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Abstract

Liver failure is a severe clinical syndrome with a poor prognosis. Mesenchymal stem cell (MSC) transplantation
has emerged as a new intervention in treating liver failure. It is conventionally recognized that MSCs exert their
therapeutic effect mainly through transdifferentiation. Recently, published articles have shown that MSCs work in
liver failure by secreting trophic and immunomodulatory factors as well as extracellular vesicles (EVs) before
transdifferentiation. In particular,MSC-derived EVs have shown similar curative effects as MSCs. Here we review
the role of MSCs as well as their derived factors and EVs in liver failure and discuss the use of MSC-derived
EVs instead of intact MSCs in treating liver failure.
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Background
The liver is a vital organ that possesses a powerful re-
generation capability and exerts detoxification func-
tions in the body. However, when the outsource injury
exceeds the compensatory ability, liver failure is in-
duced. Liver failure, which can be caused by a variety of
factors, is the inability of the liver to perform its normal
synthetic and metabolic function as part of its normal
physiology. It is a clinical syndrome that mainly mani-
fests as coagulation dysfunction, jaundice, ascites, and
hepatic encephalopathy. The overall prognosis of liver
failure is poor due to its rapid progression, treatment
difficulty, and the high medical costs associated with
treatment. Currently, the ultimate therapeutic option is
orthotopic liver transplantation, which is limited by
organ shortage, high expense, and the requirement of
lifelong immunosuppressive medication. Therefore,
there is an urgent need for novel effective treatments.
Stem cell therapy has gained attention as a potential

therapeutic approach for several diseases, including
liver failure [1, 2]. Amongst several types of stem cells,

mesenchymal stem cells (MSCs) are the most com-
monly used cells because they are easily acquired and
free from ethical concerns. MSCs, a population of
multi-lineage progenitor cells with self-renewal ability,
are distributed widely throughout the body and can be
isolated and purified from almost all tissues, such as bone
marrow, umbilical cord, menstrual fluid, placenta, adipose
tissue, dental pulp, and amniotic fluid. They have pleio-
tropic properties, including multiple differentiation, anti-
apoptosis, angiogenesis, tissue repair promotion, anti-
inflammatory activity, growth factor production, immuno-
suppression, and nerve protection properties [3].
MSCs have been used to effectively treat liver failure in

both animal models [4–7] and clinical trials [2, 8, 9]. How-
ever, the exact mechanism of MSCs in liver regeneration
remains unclear. In this work, we review the role of MSCs,
their derived factors, and extracellular vesicles (EVs) in
liver failure and attempt to identify the exact mechanism
and specific component of MSC transplantation. Our goal
of this review is to potentially describe any components
that could serve as an alternative to MSCs.

Transdifferentiation of MSCs into hepatocytes
It is conventionally recognized that MSCs exert their bio-
logical functions and play a role in treatment primarily by
migrating to the damaged tissue [10], proliferating,
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transdifferentiating into hepatocytes, and replacing dam-
aged cells [1]. MSCs obtained from various sources have
been demonstrated to possess endodermal differentiation
potential, which allows them to differentiate into functional
hepatocyte-like cells in vitro under appropriate culture con-
ditions [7, 11].
We developed an acute liver failure pig model induced by

D-galactosamine (D-gal). We confirmed that human bone
marrow-derived MSCs (BMSCs) are capable of transdiffer-
entiating into hepatocytes and repopulating the liver in vivo
through albumin secretion and the gene expression profile
of transplanted human BMSC-derived hepatocytes. The
concentration of human albumin in the animals increased
to a stable concentration at 10 weeks and subsequently de-
creased at 15 weeks. The results of real-time quantitative
polymerase chain reaction of human hepatocyte-specific
genes and immunohistochemistry showed a similar trend.
Immunohistochemistry revealed that human BMSC-
derived hepatocytes were widely distributed in the hepatic
lobule and accounted for approximately 30% of cells at
10 weeks. Immediate intraportal administration of human
BMSCs could rescue liver failure in pigs effectively while
peripheral vein transfusion failed to do so [4].
Studies have reported that MSC transplantation does

