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were still detectable on the epicardium of LV wall 28 days
after implantation (Fig. 6B).

DISCUSSION

Impairment of diastolic function and late remodeling
are concerns after LVR for ischemic cardiomyopathy (5-7).
Dor et al. (6) have reported the late redilatation of LV after
LVR in their clinical experiences, and Nishina et al. (16)
have developed a rat model that reproduces this clinical
situation, in which model an infracted area of the LV ante-
rior wall was simply plicated. Although LV configuration
and function improved after the operation, LV chamber
gradually redilated and LV function decreased, and the initial
improvement almost disappeared in 4 weeks.

Using this same model, we implanted the skeletal MS
concomitantly with LVR to investigate the ability of MS to
overcome the drawbacks of the LVR. In this study, MS im-
plantation attenuated the LV redilatation and decrease in EF
after LVR. It was also shown by echocardiographic study and
pressure-volume loop analysis that MS attenuated the im-
pairment of diastolic function after LVR. Histological ex-
amination revealed that MS induced the angiogenesis in the
myocardium where they were applied, and decreased the
degree of myocardial fibrosis. MS controlled the gene ex-
pression that may regulate the myocardial fibrosis (TGF-,
Smad2, and RECK), and suppressed myocardial fibrosis. The
number of viable myoblasts implanted on the LV wall con-
comitantly with LVR decreased with time, but they were
still detectable on the LV wall 28 days after implantation.
The surviving cells detected on the LV wall 28 days after
transplantation were only 13% of those detected on the day
of transplantation. However, to enhance the survivability
and effectiveness of implanted cells, we have developed new
additional therapy such as transfection of the gene for he-
patocyte growth factor (HGF) (17) or omentum flap (18)
combined with cell transplantation, and reported the effica-
cies of these additional therapies in the previous studies.

The mechanism of recovery of cardiac function by
autologous MS are considered as combination of restoration
of the LV wall by the MS, that is “girdling effect,” and bio-
logical effects of the cytokines such as stromal-derived factor
1 (SDF-1), HGF, and vascular endothelial growth factor
(VEGF) paracrined from sheet-shaped autologous myo-
blasts, that is “paracrine effect.” SDF-1 is known to mobi-
lize and recruit stem cells and leads to neovascularization
(19, 20) and is secreted in skeletal muscle tissue (21). HGF is
an angiogenic and antifibrotic factor (22), and VEGF is also a
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potent angiogenic factor (23). In the previous reports with
animal models, we have demonstrated that the gene expres-
sions of SDF-1, HGF, and VEGF were significantly higher in
the hearts treated with MS than in hearts treated with myo-
blasts injection or with medium injection (11, 14, 24). As
results of those enhanced gene expression, the hearts treated
with MS showed higher number of hematopoietic stem cells
in the treated area (11), greater vascularity (11, 12, 14), de-
creased cardiac fibrosis (11-14, 24), decreased apoptotic cells
(13), and increased proliferative cells (13). Moreover, those
effects were enhanced as the number of transplanted MS in-
creased (14). Sekiya et al. (14) reported that the effect of the
MS was maximally enhanced when it was implanted on the
impaired myocardium in five layers, compared with three or
one layer. Based on these data and experiences in our own
laboratory, we chose the skeletal myoblasts as donor of cell
sheets in this study, and decided the cell number and the
layer number of the MS. In this study, we reconfirmed that
angiogenesis was induced and fibrosis was suppressed by
MS. It is considered that the angiogenesis enhanced the
myocardial microcirculation and improved the myocardial
ischemia, and resulted in attenuation of myocardial fibrosis
and late remodeling. Instead of the well-known key factors
secreted by MS such as SDF-1, HGF, and VEGF, we inves-
tigated the other signals that are known to control the degree
of tissue fibrosis such as TGF-B, Smad, and RECK. TGF-f is
a known profibrotic cytokine that has been demonstrated
to induce cardiac fibrosis (25). The effect of TGF-B in the
heart is primarily mediated though Smad2 phosphorylation
(26). The TGF-B-Smad pathway seems to be involved in the
activation of collagen-gene promoter sites, increasing DNA
translation of collagen I. In this study, it was clearly proved
that MS suppress the TGF-B-Smad pathway leading to the
attenuation of cardiac fibrosis. RECK is known to be one
of the inhibitors of metalloproteinases (27) and believed to
be an important regulator of cardiac extracellular matrix.
Although in this study we could not evaluate the matrix
metalloproteinase (MMP) and tissue inhibitors of metallo-
proteinase activity, MS may activate the MMP acting through
the suppression of RECK, leading to the reduction of fi-
brosis. It was shown for the first time that MS suppressed
the degree of myocardial fibrosis by regulating those signals.
The mechanisms by which MS regulate those signals remain
to be investigated.

We also revealed that LV wall thickness was main-
tained and LV dilatation was attenuated by MS after LVR.
From Laplace’s law, this might have led to decrease in
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LV wall stress and attenuation of the myocardial cellular
hypertrophy.

In our previous study, we reported that MS increased
elastin in the myocardium where the MS were implanted,
and this might have contributed to the improvement in di-
astolic function (14). In this study, all the data acquired from
echocardiography (mitral E/A ratio), catheter study (LVEDP, T,
and EDPVR), and histological study (fibrosis) revealed im-
provement of diastolic function by the MS.

One of the unique points of this study, compared with
the previous studies with skeletal MS, was that the MS were
applied to the viable area of the myocardium in this study.
One of the most important mechanisms of the myocardial
improvements by MS is considered paracrine effect of cyto-
kines secreted from the skeletal myoblast. From this point
of view, it is anticipated that the greater the number of the
viable cells in the area of myocardium where the MS is at-
tached, the greater the effect of the MS. This study is different
from the previous studies in the point that the impaired
myocardium was excluded by surgical LVR and the skeletal
MS were attached to the remaining viable area of the myo-
cardium. In the preliminary experiment of this study, we have
also included the “MS only group” in the study groups. As
reported in the previous studies, MS showed a certain effects
and prevented the deterioration of the heart function com-
pared with sham group. However, the comparisons between
the group LVR+MS and “MS only group” were complicated
because the conditions of the myocardium in which the MS
were applied were different, so we excluded this group from
the final design of this study.

Using the rat LVR model, other additional treatments
such as administration of angiotensin-converting enzyme
inhibitor (28), chymase inhibitor (29), or transplantation
of fetal cardiomyocyte by needle injection (30) were reported
to prevent the late remodeling after LVR in some extent.
Not like the single medical treatments mentioned above,
MS implantation affects on cardiac function by integrated
pathway of angiogenesis, antifibrosis, mechanical unloading
of the LV wall stress, and possibly other unknown mechan-
isms. MS implantation is supposed to be more effective than
single medical treatment. As a cell delivery method, it is
known that direct intramyocardial injection has several dis-
advantages, including cell loss caused by leakage of injected
cells from the myocardium, poor survival of the grafted cells,
myocardial damage after mechanical injury by the needle,
and subsequent acute inflammation. MS implantation is a
useful method to overcome these disadvantages, and we have
reported the superiority of the myocardial sheets implanta-
tion to needle injection (11-13).

This study has some limitations. In this rat model, the
area of myocardial infarction is not identical in all the rats
2 weeks after ligating the coronary artery, and thus the size
of the LV and the degree of impairment of diastolic func-
tion are not identical in all the rats after LVR. Second, the
surgery for excluding the infarction was carried out by im-
brication stitches, and this is different from the actual pro-
cedure in the clinical setting, excision and re-sculpting of
the left ventricle as described by Dor et al. (6). Additionally,
we chose rats with large akinetic area as a myocardial in-
farction model and aggressively plicated this area to repro-
duce “the failing situation” after LVR. This situation may
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not be directly applied to clinical settings. However, we
consider that the effectiveness of MS to attenuate impair-
ment of diastolic function and late remodeling after LVR
was shown by this model. We also recognize some limita-
tions in our study with regard to the analysis of the mech-
anisms in which the MS reduce the cardiac fibrosis. Although
we have demonstrated the enhanced gene expression of
smad and RECK, further study is needed to analyze the level of
gene expression of collagens, MMPs, and tissue inhibitors
of metalloproteinases to show the activation of Smad2 and
RECK protein.

In conclusion, skeletal MS implantation attenuated the
impairment of diastolic function and the late remodeling
after LVR in rat myocardial infarction model. It is suggested
that MS implantation may improve the long-term outcome
of LVR for ischemic heart disease.

MATERIALS AND METHODS

Animal Care

All experimental procedures and protocols used in this investigation
were reviewed and approved by the institutional animal care and use
comimittee and are in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publication No. 85-23,
Revised 1996).

Isolation of Myoblasts and Construction of MS

Myoblasts were isolated from the skeletal muscle of the anterior
tibialis from 3-week-old male Lewis rats and cultured as previously described
(11-14). They were dissociated from the culture dishes with trypsin-
ethylenediaminetetraacetic acid and reincubated on 35-mm temperature-
responsive culture dishes (UpCell, Cellseed, Tokyo, Japan) at 37°C, with cell
number adjusted to 3.0x10° per dish. More than 70% of these cells were
actin-positive and 40% to 50% were desmin-positive (14). After 24 hr, the
dishes were incubated at 20°C for 30 min. During that time, the MS de-
tached spontaneously to generate free-floating, monolayer cell sheets. After
detachment, the area of the sheets decreased to 1.00£0.05 cm?, while the
thickness increased to 100£10.0 pm (I4). For the immunostaining of the
engrafted MS, myoblasts were isolated from GFP transgenic Lewis rats and
made into cell sheets in the same way as described earlier.

