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Macrophages are re-educated and polarized in response to
myocardial infarction (MI). The M2 anti-inflammatory phenotype
is a known dominator of late stage MI. Mesenchymal stem
cells (MSCs) represent a promising tool for cell therapy, parti-
cularly heart related diseases. In general, MSCs induce altera-
tion of the macrophage subtype from M1 to M2, both in vitro
and in vivo. We conjectured that hypoxic conditions can pro-
mote secretome productivity of MSCs. Hypoxia induces TGF-1
expression, and TGF1 mediates M2 macrophage polariza-
tion for anti-inflammation and angiogenesis in infarcted areas.
We hypothesized that macrophages undergo advanced M2
polarization after exposure to MSCs in hypoxia. Treatment of
MSCs derived hypoxic conditioned medium (hypo-CM) pro-
moted M2 phenotype and neovascularization through the
TGF-B1/Smad3 pathway. In addition, hypo-CM derived from
MSCs improved restoration of ischemic heart, such as attenuating
cell apoptosis and fibrosis, and ameliorating microvessel density.
Based on our results, we propose a new therapeutic method
for effective MI treatment using regulation of macrophage pola-
rization. [BMB Reports 2020; 53(11): 600-604]

INTRODUCTION

Despite current advances in pharmacological and biomedical
techniques, myocardial infarction (MI) remains a major cause
of morbidity and mortality worldwide (1, 2). In infarcted regions,
insufficient oxygen supply results in inflammatory responses
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and necrosis of cardiac cells (3, 4). Following MI, macrophages
are identified as the key components that control innate immunity
and tissue homeostasis (5, 6). They are heterogeneous and plastic
cells which polarize into pro-inflammatory and classically
activated (M1) or anti-inflammatory and alternatively activated
(M2) subtypes in the post-MI physiological and pathological
environment (5, 7-9). Lipoproteins, cytokines, chemokines of acti-
vated neighboring cells, cell debris and microbial products are
known to affect macrophage reprogramming (9, 10). Especially,
M2 activation is induced by the transforming growth factor
(TGF)-B1, indoleamine 2,3-dioxygenase (IDO), prostaglandin
E2 (PGE2), interleukin (IL)-4 and IL-13. (4, 9, 11). In response
to MI, macrophages regulate multiple aspects of the injured
area including inflammation, scar formation and angiogenesis
(12). Previous studies report that M1 macrophages undergo
conversion to M2 in the post-MI inflammation stage (10, 13).

Mesenchymal stem cells (MSCs) provide immunosuppressive
effects that have great potential in providing treatment for
immunological and inflammatory disorders (14). MSCs have
anti-inflammatory properties that affect the bone marrow-
derived macrophage (BMDM) infiltration and regulation of their
activated state (15). Recent studies indicate that MSCs instruct
the reprogramming of macrophages into alternative phenotypes,
thereby producing immunoregulatory factors such as 1DO,
IL-10, or TGF-B1 (16, 17). Conditioned medium (CM) derived
from MSCs contains various bioactive molecules including cyto-
kines, growth factors and RNA fragments, which play a promi-
nent role in MSC-mediated therapies (14, 16). These therapeutic
developments of MSCs have engaged the attention of researchers
for investigating suitable applications for optimizing environ-
mental factors which enhance the bioactive action of MSCs
(18). One of the factors, O, concentration affects various MSC
properties including cell proliferation, plasticity and engraftment,
and immunomodulatory ability (18). Hypoxia affects alterations
in the gene expression, secretion of paracrine factors of MSCs
(19, 20).

Given the significantly therapeutic properties of M2 macro-
phages and MSCs in MI, the current study demonstrates the
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effects of CM derived from MSCs under hypoxic culture condi-
tion, on the polarization and function of BMDMs. We investi-
gated how hypoxic CM (hypo-CM) derived from MSCs regulates
the M2 polarization, and affects the cardioprotective effects.

RESULTS

Expression of hypoxia related molecules induced under
hypoxic conditions in MSCs

In the process for rescuing infarcted regions, MSCs secrete
various paracrine factors that facilitate macrophage transition.
We analyzed secretomes from MSCs for macrophage polarization
(Fig. 1A). Macrophage polarization toward alternative phenotype
was induced by PGE2, TNF-stimulated gene 6 protein (TSG-6),
IDO, TGF-B1 from MSCs. Conversely, transition from naive to
the classical phenotype was advanced by TNF-a and IL-17
from MSCs. Hypoxia is determined to have an effect on the
therapeutic effects of stem cells (21). MSCs treated under hypoxic
condition is reported to generate extensive secretion of diverse
cytokines and growth factors (22, 23). Assuming that hypoxia
promotes paracrine products derived from MSCs, we examined
alterations in the expression of secretomes in MSCs treated
under hypoxic condition (Fig. 1B, C). As expected, mRNA expres-
sion of hypoxia inducible factor (HIF)-1a,, a transcription factor
that accumulates under low-oxygen conditions, was detected
in MSCs exposed to hypoxia. Increase of mRNA and protein
expression of TGF-1, a factor related to immunosuppressive
response and M2 polarization, was also detected in hypoxic
MSCs. Our results indicate that a low oxygen environment
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significantly increases the expression level of TGF-B1, subsequent
to inducement of HIF-1a expression.