not trigger a host-versus-graft response because MSCs
lack co-stimulatory molecules and human leukocyte
antigen class II [12]. Therefore, MSCs are suitable for
autologous and allogeneic transplantation. Both animal
experiments and clinical trials have revealed good toler-
ance of MSCs. Our data show that the number of
hepatocyte-like cells decreased from weeks 15 to 20.
This time period roughly corresponds to the normal life
span of hepatocytes, which is 5 months. We infer that
the MSCs did not trigger immune rejection or triggered
a minimal immune rejection because of their low im-
munogenicity. MSC-derived hepatocytes may have nat-
urally expired and it is unclear whether they induce
immune rejection. However, the liver was shown to re-
cover from acute liver failure regardless of whether
these cells induced immune rejection or not. It may be
beneficial for the body to naturally eliminate MSCs.
Similar animal experiments have certified the transdif-

ferentiation and therapeutic ability of MSCs from other
sources. Human placental MSCs extended the survival
time of pigs in an acute liver failure model induced by
D-gal. Human hepatocyte-specific markers were de-
tected using immunohistochemistry and reverse tran-
scription polymerase chain reaction. The injection of
human placental MSCs through the portal vein using B-
ultrasound guidance was superior to the jugular vein ap-
proach in a pig model [7]. MSCs from human umbilical
cord blood were able to differentiate into hepatocyte-like
cells in vivo and partially repair the liver damage caused
by D-gal/lipopolysaccharide in mice [13]. Stem cells

isolated from menstrual fluid exhibited the potential to
revive liver function in mice with two-thirds partial hepa-
tectomy with menstrual stem cell-derived hepatocyte-like
cells detected in the recipient liver [14]. Kuo et al. [5] re-
vealed that both MSCs and MSC-derived hepatocytes
could engraft into the damaged liver, transdifferentiate
into functional hepatocytes, and rescue liver failure in
mice. Intravenous transplantation is superior to intrasple-
nic methods for treating liver failure.

Paracrine trophic and immunomodulatory factors
We later found that human BMSC transplantation sup-
pressed D-gal-induced cytokine storms and rescued liver
failure in pigs within 7 days, mainly through paracrine ef-
fects. At this point, BMSC-derived hepatocytes accounted
for only ~4.5% of the pig hepatocytes. We identified
Delta-like ligand 4 (Dll4) as an important factor that
might help the liver to recover [6]. The Dll4/Notch path-
way may contribute to the restoration of biliary injury by
regulating tubular morphogenesis [15]. Similar experi-
ments by others demonstrated that the rate of accumula-
tion of transplanted MSC-derived hepatocyte mass was
low in the recipient liver [16, 17]. These transdifferentia-
tion data appear too low to explain the significant im-
provement of liver function.
Recently published articles revealed that MSCs alleviate

liver failure mainly through trophic and immunomodula-
tory factors [18, 19]. These factors support hepatocyte
function, promote the proliferation of residual hepato-
cytes, inhibit hepatocyte apoptosis, reverse liver fibrosis,
and promote angiogenesis. Furthermore, MSCs exert anti-
inflammatory effects on immune cells through soluble
cytokines. MSCs suppress the proliferation of peripheral
blood mononuclear cells and decrease the secretion of
inflammatory cytokines from immune cells. These trophic
and immunomodulatory factors have been reviewed by JJ
Alm et al. [20]. They create a regenerative microenviron-
ment and reduce inflammatory injury by restraining life-
threating cytokine storms and immunocyte infiltration.
Cell-cell contacts with immune cells might also play

a role in immunomodulation [3, 21], but the primary
mechanism lies in MSC-conditioned medium contain-
ing soluble factors rather than cell-cell contacts [22].
Although many trophic and immunomodulatory factors
have been characterized from MSC-conditioned
medium, much remains unclear regarding its constitu-
ents. Thus, the notion of developing a balanced cocktail
by combining several key therapeutic molecules instead
of intact MSCs appears far-fetched.