Mpyocardial Infarction Model

Eight-week-old male Lewis rats were used (220-250 g; Seac Yoshi-
tomi Ltd. Fukuoka, Japan). The rats were anesthetized with ketamine
(90 mg/kg) and Xylazine (10 mg/kg), and myocardial infarction was induced
by ligation of LAD under mechanical ventilation. Two weeks after the li-
gation, baseline cardiac functions were measured by echocardiography,
and rats that fulfill the following criteria were selected for further experi-
ment: large akinetic or dyskinetic area in the anterior wall of the LV, LVDd
9.0£1.0 mm, and LVEF 35%%5%. For the quantitative study of the engrafted
cell fate, 8-week-old female Lewis rats were used and myocardial infarction
model was made in the same way as described earlier.

Experimental Groups

Male rats were randomized into three groups: 15 rats underwent
only rethoracotomy (group sham), 15 underwent LVR (group LVR), and
15 underwent LVR, which was immediately followed by MS implantation
group LVR+MS). In group LVR and group LVR+MS, LVR was per-
formed as follows: three to four mattress stitches with 7-0 polypropylene
sutures were placed just onto the border line between infarcted and intact
myocardium, and the infarcted myocardium was excluded (16). In group
LVR+MS, five layers of MS were attached directly to the intact myocar-
dium without sutures subsequently to LVR. After detachment from the
temperature-responsive dish, each sheet was picked up individually and ap-
plied to the surface of the heart. After 3 to 5 min, subsequent sheets
were applied and a total of five layers of MS were implanted. All the
female rats underwent implantation of MS made from male rats con-
comitantly with LVR for the engrafted cell fate analysis. Additionally,
three rats underwent implantation of the MS made from GFP positive
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myoblasts after LVR in the same way as group LVR+MS for immunos-
taining of implanted MS.

Echocardiography

LV functions of all the treated rats were monitored by echocardi-
ography at baseline (2 weeks after LAD ligation), 3 days, 1 week, 2 weeks, and
4 weeks after the second operation. Echocardiography was performed with a
SONOS 5500 (Agilent Technologies, Palo Alto, CA) using a 12-MHz an-
nular array transducer under anesthesia with inhalation of isoflurane. The
hearts were imaged in short-axis 2D views at the level of the papillary
muscles, and the LVDs and LVDd were determined. LVEF was calculated by
Pombo’s method, as EF (%)={(LVDd>—LVDs*)/LVDd’}x100. All the
echocardiographic studies were performed by a single investigator who was
blinded to the treatment groups and the results were agreed by all the other
investigators.

Hemodynamic Study and Data Analysis

Four weeks after the second operation, after the last echocardio-
graphic study, all the rats were ventilated again. Re-re-thoracotomy was
performed and the LV apex was dissected carefully to minimize hemor-
rhaging. A silk thread was placed under the inferior vena cava just above the
diaphragm to change the LV preload. After a purse string suture was at-
tached to the LV apex with 7-0 polypropylene, the conductance catheter
(Unique Medical Co., Tokyo, Japan) was inserted through the LV apex
toward the aortic valve along the longitudinal axis of the LV cavity and then
fixed. A Miller 1.4 Fr pressure-tip catheter {SPR-719, Millar Instruments,
Houston, TX) was also inserted from the LV apex and fixed. The conduc-
tance system and the pressure transducer controller (Integral 3 [VPR-1002],
Unique Medical Co.) were set as previously reported (31). The pressure-
volume loops and intracardiac electrocardiogram were monitored online,
and the conductance, pressure, and intracardiac electrocardiographic signals
were analyzed with Integral version 3 software (Unique Medical Co.) (31).
Under stable hemodynamic conditions, the baseline indices were initially
measured and then the pressure-volume loop was drawn during the inferior
vena cava occlusion and analyzed.

The following indices were calculated as the baseline LV function:
heart rate, ESP, EDP, and 7. ESP volume relationship and EDPVR were
determined by pressure-volume loop analysis as load-independent measures
of the LV function. All the catheter studies were performed by a single
investigator who was blinded to the treatment groups and the results were
agreed by all the other investigators.

Histological Study

After all measurements were finished, the rats were killed for histo-
logical study. In eight rats from each group, LV myocardial specimens were
obtained and fixed with 10% buffered formalin and embedded in paraffin.
Hematoxylin-eosin staining was performed for the measurement of the
ventricular wall thickness. The thickness of the ventricular wall was mea-
sured at two points from the LV posterior area and two points from the
interventricular septum, and results were expressed as the average of the four
points. Picrosirius red staining was performed to detect myocardial fibrosis.
Myocardial fibrosis was expressed as percent fibrosis, the fraction of red-
stained area in total myocardium, with results obtained from 10 fields per
section per animal from LV lateral and posterior wall. Also periodic acid-
Schiff staining was performed to examine the degree of cardiomyocyte hy-
pertrophy. Myocyte size was determined by point-to-point perpendicular
lines drawn across the cross-sectional area of the cell at the level of the
nucleus. The results were expressed as the average diameter of 40 myocytes
randomly selected from the LV lateral and posterior wall. To label vascular
endothelial cells, so that blood vessels could be counted, immunohisto-
chemical staining for factor VIII-related antigen was performed according to a
modified protocol. We used EPOS-conjugated antibody to factor VIII-
related antigen coupled with HRP (Dako EPOS Anti-Human von Will-
ebrand Factor/HRP, Dako) as primary antibody. The stained vascular
endothelial cells were counted under a light microscope. Results were
expressed as the number of blood vessels/mm®.

Measurement Probrotic Agent Gene
Expression 4 Weeks After LVR and MS
Implantation

In the remaining seven rats from each group, the myocardium from
the LV lateral wall, the area where MS were applied in group LVR+MS,
were also stored in RNAlater solution (QIAGEN, Hilden, Germany). Total
RNA was extracted with the RNeasy mini kit (QIAGEN), and relative levels
of RNA transcripts were measured by the real-time quantitative reverse

Transplantation * Volume 93, Number 11, June 15, 2012

transcription polymerase chain reaction technique using the ABI PRISM
7700 Sequence Detection System. The measurement of the mRNA ex-
pression of TGF-B, Smad2, and RECK was performed in triplicate. The
results are expressed after normalization for glyceraldehydes-phosphate
dehydrogenase.

Quantitative and Histological Evaluation of
Engrafted Cell Survival

Intact hearts from female Lewis rats were collected, freed of the right
ventricular free wall, and transplanted with MS made from known numbers
(3.0x10%, 3.0x10°, 3.0x10%, 3.0x10%, 3.0x10° or 3.0x107, n=3 each) of
male Lewis rats myoblast. Samples were homogenized and analyzed for the
levels of sry and #l2, which are Y chromosome-specific and gender consensus
genes, respectively. An estimate of the fraction of donor cells was calculated
as 2X sry/il2x 100, and standard curves were constructed to determine the
myoblast number from the percentage of male cells (15). The amount of
donor myoblasts was measured on the day of MS implantation (n=5), 7 days
(n=6), and 28 days (n=>5) after implantation. Genomic DNA was prepared
using an Allprep kit (Qiagen). Quantitative polymerase chain reaction of sry
and iI2 was performed with 1.2 pg of DNA using Tagman universal poly-
merase chain reaction master mix (Applied Biosystems) according to the
manufacturer’s instructions and an ABI PRISM7700 sequence detection
system (Applied Biosystems).

To evaluate the surviving engrafted cell histologically, five layers of
MS made from myoblasts of GFP transgenic Lewis rats were implanted on
the LV of Lewis rats. They were killed 28 days after the surgery.

Data Analysis

All data were expressed as the mean*standard error of mean and
subjected to analysis of variance (ANOVA). Time-course data were first
analyzed by using repeated-measurements two-way ANOVA, and the other
pumeric data were analyzed by using one-way ANOVA. If significance was
found, posthoc comparisons were performed. Findings were considered
significant at P less than 0.05.
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Abstract

pheochromocytoma cell line (PC12).

Background: Adipose tissues contain populations of pluripotent mesenchymal stem cells that also secrete various
cytokines and growth factors to support repair of damaged tissues. In this study, we examined the role of oxidative
stress on human adipose-derived multilineage progenitor cells (hADMPCs) in neurite outgrowth in cells of the rat

Results: We found that glutathione depletion in hADMPCs, caused by treatment with buthionine sulfoximine (BSO),
resulted in the promotion of neurite outgrowth in PC12 cells through upregulation of bone morphogenetic protein
2 (BMP2) and fibroblast growth factor 2 (FGF2) transcription in, and secretion from, hADMPCs. Addition of N-
acetylcysteine, a precursor of the intracellular antioxidant glutathione, suppressed the BSO-mediated upregulation
of BMP2 and FGF2. Moreover, BSO treatment caused phosphorylation of p38 MAPK in hADMPCs. Inhibition of p38
MAPK was sufficient to suppress BMP2 and FGF2 expression, while this expression was significantly upregulated by
overexpression of a constitutively active form of MKK6, which is an upstream molecule from p38 MAPK.

