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Abstract

Exposure to PM generated by biomass burning may reduce lung function and induce cytogenetic effects, especially in chronic
obstructive pulmonary disease patients. This study investigated the frequency of DNA-damaged cells, cells with cytokinetic
defect, and different types of cell death using a buccal micronucleus cytome assay. The correlations between each biomarker and
lung function were investigated. The changes in these biomarkers associated with high pollutant levels (PM;> 50 ug/m?) and
low pollutant levels (PM;< 50 pg/m’) were evaluated to explore whether PM;, exposure induced genotoxic damages and
cytokinetic defects in COPD patients when the daily average PM, concentration reached above 50 pg/m’. Fifty-eight COPD
patients and 26 healthy subjects living in Chiang Dao district, Chiang Mai, Thailand, were recruited in this study. The results
revealed that buccal cells with micronuclei (high vs low 1.09 £ 1.95 vs 0.29 £ 0.64 in COPD patients) and binucleated cells (high
vslow 11.43+18.68 vs 1.60+1.31 and 7.77 + 12.76 vs 1.00 £ 1.17 in COPD and healthy subjects, respectively) observed during
the high pollutant period were more frequent than in the low pollutant period. Moreover, exposure to PM increased the risk of
micronucleus induction in COPD patients 295.23-fold.

Keywords Chronic obstructive pulmonary disease - Buccal micronucleus cytome - Micronuclei - PM - DNA damage - Biomass
burning - Binucleated cells

Introduction

The pathogenesis of chronic obstructive pulmonary disease
(COPD) and its level of severity are complicated due to the
interactions among several mechanisms, including genetic
susceptibility, inflammation, oxidative stress, chromatin
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modifications, DNA damage, apoptosis, and defective DNA
repair (Hu et al. 2015; Neofytou et al. 2012; Yang and Omaye
2009). The incidence of COPD patients in Thailand has be-
come a matter of concern at the Ministry of Public Health,
Thailand, during the past decade (Ministry of Public Health
Thailand 2015). According to the Global Burden of Disease,
COPD is now the third leading cause of death globally (Hu
et al. 2015; Quaderi and Hurst 2018). Moreover, high preva-
lence of COPD is reported in several countries in which air
pollution has become a major concern including China (prev-
alence of 3.7-17.5%) (Liu et al. 2011; Liu et al. 2005; Qiu
et al. 2013; Zhong et al. 2007), Hong Kong (prevalence of
19.2-25.9%) (Ko et al. 2006), Japan (prevalence of 1.9—
13.6%) (Fukahori et al. 2009; Nishimura et al. 2013;
Takemura et al. 2005), Thailand (prevalence of 6.8-7.1%),
and the Philippines (prevalence of 7.1-20.8%) (Adeloye
et al. 2015; Idolor et al. 2011; Li et al. 2016; Lim et al.
2015; Pothirat et al. 2016a; Ran et al. 2019). Cigarette
smoking is the major risk factor for COPD; however, air pol-
lution has been recognized as well (Ceylan et al. 2006; Hu
et al. 2015; Pothirat et al. 2016b; Yang and Omaye 2009). In
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Northern Thailand, air pollutants have been implicated as
causes of serious health problems, especially during the
high-pollution season, when open burning occurs from
December to April every year (Pothirat et al. 2016b;
Sillapapiromsuk et al. 2013; Wiwatanadate and Liwsrisakun
2011). The most significant sources of air pollution in this area
are biomass or agricultural debris burning for land clearing,
wildfires, and vehicle emissions (Pengchai et al. 2009; Tsai
etal. 2013; Wiriya et al. 2013; Wiwatanadate and Liwsrisakun
2011). The resulting haze has been recognized as a major
health risk in Northern Thailand as well as in neighboring
countries (Chantara et al. 2012; Wiriya et al. 2013;
Wiwatanadate and Liwsrisakun 2011).

According to the Pollution Health Department of Thailand
(PCD), 89% of the pollutants found in Chiang Mai originate
from forest fires, 5.4% from solid waste burning, and 2.3%
from burning of agricultural waste (Kim Oanh and
Leelasakultum 2011). Diesel combustion and industry sources
contributed less than 4% (Kim Oanh and Leelasakultum 2011;
Sirimongkonlertkul and Phonekeo 2012; Tsai et al. 2013). The
dust and ash materials from the burning or airborne particulate
matter (PM) with a diameter less than 10 um (PM;,) have
become significant threats to local and nearby populations
(Sirimongkonlertkul and Phonekeo 2012). The PM;, mea-
sured in Chiang Mai ambient air contained several inorganic
and organic species, including nitrogen oxides (NO,), sulfur
oxides (SOy), PM;o-bound ions, and polycyclic aromatic hy-
drocarbons (PAHs) (Chantara et al. 2012; Gadde et al. 2009;
Simoneit 2002; Wiriya et al. 2013). These components, espe-
cially PAHs and metals, are carcinogens that can induce DNA
damage and respiratory distress (Danielsen et al. 2011;
Morales et al. 2016; Pengchai et al. 2009).

