were necessary for the hUCMSC-Exo mediated apoptosis inhibition, we
treated the APAP-injured LO2 cells with hUCMSC-Exo with or without PI3K inhibitor, LY294002. We found
that hUCMSC-Exo treatment reduced the numbers of apoptosis cells while the simultaneous treatment
with LY294002 (30 μM) reversed this effect to some extent. We also treated the APAP-injured LO2 cells
with hUCMSC-Exo with or without ERK1/2 inhibitor, PD98059. We also found that inhibition of phospho-
ERK1/2 with PD98059 could reversed the effects of hUCMSC-Exo on the apoptosis inhibition to some
extent (Fig. 6b, c, d, e). Western blot analysis showed that hUCMSC-Exo induced the activation of AKT
which led to the increase of Bcl-2 and Nrf-2 protein level and the decline of Bax protein level, which were
suppressed by LY294002 (Fig. 6f). Next, the role of of ERK1/2 activation in hUCMSC-Exo-mediated
inhibition of cell apoptosis was examined. As shown in Fig. 6g, PD98059 signi�cantly inhibited the
increase of phospho-ERK1/2 and Bcl-2 and increased the decline of Bax expression by hUCMSC-Exo.
These results indicated that hUCMSC-Exo reversed APAP-induced apoptosis in LO2 cells through
activation of IGF-1R/PI3K/AKT and ERK1/2 signaling pathway.

Discussion
Recently, hUCMSCs, which are multipotent stem cells derived from umbilical cord, have emerged as a
promising candidate to develop innovative therapeutic treatment for ALF due to their ability to secrete
many damage repair factors [35-37]. In the present study, we found that hUCMSCs can be esaily isolated
from the donor’s umbilical cord without ethical concerns and showed �broblast-like morphology.
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hUCMSCs expressed MSC-speci�c surface markers, but not expressed hematopoietic stem cell markers.
In addition, we also found that hAMSCs have multi-lineage differentiation potentials. These
characteristics make hUCMSCs as a promising source of stem cells for clinical application. However, the
clinical application of hUCMSCs is often limited by its low survival rate in vivo, immune rejection, and
oncogenic risk. Exosomes are enclosed by a lipid-bilayer membrane and enveloped with biological
molecules that re�ect physiological and pathological characteristics of secteting cells [38, 39]. Growing
evidence indicates the importance of MSC-Exo in disease treatment. Recently, it has been demonstrated
that adipose and bone marrow MSC-derived exosomes have positive effects on wound healing pricess
[40], acute kidney injury [41], osteoarthritis [42], angiogenesis [43], liver �brosis [44] and so on. hUCMSCs
can secrete exosomes during various biological processes and hUCMSC-Exo also have emerged as
potential therapeutic agents [45, 46]. In this study, we successfully isolated exosomes from hUCMSCs
and characterized the hUCMSC-Exo. We found that hUCMSC-Exo were primarily circular and double
membrane wrapped in shape. The size of hUCMSC-Exo was rang from 30 nm to 150 nm. In addition, the
present of exosomal markers was identi�ed by western blot assay. The results showed that the exosomes
marker proteins CD9, CD63, Rab5, and CD81 were present in the isolated exosomes as expected.

Shi et al. found that peripheral infusion of hUCMSCs rescues ALF lethality in monkeys [35]. Zhu et al.
have described that direct transplantation of hUCMSCs can rescue ALF and and repopulate the livers of
rats through the stimulation of endogenous liver regeneration and inhibition of hepatocellular apoptosis
for compensated liver function [37]. A large number of studies have demonstrated that at least part of the
function of MSCs can be explained by their ability to release exosomes. So, in the present study, we
aimed to investigated the protective effects and underlying mechanism of hUCMSC-Exo on APAP-induced
ALF in mice. After APAP (380 mg/kg) challenge for 24 h for generating hepatotoxicity, the liver function
and cell apoptosis were found to markedly increase. To elucidate the homing and therapeutic potential of

hUCMSC-Exo on ALF in mice, hUCMSC-Exo labeled with PKH26 were injected into the mice with ALF after
60 min of APAP challenge via the tail vein. Whole body �uorescent imaging analysis showed that most
injected hUCMSC-Exo were homed to the APAP-injured liver in vivo. Moreover, our study found that
hUCMSC-Exo could be easily internalized by LO2 cells. All of these results suggest that hEMSC-Exo can
act as appeopriate vehicles in the transport of various biomolecules and signals to liver cells. Our results
shown that treatment with hUCMSC-Exo (20 mg/kg) evidently inhibited the apoptosis of liver cells,
improved liver function, and enhanced the survival rate of APAP-treated mice.

