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Abstract The use of mesenchymal stem/stromal cells (MSC)
in regenerative medicine often requires MSC to function in
environments of high oxidative stress. Human pregnancy is a
condition where the mother’s tissues, and in particular her
circulatory system, are exposed to increased levels of oxida-
tive stress. MSC in the maternal decidua basalis (DMSC) are
in a vascular niche, and thus would be exposed to oxidative
stress products in the maternal circulation. Aldehyde dehydro-
genases (ALDH) are a large family of enzymes which detox-
ify aldehydes and thereby protect stem cells against oxidative
damage. A subpopulation of MSC express high levels of
ALDH (ALDHbr) and these are more potent in repairing and
regenerating tissues. DMSC was compared with chorionic
villous MSC (CMSC) derived from the human placenta.

CMSC reside in vascular niche and are exposed to the fetal
circulation, which is in lower oxidative state. We screened an
ALDH isozyme cDNA array and determined that relative to
CMSC,DMSC expressed high levels of ALDH1 familymem-
bers, predominantly ALDH1A1. Immunocytochemistry gave
qua l i t a t i v e con f i rma t i on a t t h e p ro t e i n l eve l .
Immunofluorescence detected ALDH1 immunoreactivity in
the DMSC and CMSC vascular niche. The percentage of
ALDHbr cells was calculated by Aldefluor assay and DMSC
showed a significantly higher percentage of ALDHbr cells
than CMSC. Finally, flow sorted ALDHbr cells were function-
ally potent in colony forming unit assays. DMSC, which are
derived from pregnancy tissues that are naturally exposed to
high levels of oxidative stress, may be better candidates for
regenerative therapies where MSC must function in high ox-
idative stress environments.

Keywords Mesenchymal stem cells . Chorionic villi .

Decidua . Placenta . Aldehyde dehydrogenase

Introduction

Mesenchymal stem/stromal cells (MSC) have generated much
interest as a potential source for cell-based therapeutic strate-
gies due to their immunosuppressive, anti-inflammatory, and
detoxification properties [1–3]. The use of MSC in regenera-
tive medicine often requires MSC to function in environments
of high oxidative stress or to treat oxidative stress-related pa-
thologies such as stroke/ischemia, diabetes, Parkinson’s dis-
ease, and acute myocardial infarction [4–6]. However, MSC
used for these purposes are often sourced from tissues that are
not normally exposed to increased oxidative stress. Oxidative
stress can significantly affect MSC properties and strategies
have been developed to pre-conditionMSC to hypoxia, which
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can improve MSC proliferation and differentiation [7]. Our
alternative approach is to source MSC from tissues that are
naturally exposed to high levels of oxidative stress.

Human pregnancy is a condition where the mother’s tis-
sues, and in particular her circulatory system, are exposed to
increased levels of oxidative stress. In comparison to the post-
partum period, high levels of reactive oxygen species (ROS)
during embryonic, fetal and placental development are fea-
tures of uncomplicated human pregnancies [8, 9]. The
maternal-placental interface, which comprises of fetal villous
tissue derived from the chorionic sac, and maternal decidua
basalis, are abundant sources of MSC. Our previous studies
showed the niche of chorionic MSC (CMSC) and decidua
basalis MSC (DMSC) is vascular [10, 11]. Based on their
niche within the maternal-placental interface, DMSC and
CMSC are likely to be exposed to different levels of oxidative
stress. DMSC are in close proximity to endothelial cells of the
maternal vessels, which are in direct contact with the maternal
blood circulation and exposed to ROS such as lipid peroxides,
malondialdehyde, peroxynitrite, and nitric oxide [9, 12–14].
On the other hand, CMSC are in close contact with the fetal
blood circulation, which is in a lower oxidative state [15].

One of the most important families of enzymes that impart
resistance to oxidative stress on MSCs is the aldehyde dehy-
drogenase (ALDH family). High ALDH activity is one of the
attributes of many stem cells and contributes significantly to
cell survival, i.e. the ability to eliminate toxic and xenobiotic
aldehydes in humans [16–19]. ALDH enzymes are of partic-
ular interest in stem cell research because they are involved in
a variety of important stem cell functions including regulation
of self-renewal ability, differentiation potential, and oxidative
stress response [17].

High ALDH activity is an alternative method of identifying
stem cells and is considered to be one of few Buniversal^ stem
cell markers [19, 20]. High ALDH activity is characteristic of
stem cells isolated from human umbilical cord blood, bone
marrow, brain, cornea, lens, skeletal muscle, adipose tissue,
and the gastrointestinal tract [17, 19, 21–24]. The means for
ALDH detection are diverse (immunohistochemistry, Western
blotting, FACS and fluorescence microscopy), making it a
powerful tool for stem cell detection and characterization in
many tissues. The most popular and commercially available
technique in measuring ALDH enzyme activity in cells is a
method based on the fluorescent substrate BODIPY
aminoacetaldehyde (BAAA), also known as the Aldefluor
assay [25]. The Aldefluor assay detects ALDH activity by
flow cytometry and the subpopulation of cells with high
ALDH activity is referred to as ALDHbr cell population.
Aldefluor-stained cells are viable and cell sorting based on
Aldefluor staining can be subsequently utilized in experimen-
tal protocols in vitro and in vivo [20].

In particular, the ALDH1A1 isozyme is the main cytosolic
enzyme responsible for oxidizing a variety of intracellular

aldehydes into carboxylic acids [18]. Various studies have
reported that different ALDH isozymes such as ALDH1A1,
ALDH1A2, ALDH1B1, ALDH2, ALDH3A1, and
ALDH3B1 isozymes might be involved in cytoprotective ef-
fects [26]. Although the ALDH1A1 isozyme was first impli-
cated as a characteristic feature of stem cells, it is possible that
ALDH activity may be due to the expression of other iso-
zymes. For instance, both ALDH1A1 and ALDH3A1 iso-
zymes are highly expressed in breast and lung cancer stem
cells and they contribute to the onset of drug resistance in
these cells [17, 25].