Conclusions: Our results clearly suggest that glutathione depletion, followed by accumulation of reactive oxygen
species, stimulates the activation of p38 MAPK and subsequent expression of BMP2 and FGF2 in hADMPCs. Thus,
transplantation of hADMPCs into neurodegenerative lesions such as stroke and Parkinson’s disease, in which the
transplanted hADMPCs are exposed to oxidative stress, can be the basis for simple and safe therapies.

Keywords: Human adipose-derived multilineage progenitor cells, Adult stem cells, Reactive oxygen species, p38
MAPK, Neurite outgrowth, BMP2, FGF2, Neurodegenerative disorders

Background

Mesenchymal stem cells (MSCs) are pluripotent stem
cells that can differentiate into various types of cells
[1-6]. These cells have been isolated from bone marrow
[1], umbilical cord blood [2], and adipose tissue [3-6]
and can be easily obtained and expanded ex vivo under
appropriate culture conditions. Thus, MSCs are an at-
tractive material for cell therapy and tissue engineering.
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Human adipose tissue-derived mesenchymal stem cells,
also referred to as human adipose tissue-derived multili-
neage progenitor cells (hRADMPCs), are especially advan-
tageous because they can be easily and safely obtained
from lipoaspirates, and the ethical issues surrounding
other sources of stem cells can be avoided [4-6]. More-
over, hADMPCs have more pluripotent properties for re-
generative medical applications than other stem cells,
since these cells have been reported to have the ability
to migrate to the injured area and differentiate into
hepatocytes [4], cardiomyoblasts [5], pancreatic cells [7],
and neuronal cells [8-10]. In addition, it is known that
hADMPCs secrete a wide variety of cytokines and
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growth factors necessary for tissue regeneration includ-
ing nerve growth factor (NGF), brain-derived neuro-
trophic factor (BDNF), fibroblast growth factors (FGFs),
vascular endothelial growth factor (VEGF) and hepato-
cyte growth factor (HGF) [11-14].

Recently, several groups have reported that hADMPCs
facilitate neurological recovery in experimental models
of stroke [9,10,15] and Parkinson’s disease [16]. Despite
the superiority of hADMPCs over other stem cells, the
potential use of hADMPCs for the treatment of these
neurodegenerative disorders has not been fully investi-
gated. It has been reported that administration of
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hADMPCs in animal models of acute ischemic stroke
markedly decreased brain infarct size, improved neuro-
logical function by enhancing angiogenesis and neuro-
genesis, and showed anti-inflammatory and anti-
apoptotic effects [9,10]. These effects were due in part to
increased secretion levels of VEGF, HGF and bFGF
under hypoxic conditions [13], indicating the role of
hADMPCs in reducing the severity of hypoxia-ischemic
lesions.

In addition to hypoxic stress, ischemic lesions are gen-
erally subject to inflammation, which leads to the gener-
ation of reactive oxygen species (ROS) [17,18]. ROS are
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generated as a natural byproduct of normal aerobic me-
tabolism, and mitochondrial respiration, together with
oxidative enzymes such as plasma membrane oxidase, is
considered to be the major intracellular source of ROS
production [19]. Although appropriate levels of ROS
play an important role in several physiological processes,
oxidative damage initiated by excessive ROS causes
many pathological conditions including inflammation,
atherosclerosis, aging, and cancer. Neuronal cells are es-
pecially vulnerable to oxidative stress, and numerous
studies have examined the crucial roles of oxidative
stress in neurodegenerative disorders such as stroke
[17,18], Alzheimer’s disease [20,21], and Parkinson’s dis-
ease [22,23]. In these diseases, microglia, the macro-
phages of the central nervous system (CNS), are
activated in response to a local inflammation [24] and
generate large amounts of reactive oxygen and nitrogen
species, thereby exposing nearby neurons to stress
[18,25]. Thus, the influence of oxidative stress generated
by neurodegenerative lesion on hADMPCs needs to be
further studied.

In this study, we examined the role of oxidative stress
on hADMPCs in neurite outgrowth in cells of the rat
pheochromocytoma cell line (PC12). Upon treatment
with buthionine sulfoximine (BSO), an inhibitor of the
rate-limiting enzyme in the synthesis of glutathione,
hADMPCs accumulated ROS, which resulted in the
upregulation of expression levels of the neurotrophic
factors BMP2 and FGF2. Our present data thus provide
new insights into understanding the mechanism of how
hADMPCs exposed to oxidative stress contribute to
neurogenesis, and this may explain the effects of stem
cell transplantation therapy with hADMPCs in treating
ischemic stroke.

Results

hADMPCs exposed to oxidative stress stimulate neurite
outgrowth in PC12 cells

hADMPCs were treated with 1 mM BSO for 24 h; a group
of hADMPCs that were not given any treatment was used
as the control group. As shown in Figure 1A and B, BSO
treatment resulted in significant reduction of intracellular
reduced glutathione levels, followed by accumulation of
intracellular reactive oxygen species (ROS) in hADMPCs.
To investigate whether accumulation of ROS affects secre-
tion of cytokines from hADMPCs, conditioned medium
from BSO-treated (CM-BSO (+)) or BSO-untreated (CM-
BSO (-)) hADMPCs was added to PC12 cells. As
expected, addition of NGF significantly induced neurite
outgrowth in the PC12 cells (Figure 1F, G, H). hADMPCs,
like other mesenchymal stem cells derived from bone
marrow or adipose tissue, may secrete many cytokines in-
cluding NGF, BDNF and FGF2, and this may account for
the slight induction of neurite outgrowth seen in the CM-
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BSO (~) treated cells (Figure 1D, G, H). In contrast,
the number and length of neurite outgrowth of PC12
cells in CM-BSO (+) (Figure 1E) was markedly enhanced
compared with those in CM-BSO (-) (Figure 1D, E, G, H).

Conditioned medium from BSO-treated hADMPCs
activates Erk1/2 MAPK and Smad signaling in PC12 cells
To investigate which intracellular signaling pathways
were involved in the neurite outgrowth of PC12 cells in
CM-BSO (+), we used western blotting to determine the
phosphorylation levels of Erkl/2 MAPK, p38 MAPK,
Smad1/5/8 and Akt in PC12 cells in various culture con-
ditions. NGF significantly activated Erkl1/2 MAPK and
Akt signaling pathway (Figure 2). In contrast, Erki/2
MAPK was not activated in PC12 cells exposed to CM-
BSO (-), while an increase in phosphorylated Smad1/5/8
was observed. Interestingly, CM-BSO (+) treatment led
to both a significant increase in Smad1/5/8 phosphoryl-
ation levels as well as activation of the Erkl/2 MAPK

cont NGF

CM(-)

CM(+)

phospho-Erk1/2

Erk1/2

phospho-p38

p38

phospho-Smad1/5/8

phospho-Akt

Akt

Actin

Figure 2 Erk1/2 MAPK and Smad1/5/8 are activated in PC12
cells cultured in conditioned medium from BSO-treated
hADMPCs. Western blot analysis of PC12 cells cultured in
differentiation medium alone (cont), CM-BSO (=), CM-BSO (+), or
differentiation medium with NGF (50 ng/mL) for 1 h. Proteins
extracted from each cell culture were resolved by SDS-PAGE,
transferred to a membrane, and probed with anti-phosphorylated
Erk1/2 (phospho Erk1/2), anti-Erk1/2, anti-phosphorylated p38
(phospho p38), anti-p38, anti-phosphorylated Smad1/5/8 (phospho
Smad1/5/8), anti-phosphorylated Akt (phospho Ark) and anti-Akt.
Actin was analyzed as an intemal control. Numbers below blots
indicate relative band intensities as determined by the Image)
software.
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signaling pathway in PC12 cells (Figure 2). Akt was 2- of neurite outgrowth. We found that both mRNA
fold activated in both CM-BSO (-) and CM-BSO (+) (Figure 3A and B) and protein (Figure 3C and D) levels
treated PC12 cells, but no significant difference between ~ for BMP2 and FGF2 were markedly increased in

the 2 groups was observed. hADMPCs treated with BSO. To determine if this upregu-

lation was caused by ROS, all cells were exposed to the
FGF2 and BMP2 are upregulated through p38 MAPK antioxidant N-acetylcysteine (NAC). As we expected,
signaling in hRADMPCs exposed to oxidative stress addition of NAC to BSO-treated hADMPCs reduced the

We next examined which growth factors or cytokines expression levels of BMP2 and FGF2 to control levels
from BSO-treated hADMPCs were involved in stimulation ~ (Figure 3E and F). As BMP2 together with FGF2 has
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Figure 3 Transcription and secretion of BMP2 and FGF2 were increased in hADMPCs exposed to oxidative stress. (A, B) Upregulation of
BMP2 (A) and FGF2 (B) mRNA in hADMPCs by BSO in a dose-dependent manner. (C, D) Secretion of BMP2 (C) and FGF2 (D) from hADMPCs in
medium alone (cont) or with addition of T mM BSO (BSO) was analyzed by ELISA. (E, F) NAC treatment repressed the expression levels of BMP2
and FGF2 upregulated by BSO to the control levels. Expression of BMP2 (E) and FGF2 (F) mRNA was analyzed by g-PCR. cDNA was generated from
total RNA extracted from hADMPCs (cont), hRADMPCs treated with 1 mM BSO (BSO), 1 mM BSO +5 mM NAC (BSO + NAC), and 5 mM NAC (NAC).
The most reliable internal control gene was determined using the geNorm Software. (G, H) PC12 cells were cultured in differentiation medium
alone (control), or differentiation medium supplemented with BMP2 (40 ng/mL), FGF2 (5 ng/mL), or both BMP2 and FGF2 (BMP2 + FGF2) for

