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Exosomes are small biological membrane vesicles secreted by
various cells, including mesenchymal stem cells (MSCs). We
previously reported that MSC-derived exosomes (MSC-Ex)
can elicit hepatoprotective effects against toxicant-induced
injury. However, the success of MSC-Ex-based therapy for
treatment of liver diseases and the underlying mechanisms
have not been well characterized. We used human umbilical
cord MSC-derived exosome (hucMSC-Ex) administrated by
tail vein or oral gavage at different doses and, in engrafted liver
mouse models, noted antioxidant and anti-apoptotic effects
and rescue from liver failure. A single systemic administration
of hucMSC-Ex (16mg/kg) effectively rescued the recipient mice
from carbon tetrachloride (CCl4)-induced liver failure. More-
over, hucMSC-Ex-derived glutathione peroxidase1 (GPX1),
which detoxifies CCl4 and H2O2, reduced oxidative stress and
apoptosis. Knockdown of GPX1 in hucMSCs abrogated antiox-
idant and anti-apoptotic abilities of hucMSC-Ex and dimin-
ished the hepatoprotective effects of hucMSC-Ex in vitro and
in vivo. Thus, hucMSC-Ex promote the recovery of hepatic
oxidant injury through the delivery of GPX1.
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INTRODUCTION
Liver injury often occurs in response to various chronic injuries, such
as viral hepatitis, alcohol, drugs, metabolic diseases, and autoimmune
hepatic cell insult. Drug- and toxicant-induced liver injury is a major
reason for liver transplantation, and at present, no ideal treatments
are available for liver injury.1 Thus, better therapies are needed to pre-
vent additional hepatic damage.

Increasing evidence shows that mesenchymal stem cell (MSC) trans-
plantation may be a promising new therapeutic approach for treating
liver injury. Currently, approximately 36 MSC-based clinical trials
are being conducted for different types of liver injuries, such as autoim-
mune hepatitis, alcoholic liver cirrhosis, and liver fibrosis. Human um-
bilical cord is a transplantable source of MSCs and human umbilical
cord-derivedMSCs (hucMSCs) are of interest in regenerativemedicine
for liver injury because of low cost, minimal invasiveness, convenient
isolation, low immunogenicity and immunomodulatory activity, and
differentiation multipotency.2–4 Results from phase I and II clinical
studies of hucMSC transplantation for patients with decompensated
liver cirrhosis showed that hucMSCs may improve liver function and
clinical symptoms (https://ClinicalTrials.gov identifier NCT0134225).

Although advances in hucMSC transplantation offer great potential
for treating liver injury, long-term safety is a concern.5 Recent work
suggests that transplantation of native MSCs can alleviate liver injury
through paracrine effects.6 MSC-derived exosomes (MSC-Ex), mem-
brane-enclosed vesicles found in MSC-conditioned medium (MSC-
CM), have been reported to contribute to angiogenesis, neurite
outgrowth, and skeletal muscle regeneration.7–9 We previously
demonstrated that hucMSCs and hucMSC-Ex could alleviate liver
fibrosis, promote liver and renal injury repair, and improve wound
healing.10–12 hucMSC-Ex may have similar protective and reparative
properties as their cellular counterparts in tissue repair.13 Compared
with MSC transplantation, hucMSC-Ex therapies are preferred
because of fewer immune responses; increased safety; and ease of stor-
age, shipment, and administration.13 Therefore, hucMSC-Ex may be
ideal for treating liver injuries and diseases, but mechanisms underly-
ing their therapeutic effects are unclear.

Exosomes contain functional mRNA, microRNA, and proteins that
can alter the cellular environment to enhance tissue repair.12,14

Thus, it is necessary to determine key factors in hucMSC-Ex that
mediate hepatoprotective effects. Oxidative stress is often involved
in liver diseases and may contribute to the development of viral hep-
atitis, alcoholic liver disease, non-alcoholic steatohepatitis (NASH),
Wilson’s disease, and hepatocellular carcinoma (HCC).15–19 Antiox-
idant therapy has been considered for treatment of liver diseases, and
previous work suggests that transplantedMSCs can restore liver func-
tion.6,20 However, how MSC-Ex modulate oxidative stress in liver
injury repair is unclear. Glutathione peroxidase 1 (GPX1), a critical
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Figure 1. hucMSC-Ex Rescued CCl4-Induced Liver

Failure

(A) Distribution of CM-Dir labeled hucMSC-Ex in CCl4-

injured mice after tail vein or oral gavage administration

according to in vivo fluorescent imaging 24 hr post-treat-

ment. (B) Representative images of H&E staining after

hucMSC-Ex treatment (8, 16, and 32 mg/kg) significantly

inhibited hepatocyte denaturation and hepatic lobule

destruction in mouse livers 72 hr after hucMSC-Ex treat-

ment. Original magnification 200�. (C and D) Survival

curves of CCl4-injured mice treated with hucMSC-Ex by

tail vein (C) or oral gavage (D) 8–32 mg/kg. hucMSC-Ex

administration dose-dependently rescued recipient animals

from liver failure. (tail vein-administered HFL-Ex 32 mg/kg

body weight versusMSC-Ex 16mg/kg body weight: n = 10,

p < 0.01; oral gavage-administered HFL-Ex 32 mg/kg body

weight versus MSC-Ex 16 mg/kg body weight: n = 10, p <

0.01). (E and F) Serum alanine ALT and AST are reduced in

hucMSC-Ex-treated mice 72 hr after tail vein or oral gavage

treatment (n = 5; *p < 0.05, **p < 0.01, ***p < 0.001).
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human antioxidant,21 detoxifies hydrogen peroxide and upregulates
GPX1 activity to promote cell survival, but whether hucMSC-Ex-
mediated delivery of GPX1 can restore liver function is unknown.

In this study, we assessed the use of hucMSC-Ex for treatment of liver
disease and assessed efficacy and mechanism of action. Antioxidant
and anti-apoptotic effects of hucMSCs-Ex on CCl4- and H2O2-
induced hepatic injury in vitro and in vivo were also investigated,
and hucMSC-Ex-derived GPX1 promoted detoxification of CCl4
and H2O2 and inhibited oxidative stress and apoptosis in vitro and
in vivo. Our results provide a better understanding for using
hucMSC-Ex for treating liver injury.

RESULTS
hucMSC-Ex Rescued CCl4-Induced Liver Failure

To evaluate the lethality of CCl4 in mice, CCl4/kg (0.15–0.35 mL,
intraperitoneal) was tested for hepatotoxicity and lethality. CCl4 at
0.15 and 0.2 mL/kg body weight did not induce sufficient lethality,
but 0.3 and 0.35 mL/kg body weight caused rapid death. Thus,
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0.25 mL/kg was used for subsequent experiments
(Figure S1). hucMSC-Ex was prepared and puri-
fied as described previously.22 Nanoparticle
tracking analysis (NTA) and transmission
electron microscopy (TEM) analyses confirmed
spheroid morphology of hucMSC-Ex (diameter
30–100 nm; Figures S2A and S2B). Western
blot results confirmed expression of exosomal
markers CD9, CD61, and CD63 in hucMSC-Ex
(Figure S2C). In vivo fluorescent imaging and
human CD63 staining results showed that CM-
Dir-labeled hucMSC-Ex administered by tail
vein or oral gavage targeted injured and normal
livers at 24 hr post-injection (Figures 1A, S3A,
and S3B). Hematoxylin and eosin (H&E) staining
confirmed large areas of fatty degeneration and portal hepatocyte ne-
crosis after PBS and 8 mg/kg hucMSC-Ex treatment, while 16 and
32mg/kg hucMSC-Ex significantly inhibited hepatocyte denaturation
and hepatic lobule destruction (Figures 1B and S4).