The PM,;( concentration in Chiang Mai, Thailand, has
followed a similar pattern every year since 2010. The annual
monthly PM;, concentration is at a high level at the beginning
of December and reaches a peak in March, subsequently de-
creasing from May until November (Chantara et al. 2012;
Punsompong and Chantara 2018). Chiang Dao, Mae Rim,
and Mae Chaem districts are the dominant areas where rice
and maize are produced and consequently experience greater
agricultural waste burning (Sillapapiromsuk et al. 2013;
Wiriya et al. 2016). Mae Chaem district was reported to be
the area with the highest rate of agricultural residual burning
during the harvest season, while the biomass burning from
Chiang Dao district apparently emits more agricultural
chemicals into the air (Sillapapiromsuk et al. 2013).

This study examined whether DNA damage and buccal cell
death in COPD patients and healthy subjects were higher dur-
ing the burning season due to excessive pollutant exposure.
Increases in DNA damage, cytokinesi inhibition, and different
types of cell death may be correlated with the severity of
COPD. Therefore, the buccal micronucleus cytome
(BMCyt) assay was employed to investigate the effects of

PM, exposure during the dry season or highly polluted peri-
od (daily average PM,(> 50 pg/m®) in comparison with the
rainy season or low pollution period (daily average PM, <
50 pg/m’) as per WHO air quality guidelines for particulate
matter (WHO 2006). In addition, the relationship between
abnormal buccal cell types and the severity of COPD status
was investigated.

Materials and methods
Subjects and sampling site

This study included 58 patients with mild to very severe
COPD stages and 29 healthy subjects living in Chiang
Dao (19.3668°N, 98.9648°E), Chiang Mai Province,
Thailand (Fig. 1).

COPD was diagnosed according to the Global Initiative for
Chronic Obstructive Lung Disease guidelines (GOLD)
(Pothirat et al. 2007). The inclusion criteria were as follows:
(1) subjects aged over 40 years who had been living in Chiang
Dao for more than 1 year, and (2) the post bronchodilator
FEV//FVC ratio was less than 0.7 for the COPD group and
more than 0.7 for the healthy group. The COPD patients were
grouped according to COPD stage as mild, moderate, severe,
or very severe as per the GOLD standard (Rabe et al. 2007,
Vestbo et al. 2013). The study was carried out in accordance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) and approved by the Ethics
Committee of the Faculty of Medicine, Chiang Mai
University, Thailand (study codes: FOR-2559-03852, FOR-
2558-03434, and MED-2558-0303). The subjects were in-
formed of the protocol of this study and signed a consent form
according to the guidelines of the Faculty of Medicine ethical
committee. All individuals were interviewed face-to-face
using a demographic data questionnaire and a COPD
Assessment Test (CAT) to evaluate health-related quality of
life as well as a detailed personal questionnaire containing
individual characteristics; medical records; potential con-
founders such as smoking status, alcohol-drinking habits, diet,
medication, and X-rays; and occupation related to pesticides.
A high CAT score indicates that COPD is worsening and
causing airflow limitation in stable COPD patients (Ghobadi
et al. 2012). The spirometry test for assessment of pulmonary
function was performed in both COPD and healthy subjects
approximately 1 h before buccal cell collection. All subjects
were evaluated for FVC, FEV1, ratio of FEV1/FVC, and
forced expiratory flow at 25-75% (FEF25-75%) using a spi-
rometer (Spiromaster PC-10, CHEST M.L,, Inc. Tokyo, Japan)
following the standard guidelines recently published by the
American Thoracic Society (ATS)/European Respiratory
Society (ERS) (Stanojevic 2018). Predicted values were
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Fig. 1 Location of the sampling site; Chiang Dao indicating in green color (left). The elevation/altitude information of Chiang Dao (right)

calculated using the Knudson reference equation (Knudson
et al. 1983).

COPD GOLD stage

This study classified the severity of COPD according to the
GOLD 2017 Guidelines (GOLD 2017) as follows: stage 1
mild FEV, greater than or equal to 80% predicted; stage 2
moderate FEV| between 50 and 80% predicted; stage 3 severe
FEV, between 30 and 50% predicted; stage 4 very severe
FEV, less than or equal to 30% predicted or FEV; less than
50% predicted plus chronic respiratory failure.

