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Human mesenchymal stem cells (hMSCs) are multipotent cells that differentiate into
several cell types, and are expected to be a useful tool for cellular therapy. Although
the hMSCs differentiate into osteogenic cells during early to middle stages, this
differentiation capacity decreases during the late stages of cell culture. To test a
hypothesis that there are biomarkers indicating the differentiation potential of
hMSCs, we performed microarray analyses and profiled the gene expression in six
batches of hMSCs (passages 4-28). At least four genes [necdin homolog (mouse)
(NDN), EPH receptor A5 (EPHAS5), nephroblastoma overexpressed gene (NOV) and
runt-related transcription factor 2 (RUNX2)] were identified correlating with the
passage numbers in all six batches. The results showed that the osteogenic
differentiation capacity of hMSCs is down-regulated in the late stages of cell culture.
It seemed that adipogenic differentiation capacity was also down-regulated in late
stage of the culture. The cells in late stage are oligopotent and the genes identified in
this study have the potential to act as quality-control markers of the osteogenic
differentiation capacity of hMSCs.

Key words: cellular therapy, culture stage marker, differentiation, gene expression,
stem cell.

Abbreviations: EPHAS, EPH receptor A5; hMSCs, human mesenchymal stem cells; NDN, necdin homolog
(mouse); NOV, nephroblastoma overexpressed gene; PBS, phosphate buffered saline; RUNXZ2, runt-related

transcription factor 2.

INTRODUCTION

‘Cellular therapy' is a new concept in treating diseases
with cells that have regeneration potential. Currently, it
is at the clinical research stage; however, the use of
cellular therapeutics in regular clinical settings will be
implemented in near future. Cellular therapeutics
involves the use of cells derived from human tissue,
either cultured and/or modified, in regenerating and
repairing damaged tissues and consequently improving
the functions in the human body. Hence, tissue or
embryonic stem cells that have the potential to differ-
entiate into a variety of cell types are one of the prime
candidate cells for cellular therapeutics. It is difficult to
overview the entire discipline of cellular therapeutics
since the cells themselves represent ‘life”.

Stem cells, one of the candidates for cellular therapeu-
tics, produce daughter cells identical to themselves that
differentiate into other types of cells (7). The fate of
the stem cells is determined by cellular signaling,
although the underlying mechanism is still unknown.

*To whom correspondence should be addressed. Tel: +81-3-3700-
1141, Fax: +81-3-3700-9217, E-mail: stanabe@nihs.gojp
*Present address: Division of Biological Chemistry and Biologicals,
National Institute of Health Sciences

Vol. 144, No, 3, 2008

399

It is therefore important to investigate the gene expres-
sion patterns that influence the cellular signaling path-
ways and identify the representative biomarkers that can
act as indicators of the differentiation potential of the
stem cells. Recently, it has been reported that human
somatic cells can be induced to pluripotent stem cells (2).
There have been several reports suggesting that
cellular therapeutics is a promising treatment for several
diseases. C-kit-expressing cells obtained from the bone
marrow have been used in cardiac tissue repair in mice
experiments (3). Previous studies have reported the use
of autologous bone marrow cells transplantation for
the post-infarction recovery of cardiac function (4-9).
Cytotoxic T cells have also been used for cellular therapy
to protect from infectious diseases in an immunodefi-
cient condition following hematopoietic stem cell trans-
plantation (10). Mesenchymal stem cells (MSCs) are also
used for therapy expecting immunosuppressive effects
(11, 12). Previous studies on MSCs also indicate that
these cells possess the ability for chondrogenic (13),
osteogenic (14, 15) and adipogenic differentiation, and
possibly other differentiating capabilities (16). In a
clinical setting, it is difficult to assess the overall profile
of each batch of the cells. We hypothesized the existence
of quality-control markers for the differentiation poten-
tial of human mesenchymal stem cells (hMSCs) and used
gene expression profiling to identify these markers.

© 2008 The Japanese Biochemical Society.
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EXPERIMENTAL PROCEDURES

Cell Culture—The hMSCs derived from bone marrow
[Lonza (Cambrex), Walkersville, Maryland, USA] were
cultured in mesenchymal stem cell growth medium
(MSCGM) [Lonza (Cambrex) #PT-3001; mesenchymal
stem cell basal medium supplemented with mesenchymal
cell growth supplement, L-glutamine and penicillin/
streptomycin] at 37°C in CO,; (5%) incubator, Cells
were passaged according to the manufacturer's protocol
with slight modification using trypsin-EDTA solution
[Lonza (Cambrex) #CC-3232]. Lot numbers of the hMSC
batches were as follows: #4F1127, #4F0312, #5F0138,
#4F1560, #4F0591 and #4F0760. Informed consent was
obtained in Poietics human mesenchymal stem cell
systems [Lonza (Cambrex)]. All differentiation proce-
dures were performed according to Lonza (Cambrex)
protocol with slight modification.

Osteogenic Differentiation—The hMSCs were plated
onto 12-well plates and 24 h later, the medium was changed
to MSCGM (as control) or osteogenic induction medium
(OIM) [Lonza (Cambrex) #PT-3002; differentiation basal
medium containing dexamethasone, ascorbate, mesenchy-
mal cell growth supplement, L-glutamine, penicillin/
streptomyecin and f-glycerophosphate]. Medium was
changed every 3-4 days and cells were differentiated for
21 days.

Calcium Deposition Assay—Calcium deposition was
measured using the Stanbio Total Calcium Liquicolor®
kit (Stanbio Laboratory, Boerne, Texas, USA: #0150-250)
according to the manufacturer’s protocol (Cambrex,
Stanbio Laboratory). Briefly, the cells cultured on 12-well
plates for 22 days (osteogenic-induced for 21 days) were
rinsed with phosphate buffered saline (PBS) without
calcium and magnesium [Lonza (Cambrex) #17-516Q]
and harvested in 0.5 N HCI (600 ul). Calcium was extracted
from the cells by shaking the tubes for approximately 20h
at 4°C. Lysates were centrifuged at 500g for 2min at 4°C
and 20yl of the supernatant was used for the assay.
Absorption at 560nm was measured to detect the
Ca-ortho-cresolphthalein complexone (OCPC) complex
using an EnVision 2103 multilabel reader (PerkinElmer,
Waltham, Massachusetts, USA). Calcium deposition was
adjusted with the total protein concentration of the
samples. Cells harvested in 0.5N HCl were centrifuged
at 15,000 rpm for 10 min at 4°C. The pellet was washed
once with PBS without calcium and magnesium, and
resuspended in 100pl of 0.1N NaOH/0.1% SDS. After
overnight incubation at 37°C, the lysate was centrifuged at
15,000 rpm for 10min at room temperature, and the
supernatant was quantitated using the DC protein assay
(Bio-Rad Laboratories, Hercules, California, USA) accord-
ing to the manufacturer’s protocol. Absorbance at 620 nm
was measured using the EnVision 2103 multilabel reader
(PerkinElmer). The standard curve was obtained using
bovine serum albumin.