To assess the therapeutic potential of hucMSC-Ex, 8, 16, and 32 mg/kg
(tail vein or oral gavage) was given 24 hr after the administration of
CCl4. For the tail vein administrationof hucMSC-Ex, all animals infused
with 8mg/kg died of liver failure, and half survived after treatment with
16mg/kg. All mice were rescued by 32mg/kg hucMSC-Ex (Figure 1C).
A dose-dependent effect was also observed after treatment with
hucMSC-Ex from oral gavage administration of hucMSC-Ex. Specif-
ically, 8 mg/kg hucMSC-Ex failed to rescue recipient animals from liver
failure, but 60% and 90% of mice recovered from 16 and 32 mg/kg of
hucMSC-Ex treatment, respectively (Figure 1D). Also, serum ALT
(alanine aminotransferase) and AST (aspartate aminotransferase)
decreased in animals given 8mg/kg hucMSC-Ex at 72 hr post-injection,
confirming that hucMSC-Ex reduced acute extensive liver injury by
CCl4 (Figures 1E and 1F; n = 5; *p < 0.05, **p < 0.01, ***p < 0.001).
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hucMSC-Ex Reduced Oxidative Stress in Mice

CCl4 induces hepatotoxic effects via the CYP 450-dependent mono-
oxygenase system to release reactive free radicals, and hucMSC-Ex
had antioxidant effects on CCl4-induced liver failure. To illustrate
the antioxidant effects of hucMSC-Ex, human lung fibroblast
(HFL-1)-derived exosomes (HFL-Ex) were used as controls. First,
reactive oxygen species (ROS) were measured in hepatocytes isolated
from hucMSC-Ex-treated livers using a DCF-DA probe. Imaging flow
cytometry indicated that the percentage of DCF-positive cells and
fluorescent intensity decreased after hucMSC-Ex treatment (Figures
2Ai and 2Aii; n = 4; **p < 0.01). The oxidative stress product
8-OHdG and TUNEL-positive cells were decreased in hucMSC-Ex
cells compared with PBS and HFL-Ex groups (Figures 2B and 2C;
n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). MDA was also reduced
in the hucMSC-Ex group (Figure 2D; n = 3; *p < 0.05). Luminex anal-
ysis confirmed that pro-inflammatory cytokines (G-CSF, interleukin
[IL]-1a, IL-6, monocyte chemoattractant protein-1 [MCP-1], and tu-
mor necrosis factor-a [TNF-a]) were reduced in the hucMSC-Ex
group (Figure 2E; n = 3; *p < 0.05, **p < 0.01). Thus, hucMSC-Ex
can inhibit oxidative stress and apoptosis in CCl4-injured mouse
livers and promote hepatic recovery.

hucMSC-ExReducedOxidative Stress in CCl4- andH2O2-Injured

L02 Liver Cells

To measure distribution of exosomes in L02 cells, exosomes and L02
cells were labeled with fluorescent carbocyanine dyes CM-Dil (red)
and CM-Dio (green) respectively. After 24 hr co-incubation, the up-
take efficiency was measured by imaging flow cytometry, and results
showed that �75% of cells were double-stained (Figure 3Ai), the
CM-Dil labeled HFL-Ex and hucMSC-Ex could be imaged in L02
cells (Figure 3Aii).

CCl4 and H2O2 treatment-induced ROS, oxidative stress, and hepato-
toxicity20,23 was assessed by measuring antioxidant activity with
DCF-DA 24 hr after hucMSC-Ex co-incubation. ROS were decreased
after treatment with MSC-conditioned medium (MSC-CM) and
hucMSC-Ex compared with HFL-conditional medium (HFL-CM),
HFL-Ex, and PBS (Figure 3B; n = 5; ***p < 0.001). MDA level was
also reduced in MSC-CM and hucMSC-Ex groups (Figure 3C; n =
3; ***p < 0.001). We next assessed the effect of hucMSC-Ex on hepa-
tocytes survival. Cell viability were reduced in CCl4- and H2O2-
injured L02 cells, and were increased in a dose-dependent fashion
in hucMSC-Ex-treated cells. In contrast, HFL-Ex had little effect on
cell viability (Figure 3D). Thus, hucMSC-Ex may have antioxidant
activity that can improve cell viability.

hucMSC-Ex Inhibited Oxidative Stress-Induced Apoptosis

Oxidative stress can induce hepatic apoptosis.24 We found that
at 24 hr after treatment, apoptotic cells decreased (2-fold) in the
hucMSC-Ex group compared with the PBS and HFL-Ex groups (Fig-
ure 4A; n = 3; *p < 0.05, **p < 0.01). Hoechst 33342 staining revealed
fewer apoptotic cells (half-moon nuclei) in the hucMSC-Ex group
compared with the PBS and HFL-Ex groups (Figure 4B; n = 3; *p <
0.05, **p < 0.01).
Mitochondria can undergo apoptosis because of oxidative stress.24

Thus, we measured changes in mitochondrial membrane potential
in L02 cells treated with or without hucMSC-Ex using JC-1
staining. More cells were fluorescent green in the PBS and
HFL-Ex groups, but more cells were fluorescent red in the
hucMSC-Ex group (Figure 4Ci). The ratio of green to red fluores-
cence was significantly decreased in L02 cells treated with
hucMSC-Ex, indicating a reversal of oxidative stress-induced
perturbation of mitochondrial membrane potential (Figure 4Cii;
n = 3; **p < 0.01).

hucMSC-Ex Induces ERK1/2 Phosphorylation and Bcl2

Expression and Inhibits the IKKB/NFkB/casp9/3 Pathway

ERK1/2MAPK andBcl2mediate protection against apoptosis,25,26 and
we noted that hucMSC-Ex induced ERK1/2 phosphorylation and Bcl2
expression at 12 and 24 hr after treatment with hucMSC-Ex in H2O2-
or CCl4-injured L02 cells (Figure 5A). Oxidative stress-induced
apoptosis is usually associated with caspase activation.27 Thus, we
measured the effect of hucMSC-Ex on the IKKB/NFkB/casp-9/-3
signaling pathway and noted that IKKB and NFkB phosphorylation
was inhibited at 24 hr after hucMSC-Ex treatment (Figure 5A).
Casp-9 and Casp-3 expression decreased after hucMSC-Ex treatment.
hucMSC-Ex dose-dependently inhibited the IKKB/NFkB/casp-9/-3
signaling pathway and pNFkB nuclear translocation and induced
Bcl2 expression andERK1/2 phosphorylation inCCl4-injured L02 cells
(Figures 5B and S5). Compared with recovery by z-vad-FMK, a Road
caspase inhibitor, hucMSC-Exwasmore effective (Figure 5C). Further-
more, casp-3 activitywas dose-dependently inhibited (Figure 5D; n = 3;
*p < 0.05, **p < 0.01). Cleaved casp-3 expression in CCl4-injured L02
cells (Figure 5Ei) and livers were inhibited (Figure 5Eii). Therefore,
hucMSC-Ex induces ERK1/2 phosphorylation and Bcl2 expression
and reverses oxidative stress-induced apoptosis.