Enhancement of M2 macrophage polarization after exposure
to hypoxic conditioned medium derived from MSCs

TGF-B1 induces the transition of non-activated macrophages
into an alternatively activated phenotype (24, 25). We investigated
whether hypo-CM derived from MSCs affects the progress of
BMDMs for specialization toward the M2 subtype. BMDMs
were divided into 5 groups cultured in different media. Morpho-
logical alterations verified that BMDMs exposed to IL-4 were
more elongated, in comparison with the lipopolysaccharides
(LPS) and interferon (IFN)-y exposed group. Treatment with LPS
and IFN-y stimulated the M1 macrophage, while treatment
with IL-4 resulted in a transition to the M2 macrophage (25).
BMDMs treated with the hypo-CM derived from MSCs had
similar morphology as the 1L-4 exposed group rather than LPS
and IFN-y group. Quantitative analysis of polarized BMDMs
are presented in Fig. 2A. To detect polarized macrophages, we
selected CD86 antibody as an M1 marker, and CD71 antibody
as an M2 marker. FITC-CD71 signals were detected in 5.85%
control cells, 3.98% cells exposed to nor-CM derived from
MSCs, and 13.2% cells exposed to hypo-CM derived from
MSCs (Fig. 2B). Taken together, these data indicate that the hypo-
CM derived from MSCs has capability to increase M2 polarization.
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Fig. 3. Activation of Smad pathway in polarized M2 macrophages
by hypo-CM derived from MSGCs. (A) The expression levels of p-Smad3/
Smad3 and p-STAT6/STAT6 were assessed in polarized macrophages.
Relative expression of p-Smad3 was increased in the hypo-CM derived
from MSCs treated group. (B) Formation of branchial and tubular
structures of HUVECs co-cultured with macrophages treated under
different conditions. Treatment of hypo-CM derived from MSCs pro-
motes the angiogenic capacity of polarized macrophages in vitro.
Control, BMDMs treated with 10% FBS medium; Nor, BMDMs treated
with SF medium; Hypo, hypoxia, BMDMs treated with hypo-CM
derived from MSCs. All groups were cultured at 37°C in a humidi-
fied atmosphere containing 5% CO,. Each experiment was repeated
three times. Columns, mean; bars, SE. **P <0.01 and *P <0.05, and
"p < 0.001.
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Activation of TGF-B1/Smad3 signaling pathway and
neovascularization of polarized macrophages by hypoxic
conditioned medium derived from MSCs

Polarization of M2 macrophages is achieved through several
signaling pathways, including TGF-B1/Smad3, IL-4/STAT6, and
IL-10/STAT3 (26). In the present study, we examined whether
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Fig. 4. Hypo-CM derived from MSCs improved ischemic heart. (A)
TUNEL-positive myocardial cells were significantly reduced in group
treated with hypo-CM derived from MSCs, as compared to sham
group (scale bar = 100 pm, magnification: 200x). (B) Fibrotic area
confirmed by Masson’s trichrome staining was significantly decreased
in treatment group of hypo-CM derived from MSCs (scale bar = 2
mm). (C) Quantitative analysis was performed to ascertain positive
microvessel density. Stained cells were significantly increased in
group exposed to hypo-CM derived from MSCs, as compared to
control group (scale bar = 200 pm, magnification: 200x). Each experi-
ment was repeated five times. Columns, mean; bars, SE. *P < 0.001,
*¥*p < 0.01.

TGF-B1/Smad3 pathway is related to M2 polarization after
exposure to hypo-CM derived from MSCs. The results show that
expression level of p-Smad3 was higher in the group exposed
to hypo-CM derived from MSCs, than normoxic CM (nor-CM)
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derived from MSCs. However, p-STAT6 was detected only in
the IL-4 treated group. This indicates that hypo-CM derived
from MSCs promotes M2 polarization through the TGF-B1/
Smad3 pathway (Fig. 3A). To confirm the angiogenesis capacity
of polarized macrophages induced by hypo-CM derived from
MSCs, human umbilical vein endothelial cells (HUVECs) were
co-cultured with BMDMs exposed to different CM. The results
indicate that BMDMSs cultured with hypo-CM derived from
MSCs enhances branchial and tubular structure formation, as
compared to nor-CM derived from MSCs (Fig. 3B). Taken to-
gether, these results indicate that hypo-CM derived from MSCs
promotes M2 polarization and neovascularization by inducing
the TGF-$1/Smad3 signaling pathway.