Extracellular vesicles
The latest work revealed that the administration of
MSC-derived EVs exerts a similar therapeutic effect as
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MSC transplantation. MSC-conditioned medium contains
both free soluble factors and EVs. The therapeutic effect
of MSC-conditioned medium might be a joint effect of
both the free soluble factors and EVs. MSC-derived EVs
have been studied in animal models for their tissue-
protective effects following acute kidney injury, cardiovas-
cular disease, lung injury, liver injury, and cutaneous
wound healing [23]. Progress in these animal models may
help us understand the mechanism of MSC-derived EVs
in liver failure.
EVs are small spherical membrane vesicles derived from

the plasma membrane or from multi-vesicular bodies
(MVBs). They can be divided into three categories accord-
ing to their origin and size: exosomes (30–100 nm),
microvesicles (100–1000 nm), and apoptotic bodies (500–
2000 nm). Exosomes are produced from the inward
budding of endosomal compartments called MVBs.
Microvesicles bud directly from the plasma membrane
and apoptotic bodies are produced during cell apoptosis
[24]. Filled with a selection of nucleic acids, lipids, and
proteins, EVs are used to exchange information between
cells [25]. Almost all cells secrete EVs in response to dif-
ferent stimuli or environmental circumstances.
Several studies have been conducted regarding re-

search of MSC-derived EVs and liver injury (Table 1).
MSC-derived exosomes protected the mouse liver
against CCl4-induced injury, primarily by activating
proliferative and regenerative processes rather than by
modulating oxidative stress. Exosomes in vitro sup-
pressed hepatocyte apoptosis induced by acetamino-
phen and H2O2 by promoting the protein expression of
Bcl-xL [26]. Human umbilical cord mesenchymal stem
cell (UCMSC)-derived exosomes relieved CCl4-induced
liver fibrosis by inhibiting epithelial-to-mesenchymal
transition and protecting hepatocytes when they were
injected directly into the mouse fibrotic liver. Human
UCMSC-derived exosomes show similar beneficial ef-
fects on the human liver cell line HL7702 in vitro [27].

Glutathione peroxidase 1, which is contained in human
UCMSC-derived exosomes, was reported to play a vital
role in the recovery of hepatic oxidant injury [28]. Simi-
larly, we observed the anti-apoptotic capacity of men-
strual fluid-derived exosomes in acute liver failure [29].
Furthermore, MSC-derived EVs possess immunosuppres-

sion abilities similar to those of MSCs [30]. MSC-derived
EVs could induce Treg cells and anti-inflammatory cyto-
kines and ameliorate the activated immune system [31].
When co-cultured with peripheral blood mononuclear
cells, MSC-derived EVs promoted proliferation of the regu-
latory T-cell population and inhibited T-cell proliferation
[32, 33]. Because of their immunosuppressive nature, MSC-
derived EVs are being explored in refractory graft-versus-
host disease in a patient [32] and in a clinical trial focusing
on type I diabetes [34]. EVs may also contribute to inhibit-
ing D-gal-induced life-threatening cytokine storms due to
their immunosuppressive abilities.
The exact mechanism behind the therapeutic effect of

MSC-derived EVs remains largely obscure and is a topic
of intensive investigation. However, MSC-derived EVs
are enriched in signaling proteins, including cytokines,
chemokines, interleukins, and growth factors [35]. MSCs
might play a role in liver regeneration via transfer of
exosome cargoes, which include RNA, proteins, lipids,
and DNA. This cargo could be transferred to recipient
cells through endocytosis, phagocytosis, or fusion with
the cell plasma membrane of the recipient cell. Endo-
cytosis is the most common phenomenon for exosome
uptake [36]. MSC-derived exosomes moderated myocar-
dium reperfusion damage and reduced infarct size via
proteomic complementation [37]. Factors such as inter-
leukin 1β, interleukin 6, transforming growth factor β,
and vascular endothelial growth factor have been found
in EVs. Some of these factors could regulate immune
cells [38]. Additional factors, the ratio of factors in and
outside the vesicles, and the function of these factors re-
main unclear. By horizontally transferring specific

Table 1 Translational studies that employed MSC-derived exosomes to treat liver injury

Disease/model Origin of exosomes Method/dose Therapeutic capacity References

Carbon tetrachloride
(CCl4)-induced liver
injury mouse model

Human ESC-derived
HuES9.E1 MSCs

Intrasplenic injection
of 0.4 μg exosomes
(in 100 μl PBS)

Elicited hepatoprotective
effects against injury primarily
by activating of proliferative
and regenerative responses

Cheau Yih Tan [26]