hucMSC-Ex-Delivered GPX1 Protects Hepatocytes from

Oxidative Stress In Vitro and In Vivo

To understand which hucMSC-Ex component offered antioxidant
effects, we measured GPX1 and superoxide dismutase (SOD) in
L02 cells after exposure to CCl4 and hucMSC-Ex treatment. GPX1
increased with hucMSC-Ex treatment, and glutathione-S-transferase
(GST) activity was also reduced in the hucMSC-Ex group compared
with the PBS group (Figure 6A; n = 3; *p < 0.05, **p < 0.01, ***p <
0.001). hucMSC-Ex did not change SOD activity in L02 cells (Fig-
ure 6A) and had no effect on GPX1 mRNA expression in L02 cells
(Figure 6B).

GPX1 protein was detected in hucMSCs and hucMSC-Ex, and it
was greater in hucMSC-Ex compared with HFL-Ex cells (Figure 6C).
To investigate the role of GPX1 in hucMSC-Ex-mediated antioxidant
activity, we knocked down GPX1 in hucMSCs with small interfering
RNA (siRNA) and noted that GPX1 expression was reduced in GPX1
siRNA transfected hucMSCs and hucMSC-Ex (GPX1-siRNA-Ex)
(Figure 6D). Gpx activity promotion by hucMSC-Ex treatment was
reversed by GPX1 knockdown (Figure 6E; n = 3; **p < 0.01). Less
MDA and ROS in hucMSC-Ex-treated L02 cells were also reversed
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Figure 2. hucMSC-Ex Reduced Oxidative Stress In Vivo

(A) Percentage (Ai) and fluorescence intensity (Aii) of DCF-positive hepatocytes in PBS-, HFL-Ex-, and MSC-Ex-treated livers using imaging flow cytometer. Data show that

hucMSC-Ex treatment significantly decreased percentage and fluorescence intensity of DCF-positive hepatocytes. DCF fluorescent values are mean ± SD (n = 4; **p < 0.01).

(B and C) Immunohistochemical and TUNEL staining of mouse liver slides; reduced oxidative stress marker 8-OHdG expression and apoptosis were found in each group

48 hr after treatment (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). Original magnification 200�. (D) Serum MDA in all groups 48 hr after treatment (n = 3; *p < 0.05). (E) Serum

G-CSF, GM-CSF, IFN-a, IL-1 a, IL-6, MCP-1, and TNF-a in all groups detected by Luminex assay 48 hr after hucMSC-Ex treatment. hucMSC-Ex treatment reduced pro-

inflammatory cytokines (G-CSF, IL-1a, IL-6, MCP-1, and TNF-a) in CCl4-injured mice (n = 3; *p < 0.05, **p < 0.01).
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by GPX1 knockdown (Figures 6F and 6G; n = 3; *p < 0.05, **p < 0.01,
***p < 0.001). hucMSC-Ex-mediated reduction of L02 cell apoptosis,
NFkB P65 phosphorylation, and increase of Bcl2 expression were
468 Molecular Therapy Vol. 25 No 2 February 2017
abolished by GPX1 knockdown in vitro (Figures 7A and 7B; n = 3;
*p < 0.05, **p < 0.01). hucMSC-Ex-mediated inhibition of inflamma-
tory infiltration, 8-OHdG expression, and hepatocyte apoptosis was



Figure 3. hucMSC-Ex Reduced Oxidative Stress and

Increased Cell Viability in LO2 Hepatocytes after CCl4
and H2O2 Treatment

(A) Location of CM-Dil-labeled exosomes (red) in CM-Dio-

labeled L02cells (green) detectedby imaging flowcytometry.

L02 cells were CM-Dil/CM-Dio positive (i), and CM-Dil-

labeled exosomes were found in CM-Dio-labeled L02 cells

(ii). (B) ROS production in CCl4- and H2O2-injured L02 cells

detected by DCF probe staining after treatment with PBS,

HFL-CM, HFL-Ex, MSC-CM, and huMSC-Ex (MSC-Ex).

Representative images of DCF fluorescence in CCl4-injured

L02 cells (i) and relative DCF fluorescent values showed

reduced ROSproduction inMSC-Ex treated L02 cells (n = 5;

***p < 0.001) (ii). (C) MDA in CCl4- andH2O2-injured L02 cells

treated with PBS, HFL-CM, MSC-CM, or hucMSC-Ex for

24 hr. MDA release was reduced by MSC-Ex treatment

(n = 3; ***p < 0.001). (D) L02cell viabilitywas detected using a

real-time cellular analysis system after treatment with CCl4/

PBS, CCl4/HFL-Ex, or CCl4/hucMSC-Ex (i) and H2O2/PBS,

H2O2/HFL-Ex, or H2O2/hucMSC-Ex (ii) for 90 hr (n = 3). L02

cell index was increased by MSC-Ex treatment. Cell sensor

impedance is expressed as an arbitrary unit (cell index).
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also interfered by GPX1 knockdown in vivo (Figures 7C and 7D;
n = 3; *p < 0.05, **p < 0.01). Furthermore, GPX1 knockdown reduced
the Gpx activity promotion of ctr-siRNA-Ex in ex vivo hepatocytes
(n = 3; *p < 0.05) (Figure S7A). GPX1 knockdown also attenuated
the rescue of hucMSC-Ex on CCl4-induced liver failure (n = 10;
*p < 0.05) (Figure S7B). Thus, GPX1 knockdown delayed hucMSC-
Ex-induced recovery from acute liver injury, so GPX1 is an important
factor for hucMSC-Ex-mediated antioxidant activity and liver
protection.

DISCUSSION
MSC transplantation has been investigated in clinical trials as potential
treatment for liver diseases,28–30 because systemic injection has been
shown to be effective in experimental research.31–33 This therapeutic
effect may include transdifferentiation of MSCs into hepatocyte-
like cells, secretion of anti-inflammatory factors, and hepatocyte
M

regeneration promotion at the site of injury.34–36

Interestingly, Bruno’s group confirmed that
microvesicles derived from MSCs could protect
against acute renal tubular injury via cell-to-
cell communication.37,38 Exosomes/microvesicles
contain mRNAs, microRNAs, and proteins, and
our previous work indicated that hucMSCs and
hucMSC-Ex can alleviate CCl4-inducued liver
injury as that observed inhucMSCs,10,39 suggesting
that MSC-derived exosomes may be critical to
reversing liver injury. Thus, we sought to under-
stand the route, dose, and mechanism for the
hepatoprotective role of hucMSC-Ex.