Adipogenic Differentiation—The cells were plated onto
a 24 well-plate at 2.1 x 10%cm?, and cultured in MSCGM
for 5-6 days. After cells reach confluence, medium was
changed to MSCGM (as control) or adipogenic induction
medium (AIM) [Lonza (Cambrex) #PT-3004: induction
basal medium supplemented with recombinant human
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insulin, L-glutamine, mesenchymal stem cell growth
supplement, penicillin/streptomycin, dexamethasone,
indomethacin and IBMX (3-Isobutyl-1-methylxanthine)].
Medium was changed after 3 days into adipogenic main-
tenance medium (maintenance basal medium supplemen-
ted with recombinant human insulin, L-glutamine,
penicillin/streptomycin  and mesenchymal stem cell
growth supplement), After three complete cycles of induc-
tion/maintenance, the cells were cultured for 7 more days
in adipogenic maintenance medium, replacing the medium
every 2-3 days.

0Oil Red O staining—The cells were rinsed with 500 pl of
PBS and fixed with 10% neutral buffered formalin (500 ul).
After washing with sterile water, the cells were washed
with 60% 2-propanol (500 ul) for 2-5 min and stained with
0il Red O (500 ul) for 5min. The cells were rinsed with tap
water and stained with Harris' haematoxylin (500pl) for
1min and rinsed with the water. Lipid vesicles were
observed with microscope Biozero BZ-8000 (KEYENCE,
Osaka, Japan),

Chondrogenic Differentiation—The cells (3 x 10°) were
washed with incomplete chondrogenic induction medium
[Lonza (Cambrex) #PT-3003; chondrogenic basal medium
containing dexamethasone, ascorbate, I'TS (insulin-trans-
ferrin-sodium selenite) + supplement, sodium pyruvate,
proline, penicillin/streptomycin, L-glutamine] and were
resuspended in 0.5 ml of complete chondrogenic induction
medium (CCIM; incomplete condrogenic induction
medium supplemented with 10ng/ml of TGF-§3) or
MSCGM (as control) and cultured in 15ml polypropylene
culture tubes. The medium was replaced every 3—4 days
and the cells were cultured for 24 days.

Safranin-O Stains for in vitro Chondrogenesis—The
chondrogenic pellets were fixed in 10% neutral buffered
formalin and paraffin embedded. The paraffin sections were
stained with Weigert's iron hematoxylin (Wako 298-21741),
0.02% fast green FCF (MP biomedicals 195178) and 0.1%
Safranin-O (Sigma HT 90432), followed by observation with
microscope Biozero BZ-8000 (KEYENCE).

Total RNA Purification—The hMSCs were cultured
on a 10em dish, lysed in 600l of Buffer RLT (RNeasy®
Lysis Buffer) with B-mercaptoethanol and homogenized
using a QIA shredder (QIAGEN, Diisseldorf, Germany),
Total RNA was purified using RNeasy® mini spin columns
according to manufacturer’s protocol (QIAGEN). Total
RNA was eluted with RNase-free water.

Microarray Analysis—Total RNA (100ng or 1pg) was
reverse transcribed and amplified using a GeneChip* kit
(Affymetrix, Santa Clara, California, USA) and the
biotinylated ¢RNA was hybridized onto the GeneChip®
Human Genome U133 Plus 2.0 Array (54,613 probe sets).
The data was analysed using GeneChip Operating System
software (versions 1.2~1.4), followed by statistical analysis.
The data was also analysed using GeneSpring™ (version
7.3) (Agilent, Santa Clara, California, USA). The data
discussed in this publication have been deposited in NCBI's
Gene Expression Omnibus (GEO; http/www.nchinlm.
nih.gov/geo/) (17, 18). They are accessible through GEO
Series accession number GSE7637 for the data from
4F1560, and GSET7888 for the data obtained from all six
batches. The statistical method for microarray data
analysis has been also discussed elsewhere (19).
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Cluster Analysis—The microarray data of 169 probe
sets obtained from six batches of hMSCs was subject to
cluster analysis using the Gene Expression Statistical
System (NCSS, Kaysville, Utah; Dr Jerry L. Hintze).
Fold change of signal intensity to the average signal
intensity of early stage was analysed and a double
dendrogram was plotted on a log 2 scale.

Gene Ontology Analysis—Gene ontology analysis was
conducted using Ingenuity Pathway Analysis (IPA)
{Ingenuity® Systems, Redwood City, California, USA),
NetAffyx (Affymetrix) and GOTM (Gene Ontology Tree
Machine, Vanderbilt University, Nashville, Tennessee,
USA) analyses. Probe sets with signal intensity values
associated with the passage numbers were subject to
analyses. The functional analysis identified the biological
function and/or diseases that were most significant to the
data set. Genes from the data set that were associated
with biological functions and/or diseases in the Ingenuity
Pathways Knowledge Base (IPKB) were considered for
further analysis.

¢DNA Synthesis and Real-time PCR Using Tagman
Low-density Array—RT-PCR (reverse transcriptase—
PCR) analysis was performed to assess the mRNA levels
in six batches of h(MSCs using TagMan® low-density array
(TLDA) (Format 48) (Applied Biosystems, Foster City,
California, USA). The data was normalized using GAPDH
(glyceraldehyde-3-phosphate dehydrogenase). Forty-six
genes including GAPDH as endogenous control are listed
in Supplementary Table 1. cDNA was synthesized using a
High-capacity ¢cDNA synthesis kit (Applied Biosystems)
and Multiscribe reverse transcriptase. cDNA synthesized
from 100 ng of total RNA was used for the analysis (2ng of
total RNA per well). Real-time PCR was analysed using
7900 HT real-time PCR system (Applied Biosystems). The
conditions for the PCR reaction were as follows: 50°C
(2 min) and 94.5°C (10 min), and 40 cycles at 97°C (30 sec)
and 59.7°C (1min). Relative quantification values were
caleulated by the comparative Ct method using SDS 2.2.2
software (Applied Biosystems).

Pathway Network Analysis—Data were analysed using
the IPA (Ingenuity® Systems, www.ingenuity.com). A
data set containing gene identifiers and corresponding
expression values was uploaded into the application.
Each gene identifier was mapped to its corresponding
gene ohject in the IPKB. A fold-change cutoff of 3 for
both up- and down-regulation and a p-value cutoff of 0.05
were set to identify the genes to be analysed. These
genes, called focus molecules, were overlaid onto a global
molecular network developed from information in the
IPKB. Networks of these focus molecules were then
algorithmically generated based on their connectivity.
The functional analysis of a network identified the
biological functions and/or diseases that were most
significant to the genes in the network. The genes in
the networks associated with biological functions and/or
diseases in the IPKB were considered for the analysis.
Genes and gene products are represented as nodes,
and the biological relationship between two nodes is
represented as an edge (line). All edges are supported by
at least one reference from the literature, textbook or
canonical information stored in the IPKB. Human,
mouse and rat orthologs of a gene are stored as separate
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objects in the IPKB, but are represented as a single
node in the network. The node colour indicates the
degree of up- (red) or down- (green) regulation. Nodes are
displayed using various shapes that represent the
functional class of the gene product.

Statistical Analyses—Non-parametric analysis was
used for microarray data analyses. The Spearman
correlation coefficient and two-tailed p-values were cal-
culated. P<0.001 or P<0.05 were considered to be signif-
icant. RT-PCR data was analysed with non-parametric
analysis. The Spearman correlation coefficient and two-
tailed p-values were calenlated. To compare the specific
passage number and stage, Student's f test was per-
formed. Two-way ANOVA followed by Bonferroni post-
test was performed for osteogenesis data. GraphPad
Prism® 4 and Microsoft® Office Excel were used for
statistical analysis and drawing graphs.