2 days. (G} Representative images of neurite outgrowth in PC12 cells. Scale bars, 200 pm. (H) One hundred individual neurites were measured in
each sample using Dynamic Cell Count Analyzer BZ-H1C (Keyence) and average neurite length was calculated. *, P < 0.05 (Student's t test). {I, J)
PC12 cells were cultured in CM-BSO (=), CM-BSO {+), or CM-BSO (+) added with recombinant murine Noggin (200 ng/mL). (I} Western blot
analysis of PC12 cells 1 h after CM treatment. Proteins extracted from each sample were resolved by SDS-PAGE, transferred to a membrane, and
probed with anti-phosphorylated Smad1/5/8 (phospho-Smad1/5/8) and anti-Actin. Numbers below blots indicate relative band intensities as
determined by the ImageJ software. (J) Two days after CM treatment, 100 individual neurites in PC12 cells were measured in each sample using
Dynamic Cell Count Analyzer BZ-H1C (Keyence) and average neurite length was calculated. *, P <0.05 (Student’s t test).
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previously been shown to induce neurite outgrowth in  hADMPCs, we focused on MAPK signaling since previ-
PC12 cells [26,27], we examined the effect of BMP2 and  ous studies had suggested that accumulation of ROS in
FGF2 on neurite outgrowth. We confirmed that PC12  cells led to the activation of Erk1/2, p38, and JNK
cells did not differentiate effectively by BMP2 treatment ~MAPK [28,29]. Western blotting revealed that BSO
alone, but BMP2 significantly augmented FGF2-induced  treatment markedly activated the p38 MAPK pathway;
neurite outgrowth in PC12 cells (Figure 3G and H), as  SB203580 could inhibit the activation, and U0126 treat-
previously reported. Moreover, in order to confirm the ef- ment stimulated the activation (Figure 4A). ERK1/2
fect of BMP2 on neurite outgrowth in PC12 cells, 200 ng/ MAPK was significantly phosphorylated by BSO treat-
mL of Noggin, an antagonist of BMP signaling, was added  ment, and ERK1/2 activation was reduced to the control
to CM-BSO(+). Addition of Noggin significantly sup- level by treatment with U0126 (Figure 4B). In contrast,
pressed the CM-BSO (+)-evoked phosphorylation of JNK activation was not observed in BSO-treated
Smad1/5/8 (Figure 3I) and shortened the length of neurite = hADMPCs (Figure 4B). Therefore, we further investi-
outgrowth in PC12 cells (Figure 3J). gated the relationship between increases in BMP2 and

To address the question of which intracellular signal- FGF2 expression and activation of the p38 and ERK1/2
ing pathways are affected by oxidative stress in  MAPK signaling pathways by oxidative stress. Treatment
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with the p38 MAPK inhibitor SB203580 dramatically
downregulated the expression levels of BMP2 and FGF2
to control levels (Figure 4C and D). In contrast, the
Erk1/2 MAPK inhibitor U0126 had no effect on FGF2
expression levels and led to a slight increase in BMP2
expression (Figure 4C and D).

MKK6-mediated activation of p38 MAPK increases BMP2
and FGF2 expression in hADMPCs

To further confirm the involvement of p38 MAPK in
the regulation of BMP2 and FGF2, hADMPCs were
transduced with a lentiviral vector expressing constitu-
tively active MKKé6 (MKK6 (glu)) [30] from an EFla
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promoter. As shown in Figure 5A, lentiviral transduction
of MKK6 (glu) led to expression of Flag-tagged MKK6
(glu) in hADMPCs. Moreover, the expression of MKK6
(glu) resulted in activation of p38 MAPK as expected
[30] (Figure 5A), and upregulation of BMP2 and FGF2
expression (Figure 5B-E).

NF-kB is not activated in hADMPCs exposed to oxidative
stress

It has been reported that NF-kB directly binds to the
BMP2 promoter to induce its expression [31], and
MSK1, a downstream molecule of p38 MAPK, is
involved in NF-kB transactivation [32]. Therefore, we

GFP MKK6(glu)

Figure 5 Activation of p38 MAPK by a constitutively active form of MKK6 resulted in elevated expression of BMP2 and FGF2. (A) A
lentiviral vector expressing Flag-tagged MKK6 (glu) was transfected into hADMPCs. Expression of Flag-tagged MKK6 (glu), phosphorylated p38
MAPK and p38 MAPK was analyzed by western blotting. A CSH-EF-EGFP lentiviral vector was infected as a control (GFP). Actin was detected as an
internal control. (B, C) Transcriptional levels of BMP2 (B) and FGF2 (C) were analyzed by g-PCR. The most reliable internal control gene was
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hypothesized that p38 MAPK-mediated activation of
NF-kB might contribute to elevated expression of BMP2
mRNA. To confirm this hypothesis, transcriptional acti-
vation of NF-kB was examined by measuring luciferase
activity driven by the synthetic NF-«B response element.
We found that transcriptional activity of NF-xB was not
stimulated by BSO treatment (Figure 6A), and immuno-
cytochemical analysis also revealed that NF-xB was not
activated (nuclear localization of NF-kB/p65 was rarely
observed) in BSO-treated hADMPCs (Figure 6B). These
results suggested that elevated expression of BMP2
mRNA is not mediated by NF-«B signaling.

Our current data thus demonstrate the crucial role of
ROS, via activation of the p38 MAPK signaling pathway,
in regulating expression levels of the neurotrophic fac-
tors BMP2 and FGF2 in hADMPCs. The overall model
that we propose, based upon our findings, is shown in
Figure 7.

A NF-kB activity
> >
z
£
£
2
o
()
?‘5
3
2
® ;
3 0
@ control BSO BSO
SB203580
B  NF-«B/p65 DAPI Merge

control

TNF-a

BSO
»
»
A 4
»
»
\é
»
»
v

Figure 6 Transcriptional activity of NF-kB was not stimulated
by oxidative stress. hRADMPCs were transfected with pNF-kB-Luc
and were treated with 10 uM of SB203580 or 0.1% DMSO for 2 h
followed by addition of 1 mM of BSO. After 24 h, the medium was
changed to fresh medium and cells were cultured for an additional
2 days. (A) The activity of NF-kB was measured by the intensity of
luciferase activity driven from a minimal promoter containing
tandem repeats of the NFkB transcriptional response element. Data
shown represent the average of 3 independent experiments. (B)
Immunocytochemical analysis against NF-kB/p65 (green). Blue
staining represents nuclear staining by DAPI. Note that nuclear
localization of NF-kB/p65 (white arrowhead) is only observed in
hADMPCs treated with 20 ng/mL of TNF-a.
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Figure 7 Model of this study. A schematic illustration of the
results of this study is shown. Oxidative stress by BSO treatment in
hADMPCs results in p38 MAPK activation, which then leads to BMP2
and FGF2 expression and secretion. The secreted factors then bind
to the receptors on PC12 cells, facilitating neural differentiation in
these cells.

Discussion

In this study, we investigated the effect of oxidative
stress in hADMPCs on the induction of neuronal differ-
entiation. Such mechanisms may explain how adminis-
tration of hADMPCs to neurodegenerative lesions
enhances endogenous repair mechanisms via neurogen-
esis of endogenous neural progenitor and stem cells.
Damaged tissues, such as the brain tissue of patients
who have suffered from ischemic stroke, are subject to
inflammation and the generation of reactive oxygen spe-
cies (ROS) [17,18]. Our data demonstrated that
hADMPCs, when exposed to oxidative stress, facilitate
neuronal differentiation in rat pheochromocytoma cell
line PC12 cells by upregulation of fibroblast growth fac-
tor 2 (FGF2) and bone morphogenetic protein 2 (BMP2)
secretion through p38 MAPK activation.

Our results show that BMP2 and FGF2 were upregu-
lated in hADMPCs when exposed to buthionine sulfoxi-
mine (BSO), a glutathione-synthesis inhibitor that leads
to oxidative stress. These findings may have therapeutic
implications in neurodegenerative diseases. We con-
cluded that BMP2 and FGF2 secreted from hADMPCs
that had been exposed to oxidative stress were the main
inducers of neurite outgrowth in PC12 cells. Erk1/2 and
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Smadl/5/8 were significantly activated in these cells
(Figure 2), while other growth factors known to induce
neurite outgrowth in PC12 cells such as nerve growth
factor (NGF) and vascular endothelial growth factor
(VEGF) were not observed to be upregulated by BSO
treatment (data not shown). We confirmed that BMP2
enhanced the effect that FGF2 had on the differentiation
of PC12 cells (Figure 3), supporting our idea that
hADMPCs under oxidative stress conditions secrete
BMP2 and FGF2 and that this contributes to neuronal
differentiation. Consistent with our conclusions, it has
been reported that BMP2, via activation of a Smad sig-
naling pathway, facilitated FGF2-induced neuronal dif-
ferentiation in PC12 cells [26,27]. However, since
hADMPCs have been reported to secrete many growth
factor including NGF, VEGF, HGF, and IGF [11,15,33],
we cannot exclude the possibility that BMP2 and FGF2
are acting cooperatively with these growth factors to fa-
cilitate neurite outgrowth in PC12 cells. Thus, the pre-
cise molecular mechanisms of induction of PCI12
differentiation and the precise expression profiles in
BSO-treated hADMPCs need to be further investigated.