Using a murine model of CCl4-induced acute
liver failure, we investigated the route and dose
that govern the success and efficacy of using hucMSC-Ex for treat-
ment of liver disease. Our data showed that a single systemic
administration of hucMSC-Ex as little as 16 mg/kg body weight effec-
tively rescued the recipient mice from CCl4-induced liver failure.
hucMSC-Ex administrated by the intragastric route have a similar
effect as those administered by the tail vein route. hucMSC-Ex admin-
istration by the intragastric route may be preferred because it is
noninvasive compared with the intrasplenic or intravenous approach
commonly used clinically.

We measured the antioxidant activity and the hepatoprotection of
hucMSC-Ex. We found that hucMSC-Ex reduced ROS and MDA
and increased cell viability in L02 cells exposed to CCl4 or H2O2.
Similar data were observed in hucMSC-Ex-treated CCl4-injured
mouse livers. hucMSC-Ex can reverse oxidative stress-induced
NFkB apoptosis. Superoxide dismutase (SOD) and glutathione
olecular Therapy Vol. 25 No 2 February 2017 469
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Figure 4. hucMSC-Ex Inhibits Oxidative Stress-Induced Apoptosis In Vitro

(A) Apoptotic L02 cells cultured with PBS, HFL-Ex, or hucMSC-Ex 24 hr after CCl4 or H2O2 treatment visualized with annexin V/PI double staining and flow cytometry.

hucMSC-Ex incubation decreased CCl4- and H2O2- induced L02 cell apoptosis compared with PBS and HFL-Ex groups (n = 3; *p < 0.05; **p < 0.01). (B) Hoechst 33342

staining of apoptotic CCl4- and H2O2-injured L02 cells cultured with PBS, HFL-Ex, or hucMSC-Ex for 24 hr. hucMSC-Ex treatment reduced L02 cell apoptosis compared

with PBS and HFL-Ex groups (n = 3; *p < 0.05, **p < 0.01). Original magnification 200�. (C) Mitochondrial membrane potentials in PBS, HFL-Ex, and hucMSC-Ex groups.

Greater green fluorescence indicates perturbed membrane potentials (n = 3; **p < 0.01). hucMSC-Ex reversed oxidative stress-induced perturbation of mitochondrial

membrane potential. Original magnification 200�.
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peroxidase 1 (GPX1) are the major endogenous antioxidant en-
zymes. To understand which exosome component mediated anti-
oxidant effects, SOD and GPX1 were measured in L02 cells
after exposure to CCl4 and hucMSC-Ex treatment. Results showed
that GPX1 activity was increased dose-dependently, and SOD ac-
tivity was not changed in hucMSC-Ex-treated L02 cells. GPX1 is
important to hucMSC-Ex-mediated antioxidant and hepatoprotec-
470 Molecular Therapy Vol. 25 No 2 February 2017
tion. Thus, hucMSC-Ex-derived GPX1 was chosen for further
analysis.

CCl4 and H2O2 are model hepatotoxicants.32,40 They were used to
develop a mouse liver injury model and study the antioxidant
effects of hucMSC-Ex. We measured the levels of ROS, MDA,
8-OHdG, cell viability, and cell apoptosis. Histopathology and



Figure 5. hucMSC-Ex Induces ERK1/2 Phosphorylation and Bcl2 Expression and Inhibits the IKKB/NFkB/Caspase-9/-3 Pathway

(A) Western blot quantification of pERK1/2, total ERK1/2, Bcl2, pIKKb, pNFkB, total NFkB, and casp9 and casp3. hucMSC-Ex induced ERK1/2 phosphorylation and Bcl2

expression and inhibited IKKB/NFkB/casp-9/-3 signaling in H2O2- or CCl4-injured L02 cells. (B) Bcl2 and pNFkB expression quantified by western blot (i). hucMSC-Ex dose-

dependently inhibited pNFkB and induced Bcl2 expression in CCl4-injured L02 cells. Representative immunofluorescent images of pNFkB and Bcl2 expression in CCl4-

injured L02 cells treated with PBS and hucMSC-Ex (ii). Original magnification 200�. (C) L02 cell viability was recovered by hucMSC-Ex or z-vad-FMK (n = 3). (D) CCl4-induced

casp3 activity was reduced in hucMSC-Ex (20, 40, and 80 mg) (n = 3; *p < 0.05, **p < 0.01). (E) Western blot quantification of cleaved casp3 (i) in CCl4-injured L02 cells and

immunohistochemical staining of cleaved casp3 in CCl4-injured mouse liver (ii). hucMSC-Ex inhibited cleaved casp3 expression of CCl4-injured hepatocytes in vitro and

in vivo. Original magnification 200�. Data are expressed as relative ratios of specific proteins to GAPDH and shown as numbers under individual blots (n = 3; *p < 0.05).
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serum chemistry confirmed that hucMSC-Ex could repair the
injured livers. Tetraspanin molecules CD9, CD63, and CD81 are
often used to measure exosomes.41 TEM was used to confirm the
size and morphology of exosomes derived from hucMSCs, and
western blotting was used to quantify CD9 and CD63 expression
in hucMSC-Ex.
Oxidative stress is caused by an imbalance between ROS pro-
duction and antioxidant defenses that neutralize reactive inter-
mediates, triggering damage. Oxidative stress is associated with
liver injury and may arise after CCl4, H2O2, and acetaminophen
treatment.40 We noted that hucMSC-Ex had a significant antioxidant
effects in CCl4- and H2O2-injured L02 cells. MDA, ROS, and
Molecular Therapy Vol. 25 No 2 February 2017 471
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Figure 6. hucMSC-Ex-Delivered GPX1 Protects Hepatocyte from Oxidative Stress In Vitro

(A) CCl4-injured L02 cells were treated with PBS or hucMSC-Ex (50, 200, and 800 mg) for 24 hr. Intracellular Gpx, SOD, and GST in cell culture were measured, and

hucMSC-Ex treatment dose-dependently increased Gpx activity and reduced GST release of L02 cells (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). (B) Expression of GPX1

mRNA in CCl4-injured L02 cells was measured with RT-PCR 24 hr after hucMSC-Ex (20, 40, and 80 mg) treatment. GPX1 expression did not change in hucMSC-Ex

treated L02 cells. (C) Western blot quantification of GPX1 expression in hucMSCs, HFL, hucMSC-Ex, and HFL-Ex. GPX1 protein was highly expressed in hucMSCs and

hucMSC-Ex compared with HFL and HFL-Ex. (D) Western blot quantification of GPX1 expression in GPX1 siRNA transfected hucMSCs and hucMSC-Ex. GPX1

expression was knocked down in hucMSCs and hucMSC-Ex. Data are expressed as relative ratios of specific proteins to GAPDH shown as numbers under individual

blots (n = 3; *p < 0.05). (E) After CCl4- and H2O2-injured L02 cells were treated with 300 mg ctr-siRNA and human GPX1-siRNA transfected hucMSC-Ex (ctr-siRNA-Ex

and GPX1-siRNA-Ex), Gpx activity of L02 cells was measured 24 hr later. Gpx activity in L02 cells was inhibited in GPX1-siRNA compared with ctr-siRNA-Ex treatment

