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    Abstract     Mesenchymal stem cells (MSCs) are a group of heterogeneous non- 
hematopoietic cells with self-renewal and multi-lineage differentiation potential, 
and have been widely used for cell-based therapies. While the mechanisms for the 
benefi cial effects of MSCs on tissue repair and regeneration are complex and not 
fully understood, paracrine signaling is believed to be at least partially responsible 
for their therapeutic benefi ts. MSCs express and secret a large number of paracrine 
factors with a wide spectrum of biological functions including cell proliferation, 
differentiation, migration, anti-apoptosis, metabolism, immunomodulation, anti- 
infl ammation, angiogenesis, and tissue remodeling. The regulation on the expres-
sion and production of the paracrine factors and related signaling molecules in 
MSCs are complex, and involves a variety of signaling pathways including Akt, 
STAT-3, p38 MAPK, and TNF receptors. The paracrine function of MSCs is closely 
associated with the species, age, and gender of the sources, and environmental fac-
tors like hypoxia, as well as the presence of stimuli such as tumor necrosis factor. 
Some disease conditions especially diabetes mellitus have signifi cant impact on 
paracrine signaling of MSCs. Signifi cant challenges remain on understanding how 
paracrine mechanisms work on the target tissues of MSCs, and how to design a 
therapeutic regimen with different paracrine factors to achieve an optimal outcome 
for tissue protection and regeneration.  
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        Introduction 

 Cell therapy with stem cells remains a viable and attractive option for tissue repair 
and regeneration after injuries including myocardial infarction, stroke, and wound 
healing [ 21 ,  33 ,  52 ]. Mesenchymal stem cells (MSCs) are a group of heteroge-
neous non-hematopoietic cells that were fi rst identifi ed and isolated from the bone 
marrow in 1960s by Friedenstein and colleagues, and exhibit proliferative and 
self-renewal potential, and are able to differentiate into multilineage cell types of 
endodermal, ectodermal, and mesodermal origins including (but not limited to) 
osteocytes, chondrocytes, endothelial cells, adipocytes, myocytes, cardiomyo-
cytes, neuron, and hepatocytes [ 36 ]. Over the past two decades, a number of cell 
populations with similar characteristics and multilineage differentiation potential 
have been successfully identifi ed and characterized in many other adult and fetal 
tissues in addition to bone marrow, including (but not limited to) skin, dental pulp, 
adipose tissue, synovium, muscle, tonsil, brain, lung tissue, kidney, umbilical 
cord blood, peripheral blood, and placenta [ 38 ,  52 ]. MSC has been used to 
describe almost all the progenitor cells with multipotent differentiation potentials 
from these parenchymal nonhematopoietic tissues. Although there are currently 
no unique markers to exclusively identify and characterize MSCs or their sub-
population phenotypically, these cells are expected to express at least the stromal 
markers CD73 and CD105 without expression of the hematopoietic markers 
CD14, CD34, and CD45 based on the minimal criteria established by the 
International Society of Cellular Therapy on the nomenclature and defi nition of 
the adult tissue-derived undifferentiated progenitor cells with extended prolifera-
tive capability and multilineage differentiation potential [ 5 ,  12 ,  36 ]. 

 Bone marrow-derived mesenchymal stem cells (BM-MSCs) are an attractive 
and ideal source for cell-based therapy due to the fact that these cells can be 
easily obtained without ethical concerns, and conveniently expanded ex vivo to 
clinical scales in a relatively short period of time with minimal loss of potency, 
and have little (if any) inherent immunogenicity for any adverse immune reac-
tions (even in the setting of xenogeneic transplantation of MSCs) because of 
their immunosuppressive and/or immunomodulatory properties [ 4 ,  7 ,  36 ]. 
Therefore, in this focused review our efforts will be mainly directed to discuss 
the benefi cial effects of cell therapy with BM-MSCs and the mechanism(s) 
especially the role of paracrine signaling.  