Recently, BMP signaling through Smad1/5/8 has been
reported to contribute to neurite outgrowth in dorsal
root ganglion neurons both in vitro and in vivo [34,35].
Moreover, BMP2 has been shown to have neurotrophic
effects on midbrain dopaminergic neurons [36], ventral
mesencephalic neurons [37], mouse embryonic striatal
neurons [38], and nitrergic and catecholaminergic en-
teric neurons [39]. Moreover, FGF2 is trophic for neu-
rons, glias, and endothelial cells in the central nervous
system. FGF2 also prevents downregulation of the anti-
apoptotic protein Bcl-2 in ischemic brain tissue and lim-
its excitotoxic damage to the brain through an activin-
dependent mechanism [40]. These findings are consist-
ent with our hypothesis that hADMPCs secret BMP2
and FGF2 to induce neurogenesis in neurodegenerative
lesions in response to oxidative stress.

As it has been shown that ROS activate ERKs, JNKs,
and p38 MAPKs [28,29], we examined the MAPK signal-
ing pathway in hADMPCs exposed to oxidative stress and
found that BSO treatment resulted in significant activation
of ERK1/2 and p38 MAPK. Intriguingly, addition of
SB203580, a specific inhibitor of p38 MAPK, but not the
ERK inhibitor U0126, suppressed BMP2 and FGF2 expres-
sion in BSO-treated hADMPCs to control levels (Figure 4),
suggesting that p38 MAPK was contributing to upregula-
tion of BMP2 and FGF2 in hADMPCs when exposed to
oxidative stress. Moreover, lentiviral transduction of the
constitutively active form of MKK6, a MAPKK that select-
ively activates p38 MAPK isoforms [30], resulted in upre-
gulation of BMP2 and FGF2 and this also demonstrated
the crucial role of the p38 MAPK cascade in the regula-
tion of BMP2 and FGF2. In primary human endothelial
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cells, p38-dependent regulation of BMP2 expression was
reported previously. Viemann et al. [41] investigated the
genes that were induced by inflammatory stimulation with
tumor necrosis factor « (TNF-«) and classified these genes
into 2 categories based on whether they were regulated in
an NF-«xB-dependent or p38 MAPK-dependent manner.
Consistent with our findings, they found that significant
induction of BMP2 expression by TNF-a was markedly
suppressed by SB202190, an inhibitor of p38 MAPK.
These results support the hypothesis that activation of the
p38 MAPK pathway in hADMPCs in response to inflam-
mation surrounding neurodegenerative lesions leads to in-
duction of BMP2 and FGF2, which in turn support
regeneration of neuronal cells.

It has been known that NF-xB directly binds to the
BMP2 promoter to induce its expression [31], and
MSK1, a downstream molecule of p38 MAPK, is
involved in NF-xB transactivation [32]. However, we did
not observe an elevation of NF-kB transcriptional activ-
ity in hADMPCs when they were exposed to oxidative
stress (Figure 6). The mechanism of p38-dependent
regulation of gene expression is not completely under-
stood, and the precise mechanism by which p38 MAPK
regulates the expression of BMP2 and FGF2 remains to
be determined.

In this study, we also found that suppression of ERK1/2
MAPK by U0126 in BSO-treated hADMPCs resulted in
slight activation of p38 MAPK (Figure 4A). Consistent
with this, the expression level of BMP2 mRNA was also
upregulated when cells exposed to oxidative stress were
pretreated with U0126 (Figure 4C). Previously, “seesaw
cross-talk” between ERK and p38 MAPK signaling has
been reported; i.e., the MEK inhibitor caused a decrease in
the phosphorylation level of ERK and an increase in that
of p38, whereas the p38 inhibitor had the opposite effect
[42-44]. We did not investigate the phosphorylation of
ERK1/2 in SB203580-treated hADMPCs, but it may be
possible that seesaw cross-talk also occurs in our system.

Conclusions

In summary, the results obtained in this study have
demonstrated the potential use of hADMPCs for the
treatment of neurodegenerative diseases such as ische-
mic stroke, Parkinson’s disease, Alzheimer’s disease, and
spinal cord injury, in which the transplanted hADMPCs
might be exposed to oxidative stress. Moreover, the p38-
dependent modulation of BMP2 and FGF2 expression
observed in this study is expected to be a new thera-
peutic target for neurodegenerative disorders.

Materials and methods

Adipose tissue samples

Subcutaneous adipose tissue samples (10-50 g, each)
were resected during plastic surgery in 5 females (age,
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20—60 years) as excess discards. The study protocol
was approved by the Review Board for Human Research of
Kobe University Graduate School of Medicine, Foundation
for Biomedical Research and Innovation and Kinki
University Pharmaceutical Research and Technology
Institute (reference number: 10-005). Each subject
provided a signed informed consent.

Cell cuiture

PC12 cells were obtained from the Health Science Re-
search Resources Bank (Osaka, Japan) and maintained in
RPMI1640 media supplemented with 10% heat-inactivated
horse serum and 5% fetal bovine serum. For differenti-
ation, the cells were plated in 6-well culture plates coated
with collagen type I (Nitta Gelatin, Osaka, Japan) and the
medium was replaced with differentiation medium
(RPMI1640 supplemented with 1% horse serum and 0.5%
fetal bovine serum) or conditioned medium from
hADMPCs. NGF (50 ng/mL), BMP2 (40 ng/mL) or FGF2
(5 ng/mL) were added to the differentiation medium. Re-
combinant murine Noggin (200 ng/mL: PeproTech, NJ,
USA) was added to conditioned medium from BSO-
treated hADMPCs. hADMPCs were isolated as previously
reported [4-6,45,46] and maintained in a medium contain-
ing 60% DMEM-low glucose, 40% MCDB-201 medium
(Sigma Aldrich, St. Louis, MO, USA), 1x insulin-
transferrin-selenium (Gibco Invitrogen, NY, USA), 1 nM
dexamethasone (Sigma Aldrich), 100 mM ascorbic acid 2-
phosphate (Wako, Osaka, Japan), 10 ng/mL epidermal
growth factor (PeproTech), and 5% fetal bovine serum.
The cells were plated to a density of 5x 10° cells/cm® on
fibronectin-coated dishes, and the medium was replaced
every 2 days.

Preparation of conditioned medium from hADMPCs

Two days after plating, hADMPCs were treated with
BSO (concentrations used were varied in each experi-
ment and are indicated in the results and figure legends)
for 16 h. The medium was replaced with fresh culture
medium for 2 days followed by replacement with PC12
cell differentiation medium. After 2 more days, the
medium was removed for use as conditioned medium.
For preparation of the conditioned medium from
hADMPCs in which one of the three, p38, Erkl/2, or
JNK MAPK, was inhibited, hADMPCs were pretreated
with 10 pM SB203580 (Promega, WI, USA), 10 M
U0126 (Promega), or 10 uM JNK inhibitor II (EMD4
Bioscience, CA, USA), respectively, for 2 h and subse-
quently treated with 1 mM BSO.

Measurement of GSH/GSSG ratio

Ratios of reduced glutathione (GSH) to oxidized glutathi-
one (GSSG) were measured using the GSH/GSSG-Glo
assay kit (Promega) following the manufacturer’s protocol.
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Measurement of reactive oxygen species production

Cells were harvested and incubated with 10 uM 5-(and-
6)-chloromethyl-2",7 -dichlorodihydrofluorescein diace-
tate, acetyl ester (CM-H,DCFDA). The amount of intra-
cellular ROS production was proportional to green
fluorescence, as analyzed with a Guava easyCyte 8HT
flow cytometer (Millipore) using an argon laser at
488 nm and a 525/30 nm band pass filter, and dead cells
were excluded with the LIVE/DEAD fixable far red dead
cell stain kit (Invitrogen).

Western blot analysis

Cells were washed with ice-cold phosphate-buffered sa-
line and Iysed with M-PER Mammalian Protein Extraction
Reagent (Thermo Scientific Pierce, IL, USA) follow-
ing the manufacturer’s instructions. Equal amounts
of proteins were separated by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to polyvinylidene fluoride (PVDF) membranes
(Immobilon-P; Millipore, MA, USA), and probed with
antibodies against phospho-Erk1/2 (#4370), Erk1/2
(#4695), phospho-38 (#9215), p38 (#9212), phospho-
Smadl/5/8 (#9511), phospho-Akt (#4060), Akt (#4691),
phospho-]NK (#9251), JNK (#9258) (all from Cell Signaling
Technology, MA, USA) and actin (Millipore). Horseradish
peroxidase (HRP)-conjugated anti-rabbit and anti-mouse
secondary antibodies (Cell Signaling Technology, Danvers,
MA, USA) were used as probes and immunoreactive
bands were visualized with the Immobilon Western
Chemiluminescent HRP substrate (Millipore). The band
intensity was measured using Image] software.