CCl4-induced fibrotic
liver mouse model

Human umbilical
cord-MSCs

Liver injection of
250 μg hucMSC-Ex
of 330 μL PBS

Ameliorate liver fibrosis by
inhibiting the epithelial-to-
mesenchymal transition and
protecting hepatocytes

Tingfen Li [27]

CCl4-induced liver
failure mouse model

Human umbilical
cord MSCs

Tail vein or intragastric
administration of
16 mg/kg exosomes

Promoted the recovery of
hepatic oxidant injury via
the delivery of GPX1

Yongmin Yan [28]

D-GalN/LPS-induced
liver failure mouse
model

Human menstrual
blood-derived
stem cells

Tail vein injection of
1 μg/μl MenSC-Ex in
PBS (The volume was
not mentioned.)

Markedly improved liver function,
enhanced survival rates, and
inhibited liver cell apoptosis

Lu Chen [29]
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mRNA subsets, microvesicles derived from human liver
stem cells promote the hepatic regeneration of residual he-
patocytes in a hepatectomy model. The adhesion molecules
and mRNAs of exosomes contribute to this effect [39].
MSC-derived microvesicles might ameliorate acute tubular
injury through the horizontal transfer of mRNA to activate
proliferation [40]. MSC-derived EVs could produce energy
to support cell survival and convey proteins and RNA to
promote angiogenesis and suppress apoptosis [41].
In addition, EVs could regulate target cells through

ligand-to-receptor binding. Through binding membrane
receptors present mostly on immune cells [42], EVs could
modulate the immune response. In conjunction with the
ligands for death receptors, EVs could regulate cell death
[43]. Both endothelial and tumor cells have been reported
to secrete Dll4. Dll4 is a type I transmembrane protein
that exerts its function through membrane bound. Endo-
thelial cells can secrete EV-associated Dll4 to alter Notch
signaling, which might induce angiogenesis and increase
vessel density [44]. The blockade of Dll4 leads to the in-
duction of non-productive angiogenesis [45]. Therefore,
we infer that Dll4, which we identified in our previous
work [6], might be incorporated into exosomes by MSCs
to exert effects in liver regeneration.
In conclusion, MSC-derived EVs could inhibit the storm

of inflammatory factors, suppress apoptosis, promote
angiogenesis, provide energy support, promote hepatocyte
proliferation, and contribute to biliary restoration to re-
verse liver failure via cargo transfer and membrane bound
[41]. MSC-derived EVs have shown striking therapeutic
benefits against liver failure and may be an alternative to
MSC therapy. However, the exact mechanism responsible
for this activity requires further exploration.

Conclusions
Our understanding of the role of MSCs in liver failure
has continued to develop. Currently, we believe that
MSCs can promote liver regeneration by engrafting into
damaged liver tissue and transdifferentiating into hepa-
tocytes and by secreting trophic and immunomodulatory
factors and EVs (Additional file 1: Figure S1). All these
processes may exert effects, but their extent and timing
are different. Transdifferentiation might mainly work in
the later stage because it takes time for MSCs to transdif-
ferentiate into hepatocytes. Hepatocytes derived from
MSCs may have certain compensatory effects in liver fail-
ure. It takes approximately 21 days for MSCs to differenti-
ate into hepatocyte-like cells in vitro [4, 7]. The secreted
trophic and immunomodulatory factors and EVs can func-
tion as soon as MSCs are transplanted. They inhibit hep-
atocyte apoptosis, reverse liver fibrosis, support
hepatocyte function, promote angiogenesis, promote hep-
atocyte proliferation, contribute to biliary restoration, and
reduce inflammatory injury by promptly restraining life-

threatening cytokine storms and immunocyte infiltration.
Therefore, we infer that MSC-derived factors and EVs pri-
marily work in acute liver failure and that transdifferentia-
tion, EVs, and factors all play therapeutic roles in chronic
liver failure. Especially, MSC-derived EVs could exert thera-
peutic effects independent of whole cells and are promising
as a cell-free modality for liver failure treatment.
In liver failure, MSCs are transplanted into unfavorable