Previous studies have demonstrated that oxidative stress plays a key role in the pathogenesis of APAP-
induced liver injury [47]. The hepatotoxicity induced by APAP is initiated by generating the reactive
intermediates from drug metabolism N-acetyl-p-benzo quinone imine (NAPQI), which metabolized by
CYP2E1 and CYP3A4 isoenzymes. CYP2E1 and CYP3A4 then conjugated to GSH and detoxified to
mercapturic acid and eliminated [7]. Oxidative stress is the the consequence of the acute depletion of
reduced GSH, which caused by the generation of NAPQI. The oxidative stress impairs the antioxidant
defense of the liver against ROS and triggers lipid and protein peroxidation, and DNA oxidative damage
with consequent death of hepatocytes [47, 48]. In the present study, APAP injection-caused oxidative
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stress in liver tissue was characterized by the increase in expression of MDA, 4-HNE, and CYP2E1 and
decrease in GSH and SOD cotent. We then measured the antioxidant activity and the hepatoprotection of
hUCMSC-Exo. We found hUCMSC-Exo reversed the depletion of hepatic GSH and SOD and
overexpression of CYP2E1 by a toxic does of APAP. In additions, hUCMSC-Exo reversed the increase in
expressions of MDA and 4-HNE. Meanwhile, we also demonstrated that hUCMSC-Exo signi�cantly
reduced the oxidative stress and inhibited APAP-induced apoptosis in LO2 cells in vitro. These results
indicated that hUCMSC-Exo inhibited apoptosis in hepatocytes and improved liver function in ALF mice
through reducing oxidative stress.

PI3K/AKT is a classical signaling pathway that plays a key role in a veriety of physiological and
pathological processes such as cell survival, growth, mogility, and apoptosis [49] and is known to inhibit
in�ammation and apoptosis by regulating multiple target proteins such as NF-κB and Bcl-2 family [50].
Previous studies have shown that IGF-1R/PI3K/AKT signaling pathway affect early liver regeneration and
is involved in the development of APAP-induced ALF [51, 52]. ERK is one of MAPK pathways and
participates in the oxidative stress, cell apoptosis, and in�ammation [53]. Studies have also
demonstrated that the ERK signaling pathway was relevant to APAP-induced hepatotoxicity [54]. Xu et al.
found that ERK1/2 mediate protection against hepatocyte cell apoptosis [31]. So, we hypothesized that
IGF-1R/PI3K/AKT and ERK1/2 signaling pathways might be involved in the therapeutic effect of
hUCMSC-Exo on APAP-injured LO2 cells. Our results show that hUCMSC-Exo signi�cantly reversed APAP-
induced decline of phosphorylation of ERK1/2, IGF-1R, PI3K, and AKT expression levels in LO2 cells.
Furthermore, we demonstrated that the inhibition of hUCMSC-Exo on apoptosis could be reversed by PI3K
inhibitor LY294002 and ERK1/2 hihibitor PD98059. All of these results indicated that hUCMSC-Exo
reversed APAP-induced apoptosis in hepatocyte cell throug activation of PI3K/AKT and ERK1/2 signaling
pathways. Exosomes has been shown to cause biological effects in target cells and promote tissue injury
repair via transfering active proteins, mRNAs, and miRNAs [55]. In the following studies, we should try to
identify which kind of biological molecules involved in the activation of IGF-1R/PI3K/AKT and ERK1/2
signaling pathways.

Conclusion
Administration of hUCMSC-Exo ( 20 mg/kg) by tail vein, engrafted recipient liver, exerted antioxidant and
anti-apoptotic effects, and rescued liver failure. hucMSC-Exo offer antioxidant hepatoprotection against
APAP in vitro and in vivo by reducing hepatic ROS and inhibitiing oxidative stress-induced apoptosis via
upregulation of ERK1/2 and PI3K/AKT signaling pathways. Thus, administration of allogeneic hucMSC-
Exo may be an alternative approach for stem cell based therapy for liver injury and may represent a novel
therapeutic strategy for preventing oxidant damage.