(n = 3; **p < 0.01). (F) MDA measured 24 hr after ctr-siRNA-Ex or GPX1-siRNA-Ex treatment. MDA level was less in ctr-siRNA-Ex treated L02 cells compared with GPX1-

siRNA (n = 3; *p < 0.05, **p < 0.01). (G) ROS measurement via DCF in CCl4- and H2O2-injured L02 cells treated with ctr-siRNA-Ex and GPX1-siRNA-Ex for 24 hr (i). ROS

were fewer in ctr-siRNA-Ex-treated L02 cells compared with GPX1-siRNA (n = 3; *p < 0.05, **p < 0.01). DCF fluorescent value are mean ± SD (ii) (n = 3; ***p < 0.001).

Original magnification 200�.
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oxidative stress-induced apoptosis were increased after CCl4- and
H2O2-induced injury, which was reduced by hucMSC-Ex treatment.
Cell viability significantly increased after hucMSC-Ex treatment. In
CCl4-induced liver injury mouse models, hucMSC-Ex reduced serum
MDA, pro-inflammatory cytokine secretion, liver 8-OHdG expres-
472 Molecular Therapy Vol. 25 No 2 February 2017
sion, and cell apoptosis, suggesting the antioxidant activities of
hucMSC-Ex.

Recently, Tan’s group demonstrated that MSC-Ex is hepatoprotective
against CCl4-induced liver injury via the activation of proliferative
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and regenerative responses in vitro and in vivo.42 MSC-Ex had no role
in expression of antioxidant genes such as Gpx4, MnSOD, HO-1, and
GSR. The role of MSC-Ex administration in hepatic oxidative stress
has not been studied. We detected the levels of ROS and other oxida-
tive stress markers to clarify the role of hucMSC-Ex in oxidative
stress-induced liver injury. GPX1 gene expression was unchanged af-
ter hucMSC-Ex treatment, consistent with previous data. hucMSC-Ex
treatment inhibited oxidative stress and increased Gpx activity in L02
cells. Thus, hucMSC-Ex may have antioxidant effects in hepatocytes
via Gpx activity modulation but not by regulating antioxidant gene
expression.

Exosomes are not only specifically targeted to recipient cells to
exchange mRNAs and microRNAs and/or to trigger downstream
signaling events, but they also deliver active proteins. MSC-Ex
has been shown to promote tissue injury repair via horizontal
transfer of mRNAs and microRNAs. Active proteins can be deliv-
ered by exosomes to cause biological effects in target cells.43 We re-
ported a role for exosome-delivered Wnt4 in cutaneous wound
healing,12 but the function of protein molecules transported by
MSC-Ex is understudied in liver injury. Evidence indicates that
Gpx detoxifies H2O2 and is an important antioxidant in humans.
Induced GPX1 activity decreases hepatic damage44,45 and reduces
mitochondrial apoptotic pathway activation in cardiomyocytes,
chondrocytes, and hepatocytes.46–48 Our data indicate that abun-
dant GPX1 protein was found in hucMSCs and hucMSC-Ex
compared with HFL and HFL-Ex. hucMSC-Ex treatment can pro-
tect against changes in the mitochondrial membrane potential and
prevent apoptosis by upregulating ERK1/2 phosphorylation and
anti-apoptotic Bcl-2 p65 and by inhibiting the IKKB/NFkB/casp-
9/-3 signaling pathway. GPX1 knockdown in hucMSCs reduced
this antioxidant protection of hucMSC-Ex in vitro, so hucMSCs
exosomal GPX1 may be critical for hucMSC-Ex antioxidant-
induced recovery from liver injury.

In this study, our results showed that GPX1-containing hucMSC-
Ex reduced H2O2- and CCl4-induced L02 cells and liver injury
in mice. However, hucMSC-Ex may inhibit H2O2- and CCl4-
induced liver injury through different mechanisms. GPX1 could
reduce hydrogen peroxide but not phospholipid hydroperoxide.
CCl4 induces the formation of phospholipid peroxides but not
hydrogen peroxide. Hepatic GPX1 proteins increased consider-
ably after CCl4 administration. GPX1 may enhance hepatocytes
tolerance to CCl4-induced oxidative stress through a different
mechanism.
Figure 7. GPX1 Knockdown Reduced Antioxidants and Antiapoptosis

(A) Apoptotic CCl4-injured L02 cells were analyzed by annexin V/PI and TUNEL stain

apoptotic L02 cell was lower in the ctr-siRNA-Ex group compared with the GPX1-siRNA

pNFkB expression in CCl4-injured L02 cells 24 hr after PBS, ctr-siRNA-Ex or GPX1-siRN

group but not in the GPX1-siRNA-Ex group (n = 3; *p < 0.05, **p < 0.01). (C) Representa

siRNA-Ex treatment. Inflammatory infiltration was reduced by ctr-siRNA-Ex treatment c

and TUNEL staining in CCl4-injured mouse livers 48h after PBS, ctr-siRNA-Ex, or GP

siRNA-Ex compared with GPX1-siRNA-Ex treatment. Original magnification 200� (n =
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In summary, administration of hucMSC-Ex, as little as 16mg/kg body
weight, by either tail vein or oral gavage, engrafted recipient liver, ex-
erted antioxidant and anti-apoptotic effects, and rescued liver failure.
hucMSC-Ex offer antioxidant hepatoprotection against CCl4 and
H2O2 in vitro and in vivo, and this may be mediated by delivery of
GPX1 to reduce hepatic ROS and inhibit oxidative stress-induced
apoptosis via upregulation of ERK1/2 and Bcl-2 and downregulation
of the IKKB/NFkB/casp-9/-3 pathway. Thus, administration of allo-
geneic hucMSC-Ex may be an alternative approach for stem cell-
based therapy for liver injury and may represent a novel therapeutic
strategy for preventing oxidant damage.

MATERIALS AND METHODS
The animal experiments were approved by the ethics committee of
Jiangsu University, and the methods were carried out in accordance
with the approved guidelines.

Cell Culture

Fresh umbilical cords were collected from informed, consenting
mothers at the affiliated Hospital of Jiangsu University. All clinical
procedures followed the protocols approved by the ethics committee
of Jiangsu University, and themethods were carried out in accordance
with the approved guidelines. All participants provided written con-
sent for the present study. hucMSCs were isolated from fresh umbil-
ical cord samples (n = 16) as previously described39 andmaintained in
L-DMEM containing 10% fetal bovine serum (FBS) (GIBCO) at 37�C
with 5% CO2. Human lung fibroblasts (HFL-1) were purchased from
the Chinese Academy of Sciences and cultured with minimal essential
medium alpha (MEM-a) containing 15% FBS (GIBCO) at 37�C with
5% CO2. Human L02 cells were purchased from the Chinese Acad-
emy of Sciences and maintained in RPMI 1640 containing 10% FBS
(GIBCO) at 37�C with 5% CO2. All cells were tested for mycoplasma
contamination.