RESULTS

Microarray Analysis of hMSCs—To identify the quality-
control markers in different stage of the culture, we
performed DNA microarray analyses. Non-parametric
analysis and a ratio (max/min of signal intensity) cutoff
of 3.071,5624 (1.06*%; 5% change in each passage from
5th to 28th) showed that the expression level of 341
probe sets out of a total of 54,613 probe sets had a
significant association with passage numbers (hMSC lot
#4F1560, passage numbers 5, 7, 9, 13, 21 and 28).

Gene ontology analyses showed that the mapped genes
corresponded to the probe sets belonging to various
categories of molecular and cellular functions such as
cell-to-cell signaling and interaction, cellular movement,
cell death, cellular assembly, cellular organization and cell
eycle, and physiological system development, and biologi-
cal functions such as hematological system development
and function, immune and lymphatic system development
and function, tissue development, immune response and
embryonic development. The top five disease categories
that the genes mapped to, as identified using the IPA
software, included cardiovascular, hematological, muscu-
loskeletal, oncogenic and reproductive disorders.

Figure 1 shows the results of cluster analysis obtained
from microarray data of six batches of hMSCs in early
(passage #4-5), middle (#7-9) and late stages (#22-28).
Seventy-nine genes out of the 169 probe seis were
categorized by function and disease as per TPA analysis.
Networks were analysed for each of the six batches and a
representative network is shown in the Supplementary
Fig. 1. A list of all top networks in each analysis is shown
in Table 1. Many network categories with the top score
in each analysis were involved in cancer or regulation of
cell cyele. Additionally, specific networks for each sample
were generated when the batches were individually
analysed.

Calcium Deposition of Osteogenic-induced Cells—In
Fig. 2, calcium deposition in hMSC cultures (4F0312,
5F0138, 4F1560, 4F0591, 4F0760) were measured during
passages 7, 9, 10 and 19. The results showed that the
osteogenic differentiation occurred in early to middle
stages and was dramatically suppressed during the late
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Fig. 1. Microarray analysis of hMSCs. One hundred and
sixty-nine probe sets extracted from microarray data of six
batches of hMSCs. [n=8 in early stage (#4 or 5), passage #9, late
stage (#22, 24 or 2B), n=5 in passage #7], Cut off value of
signal intensity ratio (max/min of average in each stage) is

stages of cell culture. These findings suggest that the
expression levels of genes associated with osteogenesis
are different at the late stages compared with those at
earlier stages of cell culture.

Statistical analysis of microarray and caleium deposition
data from three batches (5F0138, 4F1560, 4F0591) of
hMSCs in middle (#7-10) and late (#19-28) stages showed
that the expression of NDN [necdin homolog (mouse)] has a
positive correlation with calcium deposition (P <0.05).

Adipogenic Differentiation of hMSCs—Figure 3A
shows the results of Oil Red O staining of adipogenic-
induced cells. The cells were adipogenic induced for 21
days and lipid was stained with Oil Red O. Adipogenesis
of hMSCs seemed to be down-regulated in late culture
stage of 5F0138, 4F0591 and 4F0760, while the adipo-
genic-differentiation capacity seemed to be retained in
passage #20 of 4F1560.

Chondrogenic Differentiaion of hMSCs—Figure 3B
shows the Safranin-O staining of chondrogenine-
differentiated hMSCs. The cells were differentiated in
CCIM for 24 days and stained with Safranin-O. The cul-
ture in passages 7, 17 and 22 of 4F0591 showed chondro-
genic-differentiated morphology (a, b, ¢, respectively).
The culture in late stage seemed to be chondrogenie
differentiated as shown (¢). The cells cultured in
MSCGM as control did not show any chondrogenic-
differentiated morphology (d).

RT-PCR Analysis of hMSCs—The quantitative RT-
PCR data showed that some genes had similar expres-
sion profiles in all the six batches examined.
Up-regulated genes, which were identified as candidates
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2.949145023 [5% change in each passage number from early
to ]ﬁl-l? stage; 1.05 (pansnge number ranges of average in sarly and lste -tq\e']

Double dendrograms of up-regulated 135 probe sets (A) and
down-regulated 34 probe sets (B) are shown.

for the stage-specific markers included EPHA5 (EPH
receptor A5), NOV (nephroblastoma overexpressed gene),
SERPINE! [serpin peptidase inhibitor clade E (nexin,
plasminogen activator inhibitor type 1), member 1),
ITGA4 [integrin, alpha 4 (antigen CD49D, alpha 4
subunit of VLA-4 receptor)], and down-regulated genes,
which are also candidates for the stage-specific markers
included NDN, RUNX2 (runt-related transcription
factor 2) and RUNX3 (runt-related transcription factor
3). NOV is a growth factor and is involved in the
proliferation of bone cancer cell lines (20). It is notable
that the expression of NOV in lot #4F1127 was relatively
stable. SERPINE] is involved in the protein-hinding
function and diseases such as heart failure (21). RUNX2
is a member of the runt domain-containing family of
transeription factors and suggested to regulate osteo-
genic differentiation (22). RUNX3 is also a member of the
runt domain-containing family of transcription factors
and a candidate tumor suppressor (23). EPHA5, NOV,
NDN and RUNX2 showed altered expression correlating
with passage numbers (P<0.01) (Fig. 4). The results of
RT-PCR analysis of 45 genes examined are shown in
Supplementary Fig. 2.

DISCUSSION

hMSCs will be used for cellular therapeutics in clinical
settings in the near future. The importance of quality
control of the cells will be significant as the use of
cellular therapeutics becomes more common. In this
report, we report on profiling the gene expression of
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Fig. 2. Calcium deposition of hMSCs. The cells in each
passage numbers indicated were plated on 12-well plates and
cultured in MSCGM (control; clear column) or OIM (osteogenic
differentiated; filled column) for 21 days. The amounts of caleium
deposition in 4F0312, 5F0138, 4F1560, 4F0591 and 4F0760 are
indicated in (A, B, C, D and E), respectively. Calcium deposition

hMSCs through early and late stages of cell culture.
Replication was performed by testing six different batches
of cells. All six batches examined showed a marked
decrease in culture growth rate with increasing passages.

The hMSC potential for osteogenic differentiation was
down-regulated in all the batches of hMSCs examined
during the late culture stage. The osteogenic differentia-
tion was observed in all the batches of hMSCs examined
for passages 7, 9 and 10. Also, every batch examined
showed a down-regulation of the osteogeneic process
during the 19th passage. As previously stated, four
genes, NON, EPHA5, NOV and RUNX2 showed altered
expression depending on the culture stage, EPHAS and
NOV were up-regulated as the cells were further
passaged, while NDN and RUNX2 were down-regulated.

RT-PCR data indicated that the expression of NDN in
all batches examined decreased during the late stages of
culture. The expression of NDN in lot #4F1127, #4F0312
and #5F0138 was relatively stable until the 14th
passage, which was then followed by a decrease in
expression during the late stages. Microarray data also
showed that the expression of NDN in passages 22-28
were decreased compared to that in passages 4-8.
Furthermore, our results showed a positive correlation
between the expression of NDN in hMSCs and the
potential to differentiate into osteogenic cells as mea-
sured by the calcium deposition rates. Previous reports
suggested that necdin, an NDN homolog, interacts with
IL-12 precursor (24). The expression of NDN in hMSCs
decreases with increasing passages. It is possible that
NDN down-regulation is involved in activation of IL1-
Myd88 pathway by dying cells (25).