We used the human placenta as a model organ to study the
expression of ALDH enzyme in MSC that reside in niches
exposed to differing levels of oxidative stress. The first aim
of this study was to determine if cultured CMSC and DMSC
express the ALDH family of enzymes and screen for the most
highly expressed isozyme. The second aim of this study was
to determine if ALDH expression co-localizes with MSC
marker in the chorionic villi and decidua basalis using
multi-label immunofluorescence on the basal plate of placen-
ta. A combination of ALDH1 and FZD-9 antibodies as stem
cells markers were used in conjunction with vWF as an endo-
thelial cell marker. The final aim was to compare the ALDH
levels in CMSC and DMSC, which represent MSC from
niches exposed to different level of oxidative stress in the
placenta. Immunocytochemistry, real-time RT-PCR, and the
Aldefluor assay were each employed to measure ALDH en-
zyme activity between different cell populations. Cell sorting
based on ALDH activity assisted in isolating each subpopula-
tion of ALDHbr and ALDHdim cells. The colony forming unit-
fibroblast (CFU-F) assay was carried out to investigate the
difference in the cloning efficiency between sorted cell
populations.

Materials and Methods

Isolation of CMSC and DMSC

Human term placentae (n = 13) were obtained following in-
formed, written patient consent and with the approval of the
Human Research and Ethics Committee of the Royal
Women’s Hospital, Victoria, Australia. The placentae were
obtained from healthy women with uncomplicated pregnan-
cies following elective Caesarean section or normal vaginal
delivery. Previous studies from this laboratory have shown
that mode of delivery is not a significant variable in the study
of MSC [10, 27]. CMSC were isolated using our previously
published explant method [10, 28, 29]. Briefly, chorionic vil-
lous tissue was carefully dissected under a microscope and
non-villous tissue removed. Villi were minced into small
pieces (1mm3) and digested in 0.25 % trypsin for 40 min at
37 °C. CMSC were cultured in Amniomax C100 complete
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medium (Life Technologies, CA, USA) and maintained at
37 °C in a humidified 5 % CO2 incubator. DMSC were pre-
pared from decidua basalis tissue that remained attached to
the maternal side of the placenta. Decidua basalis tissue was
dissected from the surface of a central cotyledon on the ma-
ternal side of the placenta as described elsewhere [29, 30].
Briefly, tissues were enzymatically digested and then the cells
were fractionated by gradient centrifugation. DMSCwere cul-
tured in α-MEM complete medium (Sigma-Aldrich, St Louis,
USA) with 10% FBS, penicillin/streptomycin (100 U/mL and
100 mg/mL, Life Technologies) and 2 mM L-glutamine (Life
Technologies).

To further validate the findings, in addition to primary
CMSC and DMSC, we utilized the representative cell
lines to alleviate the patient-to-patient variation, reproduc-
ibility, and cell expansion challenges generally encountered
with primary cells. CMSC29 and DMSC23 cell lines were
created by human telomerase reverse transcriptase (hTERT)
transformation of the CMSC and DMSC populations respec-
tively [31]. In this study, CMSC and DMSC were used up
to passage P5 while the transformed cell lines CMSC29
and DMSC23 were used up to passage P25. All cell
cultures were maintained at 37 °C in a humidified 5 %
CO2 incubator.

Flow Cytometry, Fluorescence in situ Hybridization
(FISH) Analysis, and in vitro Cell Differentiation

MSC surface markers were analyzed on BD LSRII flow
cytometer for the following positive markers: CD73,
CD105, CD90, CD146, CD44, CD66 and negative markers:
CD45, CD19, and HLA-DR. FISH analysis was performed to
confirm the maternal or fetal origin of primary CMSC and
DMSC. Details of the methodology were described previous-
ly [29, 30]. The multi-lineage differentiation potential of iso-
lated MSCs and cell lines was determined by inducing cells
with adipogenic, osteogenic, and chondrogenic supplements
added to the growth medium as described in detail elsewhere
[29, 30].

Taqman cDNA Array for ALDH Isozymes Screening

ALDH isozyme mRNA screening was carried out on CMSC
and DMSC. For each primary MSC type, five individual pa-
tient placentae from uncomplicated pregnancies were collect-
ed. RNA extraction employed the Purelink RNA kit (Life
Technologies) and was carried out according to the manufac-
turer’s instructions. Following RNA extraction, a two-step
reverse transcription (RT) PCR method was performed.
Firstly, cDNA was synthesised from 2 μg RNA with 500 ng
random primers and 0.5 mM of dNTP mix followed by incu-
bation for 5 mins at 65 °C. Subsequently, 1 μL DTT, 40 U
RNasin Plus RNase inhibitor (Promega, WI, USA), 200 U of

Superscript III reverse transcriptase (Life Technologies), and
4 μL of 5× First Strand Buffer was added to each sample. The
samples were placed in the GeneAmp PCR system 9700 using
the following cycling conditions: 25 °C for 5 mins, 50 °C for
60 mins, and 70 °C for 15 mins. All cDNA samples (2 ng/μL)
were stored at −20 °C.

Pooled cDNA samples from 5 normotensive pregnancies
were used in custom made Taqman array plates prepared by
Applied Biosystems (CA, USA). The plate contained primers
for 15 known ALDH isozymes as well as the 18S rRNA
endogenous control gene (see Table 1). The PCR reaction
was performed with 1 μL pooled cDNA (12.5 ng), 10 μL
Taqman Universal PCR Mastermix No AmpErase UNG,
and 9 μL of distilled water to make up the 20 μL reaction in
each well. The reaction was carried out in the ABI 7500
(Applied Biosytems) real-time PCR machine using the fol-
lowing cycling conditions: 10mins at 95 °C initially, followed
by 95 °C for 15 s and 60 °C for 1 min repeated for 40 cycles.
Each array on the pooled cDNA sample was carried out in
duplicate and each was normalized to endogenous 18S rRNA.
The calibrator sample for this experiment was the CMSC. The
maximum allowable CT value was 40. Relative quantification
(RQ) value was calculated by the 2-ΔΔCT method [32].