Isolation and Characterization of Exosomes

Exosomes were isolated and purified by ultracentrifugation as previ-
ously described.22 Briefly, bovine exosomes and protein aggregates in
DMEM/10% FBS were removed by ultracentrifugation at 100,000� g
for 16 hr at 4�C. hucMSCs and HFL-1-conditional medium (MSC-
CM and HFL-CM) were collected after 48 hr culture and centrifuged
for 20 min at 2,000 � g to remove cell debris. Then supernatant was
transferred to an ultracentrifuge tube underlain with 30% sucrose/
D2O cushion (density 1.210 g/cm3), followed by ultracentrifugation
at 100,000� g for 1 hr at 4�C. Exosomes were collected from the bot-
tom of the tube and concentrated using 100 KDa molecular weight
ing after treated with ctr-siRNA-Ex and GPX1-siRNA-Ex for 24 hr. Percentage of

-Ex group (n = 3; *p < 0.05, **p < 0.01). (B) Western blot quantification of Bcl2 and

A-Ex treatment. pNFkB inhibition and Bcl2 promotion occurred in the ctr-siRNA-Ex

tive optical and H&E images of mouse livers 48 hr after PBS, ctr-siRNA-Ex, or GPX1-

ompared with GPX1-siRNA-Ex treatment. Original magnification 200�. (D) 8-OHdG

X1-siRNA-Ex treatment. 8-OHdG expression and apoptosis were reduced by ctr-

3; *p < 0.05, **p < 0.01).
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cutoff ultrafiltration membrane (MWCO) (Millipore) at 1,000� g for
30 min. Purified exosomes in supernatant were subjected to filtration
on a 0.22-mm-pore filter (Millipore). The final pellet (hucMSC-Ex and
HFL-Ex) was resuspended in 100 mL PBS and stored at �80�C. The
protein content of the concentrated exosomes was determined using
BCA protein assay kit (Pierce, ThermoFisher). Morphology of
the exosomes was observed using transmission electron microscopy
(FEI Tecnai 12, Philips). The size and relative intensity of exo-
somes were detected by nanoparticle tracking analysis (NTA) using
NanoSight instruments.

Acute Liver Injury Mice Model and Exosome Injection

All experimental procedures were in accordance with Chinese legisla-
tion regarding experimental animals. BALB/c-nu/nu female mice
aged 4–5 weeks were purchased from the Laboratory Animal Center,
Yangzhou University. Carbon tetrachloride (CCl4) was dissolved in
mineral oil at 10% concentration and administered to animals by
gavage. Doses between 0.15 and 0.35 mL CCl4/kg body weight were
tested for hepatotoxicity and lethality by intraperitoneal injection.
At 24 hr post-CCl4 injection, mice were randomized into six groups:
PBS group, mice injected with 1 mL PBS (n = 20); HFL-Ex group,
mice injected with HFL-Ex by tail vein (n = 20); and hucMSC-Ex
8mg/kg body weight (n = 20), 16 mg/kg body weight (n = 20),
32 mg/kg body weight groups (n = 20), mice treated with hucMSC-
Ex by tail vein or intragastric administration. The final concentration
of exosomes used for treating liver injury was 20 mg/ml to treat each
animal. At days 1, 3, 5, and 7 post-exosome injection, blood samples
were collected and entire livers were taken and prepared for further
analysis from sacrificed mice.

Exosome Labeling and Tracking in L02 Cells and Mice

Exosomes and L02 cells were labeled with CM-Dil and CM-Dio
(Molecular Probes, ThermoFisher) separately according to the man-
ufacturer’s protocol. Exosomes (20 mg) and L02 cells (1� 105 cells) in
suspension were mixed with CM-Dil and CM-Dio in the dark at 37�C
for 30 min separately. CM-Dil-labeled exosomes were washed with
PBS and concentrated with a 100 KDa molecular weight cutoff ultra-
filtration membrane (MWCO) (Millipore) at 1,000 � g for 30 min.
CM-Dio-labeled L02 cells were centrifuged at 800 � g for 5 min to
remove non-binding dye. Then CM-Dil-labeled exosomes were incu-
bated with CM-Dio-labeled L02 cells at 37�C for 24 hr. After incuba-
tion, fluorescent intensity of incubated cells was assayed with an
ImageStreamX Imaging Flow Cytometer (Amnis) at 60� magnifica-
tion and a minimum of 10,000 cells for all samples. Bright-field and
fluorescent images were collected using IDEAS software (Amnis).
For the distribution of CM-Dil-labeled exosomes in cultured L02
cells, CM-Dil-labeled exosomes were incubated with L02 cells at
37�C for 24 hr and detected by fluorescent images.

For the distribution of exosomes in CCl4-injured mice, CM-Dir-
labeled (Ruitaibio) exosomes injected into CCl4-injured and normal
mice were imaged using a Maestro In Vivo Imaging System (CRI).
Scans were performed 24 hr after exosome injection (20 mg) via
the tail vein at 630 nm (lex). In vivo spectral imaging from 690–
850 nm was performed using an exposure time of 150 ms per
image frame. Autofluorescence was removed with spectral unmixing
software.

ALT, AST, and GST Assay

Serum AST and alanine aminotransferase (ALT) levels were
measured using an automated biochemical analyzer (n = 5). A com-
mercial kit was used to quantify the level of glutathione-S-transferase
(GST) according to the protocol (n = 3) (Beyotime).

Histopathological Staining

Liver tissues were processed for paraffin embedding and were
sectioned into 4 mm sections. The sections were stained with hema-
toxylin and eosin (H&E) staining and Masson’s trichrome (MT)
staining according to standard protocols (Yuanye Biology). To
analyze the extent of liver fibrosis, randomly picked fields of MT sec-
tions were captured from each animal.

Immunohistochemistry and Immunocytochemistry

Mouse liver slides were fixed in 4% formaldehyde solution at
room temperature overnight. These liver slides were incubated with
CD63 (Bioworld) and 8-OHdG antibodies (Japan Institute for
Control of Aging) according to the manufacturer’s instructions.
The signals were visualized with 3,30-dimino benzidine (Boster)
and counterstained with hematoxylin. The morphological sections
were evaluated by high-power light microscopy examination (Nikon).
In vitro, the L02 cells were fixed in 4% paraformaldehyde for 10 min.
To examine Bcl2 and pNFkB expression, L02 cells were incubated
with anti-Bcl2 (Bioworld) and pNFkB (SAB) and fluorescent-labeled
secondary antibody. Then slides were counterstained with DAPI and
examined under a fluorescent microscope. Fluorescence imaging was
performed with an Olympus Fluorescence Microscope (magnifica-
tion 200�).