Buccal sample collection

The buccal cells from each subject were collected in
March 2016 (PM;y> 50 pg/m’) and August 2016 (PM;o<
50 pg/m’) as shown in Fig. 2. The collection times were
selected based on PM; peak levels in March and the PM;,
reduction in August (Chantara et al. 2012). The stage and
severity of COPD at the sampling times were verified accord-
ing to the GOLD 2017 Guidelines to evaluate the relationships
between DNA damage and COPD status. The buccal samples
or oral mucosa were collected and processed in accordance

@ Springer

with Thomas et al. (2009). Briefly, buccal cells were collected
in a circular motion from inside of the left and right cheek wall
using a sterile wood spatula. Then, the collected cells were
placed into fixative containers containing Saccomanno’s fixa-
tive solution. Afterward, the cell suspension was centrifuged
at 4000 rpm for 15 min, and the supernatant was removed.
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Fig. 2 The PM;, concentrations from January to December 2016. The
dashed lines indicate the sampling times. The dots indicate PM;, levels.
The gray zone indicates PM;( concentration < 50 ug/m3
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The cell suspension was washed twice using 500 pl of the
fixative solution and centrifuged at 13,000 rpm for 10 min.
Next, the supernatant was removed and replaced with 500 pl
of the fixative solution. The final suspension was vortexed,
and then 100 pl of the cell suspension was placed directly onto
a glass microscope slide. The slides were air-dried overnight
and then placed in methanol/glacial acetic acid (3:1) for
10 min before being stained with Feulgen reaction solution
before counterstaining with Fast-green reagent.

Buccal micronucleus cytome assay

The slides were coded before double-blinded scoring by two
investigators and were examined at x 1000 magnification
using a good-quality bright field. Two thousand buccal cells
were observed, and the frequency of various cell types found
in these 2000 buccal cells were recorded, including the fre-
quency of buccal cells with micronuclei (BCMN),
micronuclei (MNi), binucleated cells (BN), nuclear bud cells
(NBUD), pyknotic cells (PY), condensed chromatin cells
(CC), karyorrhectic cells (KR), and karyolytic cells (KL).
Criteria for identifying and scoring cell types and nuclear ab-
normalities in the BMCyt assay were performed following
Thomas et al. (Thomas et al. 2009) and Bolognesi and
Fenech (Bolognesi and Fenech 2013).

PM,, data

The PM;, data used in this study were retrieved from the
Thailand air quality and situation reports of the Pollution
Health Department (PCD) Ministry of National Resources
and Environment database (http://air4thai.pcd.go.th/webV2/)
from January to December 2016. Pollution levels were
measured at the Chiang Mai City Hall station, Thailand. The
PM,, concentrations were performed using beta-ray attenua-
tion operated by the PCD. The data were reported as daily
average concentrations of PM.

Statistical analysis

Results with numerical values were expressed as mean = SD.
Categorical data were represented as absolute frequencies and
percentages. The statistical analysis was performed on
GraphPad Prism software version 8.01 and IBM® SPSS®
Statistics version 22. Differences were considered statistically
significant when p <0.05. As the data were not normally dis-
tributed, the non-parametric tests were employed. The
Wilcoxon matched-pairs signed rank test was used to compare
the mean variables of the same subjects between low- and
high-pollution seasons. Chi-square tests or Fisher’s exact test
were used to compare the proportional categorical data.
Statistical differences between the COPD and healthy groups
were tested using a Mann-Whitney U test. The correlations

between different variables were determined using
Spearman’s rank correlation test. A Poisson log-linear model
was applied to the data to estimate the association between
BCMN, MN;, and factors involving micronucleus induction,
including PM,, levels, disease status, host factors, smoking
habit, drinking habit, diet, X-ray history, and occupational
pesticide exposure. Adjustments with dependent covariates
were made for age, gender, FEV/FVC ratio, FEV,;, COPD
severity, and CAT score.

Results
PM,, data

The 24-h mean-PM;, concentration from January to
December 2016 (Fig. 2) indicated that the PM,, levels
exceeded the WHO Air quality guidelines (50 ug/m®) from
January to April, with a peak level of 187.33 ug/m® in March.

Subjects

Fifty-eight COPD patients and 26 healthy subjects living in an
agricultural area in Chiang Dao, Chiang Mai, Thailand, were
enrolled in this study. General characteristics of the study pop-
ulation (COPD patients and healthy subjects) including gen-
der, age, smoking and alcohol-drinking status, occupational
exposure to pesticides, and X-ray exposure are shown in
Table 1. The subjects from the healthy group were on average
10 years younger than the COPD group. The majority of the
participants had not been exposed to X-rays before sample
collection and had not been working with pesticides. More
than 50% of the subjects were former smokers, and most of
the subjects did not consume alcohol.

The healthy group had normal lung function according
to the GOLD standard. The post bronchodilator FEV,/
FVC ratio during the polluted season was significantly
lower than that measured during the low pollution months
in COPD patients. A similar pattern was seen in the per-
centage predicted FEV, (Table 2).