Real-time RT-PCR for ALDH1A1

To independently verify mRNA levels, for the ALDH1A1
isozyme, the PCR reaction was performed with 1 μL cDNA
(12.5 ng), 5 μL Taqman Universal PCR Mastermix No
AmpErase UNG (Life Technologies), 0.5 μL of the 18S
rRNA housekeeping gene (Hs99999901_s1, Applied
Biosystems), 0.5 μL of the target ALDH1A1 probe
(Hs00946916_m1, Applied Biosystems) and 3 μL of distilled
water to make up a final 10μL duplex reaction volume in each
well of a 96 Microamp optical plate (Life Technologies). The
ABI 7500 (Applied Biosystems) cycling conditions were 10
mins at 95 °C initially, then 95 °C for 15 s, and 60 °C for
1 min, which was repeated for 40 cycles. RQ value was cal-
culated by the 2-ΔΔCT method [32].

Multiple Immunofluorescence Labelling

Tissue was collected from the decidua basalis that remained
attached to a central cotyledon on the maternal side of the
placenta following delivery. A piece of decidua basalis tissue
(about 2 cm × 1 cm × 1 cm) was excised, snap frozen in Jung
tissue freezing medium (Leica, Weitzlar, Germany) and stored
in the −80 °C freezer before use. Five μm frozen transverse
sections were cut and transferred onto Superfrost Plus slides
(Thermo Scientific, MA, USA). Multiple immunofluores-
cence labelling was performed by incubating with mouse
anti-human ALDH1 (5 μg/mL, BD Biosciences) in combina-
tion with endothelial cell marker rabbit anti-human vWF
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(1 μg/mL, Thermo Scientific), followed by donkey anti-
mouse Alexa Fluor 488 (4 μg/mL, Life Technologies) and
goat anti-rabbit Alexa Fluor 568 (0.5 μg/mL, Life
Technologies) secondary antibodies respectively. On another
slide, sections were incubated with mouse anti-human
ALDH1 (5 μg/mL) in combination with rabbit anti-human
FZD-9 (10 μg/mL, Biolegend, CA, USA), followed by don-
key anti-mouse Alexa Fluor 488 (4 μg/mL) and goat anti-
rabbit Alexa Fluor 568 (20 μg/mL) secondary antibodies re-
spectively. The negative control was the omission of the pri-
mary antibodies. Sections were mounted using a fluorescent
mounting medium incorporating a DAPI nuclear counterstain
(Vectamount). To distinguish between decidua basalis and
chorionic villous tissues, serial sections were prepared and
stained with Haematoxylin and Eosin staining (data not
shown). Immunostaining was visualised with a fluorescence
microscope (Olympus IX81) with the appropriate filters and
the resulting multi-colour image was composited by Cell R
software (Olympus).

Immunocytochemistry

Immunocytochemistry was performed with ALDH1 antibody
on cultured cells. Cultured cells were seeded and fixed with
70 % ethanol into an 8-well glass chamber slide (BD
Biosciences, CA, USA) for immunocytochemistry. To prevent
non-specific staining, sections were blocked with 5 % skim
milk powder for 1 h at RT and then washed with 1X PBS.
ALDH1 expression was determined by staining with mouse
anti-human ALDH1 (5 μg/mL, BD Biosciences) followed by
Alexa Fluor 488 (20 μg/mL, Life Technologies) secondary
antibody [21]. The negative control was omission of the

primary antibody. Nuclear counterstaining was carried out
by the addition of Vectashield mounting medium with DAPI
(Vector Laboratories, CA, USA). Staining was visualized
using an Olympus IX81microscope with the appropriate fluo-
rescence filters and the resulting multi-colour images were
compiled by Cell R software (Olympus).

Aldefluor Assay

The Aldefluor assay kit (Stem Cell Technologies, Vancouver,
Canada) was employed to determine the percentage of cells
expressing high levels of ALDH, i.e. ALDHbr cells [33]. This
assay is based on the intracellular metabolism of BAAA
(Aldefluor) substrate by ALDH enzyme, which results in the
intracellular accumulation of BAAwith more intense fluores-
cence in viable cells that express bright levels of ALDH ac-
tivity (i.e. ALDHbr cells). The remaining MSC that express
low levels of ALDH activity are referred to as ALDHdim cells.

For each experiment, 1x106 cells were incubated with
Aldefluor substrate for 30 mins at 37 °C, with and without
the ALDH inhibitor, diethylaminobenzaldehyde (DEAB) ac-
cording to the manufacturer’s instructions. After incubation,
cells were washed once with Aldefluor assay buffer contain-
ing 1 μg/mL DAPI (Sigma-Aldrich). To achieve a single cell
suspension, cells were filtered into a 5 mL tube fitted with a
cell strainer cap. Cells were selected for analysis based on their
viability and their forward versus side scatter profile. Cells
incubated with Aldefluor in the presence of DEAB were used
to establish baseline fluorescence. The brightly fluorescent
ALDHbr cells were detected in the FITC channel on a BD
LSRII flow cytometer using FACS Diva software (BD).