TUNEL Assay

Cell apoptosis in liver slides and CCl4-injured L02 were measured
using an in situ cell apoptosis kit (Vazyme Biotechnology) and the
FragEL DNA Fragmentation Detection Kit (Merk Millipore), respec-
tively, according to the manufacturer’s instructions.

Luminex Assay

Serum levels of granulocyte colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), inter-
feron-a (IFN-a), interleukin (IL)-1a, IL-6, monocyte chemoattrac-
tant protein-1 (MCP-1), and tumor necrosis factor-a (TNF-a) in
exosomes treated mice livers were measured using Luminex kits in
accordance with the manufacturer’s instructions (Millipore).

CCl4- and H2O2-Induced L02 Cell Injury In Vitro

L02 cells were seeded in six-well plates (1 � 105 cells/well), and
at �70% confluence, cells were treated with medium containing
0.1 mM CCl4/exosomes or 400 mM H2O2/exosomes for 12 or 24 hr.
PBS or HFL-CM, HFL-Ex, andMSC-CMwere controls (final concen-
tration of exosomes 20 mg/ml; various concentrations including 10,
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20, 40, and 80 mg were used) were applied to L02. After exosome treat-
ment, cells were collected and lipid peroxidation and RNA and pro-
tein were measured or samples were fixed in 4% paraformaldehyde
for histology.

ROS Measurement

Production of tissue and cellular ROS was measured with a nonfluo-
rescent cell-permeating compound, 20-70-dichlorofluorescein diace-
tate (DCF-DA) (Beyotime). DCF-DA is hydrolyzed by intracellular
esterases and oxidized by ROS to a fluorescent compound, DCF.
For the ROS of liver tissues, the hepatocytes were isolated with
homogenate method and incubated with DCF-DA (10 mM) for
30min at 37�C. After washing with PBS, DCF-positive cells and intra-
cellular fluorescence intensity were detected with ImageStreamX
Imaging Flow Cytometer at 60� magnification and a minimum of
10,000 cells for all samples. Bright-field and fluorescent images
were collected using IDEAS software. Similarly, hucMSC-Ex-treated
L02 cells were incubated with DCF-DA (10 mM) for 30 min at
37�C. Intracellular fluorescence was observed with Olympus Fluores-
cent Microscope (200�) and quantified by fluorescent intensity with
Image-Pro Plus 6.0 software.

Lipid Peroxidation Assay

Malondialdehyde (MDA) was measured according to the manufac-
turer’s protocol (Beyotime). L02 cells were harvested by trypsiniza-
tion, and cell extracts were prepared by sonication in ice cold buffer
(50 mM Tris-HCl [pH 7.5], 5 mM EDTA, and 1 mM DTT). Lysed
cells were centrifuged at 10,000 � g for 20 min to remove debris.
The supernatant was subjected to the measurement of MDA level
and the protein contents. A BCA assay kit (Pierce) was used to quan-
tify protein concentration. MDA level was then normalized to milli-
grams of protein. Three experiments were performed.

Cell Viability by Real-Time Cellular Analysis

Cell viability of exosome-treated L02 was measured using a real-time
cellular analysis (RTCA) system according to the manufacturer’s in-
struction (xCELLigence). Cell viability was monitored continuously
after applying increased concentrations of exosome protein. Briefly,
background measurements were taken after adding 100 mL PBS to
the wells. Next, cells were seeded at a density of 5,000 cells/well on
a 96-well plate with electrodes for 18 hr to allow cells to grow to
the log phase. Cells were treated with CCl4 (0.1 mM)/exosome or
H2O2 (400 mM)/exosome dissolved in cell culture media and contin-
uously monitored for up to 90 hr. Different dose of exosomes (10 mg,
20 mg) were applied to treat L02 cells. Cell sensor impedance was ex-
pressed as an arbitrary unit called the cell index and recorded every
5 min by RTCA. Three experiments were performed.

Hoechst 33342 Staining and Annexin V/PI Double Staining

CCl4- and H2O2-treated L02 cells were incubated with PBS or exo-
somes for 24 hr. Then the cells were incubated in PBS containing
50 mg/mL of Hoechst 33342 (Sigma-Aldrich) at 37�C for 20 min. Af-
ter washing with PBS, cells were examined under an Olympus Fluo-
rescence Microscope (magnification 200�). Apoptotic cells were
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identified by the typical morphology, including shrinkage of the cyto-
plasm, membrane blebbing, and nuclear condensation and/or frag-
mentation. For quantification of apoptosis, L02 cells were treated as
described above. The cells were harvested and subjected to annexin
V/PI double staining (Invitrogen) and analyzed by fluorescence-acti-
vated cell sorting (FACS) using a flow cytometer (FACS Calibur, BD).
Briefly, both floating and attached cells were pooled, washed, and re-
suspended in the annexin V binding buffer. Alexa Fluor 488 annexin
V and PI were added to suspended cells, and the reaction was incu-
bated in the dark for 10 min. Flow cytometric analysis was performed
by analyzing gated cells. All experiments were performed at least three
times.

Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential wasmeasured using JC-1 staining
according to the manufacturer’s instruction (Beyotime). L02 cells
were treated with CCl4/exosomes in six-well plates as described
above. Thenmediumwere changed with 1 mL fresh medium contain-
ing JC-1 (5 mg/mL) and incubated at 37�C for 20 min. After washing
twice with JC-1 staining solution (1 mg/mL), images were obtained by
fluorescent microscopy and analyzed for green and red fluorescence
using Image-Pro Plus 6.0 software. Mitochondrial membrane poten-
tial depolarization was expressed by an increase in the green/red
fluorescent intensity ratio (n = 3).

Caspase-3 Activity Assay

The activity of caspase-3 was determined using a caspase-3 activity
kit (Beyotime). Cell lysates were prepared after exosome treatment.
Assays were performed on 96-well microtiter plates by incubating
10 mL protein of cell lysate per sample in 80 mL reaction buffer
(1% NP-40, 20 mM Tris-HCl [pH 7.5], 137 mM Nad, and 10%
glycerol) containing 10 mL caspase-3 substrate (Ac-DEVD-pNA)
(2 mM). Lysates were incubated at 37�C for 4 hr. Samples were
measured at wavelengths of 405 nm according to the manufacturer’s
protocol.