Methods
Cell culture
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Fresh umbilical cords were obtained from the Department of Obstetrics and Gynecology, The First
A�liated Hospital of Nanchang University with the permission of volunteers. hucMSCs were isolated and
cultured as previously descirbed[32]. The normal liver cell line LO2 were obtained from ATCC and
maintained in RPMI-1640 media containing 10% FBS and 1% penicillin/streptomycin (all from Thermo
Fisher) at 37 °C in a 5% CO2 humidi�ed atmosphere.

Flow cytometry

Passage 3 hUCMSCs (2 × 105) were collected and washed twice with stain buffer (PBS containing 2%
FBS) and then incubated in the dark for 30 min with the following primary antibodies: PE-conjugated
CD73, CD105, CD34 and FITC-conjugated  CD29, CD90, CD45. IgG1 were used as isotype control. After
washing twice, the cells were resuspended in 200 μL of PBS and acquired by a FACSCalibur instrument
(BD Biosciences). Data were analyzed using FLOWJO TM software (TreeStar, Inc., Ashland, OR, USA).

Adipogenic and osteogenic differentiation

When hUCMSCs reached 100% con�uence, OriCell™ human MSCs adipogenic differentiation medium and
osteogenic differentiation medium (all from Cyagen Biosciences, Shanghai, China) were added to wells
according to the manufacturer’s instruction, respectively. After 23-25 days of induction, Oil red O (Cyagen
Biosciences) staining was performed to assess the differentiation potential of adipogenesis formation of
intracellular lipid droplets, Alizarin Red staining (Cyagen Biosciences) was used to assess the
differentiation potential for osteogenesis.

Isolation and characterization of exosomes

The FBS used for culturing hUCMSCs was ultracentrifugated at 120,000 g overnight to remove contained
exosomes. Cell culture supernatants were collected every 48 h from cells starting at passage 3 until
passage 8, when the cells became 90% con�uent. The supernatants were initially centrifuged at 1000 g
for 10 min to remove dead cells and later centrifuged at 4000 g for 30 min to remove cell debris. The
supernatants were then concentrated using Amicon® Ultra 3KDa Centrifugal Filter devices
(MilliporeSigma, USA) and centrifuged at 100,000 g for 70 min to obtain exosomes, and then the
supernatant was decanted. hUCMSC-Ex pellet was resuspended in 200 μL of PBS and stored at −80 °C or
used for other downstream experiments. hUCMSC-Exo protein contents were determined using the BCA
assay following the instructions (Thermo Fisher, USA). The absorbance was read at 562 nm using a
Microplate Reader (Bio-Rad Laboratories, USA).

Transmission electron microscopy

The morphology and size distribution of hUCMSC-Exo were identified by using transmission electron
microscopy (TEM). Brie�y, The exosomes were �xed in 3% glutaraldehyde and 2% paraformaldehyde in
cacodylate buffer, and then loaded to  formvar-carbon coated copper grids. After washing, the grids were
contrasted in 2% uranyl acetate, dried, and then examined by TEM (JEM-1400PLUS, Japan).
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Western blot analysis

hUCMSC-Exo and total protein were run on 10% denaturing SDS-PAGE gels, then transferred to
nitrocellulose membranes (BioRad), which were incubated with primary antibodies anti-GAPDH (1:1000,
rabbit monoclonal, Santa Cruz), anti-CD9 (1:2000, rabbit monoclonal, Abcam), anti-CD63 (1:1000, rabbit
monoclonal, Abcam), anti-Rab5 (1:1000, rabbit monoclonal, Abcam), anti-CD81 (1:1000, rabbit
monoclonal, Abcam), anti-Bcl-2 (1:1000, mouse monoclonal), anti-Bax (1:1000, mouse monoclonal, 
Abcam), anti-IGF-1R (1:1000, rabbit monoclonal, CST) , anti-P-IGF-1R (1:1000, rabbit monoclonal, CST),
anti-PI3K (1:1000, rabbit polyclonal, CST), anti-P-PI3K (1:1000, rabbit polyclonal, CST), anti-AKT (1:1000,
mouse monoclonal, Abcam), anti-P-AKT  (1:1000, mouse monoclonal, Abcam), Abcam), anti-Erk1/2
(1:1000, rabbit polyclonal, CST), anti-P-Erk1/2 (1:1000, rabbit polyclonal, CST) at 4°C overnight. Blots
were detected with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or rabbit anti-mouse
secondary antibody (Invitrogen) for 1 h at room temperature. Images were quanti�ed using the Super
Signal West Pico or Femto chemiluminescent detection system (Pierce).