environments through intravenous, intrahepatic, or intras-
plenic methods. MSCs may have difficulty adapting to new
environments and may therefore die, transdifferentiate into
unwanted myofibroblasts, exert fibrogenic effects, or even
undergo malignant transformation [18]. MSCs are not
guaranteed to migrate to the injured liver tissue, receive the
appropriate signal stimulation to transdifferentiate into he-
patocytes, or secrete the most effective factors—although
some MSCs may, many may not. Receiving the appropriate
stimulatory signal appears to be associated with the time
point and route of MSC transplantation [18]; thus, the opti-
mal route, timing, dose, source, and duration should be de-
termined in subsequent experiments, including clinical
trials with a long-term follow-up. In addition, promoting
the cell growth of pre-existing tumors through MSC injec-
tion remains to be clarified.
Using MSC-derived EVs as a surrogate for MSC therap-

ies entails several advantages. EVs are easier to produce in
advance, more stable in storage and transportation, and
more convenient to control in terms of the quality and
quantity. EVs are likely to be less immunogenic, less
tumourigenic, and less likely to carry infections such as
cytomegalovirus and herpes simplex virus [23]. They are
ideal for conveying encapsulated drugs or molecules,
which are protected from various degradative enzymes or
chemicals in the bloodstream. In particular, EVs could
deliver cargoes that operate with stability and integrity
into the recipient cell. Previous results in pig models have
indicated that intra-portal administration of MSCs was
superior to peripheral vein transfusion. This finding might
be because many MSCs administered through the periph-
eral vein were entrapped in the lung [7]. EVs are small ves-
icles that may bypass the lung when they are administered
through the peripheral vein.
Although two clinical studies associated with MSC-

derived EVs have been conducted [32, 34], a series of
issues regarding their standardization, large scale pro-
duction, quality control, optimal dosing, biodistribution,
and safety should be addressed before they come into
clinical use in liver failure. Using EVs for clinical treat-
ment requires large quantities of EVs, so increasing the
production and simplifying production process are ne-
cessary. Preconditioning or genetic modification of
MSCs could be utilized to increase the production and
quality of EVs. Modifying EVs could also be explored.
Intracellular calcium levels, external stress, and
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cytoskeletal fixation are being explored to remove this
obstacle [24]. In addition, MSC-derived EVs might con-
tribute to the growth and aggressiveness of tumors [46].
There are several subtypes of EVs, and we should iden-
tify and purify EVs by eliminating those vesicles or mole-
cules that might be harmful to the body. Furthermore,
we could use engineering techniques to knock out harm-
ful molecules, produce and enrich effective molecules in
MSC-derived EVs, and deliver those EVs accurately to
recipient cells to treat liver failure.

Additional file

Additional file 1: Figure S1. Transdifferentiation and paracrine effects
of MSCs in liver failure. MSCs could migrate to the damaged tissue,
transdifferentiate into hepatocytes, and replace the damaged cells.
Furthermore, MSCs could exert trophic and immunomodulatory effects
by secreting cytokines and EVs. EVs function through cell surface
membranes and cargoes transfer by fusion with the plasma membrane
or endocytosis. These EVs contain various molecules, including RNA, DNA,
lipids, and proteins. (JPG 168 kb)

Abbreviations
BMSC: Bone marrow-derived mesenchymal stem cell; D-gal: D-galactosamine;
Dll4: Delta-like ligand 4; EV: Extracellular vesicle; MSC: mesenchymal stem cell;
MVB: Multi-vesicular body; UCMSC: umbilical cord mesenchymal stem cell.

Acknowledgements
Not applicable.

Funding
This work was supported by The National Key Research and Development
Program of China (2016YFC1101304, 2016YFC1101303), Projects of
International Cooperation and Exchanges of National Natural Science
Foundation of China (51120135001), and the opening foundation of the
State Key Laboratory for Diagnosis and Treatment of Infectious Diseases and
Collaborative Innovation Center for Diagnosis and Treatment of Infectious
Diseases, The First Affiliated Hospital, Zhejiang University, grant NO.2015KF04.

Availability of data and materials
Not applicable.