Every batch showed a passage-dependent increase in
the expression level of EPHA5. EPHAS is transmem-
brane receptor protein tyrosine kinase, known as Ephrin

Vol. 144, No. 3, 2008

divided by protein concentration is showed as mean + SEM
in triplicate. ***P<0.001, **P<0.01, "P<0.05 when osteogenesis
in MSCGM was compared to that in OIM in each
passage number. ### P<0.001, ## P<0.01, # P<0.06 when

osteogenesis in passage #19 was compared to that in passage
number 7 (n=3).

A5 receptor, and belongs to the ephrin receptor sub-
family. Recently, it has been shown ‘that EPHAS5 is
involved in cellular growth and tumor malignancies
(26, 27). Also, it is known that the expression level of
human EPHA5 mRNA is high in primary human breast
carcinoma cells (28).

NOV/CCN3 is a growth factor that plays several roles
in cellular migration, growth, proliferation and chemo-
taxis. The previous finding that NOV inhibits the pro-
liferation of a cancer cell line is consistent with the
observation that NOV expression level is increased in the
senescing phase, which coincides with the low prolifera-
tive stage of hMSCs. Furthermore, in primary skin
fibroblasts, NOV/CCN3 protein increases the expression
of human SERPINEI mRNA level (29). This is consistent
with our observation that the expressions of SERPINE1
as well as NOV are up-regulated during the late stages of
cell culture. Mutant human SERPINE1 (T333R; A355R),
which lacks the protease-inhibitory activity, decreases
the quantity of rat laminin and inhibits matrix accumu-
lation (30). On the other hand, previous finding indicated
that the expression of mouse Myodl (myogenic differ-
entiation 1) mRNA level and Myog (myogenin) protein
decreased in C2/4 cells (subclone of C2C12 mesenchymal
cells) stably expressing NOV, which suggests that NOV
suppresses the myogenie differentiation of C2/4 cells (31).

The expression of RUNX2 was also decreased in late
stage of the culture. RUNX2 is a member of the runt
family of transcription factors and suggested to be
involved in osteogenesis (22), It is possible that down-
regulated osteogenic differentiation of hMSCs is caused
by the decreased expression of RUNX2. Recent reports
have shown that 3D cultures of human adipose tissue-
derived endothelial and osteoblastic progenitors generate
osteogenio-vasculogenic constructs (32). It might be
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Fig. 3. Adipogenic differentiation and chondrogenic
differentiation of hMSCs. (A) The cells in each passage
numbers indicated were plated on 24-well plates and cultured
in MSCGM (as control) or AIM (adipogenic differentiation
medium) for 21 days. The cells were stained with Oil Red O.

interesting to investigate the gene expression profile of
the 3D culture of hMSCs.

In conclusion, microarray and RT-PCR data of the six
batches of hMSCs suggested that four genes, EPHAS,
NOV, NDN and RUNX2 have the potential to act as stage-
specific markers during hMSC culture. These genes can be
used as candidates for quality control markers of the
culture status with regard to the differentiation potential
for future clinical application of hMSCs for cellular
therapeutics. We reported that the capacity of hMSCs for
osteogenic differentiation was highly suppressed during
the late culture stages. NDN or RUNX2 may be a quality
control marker of hMSC capacity for osteogenic differen-
tiation. The observations of adipogenic differentiation
of hMSCs suggested that each batch shows different
transition in differentiation potential. It seemed that

4F1560-#7
4F1560-#11
4F1560-#20

S. Tanabe et al.

.. 1 (OCJ

17 (MSCGM)
(B) The cells in passage. #7, #17 or #22 of 4F0591 were cultured
in CCIM for 24 days and stained with Safranin O (a, b, ¢,
respectively). Proteoglicans stained red. The cells in
pa.ssage} #17 were also cultured in MSCGM (as control) for 24
days (d).

the capacity tends to be suppressed in late stage of
the culture. The observations of chondrogenic differentia-
tion suggested that the differentiation potential of
hMSCs is retained in late stage of the culture. It seems
that the cells in the late stage have limited differentiation
potential (oligopotent). Furthermore, network analysis
and gene expression analysis revealed that the expression
profiles are distinct for each passage number. These
findings imply the importance of quality control for safe
application of hMSCs for cellular therapy and usefuln-
ess of expression analysis for finding marker genes,
Phenotype profiling and profiling at the genome level,
including chromosomal analysis, might need more
research in the future. The profiling of the cells, in both
differentiated and 3D states, will also need to be investi-
gated for future clinical applications.

oJ. Biochem,
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Fig. 4. Gene expression profiles of culture stage markers
suggested for hMSCs, Individual plots for six batches of hMSCs
obtained from RT-PCR data. The expression of EPHAS (A), and
NOV (B) increased, while that of NDN (C) and RUNX2 (D)
decreased” as the cells were further in each batch.

Supplementary data are available at JJB online.
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ABSTRACT

Background: The effects of airborne particulate matter (PM) are a major human health concern. In this panel
study, we evaluated the acute effects of exposure to PM on peak expiratory flow (PEF) and wheezing in children.
Methods: Daily PEF and wheezing were examined in 19 asthmatic children who were hospitalized in a suburban
city in Japan for approximately 5 months. The concentrations of PM less than 2.5 pm in diameter (PM; 5) were
monitored at a monitoring station proximal to the hospital. Moreover, PM, 5 concentrations inside and outside the
hospital were measured using the dust monitor with a laser diode (PM; sq py). The changes in PEF and wheezing
associated with PM concentration were analyzed.

Results: The changes in PEF in the moming and evening were significantly associated with increases in the
average concentration of indoor PM; 5.1y 24 h prior to measurement (-2.86 L/min [95%CI: -4.12, -1.61] and -3.59
L/min [95%Cl: -4.99, -2.20] respectively, for 10-pg/m> increases). The change in PEF was also significantly
associated with outdoor PM; 541y, concentrations, but the changes were smaller than those observed for indoor
PM; s5q.pj Changes in PEF and concentration of stationary-site PM; 5 were not associated. The prevalence of
wheezing in the momning and evening were also significantly associated with indoor PM:_,QD, concentrations
(odds ratios = 1.014 [95%CI: 1.006, 1,023] and 1.025 [95%CI: 1.013, 1.038] respectively, for 10-pg/m* increases).
Wheezing in the evening was significantly associated with outdoor PM; 5.y coneentration. The effects of indoor
and outdoor PM; 5 py) remained significant even after adjusting for ambient nitrogen dioxide concentrations.
Conclusion: Indoor and outdoor PM; ¢q py) concentrations were associated with PEF and wheezing among asth-
matic children. Indoor PM; 5q ) had a more marked effect than outdoor PM; s y) or stationary-site PM, s.

Key words: Particulate Matter, Asthma, Peak Expiratory Flow Rate, Respiratory Sounds.