Table 1 CT values from CMSC
and DMSC Gene Taqman® gene expression assay number DMSC CMSC log2(RQ)

ALDH1A1 Hs00946916_m1 26.46 ± 0.01# 31.40 ± 0.07 4.49 ± 0.01

ALDH1A2 Hs00180254_m1 28.58 ± 0.01 36.84 ± 0.28 7.81 ± 0.01

ALDH1A3 Hs00167476_m1 32.97 ± 0.07 29.64 ± 0.04 −3.78 ± 0.07

ALDH1B1 Hs00265114_s1 26.46 ± 0.03 28.57 ± 0.00 1.66 ± 0.03

ALDH2 Hs01007998_m1 28.74 ± 0.01 28.33 ± 0.02 −0.87 ± 0.01

ALDH3A1 Hs00964880_m1 36.90 ± 0.12 34.75 ± 0.29 −2.59 ± 0.12

ALDH3A2 Hs00166066_m1 27.39 ± 0.03 28.08 ± 0.05 0.25 ± 0.03

ALDH3B1 Hs00997594_m1 28.18 ± 0.02 28.88 ± 0.01 0.25 ± 0.02

ALDH3B2 Hs02511514_s1 35.67 ± 1.22 40.00 ± 0.00 0.00 ± 0.00

ALDH4A1 Hs00186689_m1 28.86 ± 0.08 28.94 ± 0.02 −0.36 ± 0.08

ALDH5A1 Hs00542449_m1 30.52 ± 0.02 31.95 ± 0.06 0.98 ± 0.02

ALDH6A1 Hs00194421_m1 28.30 ± 0.02 29.51 ± 0.05 0.76 ± 0.02

ALDH7A1 Hs00609622_m1 28.05 ± 0.10 30.05 ± 0.11 1.55 ± 0.10

ALDH8A1 Hs00988965_m1 35.11 ± 0.23 34.99 ± 0.08 −0.56 ± 0.23

ALDH9A1 Hs00997881_m1 26.51 ± 0.09 26.93 ± 0.02 −0.03 ± 0.09

# CT values reflect the fractional cycle number at which the fluorescence intensity exceeds the threshold intensity.
Data are presented as mean ± SEM
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For cell sorting, 1x107 DMSC23 cells were prepared and
stained according to the Aldefluor assay protocol. ALDHbr

and ALDHdim cells were sorted using a MoFlo cell sorter
(Beckman Coulter, CA, USA) and Cyclops SUMMIT soft-
ware (Cytomation, Inc., CO, USA). Cells were sorted on the
basis of their ALDH activity using published methods [34].
After sorting, ALDHbr and ALDHdim cells were cultured in
75 cm2 tissue culture flasks and allowed to grow until 80 %
confluent.

CFU-F Assay

A CFU-F assay was carried out to determine the cloning effi-
ciency of DMSC23 cells following cell sorting based on
ALDH activity. A characteristic feature of many types of stem
cells is their clonogenicity i.e. the ability of a single cell to
produce a colony when seeded at low densities. An accepted
definition of a colony is one that contains more than 50 cells.
DMSC23 cells, sorted ALDHbr DMSC23 cells, and sorted
ALDHdim DMSC23 cells were dissociated from the culture
flask. The resulting cell suspensions were seeded into 6-well
plates at a cell density of 400 cells per well. Plates were incu-
bated for 2 weeks without a medium change. Cells were then
briefly rinsed with PBS, fixed with 10 % formalin, and
Giemsa stained for visualization. A group of cells containing
50 cells or more, with a defined colony margin, was counted
as a colony. The CFU-F result was presented as the % cloning
efficiency.

%cloning efficiency ¼ number of colony formed

400 cells
x 100%

Statistical Analysis

All data from the Aldefluor assay and real-time RT-PCR
were described as mean ± SEM. An unpaired student
t-test was used to assess the difference in percentage of
ALDHbr cells and real-time RT-PCR results between dif-
ferent groups. A p-value of <0.05 was considered signif-
icant. Statistical calculations were performed using the
GraphPad Prism software.

Results

Isolation and Characterization of CMSC and DMSC

Figure 1a, b shows the fetal and maternal origin of the respec-
tive CMSC and DMSC populations. Isolated CMSC and
DMSC at passage P1 adhere to plastic and showed the uni-
form fibroblast-like morphology typical of MSCs (Fig. 1c, d).
Culture conditions for CMSC included the use of Amniomax

complete medium and DMSC in α-MEM basal medium with
10 % FCS. Figure 1e illustrates the cell surface marker profile
for DMSC with the typical positive expression of CD90,
CD146, CD166, CD44, CD73, and CD105; as well as nega-
tive expression of CD45, CD19, and HLA-DR. CMSC
expressed a similar cell surface marker profile to DMSC (data
not shown). Figure 2a–c shows DMSC differentiation into
cells of the osteogenic, adipogenic, and chondrogenic line-
ages. Differentiation of CMSC was found to be similar (data
not shown). Undifferentiated cells only show background
staining (Fig. 2d–f).

Taqman cDNA Array Screening of ALDH Isozymes

A custom Taqman cDNA array was used to compare the
mRNA levels of different ALDH isozymes between CMSC
and DMSC. The real-time RT-PCR reactions were run for
40 cycles using universal cycling conditions. The mRNA lev-
el of each ALDH isozyme was normalized to the housekeep-
ing gene 18S rRNA. The threshold cycle or CT values are
presented in Table 1. CMSC and DMSC expressed different
levels of mRNA for the various ALDH isozymes. CT values
of low numerical values (< 30) indicate strong positive reac-
tions correlated to relative abundance of mRNA transcript in
the sample. On the other hand, CT values of high numerical
values (> 30) suggested that the mRNA transcript in that sam-
ple was at a relatively low level. In DMSC, mRNA levels of
ALDH1A1 (26.46 ± 0.01), ALDH1B1 (26.46 ± 0.03), and
ALDH9A1 (26.51 ± 0.09) isozymes were the highest. The
ALDH3B2 isozyme mRNA was only detected in DMSC. In
CMSC, ALDH9A1 (26.93 ± 0.02) mRNA levels were
highest, followed by ALDH3A2 (28.08 ± 0.05) and ALDH2
(28.33 ± 0.02). Overall, the results show that, in addition to the
ALDH1A1 isozyme, these cells expressed mRNA for several
ALDH genes from other families.