Buccal micronucleus cytome assay

The photomicrographs of scored abnormal cell types for the
BMCyt assay are shown in Fig. 3. The mean frequencies of
dead cells (PY, CC, KR, and KL) and different types of DNA-
damaged and cytokinetic-defected cells (BCMN, MNi, BN,
NBUD) are shown in Fig. 4. The numbers of BCMN and MNi
cells were not significantly different between the COPD and
healthy groups during both high and low PM,, levels. The
MNi detected in the COPD and healthy groups during low
pollution were used as a baseline for MNi in this study.
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Table 1 Demographic data and

general characteristic of the Demographic data

COPD (1 =58) Healthy (n = 26)

COPD and the healthy groups
Male (%)

Age (years)

Working with pesticides (n, %)
Yes
No

X-ray exposure (1, %)

<3 months before buccal cell collection

>3 months before buccal cell collection

Cigarette smoking (n, %)
Never
Former
Current

Alcohol drinking (n, %)
Never
Former

Current

31 (53.45%) 13 (50.00%)

71.45+7.93 6131+11.31
9 (15.52%) 6 (23.08%)
49 (34.48%) 20 (76.92%)
3(5.17%) 1 (3.85%)

55 (94.82%) 25 (96.15%)

8 (13.79%) 8 (30.76%)
41 (70.68%) 14 (53.14%)
9 (15.52%) 4 (15.38%)
32 (55.17%) 10 (38.46%)
19 (32.76%) 7 (26.92%)
7 (12.07%) 9 (34.61%)

#Mann-Whitney U test (COPD vs Healthy), significant p value <0.05

A significant increase in BCMN and BN from their base-
line values was detected (Fig. 4). The mean frequency of
BCMN observed in the COPD group during the high-
pollution period was significantly higher than that found

Table 2  Lung function characteristics and COPD severity

Lung function COPD (n=58) Healthy (n=26)
FEV'/FVC (%)

PM, o> 50 pg/m’ 57.08+10.26* 82.03+7.32%

PM, (<50 pg/m> 58.58+11.92° 80.78+6.83 ¢
FEV, (L)

PM;o> 50 pg/m’ 1.20+£0.48 *° 226+0.62°

PM, (<50 pg/m’ 1.29+0.54 *° 220+0.71%
% predicted FEV'

PM, o> 50 pg/m’ 64.78 +24.46 *° 103.80 £20.46 °

PM,< 50 pg/m’ 70.80 +24.65 102.16+21.47

FVC (L)

PM, (> 50 pg/m’ 2.09+0.68 *° 2.74+0.66°

PM;0< 50 pg/m’ 220+0.69 *° 2.70+0.79 2
CAT

PM, (> 50 pg/m’ 11.76+7.20 2 623+5.11°

PM;0< 50 pug/m’ 11.00+6.28 2 592+6.18*

GOLD severity stage (n, %)
Stage 1 Mild
Stage 2 Moderate
Stage 3 Severe
Stage 4 Very severe

14 (24.14%) -
17 (29.31%) -
13 (22.41%) -
14 (24.14%) -

Mean + SD
FVC forced vital capacity, FEV, forced expiratory volume in first second
#Mann Whitney U test (COPD vs Healthy)

® Wilcoxon matched-pairs signed rank test (within subjects, PM;q >
50 pg/m® vs PM;o< 50 pg/m®), significant p value < 0.05

@ Springer

during the low pollution period (Fig. 4a), with the mean fre-
quencies of 1.09 +1.95 vs 0.29+0.64 (p =0.027), respective-
ly. However, there was no difference in BCMN frequencies
between the two periods in the healthy population (0.77 £ 0.95
vs 0.65£0.61, respectively; p = 0.449). The mean frequency
of MNi (Fig. 4b) during the high-pollution period was slightly
higher but not significant compared to during the low pollu-
tion period (1.39+2.12 vs 0.88 £1.05, p value =0.681, 1.59
+2.47 vs 1.05+£2.95, p=0.162) in the healthy and COPD
groups, respectively.

The frequency of the BN cells (Fig. 4d) was dramatically
increased during high pollution compared to during low pol-
lution in both COPD (11.43 +18.68 vs 1.60+ 1.3, p=0.004)
and healthy groups (7.77 +12.76 vs 1.00+ 1.17, p=0.012). In
contrast, the frequency of CC cells was lower during the high-
pollution period in the COPD group (132.40 £104.30 vs
230.20+87.35, p=0.006) and healthy group (168.10 =+
119.90 vs 267.78 £97.66, p =0.012).

Only the BCMN, MN;i, and CC cells were significantly
different among COPD severity groups (Fig. 5). The frequen-
cies of BCMN and MN:i (Fig. 5a and b) in patients with mild
symptoms (stage I) were higher than in the patients with mod-
erate, severe, and very severe stages. In contrast, the frequen-
cies of CC cells were greater in patients with stages II to IV
(Fig. 5c¢).