INTRODUCTION

The effects of airbome particulate matter (PM) on human
health have become a major concern.' Numerous previous
panel studies have evaluated the acute effects of short-term
exposure 1o PM on exacerbation of asthma in children in
Western countries.*!* These studies have reported a
relationship between elevated concentrations of PM and an
increase in respiratory symptoms*'® as well as decreased
pulmonary function values 3! Many of these studies
have examined the effects of PM with aerodynamic diameter

less than 10 pm (PM,q). Recently, it has been reported that
fine particles may have more adverse effects on respimatory
symptoms and pulmonary functions than coarse
particles,'*1%  Air quality standards for atmospheric
concentrations of PM less than 2.5 um in diameter (PM; 5)
have been established in the United States and European
countries.!” In Japan, many epidemiologic researches have
dealt with the chronic effects of long-term exposure to air
I:N:blll.lul.rll.s.m‘20 However, only a few studies have
investigated the acute effects of short-term exposure to
PMI2|.22
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With respect to exposure assessment, in most previous
studies, subjects were usually assigned concentrations
measured at central regional sites or other outdoor sites. Use
of central regional PM concentrations may lead to exposure
misclassification and diminish the accuracy of exposure-
response estimates. Many people spend most of their time
indoors, where they are exposed to a combination of indoor-
generated PM and outdoor-originated PM that has infiltrated
the house.”2* Indoor concentrations of PM often differ from
outdoor PM concentrations.**2® Therefore, to improve the
accuracy of the estimated associations, concentrations of PM
in the environment in which the subjects spend the majority
of their time should be evaluated.

In this panel study, we evaluated the potential relationship
between exposure to PM and asthma exacerbation in children
who were hospitalized in a suburban city in Japan The
concentrations of PM were monitored inside and outside the
hospital and at a monitoring station proximal to the hospital.
To assess the acute effects of PM, we evaluated peak
expiratory flow (PEF) and wheezing in the children.

METHODS

Subjects

The subjects of this panel study were 19 children aged 8-15
years, who had physician-diagnosed severe asthma and were
hospitalized at Shimoshizu National Hospital in Yotsukaido
City, Chiba Prefecture, Japan. Because the children had
poorly controlled asthma with frequent exacerbations, they
* were under long-term hospitalization for maintenance
medication for asthma, and attended a school for sick
children, which was adjacent to the hospital. In November
2003, 19 children were under long-term hospitalization, and
informed written consent was obtained from all the subjects
and their parents. All of them had atopic disposition and
received asthma medication, including inhaled corticosteroids
(ICS). No major roads or factories were present in the vicinity
of the hospital. This study was approved by the Medical
Ethics Committee of Shimoshizu National Hospital.

Health Outcomes

PEF of all the children was evaluated daily using an
electronic spirometer (AS-300, Minato Medical Science Inc.,
Tokyo, Japan). The measurements were conducted
immediately prior to medication at least twice a day, i.e, in
the moming (6:00 AM) and evening (7:00 PM), under the
guidance of trained nurses. The presence or absence of
wheezing was assessed based on auscultation by the trained
nurses, and recorded with the results of PEF. For this study,
we collected the records from November 5, 2003 through
March 24, 2004.

Particulate Matter Measurements

J Epidemiol 2008; 18(3) 97-110

To measure PM concentrations inside and outside the
hospital, we used a digital dust monitor (LD-3K; Sibata
Scientific Technology Inc., Tokyo, Japan), which is a portable
monitor based on the light scattering principle, with a laser
diode as the light source. The monitor determines the relative
concentrations of PM by measuring the intensity of the laser
beam scattered by particles. To convert the relative
concentrations o mass concentrations of PM, conversion
coefficients must be calculated based on the mass
concentrations measured simultaneously using the filtration
sampling method. We measured the mass concentrations of
PM 7 times over a period of 24 h by using collocated portable
air samplers (MP-£300, Sibata Scientific Technology Inc.,
Tokyo, Japan) equipped with cascade impactors (ATPS-20H;
Sibata Scientific Technology Inc., Tokyo, Japan) with a flow
rate of 1.5 L/min; the cut-off points of aerodynamic diameter
were 2.5 ym and 10 um (PM; 5 and PM; 5.4, respectively).
The measurements by LD-3K strongly correlated with the
concentrations of PMj s, and the R? value between them was
0.99 in the ward of the hospital and 0.93 at the entrance of the
hospital, when compared with the mass concentrations based
on the filtration sampling method. However, the
measurements by LD-3K were not highly associated with the
concentrations of coarse particles (PM, s.10) (R? = 0.62 and
0.51 in the ward of the hospital and at the entrance,
respectively).  Therefore, the respective conversion
coefficients were calculated for PM concentrations inside or
outside the hospital based on the relationship of the
measurements of LD-3K to the mass concentrations of PM, .
The values (PM; 5q ) converted by the coefficients were
considered to be the approximate PM; ¢ concentrations.

During the study period, PM concentrations were
continuously monitored using LD-3K in 2 hospital rooms, a
hall in the children’s ward, and at the entrance of the hospital.
The average concentration of PM at the 3 sites in the hospital
(2 hospital rooms and the hall of the ward) was regarded as
the indoor PM; 5q py) concentration, while the concentration
at the entrance was regarded as the outdoor PM,sqp
concentration.

In addition, the concentration of PM, 5 was measured with
a tapered-element oscillating microbalance (TEOM; Thermo
Electron Inc., East Greenbush, NY, USA) at a monitoring
station proximal to the hospital. The concentrations of
nitrogen dioxide (NO,), temperature, and relative humidity
were also measured continuously at the station. The distance
between the hospital and the station was approximately 500
m.

Data Analysis

We used descriptive statistics of PM and NO, concentrations,
temperature, and relative humidity, evaluated by correlation
matrices for them. We examined daily measurements of PEF
and wheezing in the asthmatic children in relation to the
concentrations of PM and NO,.
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For regression analyses of dailly PEF, we used the
Generalized Estimating Equation (GEE),?” which is suitable
for correlated data in individuals.?® The standard error of the
regression cstimate is adjusted for the possible correlation
among the responses from 1 subject. This method generates
robust estimators regardless of the specifications of the
covariance matrix, and as autocorrelation is included in the
covariance, cocfficients can be interpreted as usual. The
analyses for the measurements in the moming and evening
were performed separately using each model. The results are
demonstrated as the mean changes in PEF for 10-pg/m® or
10-ppb increments of PM or NO,, respectively, after
adjustment for sex, age (months), height (in November 2003),
temperature, relative humidity, and growth of the children.
Because only the heights of the children at the beginning of
this study were available, we applied an ordinal variable, i.e.,
1-5, to each month during this study (November 2003 through
March 2004) as a swrogate for their growth. The minimum
and maximum temperatures during the day were included in
the model for the analyses of PEF in the moming and
evening, respectively.

Exposure variables included the average concentration of
each pollutant during the 12- or 24-h period preceding
measurement. We also evaluated the effect of the 1-h
maximum concentration of each pollutant in the 12-h period
preceding measurement. We first performed the analyses
with a single-pollutant model. Second, we carried out the
analyses using 2-pollutant models, including NO, and one of
the PM concentrations. Thereafter, to assess the potential of
the delayed effects of PM, we also examined the effects of
PM concentration on certain days before the day of PEF
measurement; the number of days preceding measurement
was termed as the number of lag days. This was accomplished
by regressing PEF on PM concentrations measured every 24
or 12 h, upto 3 lag days.