To determine the relativemRNA levels of ALDH isozymes
in CMSC and DMSC, log2(RQ) values or fold change were
calculated and plotted in the Y-axis against the target genes in
the X-axis (Fig. 3a). CMSCwere used as the calibrator sample
for the fold change calculation. For the analysis presented in
Fig. 3a, ALDH3B2 isozyme in CMSC sample was assigned a
CT value of 40 even though the sample did not produce suffi-
cient fluorescence to cross the threshold of detection. Genes in
DMSC with relative mRNA levels of more than a two-fold
increase relative to CMSC were classified as up-regulated and
conversely, genes in DMSC with relative mRNA levels of
more than two-fold decrease relative to CMSCwere classified
as down-regulated. ALDH1A1 and ALDH1A2 isozymes
showed the greatest fold increases of 4.49 and 7.81 relative
to CMSC mRNA levels of these genes, respectively.
ALDH1A3 and ALDH3A1 isozymes showed the greatest
fold decreases of −3.78 and −2.60 relative to CMSC mRNA
levels for these genes, respectively. Other ALDH isozymes
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(ALDH1B1, ALDH2, ALDH3A2, ALDH3B1, ALDH4A1,
ALDH5A1, ALDH6A1, ALDH7A1, ALDH8A1, and
ALDH9A1) did not show more than two-fold mRNA level
changes in DMSC relative to CMSC.

Real-time RT-PCR

ALDH1A1 mRNA levels in CMSC and DMSC were ana-
lyzed relative to 18S rRNA, which was used as the

housekeeping control gene for normalisation. The RQ value
was calculated relative to the CMSC samples. Figure 3b
shows significantly increased ALDH1A1 mRNA levels in
DMSC in comparison to CMSC (DMSC: 5448 ± 1880
vs. CMSC: 0.99 ± 0.03, p-value =0.0274, n = 6, unpaired
t-test).

The ALDH1A1 mRNA levels were further analyzed in
CMSC29 and DMSC23 cells. RQ value was calculated rela-
tive to the CMSC29 cells samples. Figure 3c shows a

Fig. 1 Characterization of
cultured DMSC and CMSC.
Representative FISH analysis
carried out on cells isolated from
placenta of male newborn (a)
DMSC showed two X
chromosomes (Spectrum Green)
signals, (b) CMSC showed one X
chromosome (Spectrum Green)
and one Y chromosome
(Spectrum Orange) signals. Cell
nuclei were stained blue with
DAPI. Magnification is 1000×.
Bright field microscopy image of
(c) DMSC cells at P1 (d) CMSC
cells at P1. Magnification is 100×
and scalebar is 100 μm. DMSC
cell surfacemarker expression (e).
Histograms showing DMSC
positive expression for CD90,
CD146, CD166, CD44, CD73,
CD105 and negative expression
of CD45, CD19, and HLA-DR.
The red histogram shows the
MSC marker antibody staining
while the white histogram shows
the matching isotype control
antibody staining
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significantly increased ALDH1A1 mRNA levels in the
DMSC23 cells compared to the CMSC29 cells (DMSC23:
4239 ± 131.1 vs. CMSC29: 0.98 ± 0.15, p-value <0.001,
n = 5, unpaired t-test).

Multiple Immunofluorescence Labelling with ALDH1
Antibody

Multiple immunofluorescence labelling was conducted to lo-
calize the immunoreactivity of the ALDH1 antibody within
the chorionic villi and decidua basalis of the human term
placenta. The reactions were carried out with sections pre-
pared from at least 3 different placenta specimens. ALDH1
immunoreactivity was detected with a donkey anti-mouse
Alexa Fluor 488 secondary antibody (Figs. 4a, d, g). vWF
immunoreactivity was detected, as expected, in endothelial
cells lining the chorionic vessels and decidua basalis vessels
(Figs. 4b, e). In the chorionic villi, the composite image of
ALDH1/vWF/DAPI shows overlaps of ALDH1 and vWF im-
munoreactivity as indicated by the yellow signals (Fig. 4c).
The composite image (Fig. 4f) shows some overlap of
ALDH1 and vWF immunoreactivity but ALDH1 antigen
showed immunoreactivity in the media of decidua basalis
blood vessels (Fig. 4g). FZD-9 immunoreactivity was detect-
ed with a goat anti-rabbit Alexa Fluor 568 secondary antibody
and showed cytoplasmic staining in cells in the vessel media
(Fig. 4h). Figure 4i is the composite image showing co-
localization of ALDH1 and FZD-9 in the media around the
decidua basalis vessel. The negative control (omission of the
primary antibodies) showed no immunoreactivity in the de-
cidua basalis vessels (inset in Fig. 4i).

Immunocytochemistry on Primary MSC and MSC Cell
Lines

Immunocytochemistry on primary cells (CMSC and DMSC)
and cell lines (CMSC29 and DMSC23) was carried out to
detect ALDH1 expression at the protein level (n = 3). The
ALDH1 antigen was detected with a donkey anti-mouse
Alexa Fluor 488 secondary antibody and the expression was
predominantly cytoplasmic. Figure 5a shows DMSC23 cells
stained positively with ALDH1 antibody. In comparison,
CMSC29 cells showedweak reactivity with ALDH1 antibody
(Fig. 5b). DMSC showed a higher intensity of ALDH1 anti-
body staining (Fig. 5c) compared to CMSC (Fig. 5d). The
negative control was the omission of primary the antibody,
which showed no significant staining (inset in Fig. 5d).