    Transplantation of MSCs Provides Promising Therapeutic 
Potential for Tissue Repair and Regeneration 

 BM-MSCs are considered to be the most utilized and extensively explored stem cell 
population for both pre-clinical studies and clinical trials on cell-based therapies 
due to their unique properties as highlighted above (easily isolated and amplifi ed 
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from the bone marrow, immunologically well tolerated, and their multilineage 
potential). Pre-clinical animal investigations have shown that transplantation of 
MSCs provides signifi cant benefi cial effects in the treatment of a variety of clinical 
conditions with signifi cant restoration of tissue structures and improvement in organ 
function including (but not limited to) liver and kidney dysfunction, myocardial 
infarction, central nervous system disorders, osteoarthritis, autoimmune and infl am-
matory/degenerative disorders, and cutaneous wound repair [ 1 ,  19 ,  45 ,  55 ]. Clinical 
studies have demonstrated that administration of MSCs (both locally and systemati-
cally) in human subjects appeared to be safe, and exhibited promising therapeutic 
effects for a wide range of disease states like (but not limited to) myocardial infarc-
tion, ischemic and non-ischemic cardiomyopathy, ischemic stroke, spinal cord 
injury, liver diseases, ischemic intestinal diseases, and autoimmune and infl amma-
tory disorders [ 1 ,  8 ,  21 ,  36 ,  55 ]. Obviously, it is beyond the scope of this review to 
detail all the clinical studies on every individual medical condition using MSCs.  

    Mechanisms for the Therapeutic Effects of MSCs 

 It is clear that application of MSCs contributes to the repair and regeneration of 
damaged tissues with enhanced function and provides signifi cant therapeutic bene-
fi ts on a variety of disease conditions. However, it is much less clear on the primary 
mode(s) of action of these cells on achieving their benefi cial effects on tissue repair. 
Initially, it is believed that transplanted MSCs home to the damaged areas, differen-
tiate into the cells specifi c to the tissue and organ system, thus contributing to tissue 
repair and regeneration. Indeed, it is observed that the transplanted MSCs integrated 
into the damaged sites in a variety of tissues where they transform into the cells with 
the cell markers specifi c to the cell populations in a individual tissue and organ like 
hepatocytes in the liver, epithelial cells of the esophagus and small intestine, kerati-
nocytes, and endothelial cells [ 16 ,  19 ,  42 ], supporting the idea that these cells are 
capable of homing to and integrating into the damaged tissues and directly contrib-
uting to their reconstruction and function recovery. There is no question that a direct 
engraftment and differentiation into the tissue specifi c cells and their supporting 
cells with transplanted MSCs represents an important mechanism for tissue repair 
and regeneration for some tissues like liver and lung. 

 MSCs have been shown to display a broad range of important immunomodula-
tory properties and attenuate tissue damages due to excessive infl ammation in the 
early phase of injuries. These include suppression of T cell and B cell proliferation 
and terminal differentiation, modulating dendritic cell maturation and activities, and 
functional modulation of other cells critical to immune responses like natural killer 
cells and macrophages [ 40 ,  55 ]. The immuno-privileged and immuno-regulatory 
capabilities as well as anti-infl ammatory properties of MSCs certainly contribute 
(at least partially) to their therapeutic benefi ts on repair and regeneration not only in 
autologous but also allogeneic recipients through modifi cation of the local environ-
ment of damaged sites and argumentation of the survival and functional recovery of 
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local resident cells with enhanced proliferation, migration, and differentiation, as 
well as decreased adverse infl ammatory and immune reactions and cell apoptosis. 
This may be the primary mode of action of MSCs on the treatment of immune 
diseases such as graft-versus-host disease, rheumatoid arthritis, experimental auto-
immune encephalomyelitis, sepsis, acute pancreatitis and multiple sclerosis. Although 
the exact mechanisms for the unusual immunomodulatory and anti-infl ammatory 
effects of MSCs are far from fully understood, they are considered to be mediated 
through direct cell-cell interactions and/or secreting various immune-related solu-
ble factors or cytokines such as interleukin 6 (IL-6), IL-10, IL-1 β, transforming 
growth factor-β (TGF-β), interferon-γ (INF- γ), and granulocyte-macrophage 
colony- stimulating factor (GM-CSF) [ 24 ,  36 ,  40 ,  55 ].  