Spearman’s rank correlation was performed to evaluate
the relationship between DNA-damaged cells, cell death,
and COPD severity. Pulmonary function indicators (FEV,
and FVC) were not correlated with any of the DNA dam-
age or cell death markers. The severity defined by GOLD
classes and CAT score was negatively correlated with the
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Fig. 3 Images of the different cell types stained using Feulgen and Light Karyolitic cell. f Condensed chromatin cell. g Karyorrhectic cell. h
Green viewed by the light microscope. a Normal differentiated cell. b Pyknotic cell. All images were taken at x 1000 magnification and the
Buccal cell with micronuclei. ¢ Nuclear bud cell. d Binucleated cell. e scale bar =20 um
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BCMN and MNi frequencies; however, only weak corre-
lations were observed, with the Spearman rank correla-
tions below 0.3 (Fig. 6a—c).

Association between DNA-damaged cells
and confounding factors

The confounding factors that may be involved in micronucle-
us induction were taken into account to remove all bias from
the analysis. After adjustment, COPD patients had a higher
risk of PM,y-induced BCMN and MNi formation, with the
respective frequency ratios of 295.23 and 64.51 when the
PM; levels were higher than 50 ug/m3 (Table 3). This implies
that COPD patients were more susceptible to PM; toxicity
when compared to the corresponding healthy group. In addi-
tion, high levels of pollutants enhanced the genotoxic effect of
PM,,, as the frequency of DNA damage during PM, levels
above 50 pg/m’ was higher than that in the low pollution
period. Moreover, the DNA-damaged cells (BCMN and
MNi) detected in subjects exposed to genotoxic chemicals
such as pesticides were not different from those who were
not exposed; the means were 0.89+1.27 vs 1.12+20.6 and
1.11+1.54 vs 1.67+2.61 for BCMN and MNi in COPD pa-
tients, respectively.

The role of confounding factors was also important for
micronucleus induction. The associations between BCMN
and life-style parameters in the COPD group are listed in
Table 4. The factors most associated with BCMN cells were
smoking and food consumption. The results indicated that
former smokers had BCMN frequencies 12.75 times higher
than those who never smoked. Subjects who had a high of
intake fruits and vegetables in their daily diet had a lower
BCMN frequency (FR =0.036) than those who did not con-
sume such a diet; the high fruit and vegetable diet was asso-
ciated with over 96.4% DNA damage reduction.

Discussion

The PM,, concentrations presented in this study were higher
than Thailand Air Quality Guideline acceptable safety value
(daily average PM;o< 120 pg/m’) and WHO air quality
guidelines (daily average PM;q< 50 ug/m3) (Pothirat et al.
2016b). This pattern was consistent with the previous results
(Punsompong and Chantara 2018) stating that the monthly
PM;, concentrations from 2010 to 2015 displayed the highest
levels of PM,( during the dry season (January to April) and
lower concentrations during the rainy season (May to
October). Lung function tests indicated significant impact of
air pollution in dry season on COPD patients. During polluted
period (PM;,> 50 ug/m3), reductions of FEV, and FVC pa-
rameters were observed reflecting more severity of lung dis-
ease induced by the air pollution. This finding confirms that
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PM; levels involved in lung function status and disease pro-
gression. This result was consistent with the previous studies
showing a strong correlation between PM; o exposure and ex-
acerbations or COPD disease progression (MacNee and
Donaldson 2003; Pope 2000; Pothirat et al. 2016b).

The BCMN and MNi frequencies are the markers of
unrepaired or misrepaired DNA breaks, chromosome loss or
fragmentation, hypomethylation of satellite centromeric/
paracentromeric sequences, kinetochore defects, dysfunction-
al spindle, and mutations in anaphase checkpoint genes due to
the exposure to genotoxic compounds (Holland et al. 2008;
Luzhna et al. 2013). Micronucleus in exfoliated cells emerges
during mitosis of the basal layers of the epithelium. The turn-
over rate for micronucleus induction in exfoliated buccal cells

after exposure to an acute genotoxic event is approximately a
minimum of 5-7 days (Holland et al. 2008). However, inter-
individual variation of the MN expression time-course has
been reported to be up to 21 days. As a consequence, hypo-
thetically, it is possible to see the genotoxic effects between 7
and 21 days after genotoxic exposure when the cells are
brought to the stratum corneum layer (Majer et al. 2001;
Thomas et al. 2009). As illustrated in Fig. 2, the PM;, con-
centrations were high above the safety limit throughout the
dry season. The higher frequencies of BCMN and MNi de-
tected in March could be a result of PM; exposure between 1
and 3 weeks prior buccal cell collection depending on inter-
individual variation. Previous study also revealed that MN
frequency correlated with concentration of air pollutions in

Table 3 Risk of BCMN

induction in COPD patients and DNA Predictors  Group PM;(>50 pg/m’ PM <50 pg/m’
healthy subjects compared damage
between high and low PM cells FR 95%ClI p FR 95%CI p
levels value value
BCMN Diseases Healthy 1 - - 1 - -
COPD  295.23 4.59-18,973.26 0.007 96.51 4.95-1881.65 0.003
MNi Diseases Healthy 1 - - 1 - -
COPD 64.51 5.15-807.58 0.001  29.77  1.60-555.06 0.023