Recovery of ischemic heart by MSCs exposed to hypoxia in
vivo

Based on our in vitro data, we anticipated that hypoxia encourages
therapeutic effects of hypo-CM derived from MSCs through
activation of M2 polarization in infarcted regions. Analysis of
apoptotic cell death in infarcted heart was identified by the
TUNEL assay. Normal cells were stained green and TUNEL-positive
cells were stained brown. We observed that TUNEL-positive
myocardial cells were significantly reduced in the hypo-CM
derived from MSCs, as compared to control group (Fig. 4A).
Masson’s trichrome staining was performed for determining
area of cardiac fibrosis, where fibrotic tissue stains purple.
Fibrosis was significantly decreased in the hypo-CM derived
from MSCs, and remained noticeably unchanged in the
nor-CM derived from MSCs (Fig. 4B). We next measured the
microvessel density. Quantitative analysis of stained brown
CD31-positive cells showed significant increase in hypo-CM
derived from MSCs as compared to the control group (Fig. 4C).

DISCUSSION

Post-Ml, the continuous deterioration in infarcted regions require
supplementary therapeutic methods. It has previously been
reported that macrophage polarization plays a significant role in
cardiac remodeling, overcoming clinical challenges in the
progression of Ml (24, 27). In response to Ml, monocytes in BM
and spleen proceed to the infarcted heart and infiltrate the
ischemic area (4, 28). These cells are heterogeneous, and are
polarized to M1 and M2 subtypes for providing cardioprotective
functions (4, 24). In the mice model, M1 macrophages are
predominant at 1-3 days after MI, whereas M2 macrophages are
the major component at 5-7 days after Ml (28). We focused on
the M2 phenotype as a therapeutic target for post-MI rebuilding
and restoration. Our study aimed to promote polarization of the M2
macrophages which result in decreased cardiac cell apoptosis
and fibrosis, and increased microvessel construction (29).
Numerous studies in stem cell research have focused on the
repair and remodeling of the infarcted LV post-MI (30). Recent
studies of stem cell therapy present cooperative work with
macrophage polarization. MSCs are a promising source of stem
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cells for application to cardiac disease treatments, and have
supported the salutary effects of M2 macrophages for resolution
of inflammation during healing in ischemic region (30). Transplanta-
tion of MSCs increases the number of M2 macrophages after
MI (31). Hence, we endeavored to propose a way to enhance
the therapeutic effect of MSCs. Hypoxic conditions induce
TGF-B1 production from MSCs (32). We considered that hypoxia
would promote the various potentials of MSCs, including
regulation of immune modulatory properties associated with
macrophages. Moreover, TGF-31/Smad3 signaling in macrophages
is known for regulating restoration and remodeling in the infarcted
myocardium (33).

In the current study, we hypothesized that MSCs exposed to
hypoxia would accelerate BMDM polarization to the M2 pheno-
type. We observed that hypoxia affects the expression levels of
TGF-B1 and HIF-1aw in MSCs. HIF-1a leads to TGF-B1 expression
through regulation of TGF-B1 promoter activity in hypoxic
condition (34). We further demonstrated the effects of hypo-
CM derived from MSCs to switch the BM-derived macrophages
phenotype, increasing the frequency of alternatively activated
anti-inflammatory macrophages. Macrophage-specific TGF-B1/
Smad3 signaling pathway are activated at the site of injury
(33). Our results indicate that TGF-B1/Smad3 signaling pathway
is the probable mechanism for M2 macrophage polarization,
thereby establishing the mechanism of M2 polarization TGF-31/
Smad3 signaling pathway. Treatment of hypo-CM derived from
MSCs also encouraged M2 macrophage polarization through
increase of p-Smad3/Smad3 expression. Neovascularization is
one of the healing processes that presents after Ml. Macrophages
treated with hypo-CM derived from MSCs increase the forma-
tion of tubular and branch-like forms in vitro, thereby ascertaining
that hypo-CM derived from MSCs promotes macrophage polari-
zation to M2 subtype through TGF-B1/Smad3 signaling pathway
by increasing the neovascularization process. In addition, we
demonstrated that MSCs treated with hypoxia improves states
of ischemic stroke, by reducing apoptotic cells and fibrosis,
and increasing neovascularization in the infarcted area. When
macrophages are exposed to MSCs treated with hypoxic condition,
they can alleviate cardiac fibrosis and apoptosis, and reinforce
microvessel density after Ml injury.

Hypoxia exerts a synergistic potential which increases the
therapeutic effects of MSCs by increasing BMDM polarization
toward M2 phenotype. After careful deliberation of our data,
we propose that this approach provides a new advanced stem
cell therapy for treatment of acute infarcted heart.

MATERIALS AND METHODS

See supplementary information for Materials and Methods.
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