    Paracrine Mechanisms as a Major Mode of Action 
for the Therapeutic Effects of MSCs 

 Recent studies have showed that less than 1% of systemically administered MSCs 
are still present for longer than a week in any organ system including lung, heart, 
kidney, liver, spleen, and gut following injection [ 6 ,  22 ,  23 ,  36 ,  39 ]. However, clini-
cally, the benefi cial effects are observed much longer than a week in patients who 
have ischemic heart diseases and receive transplantation of MSCs [ 46 ,  53 ]. It is 
observed that the differentiation of transplanted MSCs into cardiomyocytes is very 
ineffi cient. In some studies, when injected into the myocardium after infarction, 
MSCs are able to reduce the scar formation, improve angiogenesis, and preserve 
myocardial function without direct involvement of MSC engraftment into the car-
diac compartment (either cardiomyocytes or supporting cells) [ 20 ,  37 ,  46 ,  53 ]. 
When administered to treat animals with acute renal failure, MSCs can prevent 
apoptosis and promote the proliferation of renal-tubule epithelial cells in a 
differentiation- independent manner [ 43 ,  44 ]. Cell-free products from human MSCs 
are reported to effectively enhance wound healing [ 32 ]. These observations suggest 
that paracrine factors and related signaling are a major mechanism responsible 
(at least partially) for the benefi cial effects of MSCs on tissue repair and regenera-
tion and alteration of disease pathophysiology.  

    Secretion of Paracrine Factors in MSCs 

 It is well known that MSCs express and produce a wide spectrum of biologically 
active growth factors and cytokines including, but not limited to, fi broblast growth 
factor (FGF), IL-1 and 6, TGF-β, and VEGF, are expressed, produced, and released 
from MSCs [ 31 ,  34 ]. As early as 1996, it was observed that MSCs isolated from 
human bone marrow constitutively expressed and released G-CSF, SCF, LIF, 
M-CSF, IL-6, and IL-11 into the in vitro culture medium. These cytokines were 
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reported to be involved in the regulation of the differentiation of cells derived from 
the bone marrow stroma through receptors that were linked to gp130-associated 
signal transduction pathways [ 10 ]. Since then, a long list of biologically active 
substances (and yet the list is still growing rapidly) such as (but not limited to) 
VEGF, FGF, MCP-1, HGF, IGF-I, SDF-1, TGF-β, nerve growth factor (NGF), and 
thrombopoietin have been identifi ed to be expressed and secreted from MSCs 
derived from bone marrow and a variety of other sources. It has been observed that 
the conditioned medium from hypoxic MSCs overexpressing Akt gene (Akt-
MSCs) markedly inhibits hypoxia-induced apoptosis and triggers vigorous sponta-
neous contraction of adult rat cardiomyocytes in vitro. Intramyocardial injection of 
the hypoxic conditioned medium from Akt-MSCs has been shown to signifi cantly 
reduce the infarct size and improves ventricular function to the same extent as the 
Akt-MSCs in an acute myocardial infarction rodent model [ 9 ], confi rming that 
paracrine actions exerted by the cells through the release of soluble factors are 
indeed important mechanisms for tissue repair and functional improvement after 
transplantation of the Akt-MSCs. Accumulating data have demonstrated that the 
growth factors and cytokines from MSCs exert their benefi cial effects on the target 
cells in their vicinity to facilitate tissue repair and regeneration, including (not 
limited to) immune response modifi cation, anti-apoptosis, cell survival, metabolism, 
proliferation, and differentiation, hematopoiesis, myogenesis, angiogenesis, collateral 
development, remodeling, neuroprotection, renal protection, hair growth, and wound 
healing [ 8 ,  19 ,  20 ,  24 ,  31 ]. Table  1  summarizes some of the major paracrine factors 
from MSCs and their actions on cell protection, tissue repair and regeneration. The 
actions of many other paracrine factors released from MSCs remain to be identifi ed 
and characterized.