RNA extraction, cDNA generation, and quantitative
polymerase chain reaction (g-PCR)

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer’s
instructions. cDNA was generated from 1 pg of total
RNA using the Verso ¢cDNA Synthesis Kit (Thermo
Scientific) and purified with the MinElute PCR Purification
Kit (Qiagen). Q-PCR analysis was carried out using
the SsoFast EvaGreen supermix (Bio-Rad, CA, USA)
according to the manufacturer’s protocols. The rela-
tive expression value of each gene was calculated
using a AACt method and the most reliable internal
control gene was determined using the geNorm Software
(http://medgen.ugent.be/~jvdesomp/genorm/). Details of
the primers used in these experiments are available
on request.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was per-
formed using the Quantikine BMP-2 Immunoassay Sys-
tem and Quantikine FGF-2 Immunoassay System (R&D
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Systems, MN, USA) following the manufacturer’s

protocols.

Plasmid construction and lentivirus production
Flag-tagged MKK6 (glu) [30] was provided by Addgene
(pcDNA3-Flag MKK6 (glu); Addgene plasmid 13518).
Flag-tagged MKK6 (glu) was cloned into a pENTR11
vector (Invitrogen). An iresGFP fragment was subse-
quently cloned into the plasmid to produce the entry
vector pENTR11-MKK6 (glu)-iresGFP. The entry vector
and CSII-EF-RfA (kindly provided by Dr. Miyoshi,
RIKEN BioResource Center, Tsukuba, Japan) were incu-
bated with LR clonase II enzyme mix (Invitrogen) to
generate CSII-EF-MKK6 (glu)-iresGFP. The resultant
plasmid was mixed with packaging plasmids (pCAG-
HIVg/p and pCMV-VSVG-RSV-Rev, kindly provided by
Dr. Miyoshi) and transfected into 293 T cells. The super-
natant medium, which contained lentiviral vectors, was
collected 2 days after transduction and concentrated by
centrifugation (6000 G, 15 h, 4°C).

Luciferase assay

hADMPCs were transfected with pGL4.74 (Promega)
and either pTAL-Luc or pNF-«B-Luc by TransIT-2020
(TaKaRa-Bio). The cells were then treated with 10 uM of
SB203580 or 0.1% DMSO for 2 h followed by addition
of 1 mM of BSO. After 24 h, the medium was changed
to fresh medium and cells were cultured for an add-
itional 2 days. The activity of NF-kB was measured using
the Dual Luciferases Assay System (Promega) according
to the manufacturer’s protocol.

Immunocytochemistry

hADMPCs were fixed with 4% paraformaldehyde in PBS
for 10 min at 4°C and then washed 3 times in PBS.
Blocking was performed with PBSMT (PBS containing
0.1% Triton X-100, 2% Skim Milk) for 1 h at room
temperature. The cells were then incubated with rabbit
monoclonal antibody against NF-kB p65 (Cell Signaling;
#8242; 1/100 dilution) overnight at 4°C. After washing
with PBS, cells were incubated with Alexa 488 conju-
gated anti-rabbit IgG (Invitrogen; 1/1000 dilution) for
1 h. The cells were counterstained with 4’-6-diamidino-
2-phenylindole (DAPI) (Invitrogen) to identify cellular
nuclei.
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A methanol extract of the flowers of Mammea siamensis (Calophyllaceae) was found to inhibit nitric oxide
(NO) production in lipopolysaccharide-activated RAW264.7 cells. From the extract, two new geranylated
coumarins, mammeasins A (1) and B (2), were isolated together with 17 known compounds including 15
coumarins. The structures of 1 and 2 were determined on the basis of their spectroscopic properties as
well as of their chemical evidence. Among the isolates, 1 (ICsp=1.8 uM), 2 (6.4 uM), surangins B (3,
5.0 uM), C (4, 6.8 uM), and D (5, 6.2 pM), kayeassamins E (7, 6.1 pM), F (8, 6.0 uM), and G (9, 0.8 pM),
mammea A/AD (11, 1.3 uM), and mammea E/BB (16, 7.9 uM) showed NO production inhibitory activity.
Compounds 1, 9, and 11 were found to inhibit induction of inducible nitric oxide synthase (iNOS). With
regard to mechanism of action of these active constituents (1,9, and 11), suppression of STAT1 activation
is suggested to be mainly involved in their suppression of iNOS induction.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Mammea siamensis (Miq.) T. Anders. (Calophyllaceae), known in
Thai as “Sarapi”, is a small evergreen tree distributed in Thailand,
Laos, Cambodia, Vietnam, and Myanmar, etc. The flowers of this
plant have been used for a heart tonic in Thai traditional medi-
cine.”” By previous chemical studies on the flowers23%° seeds,®
twigs,” and barks’ of M. siamensis, presence of several couma-
rins,>*>7-2 xanthones,’® triterpenoids,® and steroids® have been
revealed. In the course of our characterization studies on bioactive
constituents in Thai natural medicines,’®2” the methanol extract
of the flowers of M. siamensis was found to inhibit nitric oxide
(NO) production in lipopolysaccharide (LPS)-activated RAW264.7
cells. By bioassay-guided separation, two new geranylated couma-
rins, mammeasins A (1) and B (2), were isolated together with 17
known compounds including 15 coumarins (3-17). This paper
deals with the isolation and structural elucidation of these new
geranylated coumarins (1 and 2) as well as inhibitory effects of
the coumarin constituents on the LPS-activated NO production.
Furthermore, to clarify the mechanism of action of the NO produc-
tion inhibitory activity, effects of three active coumarins (1, 9, and

* Corresponding author. Tel.: +81 6 6721 2332; fax: +81 6 6729 3577.
E-mail address: muracka@phar.kindai.ac.jp (0. Muraoka).

0968-0896/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2012.06.031

11) on protein levels of inducible NO synthase (iNOS), activation of
mitogen-activated protein kinases (MAPK) [c-Jun N-terminal ki-
nase (JNK) and p38], and nuclear protein levels of phosphorylated
signal transducer and activator of transcription-1 (STAT1) (p-STAT1)
as well as nuclear factor k-B (NF-xB) were examined.

2. Results and discussion

2.1. Effect of methanol extract from the flowers of M. siamensis
on NO production in LPS-activated RAW264.7 cells

The dried flowers of M. siamensis (collected in Nakhonsithamm-
arat Province, Thailand) were extracted with methanol under re-
flux to yield a methanolic extract (25.66% from the dried flower).
The methanol extract was partitioned into an EtOAc-H,0 (1:1, v/
v) mixture to furnish an EtOAc-soluble fraction (6.84%) and an
aqueous phase. The aqueous phase was subjected to Diaion HP-
20 column chromatography (H,O - MeOH) to give H,O- and
MeOH-eluted fractions (13.50% and 4.22%, respectively). As shown
in Table 1, the methanol extract was found to inhibit LPS-activated
NO production in RAW264.7 cells (ICsp = 28.9 pug/mL). By bioassay-
guided fractionation, the EtOAc-soluble fraction was found to be
the active fraction (ICso = 8.3 pg/mL), although the fraction exhib-
ited cytotoxic effects in MTT assay. On the other hand, the MeOH-
and H,0-eluted fractions showed no activity.
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Table 1

Inhibitory effects of the methanolic extract and its fractions from the flowers of M. siamensis on LPS-activated NO production in RAW264.7 cells

Inhibition (%)*

1Cs0 (pg/mL)

0 ug/mL 10 pg/mL 30 pg/mL 100 pg/mL
MeOH extract 00+19 38.1+14° 55.7+0.8° 64.6 £ 0.7° (86.7 £ 1.7) 28.9
EtOAc-soluble fraction 0014 60.4 +0.9° 65.0 £ 1.9°€ (45.8 + 1.6) 95.8+0.2°¢(27.3+1.1) 8.3
MeOH-eluted fraction 0.0+42 3537 7.8+13 152 +1.5° >100
Hy0-eluted fraction 00+14 50+0.8 7.6+09 -1.7+17 >100

@ Each value represents the mean + SEM (N = 4).
b Significantly different from the control, p < 0.01.

¢ Cytotoxic effects were observed, and values in parentheses indicate cell viability (%) in MTT assay.

2.2. Chemical constituents from the flowers of M. siamensis

The EtOAc-soluble fraction was subjected to silica gel and ODS
column chromatography and finally HPLC to furnish mammeasins
A(1,0.0293% from the dried flower) and B (2, 0.0123%). Additionally,
15 coumarins, surangins B#28-39(3,0.0337%), C3'32(4,0.0571%), and
D7 (5, 0.0632%), kayeassamins A*® (6, 0.0578%), E>4 (7, 0.0113%), F>*
(8,0.0390%), and G** (9, 0.0171%), mammea A/AC?33 (10, 0.0555%),
mammea A/AD*? (11, 0.0022%), mammea AJ/AB cyclo D*® (12,
0.0047%), mammea A/AC cyclo D*° (13, 0.0077%), mammea B/AB
cyclo D*728 (14, 0.0016%), mammea B/AC cyclo D® (15, 0.0055%),

mammea E/BB**? (16, 0.0194%), and deacetylmammea E/BC cyclo
D? (17, 0.0073%), and p-amyrin?® (0.0072%) and benzoic acid*®
(0.0043%) were isolated from this plant material (Fig. 1).