Cellular Glutathione Peroxidase and Superoxide Dismutase

Activity

For the glutathione peroxidase (Gpx) activity of L02 cells, L02 cells
were treated with CCl4/exosomes as described above, and activity of
Gpx was determined after 24 hr. Cell extracts were prepared using
cell lysis buffer (20 mmol/L Tris, 150 mmol/L NaCl, 1% Triton
X-100, 5 mmol/L sodium pyrophosphate) and were centrifuged at
12,000 � g for 10 min at 4�C. For the Gpx activity of exosomes,
60 mg exosomes were lysed using the above cell lysis buffer and centri-
fuged at 12,000 � g for 10 min at 4�C. Gpx activity (nmol NADPH/
min/mL) was measured in the supernatant using a cellular gluta-
thione peroxidase assay kit that measures the coupled oxidation of
NADPH during glutathione reductase (GR) recycling of oxidized
glutathione from Gpx-mediated reduction of t-butyl peroxide (Beyo-
time). In the assay, excess GR, glutathione, and NADPH were added
according to the manufacturer’s instructions. Gpx activity results
of L02 cells and exosomes were expressed as u/ml and u/mg,
respectively. For the assay of superoxide dismutase (SOD) activity,



Table 1. Primers for RT-PCR and Real-Time PCR

Genes Primer Sequence (50-30)
Annealing
Temperature (�C)

Product
Size (bp)

Human
GPX1

for: TATCGAGAATGTGGCGTCCC
60 143

rev: TCTTGGCGTTCTCCTGATGC

b-actin
for: CACGAAACTACCTTCAACTCC

58 265
rev: CATACTCCTGCTTGCTGATC

GAPDH
for: GGATTTGGTCGTATTGGG

55 205
rev: GGAAGATGGTGATGGGATT

for, forward; rev, reverse.
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CCl4/exosome-treated L02 cells were centrifuged at 1,000 � g for
5 min and washed with cold PBS. Then the cell pellets were lysed us-
ing homogenizer and centrifuged at 12,000 � g for 10 min at 4�C.
SOD activity was measured in the supernatant using the Total Super-
oxide Dismutase Assay Kit according to the manufacturer’s instruc-
tion (Beyotime). Three experiments were performed.

Transient Transfection of Plasmids and siRNAs

For hucMSCs cell transfection, Lipofectamine 2000 reagent (Life
Technologies) was used to transfect human GPX1 siRNA and control
siRNA oligos (Santa Cruz Biotechnology) according to the manufac-
turer’s instructions. Transfected cells were cultured for exosome
extraction or processed for western blot analysis at 48 hr after trans-
fection. The exosomes derived fromGPX1 siRNA-treated and control
siRNA-treated hucMSCs were identified as ctr-siRNA-Ex and GPX1-
siRNA-Ex. The protein content of the extracted exosomes was deter-
mined using a BCA protein assay kit. Three experiments were
performed. For the survival of ctr-siRNA-Ex-treated and GPX1-
siRNA-Ex-treated mice, mice were randomized into three groups:
PBS group, mice injected with 1 mL PBS (n = 10); ctr-siRNA-Ex
32 mg/kg body weight group (n = 10), mice injected with ctr-
siRNA-Ex by tail vein; and GPX1-siRNA-Ex 32 mg/kg body weight
group (n = 10), mice treated with GPX1-siRNA-Ex by tail vein or
intragastric administration.

Western Blot

Cells were harvested and lysed in RIPA buffer. Protein concentra-
tion was determined using the BCA assay kit. Equal amounts of
cell lysates were loaded and separated on a 12% SDS-PAGE gel.
Transferred membranes were incubated with the primary antibodies
against Bcl2 (Bioworld), CD9 (Bioworld), CD61 (Bioworld),
CD63 (Bioworld), pERK1/2 (Santa Cruz), ERK1/2 (Santa Cruz),
pIKKb (SAB), pNFkB (SAB), NFkB (SAB), Casp9 (Santa Cruz),
Casp3 (Santa Cruz), cleaved Casp3 (Santa Cruz), and GAPDH
(KangCheng) overnight at 4�C. After incubation and washing
with TBST (tris-buffered saline with 0.05% Tween-20), membranes
were challenged with HRP-conjugated goat anti-rabbit or goat anti-
mouse antibodies (dilution 1:2,000), followed by an enhanced
chemiluminescent substrate (ECL). The signals were visualized by
using Luminata crescendo western horseradish peroxidase (HRP)
substrate (Millipore).
RT-PCR

Total RNA of L02 cells was extracted with the Trizol reagent and
a DNase (Invitrogen) treatment to remove any genomic DNA.
cDNA was synthesized using oligo dT primers with SuperScriptTM
II RT kit according to the manufacturer’s instructions (Invitrogen).
Primers to generate specific products were designed as shown in
Table 1. Primers were produced by Shanghai Bio-Engineering.
PCRs were carried out in a PCR thermal cycler (PCR Express,
Thermo Hybaid).

Statistical Analysis

Data are expressed as mean ± SD. Statistical significance was
determined by Student’s t test (two-tailed) using Prism software
(GraphPad). Animal survival was analyzed by log rank tests, and
p values are as shown. All significance was defined at the p < 0.05 level.
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Fig.S1. Survival curves of CCl4 injured mice received dosages between 0.15 and 0.35 

mL/kg body wt by intraperitoneal injection. 

Fig.S2. HucMSC-Ex are detected by Nanoparticle Tracking Analysis (NTA) (A) and images 

under TEM are spheroid (scale bar 500 nm) (B). Western blot of CD9, CD61 and CD63 

positive expression in hucMSC-Ex (C).
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Fig.S4. Representative H&E images of mouse livers 72 h after PBS treatment. 

Original magnification 200x.Large areas of fatty degeneration and portal hepatocyte 

necrosis were induced in PBS treated mice.
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Fig.S3. Distribution of CM-Dir labeled hucMSC-Ex in normal mice after tail vein or oral 

gavage administration (A).Results showed that CM-Dir-labeled hucMSC-Ex 

administered by tail vein or oral gavage could target normal livers at 24 h post injection. 

CD63 staining of hucMSC-Ex in CCl4 injured mouse liver; in each group 48 h after 

treatment (n = 3; *, P < 0.05; **, P < 0.01; ***, P < 0.001). (Red arrow: hepatocyte; 

Yellow arrow: Kupffer cells). Original magnification 200x (B). 
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Fig.S5. Western blot quantification of pERK1/2, total ERK1/2, pIKKβ, casp9 and cleaved

casp3 in CCl4-injured L02 cells treated with PBS and hucMSC-Ex. he quantitated data

expressed as relative ratio of specific proteins to GAPDH shown as numbers under

individual blots (n = 3; *, P < 0.05).

Dil-MSC-Ex

A B

Fig.S6. Gpx activity of HFL-Ex and MSC-Ex. (n = 3) (A). Representative image of Dil

labeled exosomes in L02 cells. Original magnification 200x. (B)
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Fig.S7. Gpx activity of mice livers measured 48 h after PBS, ctr-siRNA-Ex or Gpx1-siRNA-

Ex treatment. (n = 3; *, P < 0.05) (A). Survival curves of CCl4 injured mice that underwent 

PBS, ctr-siRNA-Ex and Gpx1-siRNA-Ex administration by tail vein at 32mg/kg body weight 

(bt). (ctr-siRNA-Ex vs Gpx1-siRNA-Ex, n = 10, P < 0.01) (B). Gpx1 knockdown reduced Gpx 

activity in ex vivo hepatocytes (n = 3; *, P < 0.05) and attenuated the rescue of hucMSC-Ex 

on CCl4 induced liver failure (n = 10; *, P < 0.05).
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