   Table 1    Summary of the major paracrine factors from MSCs and their actions on cell protection, 
tissue repair and regeneration   

 Paracrine factors  Actions 

 VEGF, HGF, STC-1, SFRP-2, SDF-1, TGF-β  Cell survival 
 IGF-1, bFGF, TB-4 
 VEGF, bFGF, IL-1, TNF-α, PDGF-BB, Ang-1, Ang-2  Angiogenesis 
 FGF-2, TGF-β, SDF-1, IGF-1, PIGF, MCP, HGF 
 VEGF, FGF-2, HGF, IGF-I, TB4  Anti-apoptosis 
 VEGF, HGF, IGF-I, TNF-α, TGF-β, G-CSF, SCF, LIF  Cell differentiation 
 M-CSF, IL-6, IL-11, Activin A 
 BDNF, NGF, neuregulin-1, BNP, IL-6, FGF-2, 

GDNF VEGF, HGF, FGF-20 
 Neuroprotection and regeneration 

 IL-1, IL-10, TB-4, MMP-2, MMP-9, MCP-1, TSP-1  Tissue remodeling 
 TGF-β, TIMP-1, TIMP-2, TIMP-9, HGF, NGF, ErbB-2 
 VEGF, bFGF, FGF-2, HGF, TB-4, IGFBP-7  Cell contractility 
 IL-6, IL-10, IL-1β, TGF-β, INF- γ, GM-CSF, PGE-2, IDO  Immunomodulatory effects 
 HGF, TNF-α, activin A 
 VEGF, endothelin, Smad-4, Smad-5, glypican-3, FGF-16  Cell proliferation and migration 
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       Possible Signaling Pathways Involved in the Secretion 
of Paracrine Factors in MSCs 

    Role of Akt Signaling in the Expression of Paracrine Factors 

 Since MSCs are a mixture of heterogeneous cell populations, and produce a large 
number of paracrine factors, it may be diffi cult to investigate the mechanism(s) 
responsible for the production of individual factors. However, a few signaling path-
ways have been shown to be critically involved in the expression and production of 
paracrine factors from MSCs. It has been reported that the expression of VEGF, 
FGF-2, HGF, IGF-I, and TB4 that are potential mediators of the effects exerted by 
the Akt-MSC conditioned medium, are signifi cantly up-regulated in the Akt-MSCs 
especially in response to hypoxia, demonstrating that Akt signaling is important to 
the regulation on the expression of these factors in MSCs [ 9 ].  

    STAT-3 Signaling Is Important in the Expression 
of VEGF and TGF-β1 in MSCs 

 MSCs produce a signifi cant amount of VEGF and TGF-β1 both at basal level 
and in response to stimuli. The regulation of VEGF expression or production is 
complex and involves many factors such as hypoxia. It is observed that mouse 
MSCs release VEGF under normoxia in association with constitutive STAT-3 
activity. STAT3 defi ciency in STAT-3 knockout mice resulted in a signifi cantly 
decreased production of VEGF from MSCs. In response to hypoxia or TNF, 
MSCs produced signifi cantly more VEGF in association with activated p38 
MAPK and STAT-3. In addition, STAT-3 ablation neutralized hypoxia-induced 
release of VEGF from MSCs. Inhibition of p38 MAPK signaling alone has no 
effect on the release of VEGF from MSCs in normal mice [ 50 ]. 

 Multipotent adult progenitor cells (MAPCs) are purifi ed homogeneous MSCs from 
bone marrow, and are potent source of VEGF and TGF-β1. When the JAK2/STAT-3 
signaling pathway in rat MAPCs is blocked with the selective JAK2 phosphorylation 
inhibitor AG490, VEGF gene expression and protein production are signifi cantly sup-
pressed in the cells [ 25 ]. These observations strongly suggest that VEGF expression in 
MSCs is mediated via JAK2/STAT3 signaling pathway. However, some studies sug-
gest that TGF-α stimulated production of VEGF in human MSCs is mediated via 
MEK- and PI3-K- but not ERK- or JNK-dependent mechanisms [ 48 ]. Very likely, 
there are different pathways involved in the production of VEGF from MSCs in differ-
ent species (murine vs human). STAT3 signaling is also critically involved in the regu-
lation of TGF-β1 expression in rat MAPCs. A detectable level of TGF-β1 is expressed 
in rat MAPCs in culture system. Treatment of the cells with the specifi c STAT3 phos-
phorylation inhibitor AG490 signifi cantly blocked STAT3 (Tyr705) phosphorylation, 
and increased TGF-β1 expression without change in ERK1/2 phosphorylation [ 26 ].  
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    Activation of p38 MAPK Signaling Is Involved in the Expression 
of Paracrine Factors in MSCs 