We also used the GEE for analyzing the effects of

pollutants on wheezing. Effect estimates for wheezing were
expressed as odds ratios (ORs) with 95% confidence intervals
(Cls) for 10-pg/m> or 10-ppb increments of PM or NO,,
respectively, after adjustment for sex, age (months),
temperature, and relative humidity. In addition, the
concentrations of each PM were categorized into quartiles
and included in the model as dummy variables. The ORs and
95% Cls were calculated relative to the lowest quartile of
each PM. The other procedures used for the analyses of
wheezing were similar to those used for the analyses of PEF.

All statistical analyses were performed using the SPSS®
15.0 software (SPSS Inc., Chicago, IL, USA).

RESULTS

Descriptive Statistics
Table 1 shows the characteristics of the subjects and
summarizes the daily measurements of PEF and records of
wheezing in this study, The study population comprised 19
children (8 boys and 11 girls). The mean (standard deviation)
PEF was 288.9 (75.5) L/min in the moming and 306.5 (75.1)
L/min in the evening. The prevalence of wheezing, as noted
in the medical records of the children, was 35.7% in the
moming and 35.0% in the evening. Daily prevalence of
wheezing is shown in Figure 1. In February 2004, a
somewhat higher prevalence of wheezing was observed.
Table 2 describes the concentrations of PM and NO,. The
mean concentration of indoor PM, sq yy Was higher during
the nighttime than during the daytime. In comparison, the
mean concentrations of outdoor PM; 5 ) and stationary-site
PM; 5 during the daytime were similar to those during the
nighttime. Daily concentrations of indoor and outdoor
PM; 5. and stationary-site PMj ¢ are also shown in Figure
1. At the beginning of February 2004, the concentrations of
indoor PM; sq ) were considerably high. The concentration

Table 1. Descriptive statistics for the study subjects on the basis of sex.
Male Female Total
(n=8) (n=11) (n=19)

Mean age (SD)(years) 12.4(22) 13.3(2.5) 12.8(2.4)
Mean height” (SD) (cm) 1506 (19.3) 147.4 (11.9) 148.8(15.1)
Number of PEF measurements

Morning, mean (SD) 81.9 (22.9) B8.4 (B8.4) B5.6(16.0)

Evening, mean (SD) 82.8(22.0) 806 (6.9) 87.1(155)
PEF

Moming PEF, mean (SD) (L/min) 3226(88.2) 264.4 (57.1) 288.9 (75.5)

Evening PEF, mean (SD) (Limin) 333.7(96.9) 284.8 (46 6) 308.5(75.1)
Prevalence of wheezing

Percentage in the morning (%) 38 372 357

Percentage in the evening (%) 364 38 35.0

5D, Standard deviation; PEF, peak expiratory flow.
L5/ Havgﬂ in November 2003.

J Epidemiol 2008; 18(3) 97-110
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Daily prevalence of wheezing in the morning and evening (A) and daily concentrations of indoor and outdoor
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PMz s0.p) and stationary-site PM; 5 (24-h means) (B), from November 5, 2003 through March 24, 2004.
PM; s, particulate matter less than 2.5 pm in diameter; PM; 54y, PM; 5 measured using the dust monitor with

a |aser diode.

of outdoor PM, 5q ) Was moderately correlated with the
concentrations of stationary-site PM; 5 and NO, (Table 3).
However, the concentration of indoor PM; sqp) showed
weak correlation with outdoor PMj 5 1y ¢oncentration and
no correlation with the concentrations of stationary-site
PM?_S and NOz.

Peak Expiratory Flow and Exposure to Particulate
Matter

Table 4 shows the changes in PEF associated with a 10-pg/m?
or 10-pph increment in the concentration of each pollutant,
using single-pollutant models adjusted for sex, age, height,
temperature, relative humidity, and growth of the children. In
2-pollutant models including NO, concentration, in addition
to the above factors, the changes in PEF in the morning and
evening were also significantly associated with the increase
in average concentrations of indoor PMj 5 py) during the 24-h
lag period. The changes in PEF were also significantly

J Epidemiol 2008; 18(3) 97-110

associated with the average concentration and 1-h maximum
concentration of indoor PM; 5 py) in the preceding 12 h. The
change in PEF in the evening was larger than that in the
moming. Moreover, some significant associations were
present between the change in PEF and outdoor PM; g
concentrations, but the changes were smaller in relation to
indoor PM; sq 1p) concentrations. The changes in PEF were
not associated with stationary-site PM,5 or NO,
concentrations. Two-pollutant models adjusted for NO,
concentration showed similar associations between changes
in PEF and PM concentrations.

Figure 2 shows the changes in PEF in relation to the
average concentrations of PM for every 24 h, upto 3 lag days.
The largest decreases in PEF in relation to the concentrations
of indoor PM; sq ) Were recorded for the moming and
evening of the same day. The effects of indoor PM; gq 1y, on
PEF were significant for upto 3 d in the moming and evening;
however, the decreases in PEF became gradually smaller as
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Table 2. Descriptive statistics of daily measurements of air pollutants and temperature during the study period.

Pollutantstemperature n* Mean sD Mini Medi M
Indoor PMy s oy (Hg/m®)
24-h mean 19 248 232 53 153 1245
12-h nighttime mean 118 283 338 45 152 181.1
12-h daytime mean 120 1.7 171 35 159 1031
1-h nighttime maximum 19 447 521 55 238 2389
1<h daytime maximum 120 15 422 46 243 1929
24-h mean 18 226 7 33 203 735
12-h nighttime mean 118 21.7 163 1.7 16.7 921
12-h daytime mean 120 236 141 43 209 785
1-h nighttime maximum 18 340 236 28 29.0 1364
1-h daytime maximum 120 386 26 586 350 1108
Stationary-site PM, 5 (TEOM)(ug/m®)
24-h mean 138 191 78 35 181 489
12-h nighttime mean 141 172 85 286 187 564
12-h daytime mean 136 212 104 29 183 562
1-h nighttime maximum 141 285 148 49 256 858
1-h daytime maximum 136 358 158 49 337 1108
Stationary-site NO; (ppb)
24-h mean 141 208 7.7 65 211 410
12-h nighttime mean 141 218 9.7 33 211 426
12-h daytime mean 141 193 89 4.3 182 412
1-h nighttime maximum 141 3186 1.9 50 320 570
1-h daytime maximum 141 ns 1.9 50 320 580
Stationary-site temperature (C)
1-h maximum temperature 141 129 38 48 124 239
1-h minimum temperature 141 51 37 08 42 152
Stationary-site relative humidity (%)
24-h mean 141 614 158 280 80.0 930

SD, Standard deviation; mlg.whluemmmﬂHHZSpmhdhmPuzm PM; s measured using the dust monitor with a laser
diode; TEOM, tapered-element oscillating microt ce; NO,, dioxide.
Lt Sormdmanmmtomuumlmmmdmmmmumrmm

Table 3. Correlation matrix of daily pollutants and temperature during the study period.