Authors’ contributions
JW: conception and design, manuscript writing. PC: manuscript writing
and revision. JC: figure drawing. LF: table making. JL: help with manuscript
finalization. HC: contributed to overall design. LL: conception and design,
financial support, administrative support, and final approval of manuscript.
All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

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

References
1. Christ B, Bruckner S, Winkler S. The therapeutic promise of mesenchymal

stem cells for liver restoration. Trends Mol Med. 2015;21(11):673–86.
2. Trounson A, McDonald C. Stem cell therapies in clinical trials: progress and

challenges. Cell Stem Cell. 2015;17(1):11–22.
3. Caplan Arnold I, Correa D. The MSC: an injury drugstore. Cell Stem Cell.

2011;9(1):11–5.
4. Li J, Zhang L, Xin J, Jiang L, Li J, Zhang T, Jin L, Li J, Zhou P, Hao S, et al.

Immediate intraportal transplantation of human bone marrow
mesenchymal stem cells prevents death from fulminant hepatic failure in
pigs. Hepatology. 2012;56(3):1044–52.

5. Kuo TK, Hung SP, Chuang CH, Chen CT, Shih YR, Fang SC, Yang VW, Lee OK.
Stem cell therapy for liver disease: parameters governing the success of
using bone marrow mesenchymal stem cells. Gastroenterology. 2008;134(7):
2111–21. 2121 e2111-2113.

6. Shi D, Zhang J, Zhou Q, Xin J, Jiang J, Jiang L, Wu T, Li J, Ding W, Li J et al:
Quantitative evaluation of human bone mesenchymal stem cells rescuing
fulminant hepatic failure in pigs. Gut. 2016;66(5):955-64.

7. Cao H, Yang J, Yu J, Pan Q, Li J, Zhou P, Li Y, Pan X, Li J, Wang Y, et al.
Therapeutic potential of transplanted placental mesenchymal stem cells in
treating Chinese miniature pigs with acute liver failure. BMC Med. 2012;10:56.

8. Shi M, Zhang Z, Xu R, Lin H, Fu J, Zou Z, Zhang A, Shi J, Chen L, Lv S, et al.
Human mesenchymal stem cell transfusion is safe and improves liver
function in acute-on-chronic liver failure patients. Stem Cells Transl Med.
2012;1(10):725–31.

9. El-Ansary M, Abdel-Aziz I, Mogawer S, Abdel-Hamid S, Hammam O, Teaema
S, Wahdan M. Phase II trial: undifferentiated versus differentiated autologous
mesenchymal stem cells transplantation in Egyptian patients with HCV
induced liver cirrhosis. Stem Cell Rev. 2012;8(3):972–81.

10. Leibacher J, Henschler R. Biodistribution, migration and homing of systemically
applied mesenchymal stem/stromal cells. Curr Stem Cell Res Ther. 2016;7:7.

11. Lee KD, Kuo TK, Whang-Peng J, Chung YF, Lin CT, Chou SH, Chen JR, Chen
YP, Lee OK. In vitro hepatic differentiation of human mesenchymal stem
cells. Hepatology. 2004;40(6):1275–84.

12. Singer NG, Caplan AI. Mesenchymal stem cells: mechanisms of
inflammation. Annu Rev Pathol. 2011;6(1):457–78.

13. Yu J, Cao H, Yang J, Pan Q, Ma J, Li J, Li Y, Li J, Wang Y, Li L. In vivo hepatic
differentiation of mesenchymal stem cells from human umbilical cord blood
after transplantation into mice with liver injury. Biochem Biophys Res
Commun. 2012;422(4):539–45.

14. Mou XZ, Lin J, Chen JY, Li YF, Wu XX, Xiang BY, Li CY, Ma JM, Xiang C.
Menstrual blood-derived mesenchymal stem cells differentiate into
functional hepatocyte-like cells. J Zhejiang Univ Sci B. 2013;14(11):961–72.

15. Fiorotto R, Raizner A, Morell CM, Torsello B, Scirpo R, Fabris L, Spirli C,
Strazzabosco M. Notch signaling regulates tubular morphogenesis during
repair from biliary damage in mice. J Hepatol. 2013;59(1):124–30.

16. Chamberlain J, Yamagami T, Colletti E, Theise ND, Desai J, Frias A, Pixley J,
Zanjani ED, Porada CD, Almeida-Porada GA. Efficient generation of human
hepatocytes by the intrahepatic delivery of clonal human mesenchymal
stem cells in fetal sheep. Hepatology. 2007;46(6):1935–45.