 Studies using human MSCs and human adipose progenitor cells demonstrate the 
secretion of VEGF, HGF, and IGF-I in these cells is signifi cantly increased by stim-
ulation with TNF and is associated with increased activation of p38 mitogen- 
activated protein kinase (MAPK). Inhibition of p38 MAPK signaling with selective 
p38 MAPK inhibitor signifi cantly decreased the TNF-stimulated production of 
VEGF, HGF, and IGF-I in these cells. However, p38 MAPK inhibitor alone had no 
effect on production of these growth factors without TNF stimulation. These data 
suggest that TNF enhances the production of paracrine factors in MSCs through a 
p38 MAPK-dependent mechanism [ 47 ]. Inactivation of p38 MAPK signaling is 
also reported to reduce the expression and production of IL-6, IL-8 and CXCL-1 in 
MSCs, and decrease wound healing [ 54 ], indicating that MSCs promote wound 
healing through releasing paracrine factors via activation of p38 MAPK signaling.  

    Role of TNF Receptor-Mediated Mechanism in the Expression 
of Paracrine Factors in MSCs 

 Using TNF receptor type 1 (TNFR1) or type 2 (TNFR2) ablation model, it is observed 
that when MSCs are stimulated with TNF, LPS, or hypoxia for 24 hours, the produc-
tion of TNF and IGF-1 is decreased in the cells from both knockouts (KOs) as com-
pared with the cells from normal animals. On the other hand, IL-6 secretion is 
increased in the MSCs from both knockouts over the wild-type cells following TNF 
stimulation, but is signifi cantly decreased with exposure to LPS. Hypoxia enhances 
the level of IL-6 in the cells from TNFR1 KO animals, but not in TNFR2 KO cells. 
TNF stimulation leads to a decreased production of VEGF in TNFR2KO cells, 
whereas no change in VEGF secretion is observed in TNFR1 KO cells. However, 
TNFR1 ablation resulted in a decrease in VEGF production in the cells following 
LPS stimulation with no change in TNFR2 KO cells. With hypoxia, VEGF expres-
sion is increased in the TNFR1 KO cells over the normal cells, whereas no difference 
is present in TNFR2KO cells [ 29 ]. These data suggest that TNF receptors and related 
signaling cascades play a complex role in the regulation on the expression and pro-
duction of paracrine factors in MSCs in response to different stimuli. 

 It is also reported that TGF-α promotes the expression of HGF in human MSCs. 
TGF-α-stimulated production of HGF is effectively prevented by inhibition of 
MEK, p38, PI-3K signaling, or targeting TNF receptor 2 (TNFR2) using small 
interfering RNA (siRNA), but not by targeting TNF receptor 1 (TNFR1). However, 
inhibition of TNFR1 signifi cantly increases basal level of HGF in MSCs. Further 
investigation indicates that there is a complex interactions between TNF receptors 
and TGF-α/EGF receptor in the regulation of HGF production in human MSCs via 
activation of MEK, p38, and PI-3K signaling [ 49 ].   
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    Important Factors Associated with the Paracrine 
Function in MSCs 

 Paracrine mechanisms for the therapeutic effects of MSCs are very complex, and 
involve a large number of growth factors and cytokines and related receptors and 
signaling molecules with a broad range of biological functions. It is important to 
identify the factors that are critically involved in the regulation on the expression 
and production of these paracrine factors in MSCs to achieve an optimal therapeutic 
outcome. In the present focused review, the role of species, age, sex, and environ-
mental factors like hypoxia in the expression of paracrine factors is briefl y 
discussed. 