Aldefluor Assay

Cells were treated with Aldefluor substrate in the presence of
DEAB (ALDH inhibitor) to establish the background fluores-
cence level; DEAB inhibits the formation of fluorescent prod-
ucts. The fluorescence intensity of cells incubated with the
Aldefluor substrate showed a shift in fluorescence that defined
the brightly fluorescent ALDH population. A representation
of the flow cytometric gating strategy for the Aldefluor assay
is shown in Fig. 6a–d. DMSC were incubated with Aldefluor
substrate in the presence (Fig. 6a) or absence (Fig. 6b) of
DEAB. Similarly, CMSC were stained with Aldefluor in the
presence (Fig. 6c) or absence (Fig. 6d) of DEAB. Cells gated
in passage P2 (Fig. 6b, d) represent the subpopulation of cells
that are positive for ALDH activity, i.e. ALDHbr cells.

Fig. 2 DMSC differentiation into mesenchymal lineages. (a) Osteogenic
differentiation, Alizarin Red staining in cells after 5 weeks growth in
osteogenic induction medium. Arrows show calcium depositions. (b)
Adipogenic differentiation, Oil Red O staining in cells after 14 days
growth in adipogenic induction medium. Arrows show fat droplets. (c)

Chondrogenic differentiation, Safranin O staining for proteoglycans
depositions in cells after 21 days growth in chondrogenic induction
medium. (d-f) Control uninduced DMSC in media without
differentiation supplements. Scalebar is 100 μm
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ALDH Activity in Primary MSCs and MSC Cell Lines

To determine whether differences in ALDH expression were
also detectable at the enzyme activity level, ALDH activity
was assessed using the Aldefluor assay. The percentage of
ALDHbr cells and ALDHdim cells in the population was de-
termined. Figure 6e shows DMSC had significantly more
ALDHb r c e l l s c ompa r ed w i t h CMSC (DMSC:
19.02 ± 5.59 % vs. CMSC: 0.12 ± 0.10 %, p-value =0.007,
n = 6, unpaired t-test).

To confirm the Aldefluor assay findings observed in pri-
mary MSCs were reflected by MSC cell lines, the Aldefluor

assay was carried out on MSC cell lines. In Fig. 6f, the
Aldefluor assay results on the MSC cell lines showed that
the DMSC23 cells had a significantly higher percentage of
ALDHbr cells compared to CMSC29 cells (DMSC23:
20.40 ± 0.49 % vs. CMSC29: 0.27 ± 0.03 %, p-value
<0.001, n = 3, unpaired t-test).

CFU-F Assay on Sorted Cells

A CFU-F assay was performed to determine whether cell
sorting based on ALDH activity would improve colony
forming unit ability. CMSC29, which express very low levels

Fig. 3 Real-time RT-PCR. (a) The log2(RQ) plot of ALDH isozymes in
CMSC and DMSC. For each individual gene, the mRNA level was
calculated relative to an endogenous control (18S rRNA is the chosen
housekeeping gene). Gene expression was then normalized to the
calibrator sample, which was CMSC. The Y-axis shows the log2 (RQ)
values of the particular ALDH isozyme mRNA level. The X-axis shows
the ALDH isozymes used in this screening. The green line shows the log2
(RQ) value at 2-fold increase and the blue line shows the log2 (RQ) value
at 2-fold decrease. Genes that were up-regulated have log2 (RQ) values
>2 and down-regulated genes have log2 (RQ) values > −2. Data were
presented as mean ± SEM in duplicate samples. (b) Real-time RT-PCR
was performed to determine ALDH1A1 genemRNA levels relative to the

housekeeping gene 18S rRNA in DMSC and CMSC. The Y-axis shows
RQ value of ALDH1A1 mRNA levels in DMSC and CMSC. The
reference sample for this experiment was the CMSC sample. Columns
represent mean ± SEM from duplicate samples. Unpaired t-test, n = 5
each group, *p-value =0.0274. (c) Real-time RT-PCR was performed to
determine ALDH1A1 gene mRNA levels relative to the housekeeping
gene 18S rRNA in DMSC23 and CMSC29 hTERT transformed cell
lines. Levels of mRNAwere normalized to the reference sample, which
were CMSC29 cells. The Y-axis shows RQ value of ALDH1A1 mRNA
levels in CMSC29 and DMSC23. Unpaired t-test, n = 5 each group,
***p-value <0.001
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of ALDH enzyme compared with DMSC23, were not
assessed.

Purified cell suspensions of unsorted DMSC23, and flow
cytometry sorted ALDHbr and ALDHdim DMSC23 cells were
seeded at densities of 400 cells per well. Approximately 50 %
of the cells attached within 24 h of culture. Figure 6g shows
the colony forming unit ability of ALDHbr DMSC23 cells was
significantly higher when compared with ALDHdim DMSC23
cells (Unsorted: 5.92 ± 0.36 %, ALDHbr: 6.58 ± 0.36 %,
ALDHdim: 4.42 ± 0.17 %, p-value =0.007, n = 3, One-way
ANOVA). DMSC were not analysed for their colony forming
unit ability due to the large number of cells required for cell
sorting (1 × 107 cells) which are difficult to achieve with
passaging.

Discussion

In the present work, we show that CMSC and DMSC, which
are derived from pregnancy tissues that are exposed to differ-
ent levels of oxidative stress, expressed different levels of
ALDH enzyme. CMSC and DMSC were characterized ac-
cording to the minimal MSC criteria set by International
Society of Cellular Therapy (ISCT) as well as criteria for

Fig. 4 Multiple immunofluorescence labelling to localize ALDH1
immunoreactivity in the fetal chorionic villi and maternal decidua
basalis of the placenta. (a, d, g) Immunolocalization of ALDH1 using
FITC fluorescence. (b, e) Immunolocalization of vWF using Cy3
fluorescence. (c) Composite ALDH1/vWF/DAPI image in the chorionic
villi. White arrows show ALDH1 signal which overlaps the vWF signal.
(f) Composite ALDH1/vWF/DAPI image around a decidual vessel.
White arrows show ALDH1 signal which overlaps the vWF signal. (g)