Acute liver injury mice model and hUCMSC-Exo injection

All adult male C57BL/6 mice (8 weeks old) were purchased from Changsha SLAC Laboratory Animal
Company (Changsha, China, http://www.hnsja.com/). APAP was dissolved in DMSO. To induced acute
liver injury in mice, C57BL/6 mice were intraperitoneally injected with APAP (Sigma-Aldrich) ( does
between 150 and 380 mg/kg). At 1 h post-APAP injection, mice were randomized into three groups: APAP
group, no injection; PBS group, mice injected with 200 μL PBS; hUCMSC-Exo group, mice injected with
hUCMSC-Exo (20 mg/kg) by tail vein. Normal mice were used as control. At day 1 post-exosome injection,
blood samples were collected and entire livers were taken and prepared for further analysis from
sacrificed mice.

Histopathology and TUNEL assay

Liver tissue samples of different group were excised and �xed in 4% paraformaldehyde, embedded in
para�n, sectioned at 5-μm thickness, and mounted on slides. The slides were depara�nized and stained
with H&E. Apoptosis was analyzed on para�nic liver tissue sections by TUNEL assay kit (Millipore, USA).
Three sections were selected for each mouse and stained using the TUNEL assay kit following the
manufacturer’s protocol.

Biochemical Indexes assay

All mice were killed 24 h after APAP injection, the blood samples were collected from mouse and then
centrifuged at 3500 rpm for 30 min. The serum was collected for measurements of the ALT, AST, ALB, and
ALP with an automated biochemical analyzer (Abbott Aeroset, Abbott Laboratories, Chicago, IL, USA). In
addition, liver tissues and cells were homogenized to analyzed the GSH, SOD, and MDA levels in
accordance with the manufacturer’s instructions. All samples were run in triplicate.

Immunofluorescence staining

http://www.hnsja.com/
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The sections of liver tissue were depara�nized and stained with 4-HNE (1:1000,  mouse monoclonal,
Abcam) and CYP2E1 (1:1000,  mouse monoclonal, Abcam) at 4 °C overnight. After that, the sections were
incubated with secondary donkey anti-mouse antibodies conjugated to Alexa Fluor 568 (Jackson,
Nanchang, China). Nuclei were counterstained with DAPI (Thermo Fisher).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from the liver tissues using the RNA isolation kit (Agilent technologies, USA) per
the manufacturer’s instructions. After removing the genomic DNA using DNase I (Ambion), 1 μg RNA was
reverse-transcribed into cDNA using a commercially available kit (Applied Biosystems). Quantitative real-
time PCR was performed with iCycler Thermal Cycler (Bio-Rad) using 2X SYBR Green master mix (Bio-
Rad). Forty cycles were conducted as follows: 95°C for 30 s, 60°C for 30 s, preceded by 1 min at 95°C for
polymerase activation. Primer sequences for all genes we measured in this report are shown in Table 1.
Quanti�cation was performed by the delta cycle time method, with GAPDH used for normalization.

Table 1 Primers for qPCR.

Genes   Sequence

GAPDH F ACATGGCCTCCAAGGAGTAAGAA

R GGGATAGGGCCTCTCTTGCT

IL-6 F GGAAATCGTGGAAATGAG

R GCTTAGGCATAACGCACT

IL-1β F AGGCTCCGATGAACAA

R AAGGCATTAGAAACAGTCC

TNF-α F GTGGAACTGGCAGAAGAGGCA

R AGAGGGAGGCCATTTGGGAAC

F: Forward primer, R: Reverse primer

In vitro co-culture experiment

LO2 cells were seeded in a 6-well dish at 3 × 105 cells/well. For the control group, LO2 cells were
incubated with 2 mL normal mecium. For APAP group, LO2 cells were incubated with 2 mL normal
mecium supplemented with 5 mM APAP. For hUCMSC-Exo group, LO2 cells were incubated with 2 mL
normal mecium supplemented with 5 mM APAP and 60 μg/mL hUCMSC-Exo. Samples were collected
after culturing for 24 h and 48 h.