Indoor Outdoor Stationary-site  Stationary-site 1-h 1-h Relative
PM2 5.0y, PM; 500, PM; 5, NO, maximum minimum humidity,
24-h mean 24-h mean 24-h mean 24-h mean temperature temperature 24-h mean
Indoor Pu;gun. . .
24-h 1 s 0.187 0.031 0137 0.008 0.076 0.183
Outdoor PM3 5.y, = - o
24h 1 0.674 0585 0.155 0.132 0383
Shtbn‘lry-lh PM: 5 e .
24-h 1 04 0173 -0.040 -0.051
Stationary-site NO,
24h 1 0018 0123 0.053
1-h maximum . -
temperature 1 0.775 0.300
1-h minimum 1 7 o
temperature 052
Relative humidity, 1
24-h mean

The number of observations is 141 for stationary-site NO,, temperature, and relative humidity; 136 for stationary-site PM 5; 119 for indoor
Puzmm, and 118 futoMowPM o)
PM, 5, particulate matter less than zfg'um in diameter; PM; 5, PM; 5 measured using the dust monitor with a laser diode; NO5, nitrogen

dioxide.
*: P<0.05, ** ; P<0,01

J Epidemiol 2008; 18(3) 97-110
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Table 4. Estimates and 95% confidence intervals (Cls) for change in peak expiratory flow (PEF) per 10-ug/m® or 10-ppb

Iincrease of each pollutant during the study period.

Single-pollutant model”

Two-pollutant model !

Change * 95% CI P value Change | 95% Cl P value
PEF in the moming

Indoor PMZS{LB}

24-h mean -2.88 -4.12 -161 <0.001 -282 -4.23 -1.61 <0.001

12-h mean =21 -3.02 =121 <0,001 -2.12 -3.04 -1.20 <0.001

1-h maximum in the preceding 12 h -1.42 -2.03 -0.82 <0001 -1.42 -2.03 -0.82 <0.001
Outdoor PM; 510y

24-h mean -1.34 -2.99 032 0.113 -1.96 384 -0,09 0.040

12-h mean -1.65 -3.18 -0.12 0.034 -2.04 364 0.44 0.013

1-h maximum in the preceding 12 h -1.51 259 -043 0.008 -1.88 -3.06 0.69 0.002
Stationary-site PM; 5

24-h mean 035 -1.88 120 0662 0.01 -1.61 1.63 0.991

12-h mean 054 -2.99 1.92 0.667 055 -3.20 2.10 0.885

1-h maximum in the preceding 12 h -1.03 -2.24 019 0.098 -1.34 -2.80 0.13 0.074
Statlonary-site NO,

24-h mean 068 -2.65 129 0.488

12-h mean 0.26 -1.96 1.44 0.761

1-h maximum in the preceding 12 h 0.03 .21 1.26 0968 -

PEF in the evening

Indoor P“Q_ﬁ(m

24-h mean -3.59 -499 -2.20 =0.001 -3.59 -4.98 -2,20 <0.001

12-h mean -4.92 -7.00 -285 <0.001 -4.96 -7.04 -2.89 <0.001

1-h maximum in the preceding 12 h 2.22 -3.09 -1.38 <0,001 -223 -3.10 -1.37 <0,001
Outdoor PM; 5 1)

24-h mean -3.40 -6.47 <033 0.030 -4.00 -7.51 -0.49 0.025

12-h mean -1.87 -3.85 o1 0.064 239 -4.75 -0.02 0.048

1-h maximum in the preceding 12 h 0,65 -1.69 038 0217 -0.48 -1.38 0.38 0.283
Stationary-site PM, <

24-h mean -1.38 -3.84 108 0271 028 263 2.08 0.812

12-h mean 0.72 -2.43 088 0.406 -0.80 -2.60 1.01 0.338

1-h maximum In the preceding 12h  -0.73 -1.85 038 0202 045 -1.48 058 0.393
Stationary-site NO,

24-h mean -1.68 -4.18 081 0.186 -

12-h mean 034 -2.66 1.98 0.774 -

1-h maximum in the preceding 12 h -1.27 2.9 038 0131 -

PM, 5. particulate matter less than 2.5 pm in diameter; PM; 5\ ), PM5 5 measured using the dust monitor with a laser diode; NO,, nitrogen

dioxide.

* . The association between PEF and each

of the children.

pollutant was analyzed and adjusted for sex, age, height, temperature, relative humidity, and growth

t : The association between PEF and each pollutant was analyzed and adjusted for NO; concentration, sex, age, height, temperature, relative

humidity, and growth of the children.

{ : Mean changes in PEF (L/min) associated with a 10 pg/m® or 10 ppb increase of each poliutant.

the number of lag days increased. However, for a 1.d lag, the
decrease in PEF in relation to the concentration of outdoor
PM; 5qppy Was larger than that for the day of measurement.
The associations were significant for 1- and 2-d lags in the
moming and 0- and 1-d lags in the evening. No significant
effects of stationary-site PM; 5 on PEF were observed on the
same day or upto 3 lag days either the morning or in the
evening.

The changes in PEF in relation to the average

J Epidemiol 2008; 18(3) 97-110

concentrations of PM for every 12 h prior to measurement are
also shown in Figure 2. Consistent decreases in PEF in the
morning and evening were observed in relation to increases in
indoor PMj 5qp) concentrations, upto 72 h prior to
measurement. PEF showed the greatest decrease in the
morning in relation to the indoor PM; sq pyy concentration
during the 12-24-h lag period. However, PEF showed the
greatest decrease in the evening in relation to the indoor
PM; 5.y concentration during the preceding 0-12 h. Thus,
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(A) Changes in PEF for every 24 hours lag
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Figure 2. Changes in peak expiratory flow (PEF) in relation to the concentration of particulate matter (PM) for every 24
hours (A) and 12 hours (B), up to 3 days before the measurement (3 lag days).

Estimates for changes in PEF with 95% confidence intervals are shown per 10 pgo'ma increase of each PM,
adjusted for sex, age, height, temperature, relative humidity, and growth of the children.
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the changes in PEF in relation to daytime indoor PM; 5q )
concentrations were greater than those in relation to nighttime
indoor PM; 54 1) concentrations. With regard to the effect of
outdoor PMj sq ) on PEF, the decreases in PEF in the
morning and evening were greatest during the 24-36-h lag
period, The changes in PEF were not related to the
concentrations of stationary-site PM; 5 during the 0-72-h lag
period.

Wheezing and Exposure to Particulate Matter
Table 5 shows ORs for wheezing associated with a 10-pg/m’

Particulate Matter and Respiratory Morbidity in Asthmatic Children

or 10-ppb increment of each pollutant The prevalence of
wheezing in the moming and evening was significantly
associated with the average concentration of indoor
PM;5qp) in the 24-h lag period. Wheezing was also
significantly associated with both the average and 1-h
maximum concentrations of indoor PMjsqp, in the
preceding 12 h. The associations were stronger in the evening
than in the morning. Wheezing in the evening was
significantly associated with the average concentrations of
outdoor PMj sqyy in the preceding 24 or 12 h. A few
significant associations were also present between wheezing

Table 5. Adjusted odds ratios (ORs) and 95% confidence Intervals (Cls) for wheezing per 16-ugrm’ or 10-ppb increase in

each pollutant during the study period.