Significant results showed in italics

FR frequency ratio
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Table 4  Effects of smoking habit and food consumption on BCMN frequency
Predictors Group PM,(>50 ug/m3 PM;4< 50 ug/m3
FR 95%C1 p value FR 95%CI p value
Smoking Never 1 - - 1 - -
Former 12.75 2.74-59.85 0.001 25.33 3.21-199.82 0.002
Current 432 0.75-24.78 0.101 4.87 0.53-44.48 0.160
Fruit consumption Never 1 - - 1 - -
Once a week 0.046 0.00-0.79 0.056 217,117.93 0.00-0¢ 0.992
Every day 0.036 0.00-1.08 0.035 136,621.80 0.00-0¢ 0.990
Vegetable consumption Never 1 - - 1 - -
Once a week 0.077 0.00-0.504 0.156 0.55 0.02-14.20 0.722
Every day 0.015 0.00-2.66 0.019 0.37 0.01-10.62 0.565

Significant results showed in italics
FR frequency ratio

the week before the buccal cell collection but not on the same
day (Ceretti et al. 2014).

The BCMN and BN frequencies were remarkably higher in
dry season. Increases in these two markers may be linked to an
excessive exposure to airborne PM; ¢ dust from the open burn-
ing during the dry season. Several studies have indicated that
air pollution, especially from biomass burning, causes severe
genotoxic effects in COPD patients at a level equal to cigarette
smoking (Caramori et al. 2011; Ceylan et al. 2006; Danielsen
etal. 2011; Hu et al. 2015; Yang and Omaye 2009). The PM,
collected from Chiang Mai area contains a mixture of inor-
ganic and organic substances including metals, polycyclic ar-
omatic hydrocarbons, carboxylic acids, anhydrosugars, and
sugar alcohol (Tsai et al. 2013). High levels of levoglucosan,
glycerol, and erythritol during the dry season in Chiang Mai
indicate that biomass and agricultural burning contributed to
the episodic air pollution (Tsai et al. 2013). Additionally, the
PM; g-bound carcinogenic polycyclic aromatic hydrocarbons
(cPAHs) in Chiang Mai were relatively higher in the dry sea-
son than in the rainy season (Wiriya et al. 2016; Wiriya et al.
2013). These detected cPAHs included benz[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, and
benzo[a]pyrene (Wiriya et al. 2013). In our study area, there
were three main types of the biomass (rice straw, maize resi-
due, and leaf litter) that emitted high concentrations of PM; (-
bound PAHs after burning (Wiriya et al. 2016). These PAH
species are involved in DNA and oxidative damage (Xue and
Warshawsky 2005); consequently, they may initiate and pro-
mote cancer (Armstrong et al. 2004).

As mentioned earlier, an increased frequency of
micronuclei reflect exposure to agents with clastogenic (chro-
mosome breaking; DNA as target) or aneugenic
(aneuploidogenic; effect on chromosome number; mostly
non-DNA target) mode of actions. Quinones, diol-epoxides,
o-quinones, and radical cations are PAH metabolites that can

covalently bind to nucleic acids in DNA, form an DNA ad-
ducts, and subsequently causing DNA deletions, fusions,
translocations, aneuploidy, cell cycle alteration, DNA
misrepair, DNA instability, and apoptosis (Bai et al. 2017).
PAH metabolites can cause P53 suppression and P21 upregu-
lation leading to apoptosis inhibition and S phase arrest. These
expression changes and inappropriate S phase could promote
DNA fragment accumulation during replication and consecu-
tively micronucleus formation in mitosis (Bai et al. 2017).
Previous research demonstrated that PM;y-bound PAHs col-
lected from different sites of Sao Paulo State, Brazil correlated
with an elevation of micronucleus induction in human lung
epithelial A549 cells (Palacio et al. 2016). Furthermore,
Ceretti et al. (2014) stated that an increase in 10 pg/m® unit
of PM; , was significantly related to the elevation of MNi, CC
cells, and KR cells. In our study, the COPD patients had sus-
ceptibility to PM;g-induced DNA damage 96.51 times higher
than in healthy subjects in rainy season. However, the risk
went up to 295.23-fold in dry season. This high risk of
BCMN induction during an episode of air pollution in
Chiang Dao could be a result of oxidative stress-induced
DNA damage and cytokinetic defects from genotoxic com-
pounds that bounded with PM; such as PAHs, as previously
reported by Wiriya et al., indicating that the equivalent toxic
concentration of carcinogenic PAHs in the dry season was
higher than in the rainy season (Wiriya et al. 2013).

There was no significant difference in DNA-damaged cells
in the healthy subjects between the two seasons. The healthy
subjects were less susceptible to air pollution due to better
xenobiotic clearance and immune system responses to the
PM distribution and more effective elimination, as demon-
strated by Ling et al. (2011). Those researchers reported that
a relatively small amount of PM accumulated in the alveolar
walls and blood vessel walls of the control subjects in com-
parison with the COPD group. A short retention time of PM; -
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bound carcinogenic agents in healthy subjects can result in
less DNA damage, as shown in our present study.