ROS measurement and lipid peroxidation assay
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LO2 cells of different groups were incubated with DCF-DA (10 μM) for 30 min at 37°C . After washing with
PBS for two times, intracellular fluorescence was observed with Olympus Fluorescent Microscope and
quantified by fluorescent intensity with Image-Pro Plus 6.0 software.

LO2 cells were harvested and the cell extracts were prepared by sonication in ice-cold buffer. Lysed cells
were centrifuged at 10,000 g for 10 min and the supernatant was used to the measurement of MDA level
according to the manufacturer’s instructions.

Annexin V-PI apoptosis assay

For the apoptosis assays, 1.0 × 105 cells were collected from each sample and resuspended in 100 μl
Annexin V binding solution containing 5 μL Annexin V-FITC  and 5μL propidium iodide (PI) solution
(Dojindo). After incubation for 15 min at  room temperature, cells were washed in PBS, centrifuged at
1000 rpm for 5 min, and

resuspended in 400 μL Annexin V Binding Buffer. The apoptosis assays were run and analyzed with BD
Jazz.

Statistical analysis

The results are presented as average value ± standard deviation (SD). Student’s t-test was used for
analysis between two groups. One-way analysis of variance (ANOVA) was used to compare data among
three or more groups. Differences with a P-value of < 0.05 were considered statistically significant.

Abbreviations
APAP:acetaminophen; hUCMSCs: human umbilical cord mesenchymal stem cells;ALF: acute liver failure;
hUCMSC-Exo: human umbilical cord mesenchymal stem cells derived exosomes; GSH:glutathione; SOD
superoxide dismutase; MDA: malondialdehyde; 4-HNE 4-hydroxynonenal: NAPQI: N-acetyl-p-
benzoquinone imine;MSCs: Mesenchymal stem cells; TEM: Transmission electron microscopy; H&E:
hematoxylin and eosin; ALT:aminotransferase; AST: aminotransferase; ALB: albumin; ALP: alkaline
phosphatase; Nrf-2: nuclear factor-erythroid 2-related factor 2.
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Figure 1

Identi�cation of hUCMSCs and hUCMSC-Exo (a) Representative images of hUCMSCs shown at (I) scale
bar = 200 μm and (II) scale bar = 100 μm. (b) Flow cytometry analysis of CD29, CD90, CD73, CD105,
CD34, and CD45 expression in hUCMSCs. The red lines represent the isotype control, and the blue lines
represent the level of surface markers. (c) Multiple differentiation potential of hUCMSCs. The hUCMSCs
were differentiated into matured adipocytes and osteocytes after incubation with adipogenic or
osteogenic differentiation medium, respectively. Osteocytes and adipocytes differentiated from hUCMSCs
were determined by staining with Alizarin Red and Oil Red O, respectively. (d) Morphological analysis of
hUCMSC-Exo by TEM (scale bar = 100 nm and 200 nm). (e) Western blot assay indicated the positive
expression of CD9, CD63, Rab5, and CD81 proteins in hUCMSC-Exo.
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Figure 2

hUCMSC-Exo transplantation enhanced survival rates, inhibited apoptosis in hepatocytes, and improved
liver function in APAP-induced ALF mouse model. (a) Survival curves of APAP-injured mice treated with
PBS or hUCMSC-Exo by tail vein. The death rates were determined within 10 days. The normal mice were
used as control (n = 10 in each group). (b) Distribution of PKH26-labeled hUCMSC-Exo in APAP-injured
mice after tail vein administration according to in vivo fluorescent imaging 24 h post-injection. (c) The
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liver architecture of mice in control, APAP, APAP+PBS, and APAP+hUCMSC-Exo group. hUCMSC-Exo
injection led to notable improvements in the liver tissue structure. (d) H&E staining of liver tissue of
different groups. hUCMSC-Exo injection led to a much lower degree of hepatocellular necrosis and
in�ammation. (e) Estimation of apoptosis in sections from liver tissues of different groups by using the
TUNEL assay. (f) Measurements of necrosis area. The necrosis area of �ve random, nonoverlapping
�elds was quantitatively measured in liver tissues of APAP-induced ALF mice from different experimental
groups as shown in D. (g) Quantitative analysis of the percentage of TUNEL positive cells as shown in E.
(h) Examinations of liver function. Some liver functional parameters including ALT, AST, ALP, and ALB
were determined in control, APAP, APAP+PBS, and APAP+hUCMSC-Exo group after 1 day of hUCMSC-Exo
transplantation.
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Figure 3