    Different Paracrine Factors Are Produced in MSCs 
from Different Species 

 Recently, the profi les of paracrine factors from swine and human bone marrow 
MSCs are characterized and compared in culture system under normoxic or hypoxic 
conditions [ 34 ]. It is shown that the cell markers of swine MSCs are comparable to 
those of human MSCs with minor differences phenotypically. The majority of para-
crine factors including VEGF and Endothelin in the conditioned medium released 
from swine MSCs are similar to those from human MSCs under normoxic condi-
tions. However, substantial differences in the levels for a number of growth factors 
and signaling molecules in the conditioned media exist between the two MSCs. 
Noticeably, a signifi cant amount of FGF-16, frizzled-6, Galectin-3, IL-1 alpha, 
IL-17E, and Smad-5 are present in the conditioned medium of swine MSCs, while 
not much in the one of human MSCs. On the other hand, high level of TIMP-1 is 
detected in the conditioned medium of human MSCs, but not in the one of swine 
MSCs. When the cells are cultured under hypoxic conditions, only small changes in 
the paracrine factor profi le is observed in the conditioned medium of swine MSCs 
compared with that under normoxic conditions, while signifi cant changes occur in 
the paracrine factor profi le in the medium of human MSCs. These data suggest that 
MSCs from different species express and produce different type and / or levels of 
paracrine factors, and respond differently to the environmental stimulation.  

    Age Plays an Important Role in the Expression 
of Paracrine Factors in MSCs 

 It is well known that the populations of bone marrow MSCs (BMSCs) are closely 
related to the age of the animal with higher level of MSCs in the younger ones. 
Although neonatal and adult BMSCs have similar pluripotent potentials and cell 
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surface markers, neonatal bone marrow MSCs (nBMSCs) proliferate faster, and 
therefore, could be expanded more rapidly than adult bone marrow MSCs (aBM-
SCs) [ 30 ]. It is also reported that MSCs from older hosts are associated with telo-
mere shortening and dysfunction, and a reduced capacity to maintain functional 
hematopoietic stem cells [ 15 ]. MSCs from animals with different ago have been 
shown to produce different levels of paracrine factors. When compared with aBM-
SCs, nBMSCs produce lower levels of IL-6 and VEGF, but higher levels of IGF-1 
under basal conditions, and after stimulation with TNF. However, there are no dif-
ferences in LPS-induced production of IL-6, VEGF, or IGF-1 between nBMSCs 
and adult cells. The difference in cytokine and growth factor production in nBM-
SCs is considered to be related to p38 and ERK signaling [ 30 ]. In a separate study, 
it is observed that inhibition of NFkB and IKK leads to a signifi cant decrease in 
VEGF secretion in aBMSCs, but not in nBMSCs [ 35 ]. Higher expression of angio-
genic growth factors (including HIF-1α, HO-1, VEGF, and FGF-2) is observed in 
the MSCs from young rats (8–12 weeks old) under anoxia as compared to the cells 
from old rats (24–26 months) [ 14 ]. Clearly, there is a signifi cant difference in the 
expression and production of paracrine factors between neonatal and adult BMSCs.  

    Gender Is an Important Determinant in the Production 
of Paracrine Factors in MSCs 

 A recent study showed that treatment with MSCs from female donors is associated 
with greater cardiac protection against acute endotoxemic injury in rats compared 
with treatment with the cells from male animals [ 28 ]. Animal data have shown that 
MSCs from normal male mice produce signifi cantly greater levels of TNF and IL-6 
and signifi cantly less amount of VEGF in response to LPS stimulation and hypoxia 
than the cells from female animals. A substantial change in the release of TNF, IL-6 
and VEGF is observed in MSCs from male TNFR1 knockout mice compared with 
the cells from the male WT animals, but is not different from female WT MSCs. On 
the other hand, there is no signifi cant difference in the production of TNF and IL-6 
between female WT MSCs and female TNFR1KO MSCs [ 2 ,  3 ]. Apparently, gender 
differences exist in the therapeutic effects of MSCs and their paracrine function.  