Immunolocalization of ALDH1 using FITC fluorescence. (h)
Immunolocalization of FZD-9 using Cy3 fluorescence. (i) Composite
ALDH1/FZD-9/DAPI image around a decidual vessel. Inset shows
negative control with the omission of primary antibodies. Yellow arrow
shows ALDH1 signal which overlaps the FZD-9 signal. Reactions were
carried out on at least 3 different placenta specimens. Cell nuclei were
counterstained blue with DAPI in all panels. L: Lumen, S: Stroma.
Magnification is 400× and scalebar is 100 μm

Fig. 5 ALDH1 immunocytochemistry on MSC cell lines (DMSC23 and
CMSC29) and primary MSC (DMSC and CMSC). Cells were labelled
with ALDH1 antibody (detected with FITC fluorescence) and nuclei
were counterstained with DAPI (blue). (a) DMSC. (b) CMSC. (c)
DMSC23 cells. (d) CMSC29 cells. Inset shows a representative
negative control with the omission of primary antibody. Reactions were
carried out on at least three independent preparations. Magnification is
200× and scalebar is 100 μm
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placenta-derived stem cells [35, 36]. Both cell types showed
positive expression of MSC markers CD73, CD105, CD90,
CD44, CD146, CD166 and lacked the expression of CD45,
CD19, and HLA-DR. FISH analysis verified the fetal origin of
CMSC and maternal origin of DMSC which were prepared

from a male placenta. Furthermore, both CMSC and DMSC
could be differentiated into osteocytes, adipocytes, and
chondrocytes consistent with other studies [28–30, 37–39].

The Taqman low density cDNA array was employed to
determine the relative mRNA levels of ALDH isozymes in

Fig. 6 Aldefluor assay in CMSC
and DMSC. Representative flow
cytometric analysis showing the
gating of ALDHbr cells, (a)
DMSC with added Aldefluor
substrate, and the ALDH inhibitor
DEAB. (b) DMSC with added
Aldefluor substrate. (c) CMSC
with added Aldefluor substrate
and ALDH inhibitor, DEAB. (d)
CMSC with added Aldefluor
substrate. The gate (P2 region) for
ALDHbr cells was determined
from the corresponding DEAB
panel to establish the baseline
level of ALDH expression. The
fluorescence intensity of cells
incubated with the Aldefluor
substrate showed a shift in
fluorescence that defined the
brightly fluorescent ALDH
population called ALDHbr cells
(X-axis) versus the side scatter (Y-
axis). The percentage shown in
each panel is the percentage of
ALDHbr cells in each
corresponding sample. (e) The
Aldefluor assay was performed
on DMSC and CMSC. Unpaired
t-test, n = 6 each group, **p-value
=0.0070. Columns represent
mean ± SEM. (f) The Aldefluor
assay was performed on
DMSC23 and CMSC29 cells.
The Y-axis shows the percentage
of cells with high levels of ALDH
(percentage of ALDHbr cells).
Unpaired t-test, n = 3 each group,
***p-value <0.001. (g) The effect
of cell sorting on colony forming
unit ability. ALDHbr and
ALDHdim fractions of DMSC23
cells were sorted according to
their ALDH activity level using
FACS. Unsorted DMSC23 cells
and the sorted fractions were then
cultured under standard
clonogenic assay conditions. The
data reflects mean ± SEM of the
% cloning efficiency per 400
cells/well plated in duplicates.
One-way ANOVATEST, n = 3
for each group, significant
differences were denoted by
**p-value <0.01, *p-value <0.05
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each of the CMSC and DMSC and then to compare the
mRNA levels between CMSC and DMSC. Based on the
mRNA levels relative to 18S, ALDH1A1 had the highest level
of mRNAwith ALDH1B1, and ALDH9A1 also showing high
level expression in DMSC. ALDH9A1, ALDH3A2, and
ALDH2 were the most highly expressed mRNAs in CMSC.
This screening array identified mRNA levels of ALDH1A1
and ALDH1A2 were increased while mRNA levels of
ALDH1A3 and ALDH3A1 were decreased in DMSC com-
pared with CMSC. This is the first study to show that
ALDH1A1 enzyme was expressed in DMSC and it has the
potential to be a functional marker to discriminate between
DMSC and CMSC. Immunohistochemistry and DEAB inhi-
bition studies have demonstrated that ALDH1A1 isozyme can
also be used as a marker to identify human bone marrow stem
cells and breast cancer stem cells [40, 41].

To localize ALDH1 expression in the fetal chorionic villi
and maternal decidua basalis of human term placenta, multi-
ple immunofluorescence labelling analysis was conducted in
combination with vWF and FZD-9 antibodies. In the chorion-
ic villi, ALDH1 immunoreactivity was detected in overlap-
ping with vWF immunoreactivity in endothelial cells.
Double immunostaining of ALDH1 and vWF antibodies
showed co-localization of the fluorescence signals around
the decidual blood vessel and ALDH1 immunoreactivity
was also observed in cells in the tunica intima of blood vessels
in the decidua basalis. Double immunostaining of ALDH1
and FZD-9 antibodies showed an overlap of fluorescence sig-
nals around the decidual blood vessel. The use of ALDH1
antibody has been extensively demonstrated in various studies
to identify normal and malignant human mammary stem cells,
normal ovary and ovarian tumors, endometrioid adenocarci-
noma cells, and fibroblast-like cells in human fibroids [34,
41–43]. This study employed multi-label immunofluores-
cence analysis to localize ALDH1 protein expression using
the ALDH1-specific antibody. Our previous work showed
that MSC markers such as STRO-1, 3G5, α-SMA, and
FZD-9 identified vascular MSC niches in the decidua basalis
and placenta [10, 11]. These studies also reported some over-
lapping between various MSC markers and vWF expression
which are consistent with our observations. Therefore,
ALDH1 expression, another possible marker for MSC, co-
localized with other MSC markers in the vascular niche.
ALDH1 is expressed in the MSC niche in both chorionic villi
and decidua basalis. Thus, ALDH enzyme activity is potential
marker of stem cell identification as demonstrated in several
tissue types, including placenta and decidua.