hUCMSC-Exo attenuated oxidative stress and reduced mRNA expression of in�ammatory mediators in
the liver of APAP-treated mice. (a) GSH, SOD, and MDA levels were measured for evaluating the level of
oxidative stress in liver tissues of control, APAP, APAP+PBS, and APAP+hUCMSC-Exo group. (b) The
expression levels of 4-HNE and CYP2E1 in liver tissues of different groups were determined by
immuno�uorescence. (c) Quantitative analysis of the percentage of 4-HNE positive and CYP2E1 positive
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cells as shown in B. (d) IL-6, IL-1β, and TNF-α mRNA expression were measured from liver tissue of
different groups by qRT-PCR.

Figure 4

hUCMSC-Exo reduced oxidative stress in APAP-injured LO2 cells. (a) Confocal images of LO2 cells
incubated with PKH26-labeled hEMSC-Exo for 24 h. The cytoskeleton of LO2 cells was stained with FITC
conjugated phalloidin. (b) LO2 cells were treated with normal medium (control group), normal medium
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supplemented with APAP (APAP group), and normal medium supplemented with APAP and hUCMSC-Exo
(hUCMSC-Exo group) for 24 h. ROS production in LO2 cells of different group were detected by DCF-DA
probe staining. (c) MDA level in LO2 cells of different group. MDA release was reduced by hUCMSC-Exo
treatment.

Figure 5
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hUCMSC-Exo inhibited APAP-induced apoptosis of LO2 cells. (a) LO2 cells were treated with normal
medium (control group), normal medium supplemented with APAP (APAP group), and normal medium
supplemented with APAP and hUCMSC-Exo (hUCMSC-Exo group). The apoptosis of cells was assessed
by FACS after 24 h of treatment. (b) Quantitative analysis of the percentage of apoptotic cells as shown
in A. (c) The expression analysis of Bax and Bcl-2 in LO2 cells of different groups by immunoblotting
assay. (d) Quantitative analysis of the expression of Bax and Bcl-2 in LO2 cells of different groups as in
C. (e) Representative images of LO2 cells in the control, APAP, and hUCMSC-Exo group obserbed under a
light microscope after 12 h, 24 h, and 48 h of incubation. (f) CCK-8 assay for cell number of LO2 cells in
the control, APAP, and hUCMSC-Exo group after 24 h and 48 h of incubation.
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Figure 6

hUCMSC-Exo inhibited APAP-induced apoptosis of LO2 cells by activating IGF-1R/PI3K/AKT and ERK1/2
signaling pathways. (a) Western blot analysis of phosphorylated and total ERK1/2, IGF-1R, PI3K, and AKT
in LO2 cells treated with normao medium (control), APAP, and APAP+hUCMSC-Exo for 6 hours. (b)
Representative images of APAP-injured LO2 cells treated with hUCMSC-Exo in the presence or absence of
LY294002 (30 μM) and PD98059 (30 μM) for 24 h. LO2 cells treated with normal medium (control group)
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or APAP (APAP group) were used as controls. (c) The apoptosis of LO2 cells in different groups was
assessed by FACS after 24 h of treatment. (d) CCK-8 assay for cell number of LO2 cells in different
groups after 24 h of incubation. (e) Quantitative Analysis of the percentage of apoptotic LO2 cells as
shown in C. (f) Western blot assay for AKT, phospho-AKT, Nrf-2, Bcl-2, and Bax in APAP-injured LO2 cells
treated with hUCMSC-Exo in presence or absence of LY294002. (g) Western blot assay for ERK1/2,
phospho- ERK1/2, Nrf-2, Bcl-2, and Bax in APAP-injured LO2 cells treated with hUCMSC-Exo in presence or
absence of PD98059. Signi�cance was measured using a two-way ANOVA. *p<0.05 **p<0.01.
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