Single-poliutant model” Two-pollutant model |
OR? 85% Cl P value OR*® 95% Ci P value
Wheezing in the morning

Indoar Pquﬂ_n}

24-h mean 1.014 1.006 1.023 <0,001 1.015 1.006 1.024 =0.001

12-h mean 1.011 1.005 1.016 <0.001 1.01 1.005 1.017 =0.001

1-h maximum in the preceding 12 h 1.007 1.004 1.011 <0.001 1.007 1.004 1.011 <0.001
Outdoor pMQ.SILD)

24-h mean 0993 0.980 1.008 0an 0997 0.983 1.010 0.624

12-h mean 1.001 0.988 1.014 0.888 1.002 0,850 1.015 0.707

1-h maximum in the preceding 12 h 1.003 0.994 1.01 0.559 1.003 0.993 1.012 0.531
Stationary-site PM, 5

24-h mean 1.014 0.987 1.042 0.301 1.020 0978 1.0683 0363

12-h mean 1.013 1.000 1.026 0.052 1.020 0995 1.046 ong

1-h maximum in the preceding 12 h 1.014 0.997 1.031 0118 1.015 0.993 1.038 0.184
Stationary-site NO,

24-h mean 0.995 0971 1.019 0670 -

12-h mean 0.998 0879 1.016 0.808 -

1-h maximum in the preceding 12 h 1.002 0.991 1.014 0.675 -

Wheezing in the evening

Indoor F"zs{m}

24-h mean 1.025 1.013 1.038 <0.001 1.025 1.012 1.038 <0.001

12-h mean 1.040 1.020 1.060 <0.001 1.040 1.020 1.062 <0.001

1-h maximum in the preceding 12 h 1.018 1.008 1.024 <0.001 1.016 1.008 1.025 <0.001
Outdoor mzﬂu)]

24-h mean 1.016 1.002 1.029 0024 1.010 0.996 1.026 0.170

12-h mean 1.014 1.002 1.026 0.022 1.017 1.001 1.033 0.041

1-h maximum in the preceding 12 h 1.002 0.992 1.01 0.738 0.998 0.s88 1.009 0.764
Shﬂonnqr-ufte P“z_s

24-h mean 1.033 1.008 1.058 0.009 1.027 0.984 1.073 0.219

12-h mean 1.022 1.004 1.042 0.019 1.024 0.994 1.055 0.116

1-h maximum in the preceding 12 h 1.006 0.997 1.016 0177 1.002 0.890 1.014 0.700
Stationary-site NO,

24-h mean 1.024 0.996 1.052 0.083 -

12-h mean 1.01 0.920 1.033 0.283 -

1-h maximum in the preceding 12 h 1.014 1.001 1.028 0.035 -

PM; 5, particulate matter less than 2.5 um in diameter; PM; 5 oy, PM5 5 measured using the dust monitor with a laser diode; NO,, nitrogen

dioxldn

: The association between whauzing and each pollutant was annlrzed and adjusted for sex, age, temperature, and relative humidity.

t : The association bety whi g and each pollutant was analy

humidity.

d and adjusted for NO;, concentration, sex, age, temperature, and relative

1 : ORs for wheezing associated with a 10 pu."m" or 10 ppb Increase of each pollutant,

J Epidemiol 2008; 18(3) 97-110
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Table 6. Adjusted odds ratios (ORs) and 95% confidence intervals (Cls) for wheezing, in relation to quatiles of 24-h
mean concentrations of each particulate matter (PM) during the study period.

Wheezing in the moming Wheezing in the evening
OR" 95% Cl OR" 95% Cl
Indoor PM; 5, . 24-h mean (ug/m”)
<11.0 1.000 1.000
11.0-153 1.053 0.989 1121 1.088 1.038 1.161
15.4-27.9 1.002 1.034 1.153 1.137 1.052 1228
228.0 1.081 1.021 1.144 1.217 1.100 1345
Pvalue 0.011 0.002
Outdoor PM; s py. 24-h mean (pg/m?)
<130 1.000 1.000
13.0-203 0.980 0.895 1.029 1.022 0854 1.084
20.4-288 0.954 0910 1.001 1.022 0983 1.063
2200 0.983 0940 1.029 1.035 0800 1.081
P value 0.208 0.474
Stationary-site PM, 5, 24-h mean (pg/m”)
<139 1.000 1,000
13.8-18.1 1.029 0960 1.103 1.010 0957 1.067
18.2-235 1.018 0.857 1.077 1.082 1017 1.109
2238 1.015 0847 1.088 1.004 1032 1.160
P value 0.822 0.010

m,.,.mummmzsmhmmzm. PM; 5 measured using the dust monitor with a laser diode.
* . ORs for wheezing relative lo the lowest quartile of each PM, adjusted for sex, age, temperature, and relative humidity.

in the eveming and stationary-site PM,s. However, the
associations between wheezing and stationary-site PM, ¢
were not significant in the 2-pollutant models adjusted for
NO, concentration. Table 6 shows the ORs for wheezing
relative to the lowest quartile of each PM in the preceding 24
h. Indoor PM; ¢4 pyy concentrations of 15.4 ug/m® or higher
were significantly associated with increased wheezing in the
morning. Wheezing in the evening was associated with
indoor PM 5 ) concentrations 211.0 pg/m? and stationary-
site PM, 5 concentrations 18,2 pg/m’.

Figure 3 shows the associations between wheezing and the
average concentrations of PM for every 24 h upto 3 lag days.
The prevalence of wheezing in the moming and evening
significantly increased in relation to the increase in indoor
PM; 5.y concentrations for 0-3 d lags. The association of
ORs for wheezing in the moming with outdoor PM, sq )
gradually increased for 0-2 d lags, and the association with
the 2-d lag was significant. The association between
wheezing in the evening and outdoor PMjsqp, was
significant only for the same day. Wheezing in the evening
was also significantly related to the concentration of
stationary-site PM; 5 on the same day.

The association of wheezing with the average
concentrations of PM for every 12 h preceding measurement
is also shown in Figure 3. In the moming and evening, the
associations between wheezing and indoor PMjsqp,
concentrations were consistently significant for upto 72 h
prior to measurement. The effects of indoor PM,;sqpy,
concentration on wheezing were greater during the daytime

than during nighttime. Some significant associations were
present between wheezing and the concentrations of outdoor
PM?.SCLD} and stationary-site PM, s, although these
associations were not consistently observed.

DISCUSSION

In this panel study, we evaluated the acute effects of short-
term exposure to PM by daily measurements of PEF and
wheezing among asthmatic children in a hospital in a
suburban city. All the children had been hospitalized for
several months and attended a school for sick children, which
was adjacent to the hospital. Because they spent almost the
entire day in the hospital or school, their exposure levels to
PM were considered to be nearly equal. Although all the
children received asthma medication including ICS, they
showed significant decreases in PEF and increases in
wheezing after indoor or outdoor PM; gy, concentrations
were elevated. In particular, PEF and wheezing were shown
to have consistent and strong associations with indoor
PM; 51.p) concentrations. The effects of indoor and outdoor
PM; sqp) concentrations remained significant even after
adjusting for ambient NO? concentrations.

Numerous studies have previously reported that PEF among
asthmatics significantly decreases in relation to an increase in
daily PM concentration *$*1113152% with respect o the
effects of fine particles, Romieu et al” evaluated the changes in
daily PEF in relation to increases in PM, ¢ in a panel of
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(A) ORs for every 24 hours lag

Particulate Matter and Respiratory Morbidity in Asthmatic Children
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Figure 3. Odds ratios (ORs) for wheezing in relation to the concentration of particulate matter (PM) for every 24 hours

Odds Ratio

(A) and 12 hours (B), up to 3 days before the measurement (3 lag days).

ORs with 95% confidence intervals are shown per 10 pg/m® increase of each PM, adjusted for sex, age,

temperature, and relative humidity.
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