    Role of Environmental Factors and Disease States 
in the Expression of Paracrine Factors in MSCs 

 Although bone marrow is a very hypoxic environment, bone marrow MSCs are 
very resistant to hypoxic culture condition, survive and function well in hypoxic 
environment with or without serum [ 27 ,  41 ]. As discussed in this chapter, MSCs 
produce and secrete a great variety of cytokines and growth factors with a wide 
spectrum of biological functions that are considered to be largely responsible for 
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the benefi cial actions when MSCs are used for tissue repair and regeneration. It is 
well documented that hypoxia signifi cantly changes the profi le of paracrine factors 
expressed and produced from MSCs. The changes in paracrine factors in response 
to hypoxia are highly variable and complex with some factors up-regulated, some 
ones down- regulated, and yet, some factors unchanged [ 34 ,  41 ]. For example, 
VEGF and TIMP-2 expression is usually up-regulated in bone marrow MSCs from 
rat, dog, and human under hypoxic condition, while LRP-6 and activin A expres-
sion is down-regulated, and no changes in the expression of a number of paracrine 
factors like (but not limited to) endothelin, frizzled-5, IL-7, IL-27, MMP-16, 
NCAM-1, and Smad5 in MSCs from both dog and human [ 34 ]. There are signifi -
cant differences in the changes on the expression of some paracrine factors in 
MSCs from different species in response to hypoxia. It is reported that hypoxia 
leads to an increased expression of osteoprotegerin, TIMP-2, and IGFBP-7 in 
human MSCs, while a decrease in their expression in swine MSCs [ 34 ]. 

 Some important disease states like hypercholesterolemia and diabetes mellitus 
(DM) may have signifi cant impact on the paracrine function of MSCs. Indeed, bone 
marrow-derived progenitor cells from patients with hypercholesterolemia and/or 
DM exhibit a substantially reduced capacity for neovascularization and decreased 
paracrine secretion of proangiogenic factors [ 11 ,  18 ]. Recently, it is demonstrated 
that high glucose culture substantially suppresses VEGF expression in rat MAPCs 
through inhibition of JAK2/STAT3 signaling [ 25 ], and increases TGF-β1 expression 
in these cells via ERK1/2-induced inhibition of STAT3 signaling [ 26 ]. It has also 
been reported that the levels of IGF-1, FGF-2 and Akt pro-survival factors are sig-
nifi cantly decreased in MSCs from type 1 diabetic mice [ 17 ]. The protein levels of 
HIF-1α, VEGF-A, and PDGF-B are shown to be signifi cantly reduced in the condi-
tioned media of mouse MSCs in the presence of high glucose in a dose-dependent 
manner in association with increased production of intracellular superoxide levels 
[ 13 ]. However, it is shown that high glucose concentration has no effect on the pro-
duction of VEGF, HGF, or FGF2 from human MSCs at baseline and when treated 
with TNF-alpha, LPS, or hypoxia [ 51 ]. These apparent different results clearly 
implicate that the effect of high glucose on VEGF expression and production is 
dependent on specifi c cell type and/or species.   

    Conclusion and Future Directions 

 There is no question that paracrine factors and related signaling molecules represent 
an important mechanism for the benefi cial effects of MSCs on tissue repair and 
regeneration. It is known that a great number of growth factors and cytokines (the 
numbers are still rapidly growing) with a broad spectrum of biological functions are 
expressed and produced in MSCs under different conditions and with different stim-
uli. A detailed knowledge on how these paracrine molecules mediate the complex 
protective and regenerative effects of MSCs is of great value to improve their func-
tion, viability, homing, retention and integration in the target tissues. Understanding 

Y. Xiao et al.



43

the regulatory mechanisms for the expression and secretion of the paracrine 
function in MSCs is equally important, allowing engineering the cells for their 
optimal survival and function. New and more sensitive methods and technology are 
needed to detect, identify, and characterize new molecules from MSCs that are in 
small quantity and / or unstable in nature, and yet with powerful therapeutic poten-
tial on tissue repair and regeneration. Signifi cant challenges remain on how to 
design an ideal therapeutic regimen with different paracrine factors to achieve an 
optimal outcome for tissue protection and regeneration.     
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