17. Dai L-J, Li HY, Guan L-X, Ritchie G, Zhou JX. The therapeutic potential of
bone marrow-derived mesenchymal stem cells on hepatic cirrhosis. Stem
Cell Res. 2009;2(1):16–25.

18. Volarevic V, Nurkovic J, Arsenijevic N, Stojkovic M. Concise review: Therapeutic
potential of mesenchymal stem cells for the treatment of acute liver failure
and cirrhosis. Stem Cells. 2014;32(11):2818–23.

19. 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.

20. Alm JJ, Qian H, Blanc KL. Clinical Grade Production of Mesenchymal Stromal
Cells[M]// Tissue Engineering. 2014:427-69.

21. Volarevic V, Arsenijevic N, Lukic ML, Stojkovic M. Concise review:
Mesenchymal stem cell treatment of the complications of diabetes mellitus.
Stem Cells. 2011;29(1):5–10.

22. Goolaerts A, Pellan-Randrianarison N, Larghero J, Vanneaux V, Uzunhan Y,
Gille T, Dard N, Planes C, Matthay MA, Clerici C. Conditioned media from
mesenchymal stromal cells restore sodium transport and preserve epithelial

Wang et al. Stem Cell Research & Therapy  (2017) 8:137 Page 5 of 6

dx.doi.org/10.1186/s13287-017-0576-4


permeability in an in vitro model of acute alveolar injury. Am J Physiol Lung
Cell Mol Physiol. 2014;306(11):L975–985.

23. Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal stem cell-derived
extracellular vesicles: toward cell-free therapeutic applications. Mol Ther.
2015;23(5):812–23.

24. Ingato D, Lee JU, Sim SJ, Kwon YJ. Good things come in small packages:
Overcoming challenges to harness extracellular vesicles for therapeutic
delivery. J Control Release. 2016;241:174–85.

25. Lotvall J, Hill AF, Hochberg F, Buzas EI, Di Vizio D, Gardiner C, Gho YS,
Kurochkin IV, Mathivanan S, Quesenberry P, et al. Minimal experimental
requirements for definition of extracellular vesicles and their functions: a
position statement from the International Society for Extracellular Vesicles.
J Extracellular Vesicles. 2014;3:26913.

26. Tan CY, Lai RC, Wong W, Dan YY, Lim SK, Ho HK. Mesenchymal stem cell-
derived exosomes promote hepatic regeneration in drug-induced liver
injury models. Stem Cell Res Ther. 2014;5(3):76.

27. Li T, Yan Y, Wang B, Qian H, Zhang X, Shen L, Wang M, Zhou Y, Zhu
W, Li W, et al. Exosomes derived from human umbilical cord
mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev.
2013;22(6):845–54.

28. Yan Y, Jiang W, Tan Y, Zou S, Zhang H, Mao F, Gong A, Qian H, Xu W.
hucMSC Exosome-derived GPX1 is required for the recovery of hepatic
oxidant injury. Mol Ther. 2017;25(2):465–79.

29. Chen L, Xiang B, Wang X, Xiang C. Exosomes derived from human menstrual
blood-derived stem cells alleviate fulminant hepatic failure. Stem Cell Res Ther.
2017;8(1):9.

30. Robbins PD, Morelli AE. Regulation of immune responses by extracellular
vesicles. Nat Rev Immunol. 2014;14(3):195–208.

31. Zhang B, Yin Y, Lai RC, Tan SS, Choo AB, Lim SK. Mesenchymal stem cells
secrete immunologically active exosomes. Stem Cells Dev. 2014;23(11):
1233–44.

32. Kordelas L, Rebmann V, Ludwig AK, Radtke S, Ruesing J, Doeppner TR, Epple M,
Horn PA, Beelen DW, Giebel B. MSC-derived exosomes: a novel tool to treat
therapy-refractory graft-versus-host disease. Leukemia. 2014;28(4):970–3.

33. Kilpinen L, Impola U, Sankkila L, Ritamo I, Aatonen M, Kilpinen S, Tuimala J,
Valmu L, Levijoki J, Finckenberg P, et al: Extracellular membrane vesicles
from umbilical cord blood-derived MSC protect against ischemic acute
kidney injury, a feature that is lost after inflammatory conditioning. J
Extracellular Vesicles. 2013:2. doi:10.3402/jev.v2i0.21927.