2.3. Structures of mammeasins A (1) and B (2)

Mammeasin A (1) was obtained as a pale yellow oil with nega-
tive optical rotation ([e]p?” —25.4 in CHCls). Its IR spectrum
showed absorption bands at 3503, 1748, 1717, and 1609 cm™’
ascribable to hydroxyls, ester carbonyl, o,f-unsaturated y-lactone,
and chelated acyl groups. The UV spectrum exhibited absorption

mammeasin A (1):R = Ac
kayeassamin A (6):R =H

mammea A/AD (11)

surangin D (5):R =

mammea A/AB cyclo D (12)

mammeasin B (2):R = Ac surangin B (3): R = Ac
H =H

surangin C (4):R

mammea A/AC cyclo D (13)

mammea B/AB cyclo D (14) mammea B/AC cyclo D (15)

mammea E/BB (16)

deacetylmammea E/BC cyclo D (17)

Figure 1. Coumarin constituents (1-17) from the flowers of M. siamensis.
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Table 2
'H NMR (700 MHz, CDCl3) data on mammeasins A (1) and B (2)

Position 1 2
&u (J, Hz) ou (J, Hz)
3 6.27 (1H, d, 1.1) 6.27 (d, 1.1)
v 6.48 (1H, ddd, 1.1, 2.4, 8.0) 6.48 (1H, ddd, 1.1, 2.6, 7.9)
2 1.68 (1H, m) 1.68 (1H, m)
1.95 (1H, ddq, 2.4, 144, 7.2) 1.95 (1H, m)
3 1.00 (3H,dd, 7.2, 7.2) 1.00 (3H, dd, 7.2, 7.2)

17 3.48 (1H, dd, 7.4, 16.5) 3.48 (1H, dd, 7.2, 16.7)
3.51 (1H, dd, 7.0, 16.5) 3.52 (1H, dd, 7.4, 16.7)

27 524 (1H, ddq, 7.0, 7.4, 1.0) 525 (1H, ddg, 7.0, 7.2, 1.0)

4 2.11 (2H, m) 2.12 (2H, m)

5 1.86 (3H, d, 1.0) 1.86 (3H, br s)

6" 2.11 (2H, m) 2.12 (2H. m)

7" 5.06 (1H, m) 5.06 (1H, m)

9 1.68 (3H, 5) 1.68 (34, 5)

10 1.60 (3H, d, 0.8) 1.60 (3H, d, 0.8)

27 3.27 (2H, t, 7.2) 3.12 (1H, dd, 6.6, 15.9)

3.17 (1H, dd, 6.6, 15.9)

37 1.78 (2H, tq, 7.2, 7.4) 2.27 (1H, m)

qm 1.04 (3H, t, 7.4) 1.03 (34, d, 6.7)

57 1.03 (3H, d, 6.7)

17-0Ac 2.18 (3H, s) 2.18 (3H, s)

7-0H 14.69 (1H, s) 14.67 (1H, 5)

maxima at 223 and 330 nm, similar to those of 5,7-dioxygenated
coumarins.’333437 The EIMS spectrum of 1 showed a molecular
ion peak at m/z 484 (M*), and the molecular formula was deter-
mined as CygHs07 by high-resolution EIMS measurement. The
'H and '*C NMR spectra of 1 (CDCls, Tables 2 and 3), which were
assigned by means of various NMR experiments,*! showed signals
assignable to two primary and three vinyl methyls [§ 1.00 (3H, dd,
J=7.2, 7.2 Hz, H3-3), 1.04 (3H, t, J = 7.4 Hz, H3-4""), 1.60 (3H, d,
J=0.8Hz, H3-10"), 1.68 (3H, s, H3-9”), 1.86 (3H, d, J=1.0Hz,

Table 3

13C NMR (175 MHz, CDCl3) data on mammeasins A (1)
and B (2)
Position 1 2
d¢ dc

2 159.5 159.4
3 106.4 106.4
4 157.3 157.1
4a 1004 1004
5 158.3 158.3
6 1102 110.2
7 165.7 165.7
8 104.6 104.6
8a 156.2 156.2
1 73.7 73.7
2 28.7 28.7
3 10.1 10.1
1”7 216 21.6
2" 120.0 119.7
3” 142.6 142.5
4" 39.7 39.7
5”7 16.5 16.5
6" 26.4 26.4
7" 123.3 123.3
8" 132.3 132.3
9" 25.7 25.6
107 17.7 17.7
1 206.5 206.3
27 46.8 53.6
3 18.1 25.6
4" 13.8 22.6
5" 226
1"-OAc 1704 1703

211 21.0

Hs-5")], six methylenes {5 [1.68 (1H, m), 1.95 (1H, ddq, J = 2.4, 14.4,
7.2 Hz), H>-2'], 1.78 (2H, tq, ] = 7.2, 7.4 Hz, H>-3""), 2.11 (4H, m, H,-
4" 6"),3.27 (2H,t,J=7.2 Hz, H-2"), [3.48 (1H, dd, ] = 7.4, 16.5 Hz),
3.51(1H, dd,] = 7.0, 16.5 Hz), H-1"]}, a methine bearing an oxygen
function [ 6.48 (1H, ddd, J = 1.1, 2.4, 8.0 Hz, H-1")], and three ole-
finic protons [6 5.06 (1H, m, H-7"), 5.24 (1H, ddq,/=7.0, 7.4, 1.0 Hz,
H-2"),6.27 (1H, d, ] = 1.1 Hz, H-3)] together with an acetyl group [
2.18 (3H, s); &c 21.1, 170.4]. The 'H and ">C NMR spectroscopic
properties of 1 were quite similar to those of 6, except for the sig-
nal due to the acetyl group. The 'H-'H COSY experiment on 1 indi-
cated the presence of partial structures shown in bold lines in
Figure 2. In the HMBC experiment, long-range correlations were
observed between the following proton and carbon pairs (H-3
and C-2, 4a, 1’; H-1" and C-3, 4a, 1'-OCOCH3; H,-1” and C-5-7;
H-2" and C-6, 3", 5”; Hx-4” and C-3”; H-7" and C-9”, 10”; H3-5"
and C-2"-4"; H3-9" and C-7”, 8”, 10”; H3-10” and C-7"-9”; H,-2"
and C-1"). In order to elucidate the absolute stereostructure, 1
was chemically related to 6, for which the absolute configuration
at the C-1’' was reported.>® As shown in Figure 3, acetylation of 6
with acetic anhydride (Ac;0) in pyridine furnished 1, so that the
absolute configuration at the C-1’ was determined to be S
orientation.

Mammeasin B (2) was also isolated as a pale yellow oil with
negative optical rotation ([«]p*® —18.4 in CHCl;). The EIMS of 2
showed a molecular ion peak at m/z 498 (M*), and the molecular
formula was determined as Cy9HsgO7, by high-resolution EIMS
measurement. The 'H and *>C NMR spectroscopic properties of 2
were similar to those of 1, and showed signals assignable to a pri-
mary, two secondary, and three vinyl methyls [§ 1.00 (3H, dd,
J=7.2, 7.2 Hz, H5-3'), 1.03 (6H, d, J= 6.7 Hz, H3-4", 5"}, 1.60 (3H,
d,J=0.8 Hz, H3-10"), 1.68 (3H, s, H3-9"), 1.86 (3H, br s, H5-5")], five
methylenes {5 1.68, 1.95 (1H each, m, H>-2'), 2.12 (4H, m, H»-4",
6”), 3.12, 3.17 (1H each, both dd, J=6.6, 15.9 Hz, H,-2"), {3.48
(1H, dd, J=7.2, 16.7 Hz), 3.52 (1H, dd, J= 7.4, 16.7 Hz), H,-1"]}, a
methine [§ 2.27 (1H, m, H-3"")], a methine bearing an oxygen func-
tion [6 6.48 (1H, ddd, J= 1.1, 2.6, 7.9 Hz, H-1")], and three olefinic
protons [§ 5.06 (1H, m, H-7"), 5.25 (1H, ddq, J=7.0, 7.2, 1.0 Hz,
H-2"), 6.27 (1H, d, J = 1.1 Hz, H-3)] together with an acetyl group
[6 2.18 (3H, s); 8¢ 21.0, 170.3]. The "H and *C NMR spectroscopic
properties of 2 were superimposable on those of 5, except for the
singals due to the acetyl group. As shown in Figure 2, the connec-
tivity of the acetyl group in 2 was elucidated on the basis of the
'H—'H COSY and HMBC experiments. In addition, 2 was obtained
by acetylation of 5 as shown in Figure 3. Thus, the planar structure
of 2 was characterized to be as shown. Since the absolute stereo-
chemistry of 5 has been uncharacterized, the absolute configura-
tion of the C-1' position in 5 was determined in the present
study by the modified Mosher's method.*? Thus, 5 was derived
to the corresponding MTPA esters, 1'-(R)-MTPA ester (5a) and
1'~(S)-MTPA ester (5b), by treatment with (S)-(+)-o-methoxy-o-
(trifluoromethyl)phenylacetic chloride [(S)-(+)-MTPA-Cl] and its
(R)-isomer, respectively, in pyridine. As shown in Figure 3, signal
due to the proton at C-3 in 5b was observed at lower field com-
pared with that of 5a [Aé: positive], while the signals due to pro-
tons at C-2' and C-3' in 5b were observed at higher field
compared with those of 5a [Ad: negative]. Thus, the absolute con-
figuration at C-1’ of 5 was determined to be S orientation. Conse-
quently, the absolute stereostructures of 2 and 5 were elucidated
to be as shown in Figure 3.