Immunocytochemistry on MSC primary cells utilising an
ALDH1 antibody confirmed the findings that the DMSC
displayed a higher level of ALDH expression compared to
CMSC. The corresponding difference was also found between
the DMSC23 and CMSC29 cells. The ALDH1A1 mRNA
level was validated by real-time RT-PCR analysis. The

Aldefluor assay results on DMSC and CMSC cells revealed
a significant difference in their ALDH enzyme activity, and
similarly between DMSC23 and CMSC29 cells. Therefore, in
DMSC/DMSC23 there was a significant percentage of the
total population of cells with high level ALDH enzyme activ-
ity (i.e. ALDHbr cells), but this is not the case for CMSC/
CMSC29 cells. Overall, the Aldefluor assay result was con-
sistent with ALDH1 immunofluorescence and real-time RT-
PCR analysis.

Cell sorting based on ALDH enzyme activity showed that
ALDHbr DMSC23 cells have a higher clonogenic activity in
comparison to ALDHdim DMSC23 cells. Although it is diffi-
cult to compare the CFU-F results with previously reported
findings because of the different culture protocols, the present
findings suggest that colony-forming ability of DMSC23 is at
least equal to, or higher than that of BMMSC, adipose MSC,
and decidua MSC [44–46]. Our findings are also consistent
with other studies demonstrating that sorted ALDHbr cells are
enriched in their clonogenic activity [47–49].

Based on these findings on MSC cell lines, validation ex-
periments were performed in isolated primary CMSC and
DMSC. Immunocytochemistry on primary cells, CMSC and
DMSC, utilising an ALDH1 antibody, supported the findings
that DMSC displayed a higher level of ALDH expression
compared to CMSC. Subsequently, real-time RT-PCR and
the Aldefluor assay showed that DMSC has significantly
higher ALDH1A1 mRNA levels and ALDH activity com-
pared to CMSC. Immunohistochemistry and DEAB inhibition
studies demonstrate that ALDH1A1 isozyme is a major
ALDH gene product and ALDH1A1 activity is correlated
with Aldefluor assay in human bone marrow stem cells and
breast cancer stem cells [40, 41]. We suggest that ALDH1B1
and ALDH9A1 isozymes warrant further investigation into
their possible roles in CMSC or DMSC functions.

This study demonstrates that MSC are a heterogeneous
population of cells with a subset of cells expressing high level
expression of ALDH enzyme, i.e. DMSC consisted of
19.02 ± 5.59 % of ALDHbr cells. Other studies have demon-
strated that ALDHbr cells were detected via Aldefluor assay in
cells isolated from various human tissues, for example,
20.1 ± 4.1 % in myoblasts, 34.1 ± 6.2 % in myometrial cells,
6.4 ± 2.9 % in ovarian tumors, 8.2 ± 4.3 % in mammary stem
cells, 1.8 ± 1.7 % in umbilical cord MSC, and 0.8 ± 0.2 % in
BMMSC [34, 41, 42, 48, 50, 51]. This is consistent with the
concept that MSCs are heterogeneous populations of cells and
this heterogeneity can affect their potency, safety, tissue spe-
cific efficacy, and mechanism of action [52]. Various studies
have validated ALDH activity as a marker to enrich stem/
progenitor cells in non-hematopoietic organs such as in skel-
etal muscle, pancreas, colon, brain, prostate, and mammary
epithelium [18, 19, 21, 53, 54].

The difference in ALDH expression is likely to be due to
the difference in their respective niches. Previously, CMSC
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and DMSC were shown to both reside in a vascular niche, but
the level of exposure to oxidative stress in decidua basalis and
chorionic placenta is different. Braekke et al. [15] explored
levels of 8-isoprostane, a stable product of lipid peroxidation
and a reliable marker of oxidative stress, in cord plasma. They
reported that the concentration of 8-isoprostane was signifi-
cantly higher in plasma from the umbilical vein than from the
umbilical artery, suggesting maternal blood is in higher oxi-
dative state compared to fetal blood circulation. Consequently,
DMSC are exposed to a high oxidative stress environment due
to their close proximity to the maternal blood circulation in the
decidua basalis. On the other hand, CMSC are located in
p lacen ta l chor ion ic v i l l i and enve loped by the
syncytiotrophoblast layer, exposed exclusively to the fetal
blood circulation, which is in a significantly lower oxidative
state. Thus, DMSC have a higher percentage of ALDHbr cells,
which reflects the need to cope with the high oxidative stress
environment in the maternal circulation in the decidua basalis.
The finding that ALDH enzyme expression was significantly
different in CMSC and DMSC populations highlights the im-
portance of understanding MSC properties in order to exploit
their full potential in regenerative medicine application. For
example, DMSC may be better suited to therapeutic applica-
tionwhere high oxidative stress environments are encountered
such as in cardiovascular disease and tissue inflammation. In
future, follow up studies can be undertaken to complement the
cell culture work by knocking down ALDH gene in DMSC
and test if ALDH gene inactivation causes decreased resis-
tance to oxidative stress. Further research could also utilize
both CMSC and DMSC transplantation using in vivo animal
model of oxidative stress-related injuries and investigate their
effectiveness in restoring oxidative stress conditions. As stated
in the introduction, there is strong evidence to support the
important role of ALDH enzymes in the MSC resistance to
oxidative stress. However, we also acknowledge that other
anti-oxidative enzymes and pathways may play important
roles, which could be revealed bymicroarray/proteomics anal-
yses of DMSC, and comparisons with CMSC.
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