34. Favaro E, Carpanetto A, Lamorte S, Fusco A, Caorsi C, Deregibus MC, Bruno
S, Amoroso A, Giovarelli M, Porta M, et al. Human mesenchymal stem cell-
derived microvesicles modulate T cell response to islet antigen glutamic
acid decarboxylase in patients with type 1 diabetes. Diabetologia. 2014;
57(8):1664–73.

35. Ferguson SW, Nguyen J. Exosomes as therapeutics: the implications of
molecular composition and exosomal heterogeneity. J Control Release.
2016;228:179–90.

36. Pitt JM, Kroemer G, Zitvogel L. Extracellular vesicles: masters of intercellular
communication and potential clinical interventions. J Clin Invest. 2016;
126(4):1139–43.

37. Lai RC, Yeo RW, Tan KH, Lim SK. Mesenchymal stem cell exosome
ameliorates reperfusion injury through proteomic complementation. Regen
Med. 2013;8(2):197–209.

38. Yanez-Mo M, Siljander PR, Andreu Z, Zavec AB, Borras FE, Buzas EI, Buzas K,
Casal E, Cappello F, Carvalho J, et al. Biological properties of extracellular
vesicles and their physiological functions. J Extracellular Vesicles. 2015;4:27066.

39. Herrera MB, Fonsato V, Gatti S, Deregibus MC, Sordi A, Cantarella D,
Calogero R, Bussolati B, Tetta C, Camussi G. Human liver stem cell-derived
microvesicles accelerate hepatic regeneration in hepatectomized rats. J Cell
Mol Med. 2010;14(6B):1605–18.

40. Bruno S, Grange C, Deregibus MC, Calogero RA, Saviozzi S, Collino F,
Morando L, Busca A, Falda M, Bussolati B, et al. Mesenchymal stem cell-
derived microvesicles protect against acute tubular injury. J Am Soc
Nephrol. 2009;20(5):1053–67.

41. Heldring N, Mäger I, Wood MJA, Le Blanc K, Andaloussi SEL. Therapeutic
potential of multipotent mesenchymal stromal cells and their extracellular
vesicles. Hum Gene Ther. 2015;26(8):506–17.

42. Macario AJ, Cappello F, Zummo G, Conway de Macario E. Chaperonopathies
of senescence and the scrambling of interactions between the chaperoning
and the immune systems. Ann N Y Acad Sci. 2010;1197:85–93.

43. Lugini L, Cecchetti S, Huber V, Luciani F, Macchia G, Spadaro F, Paris L,
Abalsamo L, Colone M, Molinari A, et al. Immune surveillance properties of
human NK cell-derived exosomes. J Immunol. 2012;189(6):2833–42.

44. Sheldon H, Heikamp E, Turley H, Dragovic R, Thomas P, Oon CE, Leek R,
Edelmann M, Kessler B, Sainson RC, et al. New mechanism for Notch
signaling to endothelium at a distance by Delta-like 4 incorporation into
exosomes. Blood. 2010;116(13):2385–94.

45. Noguera-Troise I, Daly C, Papadopoulos NJ, Coetzee S, Boland P, Gale
NW, Lin HC, Yancopoulos GD, Thurston G. Blockade of Dll4 inhibits
tumour growth by promoting non-productive angiogenesis. Nature.
2006;444(7122):1032–7.

46. Zou X, Zhang G, Cheng Z, Yin D, Du T, Ju G, Miao S, Liu G, Lu M, Zhu Y.
Microvesicles derived from human Wharton's Jelly mesenchymal stromal
cells ameliorate renal ischemia-reperfusion injury in rats by suppressing
CX3CL1. Stem Cell Res Ther. 2014;5(2):40.

Wang et al. Stem Cell Research & Therapy  (2017) 8:137 Page 6 of 6

http://dx.doi.org/10.3402/jev.v2i0.21927

	Abstract
	Background
	Transdifferentiation of MSCs into hepatocytes
	Paracrine trophic and immunomodulatory factors
	Extracellular vesicles

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