High BN frequency was observed during polluted period in
this present study could indicate the failure of cell division.
Binucleated cells are an indicator of defective cytokinesis, cell
cycle arrest due to aneuploidy (Bonassi et al. 2011).
Aneuploidy reflects gain or loss of whole chromosomes as
well as unbalanced rearrangements of chromosomes, includ-
ing deletions, amplifications, or translocations of large regions
of the genome (Orr et al. 2015). Moreover, aneuploid cells or
cells with chromosomal instability have an elevated rate of
DNA mutations and chromosome missegregation, which can
lead to micronucleus formation (Varetti et al. 2014). In addi-
tion, the elevation of the binucleate/mononucleate cell ratio
can be used to identify a failure of cytokinesis caused by
higher than normal rates of aneuploidy, which is related with
cancer risk (da Silva et al. 2013; Thomas et al. 2009).
Therefore, the high frequency of BN observed in our study
during the open burning season, and the subsequent return to
the baseline rate in the rainy season, could be a result of failure
of cytokinesis during cell division induced by exposure to
biomass burning. Our finding is in agreement with Mondal
etal. (2010), who stated that chronic exposure to biomass fuel
not only causes chromosomal and DNA damage resulting in
MNi induction but also induced cytokinesis defects leading to
a higher frequency of binucleated cells. The frequency of BN
was also slightly associated with air pollution, as reported by
Ceretti et al. (2014). They reported that an increase in the
PM,, concentration every 10 pg/m’ unit resulting in the ele-
vation of BN for 0.01 unit (Ceretti et al. 2014).

The relatively high variability in the frequencies of DNA
damage and other abnormal cell types is observed in this study
(Figs.4 and 5). The large variability in MNi and other cell
types within the individual data sets has been reported in sev-
eral previous studies, even after adjusting with confounding
factors such as life-style, health status, occupational and diet,
or after removing the outliners. For example, the spontaneous
micronucleus frequency has been reported ranging from 0.30
to 1.70%. One possible explanation would be the heterogene-
ity of the study subjects (Bolognesi et al. 2015b; Bonassi et al.
2011). Furthermore, the interindividual variance in chromo-
somal and cytogenetic responses has been reported to be an
actual phenomenon and the genetic responses induced by dif-
ferent types of mutagens (clastogen or aneugen) showed the
same significant interindividual variations (Odagiri et al.
1997). In addition, the participants in our study might expose
to other unknown genotoxic agents or confounding factors
that might alter the numbers of DNA damage and abnormal
cells. On the other hand, the fluctuation of the abnormal cell
frequencies might be caused by the different doses of expo-
sure and individual responses to genotoxic compounds.

It is well established that DNA damage can stimulate apo-
ptotic processes (Upadhyay et al. 2003). Several studies have
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reported that particulate matter can induce apoptosis (Bayram
et al. 2013; Gualtieri et al. 2010; MacNee and Donaldson
2003; Upadhyay et al. 2003). In general, the airway surface
epithelium responds to any injury by losing its surface epithe-
lium integrity or by partial shedding of the epithelium. The
epithelium then has to be repaired and regenerated to restore
its functions. This process occurs through several mechanisms
including cellular extrusion, in which dying cells are removed
from epithelial tissues to prevent compromising their barrier
function, and the epithelium subsequently undergoes renova-
tion via apoptosis (Andrade and Rosenblatt 2011; Puchelle
et al. 2006). An increase in the CC cells during the rainy
season may indicate the repair and elimination processes in
response to DNA damage in buccal cells that occurred earlier
in the dry season (Fig. 4e) (Thomas et al. 2009). In addition,
the lower frequency of CC cells found in the dry season may
suggest the PM o-induced reduction of the regenerative capac-
ity of epithelial tissue (Bolognesi et al. 2015a). Alternatively,
the composition of PM;, in different seasons and different
years may account for the different effects on buccal epithelial
cells (Manzano-Leon et al. 2016).

Interestingly, our results showed the higher BCMN fre-
quencies in stage I COPD patients. This finding may corre-
spond to PM; o-induced DNA damage, disturbed S phase, and
finally inhibited apoptosis resulting in promoting micronucle-
us formation in stage I patients (Bai et al. 2017). Alternatively,
less micronucleus frequencies observed in stage [I-IV COPD
patients possibly due to the greater rate of apoptotic process
associated with COPD pathogenesis (Plataki et al. 2006).
Apoptosis or a “programmed cell death” is an important pro-
cess for the elimination of unwanted, damaged, or infected
cells (Demedts et al. 2006). Numerous studies reported that
increases in apoptosis of epithelial cells and decreases in cell
proliferation in COPD cases led to oxidative stress induction
and COPD severity progression (Demedts et al. 2006;
Gogebakan et al. 2014; Plataki et al. 2006). Additionally,
Ling et al. (2011) demonstrated that the PM retained in lung
tissues was significantly lower in severe and very severe
COPD patients compared to stages I and II (Ling et al.
2011). They suggested that lung tissue with a high PM burden
in severe patients may be selectively eliminated with the pro-
gression of the disease. Moreover, the decline in PM accumu-
lation in cells combined with short-term toxic exposure may
result in less genotoxicity in patients with severe symptoms.