2.4. Inhibitory effects on LPS-activated NO production in
RAW264.7 cells

Inflammation is a systemic response aimed to decrease the tox-
icity of harmful agents and repair damaged tissue.** A key feature
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1:R=Ac 4_—,6)

6:R=H
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Reagents and conditions:
a) Ac,0 / pyridine, r.t., 24 h, 1 (quant. from 6), 2 (88% from 5)
b) (S)- or (R)-MTPACI / pyridine, r.t., 24 h, 5a: 26%, 5b: 14%

5a: R = (A)-MTPA
5b: R = (S)-MTPA

Ad =85 -8R
Ad values in ppm

Figure 3. Absolute stereostructures of 1, 2, and 5.

of the inflammatory response is the activation of phagocytic cells
involved in host defense, which produce an oxidative burst of reac-
tive oxygen, chlorine, and nitrogen species.*>#4,

Macrophages play major roles in the immunity and inflamma-
tory responses involved in host defense. Once activated, they initi-
ate the production of cytokines, oxygen and nitrogen species, and
eicosanoids. In macrophages, bacterial lipopolysaccharide (LPS) is
best able to induce the transcription of genes encoding pro-inflam-
matory proteins. The stimulation results in the release of cytokines
and synthesis of enzymes such as inducible nitric oxide synthase
(iNOS). The nitric oxide (NO) radical is known to play a central role

in inflammatory and immune reactions.*>“® It is synthesized
through the L-arginine pathway by three types of nitric oxide syn-
thase (NOS): endothelial NOS (eNOS), neural NOS (nNOS) and
iNOS.47“8 eNOS and nNOS are constitutively expressed at low lev-
els. Under normal physiological conditions, iNOS is dormant in
resting cells, but under pathological conditions, it produces a large
amount of NO leading to a 10-fold higher level of eNOS by inter-
feron-y (IFNy) and LPS*®>° and plays a dual role in chronic infec-
tion, inflammation and carcinogenesis.*®>! As a part of our
studies to characterize the bioactive components of natural medi-
cines, we have investigated various NO production inhibitors.!%%2-5°

Table 4
Inhibitory effects of the constituents from the flowers of M. siamensis on LPS-activated NO production in RAW264.7 cells
Inhibition (%)* ICso (M)
0 puM 1 uM 3 uM 10 uM 30 uM

Mammeasin A (1) 0.0£1.3 275+24% 729+105%°(564+19)  88.1%09°°(24.1+0.8) 92.0+1.0°€(10.2+0.1) 1.8
Mammeasin B (2) 0.0£2.0 06+29 31.1% 6.7 (60.3 £2.4) 64.7 +2.2°° (202 £0.8) 88.2+1.4°°(13.6£04) 6.4
Surangin B (3) 0015 85£0.5 35.7 + 0.6 (67.1+4.3) 743 +0.7°¢(42.3£1.2) 91.1+1.1°¢(18.1£04) 5.0
Surangin C (4) 0.0£29 18.1+£0.7®  40.8%16° 56.7 +0.8%° (61.7 £0.9) 713 £0.6°°(42.9+0.8) 6.8
Surangin D (5) 00+14 227+03%  41.1z08° 554+ 1.0° 74.0 £0.8° (104.5 +3.4) 6.2
Kayeassamin A (6) 0.0+2.0 50+4.7 15.0+1.4° 29.7+1.8 56.6+1.2(82.4+1.3) 26.6
Kayeassamin E (7) 0.0£0.7 387+1.0° 388%02° 67.1£0.6%¢(42.8£2.3) 63.8+1.6°°(422+1.3) 6.1
Kayeassamin F (8) 0026 314+06° 413x1.0° 60.7 £ 1.8%° (55.2 £2.4) 63.1+1.0°¢(31.5+0.9) 6.0
Kayeassamin G (9) 00£19 51.0+06” 559+1.2° 81.5+0.6°¢ 72.3+0.35°(83.7£1.2) 0.8
Mammea A/AC (10) 0.0+149 06+1.9 14.2+3.0 46.9+53° 67.6+0.9°(96.8+1.7) 13.0
Mammea A/AD (11) 00+15 33.7+£2.1°  83.4+0.8%°(57.2+09) 89.4+0.8%(272£09)  102.6+0.4°°(10.1+£0.5) 13
Mammea A/AB cyclo D (12) 0.0+1.3 129+ 1.0° 18.3+1.1° >30
Mammea A/AC cyclo D (13) 00x1.7 94x14 14.3+0.8" >30
Mammea B/AB cyclo D (14) 0005 10.60.5° 13.3+1.5° >30
Mammea BJAC cyclo D (15) 0.0£0.7 9.9+04° 13.8+£0.5° >30
Mammea E/BB (16) 00+1.1 -15+14 24.2%2.0°°(55.3+3.2) 50.5 + 1.1°° (29.9 £ 2.3) 89.1+0.3"°(11.0£0.3) 7.9
Deacetylmammea E/BC cyclo D (17)  0.0%2.4 15.1£1.9 202+25° 33.1+2.0° 62.3+1.1°(106.9 £ 4.8) 19.7
$B202190 0026 36.8+1.7° 70.2+0.3°(81.4£1.7) ca. 16
CAPE>® 00+0.7 54+20 457 +3.2° 98.4+0.8"(76.4£6.1)  100.3%0.1°(15.6 £0.7) 3.8

@ Each value represents the mean + SEM (N =4).
b Significantly different from the control, p < 0.01.
¢ Cytotoxic effects were observed, and values in parentheses indicate cell viability (%) in MTT assay.
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As a continuation of these studies on bioactive constituents of
natural medicines, the effects of the coumarin constituents (1-
17) from the flowers of M. siamensis on NO production from LPS-
activated RAW264.7 cells were examined, and the results were
summarized in Table 4. As the result, compounds 1-11, 16, and
17 showed NO production inhibitory activities (ICso=0.8-
26.6 uM), although half of them (1, 2, 3,4, 7, 8, 11, and 16) showed
considerable cytotoxic effects even at low concentrations in the
MMT assays. Among the active compounds, kayeassamin G (9)
was found to be the most potent, and strongly inhibited the pro-
duction of NO (ICso 0.8 uM) without notable cytotoxic effects at
the effective concentrations (<10 uM). Whereas mammeasin A (1,
IC50 = 1.8 uM) and mammea A/AD (11, 1.3 uM) showed consider-
able cytotoxic effects although they inhibited the NO production
to the same extent as 9. It is noteworthy that the hydroxyl at C-7
was essential for the strong activity. Once the hydroxyl was
masked as the 2,2-dimethylchromene moiety (12-15), they signif-
icantly lost the activity. With respect to the substituents at C-4, C-
6, and C-8, no distinct relationships were detected between the
structures and the activity in the present study. Regardless of the
structure of the substituents, all the tested compounds bearing
the C-7 hydroxyl showed a certain degree of activity.

2.5. Inhibitory mechanism of 1, 9, and 11 on iNOS induction

NF-xB is a major transcription factor involved in iNOS and TNF-
o gene expression. NF-xB is present as an inactive form due to
combination with an inhibitory subunit, IxB, which keeps NF-kB
in the cytoplasm, thereby preventing activation of the target gene
in the nucleus. Cellular signals lead to phosphorylation of IxB fol-

LPS(-)

lowing elimination of IxB from NF-xB by proteolytic degradation.
Then, the activated-NF-kB is released and translocated into the nu-
cleus to activate transcription of its target genes.®® Inhibition of
iNOS enzyme activity or iNOS induction and inhibition of NF-xB
activation may be of therapeutic benefit in various types of inflam-
mation. #8511

First, the effects of three coumarins (1, 9, and 11) on iNOS
induction were examined. iNOS was detected at 130 kDa after a
20-h incubation with LPS by sodium dodecylsulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE)-Western blot analysis. As
shown in Figure 4, iNOS induction in LPS-activated RAW264.7 cells
was suppressed by 1, 9, and 11, and it was closely related to their
inhibitions of NO production. These results suggested that the
three coumarins (1, 9, and 11) inhibited NO production due to their
inhibitory activities against iNOS induction in LPS-activated
RAW264.7 cells. However, the NF-xB levels in a nuclear protein
fraction were not reduced by 1, 9, and 11 (Fig. 5). Therefore, other
mechanisms of action were suggested to exist.

The MAPK superfamily of serine/threonine kinases is an impor-
tant component of cellular signal transduction and also appears to
play important roles in inflammatory processes. At least, three
MAPK cascades; extracellular signal-regulated kinase (ERK), JNK,
and p38 are involved in inflammation.®?-%* Recently, inhibitors of
the phosphorylation of JNK, but not of ERK, were reported to re-
duce LPS-stimulated NO production.®® In contrast, Hwang et al. re-
ported that the inhibitors of phosphorylation of ERK and p38, but
not of JNK, reduced LPS-stimulated NO production.®® In our previ-
ous study,>® a MAPK-ERK kinase 1 (MEK1) inhibitor (PD98059) act-
ing on the phosphorylation of ERK and an ERK inhibitor
(FR180204) showed less inhibition against the production of NO;

LPS(+)

mammeasin A (1)
iINOS

B-actin
kayeassamin G (9)
iINOS
S-actin

mammea A/AD (11)

1 3 10 30 (uM)

-

iNOS — ——
p-actin
LPS(-) LPS(+)
CAPE 3 10 30 (uM)
iINOS
F-actin

Figure 4. Effects of 1,9, 11, and CAPE on iNOS protein levels.