The increase in the apoptosis morphological feature (CC
cells) in stage 1I-IV patients indicates that the host defense
mechanism is active in regulating cell death and the disease
progression as mentioned before (Plataki et al. 2006;
Upadhyay et al. 2003). In addition, high CC frequencies in
severe COPD patients may be a consequence of an increase in
cytokine-related apoptosis in response to PM;, toxicity or
pathogenic progression of COPD symptoms (MacNee and
Donaldson 2003). Rohr et al. (2013) determined the
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relationship between genetic damage and cell death in open pit
coal mine workers using the BMCyt assay. The results
showed that subjects with high MNi frequency had a lower
frequency of CC cells (Rohr et al. 2013). In our study, the cells
with genetic damage occurring during PM;, exposure may be
eliminated via apoptosis, resulting in a high frequency of CC
cells and less DNA-damaged cells in the severe COPD
groups.

Our results illustrate the impact of smoking and dietary
habits on micronucleus induction. It has been well
established that smoking and fruit and vegetable con-
sumption affect micronucleus formation (Bonassi et al.
2011). Heavy cigarette smoking (=40 cigarettes per day)
was related with an increase in MNi frequency (Bonassi
et al. 2011). Our study demonstrated that COPD patients
who once smoked had a higher BCMN frequency than
those who were still smoking or had never smoked.
Furthermore, current smoking behavior had no impact
on the BCMN frequency as shown in Table 4. All current
smokers have been smoking for less than 2 ;, to this ex-
tent, the effect of this behavior on DNA damage is prob-
ably unnoticeable. However, the number of current
smokers enrolled in our study (z=9) may be too small
to see substantial change in BCMN frequency. Subjects
who consumed fruits or vegetables daily had a lower
BCMN frequency than those who reported no consump-
tion at all. This result is consistent with several studies
demonstrating that regular consumption of fruits and veg-
etables, due to their antioxidant properties, significantly
reduce micronucleus levels (Bonassi et al. 2011).

Some limitation of this study should be noted. First,
PM, was used as an indicator of air pollution rather than
PM, 5 due to the limited capacity of the air quality mon-
itor at the Chiang Mai City Hall Station. Nonetheless, the
ratios of PM, s/PM; (ratio of 0.9) reported by Oanh et al.
(2011) showed that the smoke contained both fine parti-
cles (PM, 5) and course particle (PM;_» 5) corresponding-
ly. The contribution of PM;, was even higher when the
fire suppression activities, such as beating at the edge of
the fire with green tree branches, were done to stop the
fire from spreading to surrounding paddies (Oanh et al.
2011). Second, there was a lack of individual pollutant
exposure data, as real-time particulate matter measure-
ments for each subject were not performed. The pollution
levels measured at fixed site monitor might not sufficient-
ly reflect the individual exposure levels. However, this
limitation was compromised by the nature of the burning
in our study area. The forest fire, open burning of agri-
culture residue field occurred everywhere across our re-
search area, as a result, the pollutant concentrations were
transported, dispersed, and deposited evenly. This burning
characteristic could possibly reduce the potential for in-
consistencies in the results as the exposure measurement

error may be less of a problem for fine and course parti-
cles than for gases due to their more homogeneous geo-
graphical distribution (Atkinson et al. 2001; Monn 2001).
Moreover, this study was focused on the overall effects of
inter-season differences; thus, the actual individual doses
of exposure may be insignificant.

Conclusions

The PM; concentrations presented in our study exceeded the
WHO guidelines starting from January (dry season), reaching
a peak in March and subsequently decreasing until May.
Frequencies of buccal cells with micronuclei and binucleated
cells were higher during months of high pollution (March),
particularly in the COPD patients, indicating DNA damage
and instability. The micronucleus frequency in COPD patients
with a mild condition was higher than in those with severe
conditions. However, cells with condensed chromatin detect-
ed in the moderate to very severe COPD groups were signif-
icantly higher than in the mild group. These effects may be
part of the pathogenesis of COPD as apoptotic rates in severe
COPD groups are faster than in the mild group, resulting in
higher elimination rates of DNA damage and cytokinetic-
defected cells. Exposure to PM, during the high pollutant
period increased the frequency risk of DNA damage 295-
fold in COPD patients in comparison with the healthy group.
It can be concluded that the COPD patients were more sensi-
tive to air pollution, thus experiencing more DNA damage and
cytokinetic defect than that observed in healthy subjects.
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