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characteristics of PAHs and NPAHs distribution in Hanoi as a typical motor-
bike city in the world by comparing with those in automobile and coal-burning
cities.

EXPERIMENTAL METHODS

Hanoi City and Sampling Sites Description

Hanoi is an economic and industrial center of Vietnam, with more than 6
million inhabitants in the area of about 3,324 square km. Being influenced by
the Southeast Asia monsoon regime, the climate is tropical and humid. Sum-
mer, from May to September, is hot (average temperature 32°C) with plenty of
precipitation, while winter, from November to March, is not so cold (average
temperature 14°C) and relatively dry. The average annually humidity is 79%
and rainfall is 1,800 mm a year (24). Motorbikes are the chief means of trans-
portation in Vietnam. In Hanoi, where there is about 1 motorbike for every
2 people, motorbikes account for more than 90% of total vehicles (25—27) and
cause traffic jams and air pollution.

Airborne particulates were collected at two representative sites in Hanoi
city using a 120H high-volume air sampler (Kimoto Electric Company Lim-
ited, Osaka, Japan) at a flow rate of 1,000 L min~'. The first sampling site
(site I, the latitude and longitude is N: 20°59.854'; E: 105° 48.804') was on the
rooftop of a building 10 m above ground level. This site is located in a mixed
residential, commercial, and institutional area next to the only old inner-city
industrial zone remaining in the center of Hanoi city. The second sampling site
(site T, the latitude and longitude is N: 210°03.570’; E: 105° 47.006’) was in
the balcony of a second-story building (approximately 4 m above ground level).
This building was 3 m from one of heaviest traffic streets in Hanoi, and 15 m
from the intersection of Pham Van Dong-Co Nhue. This intersection is one of
the busiest of Hanoi city with heavy traffic jams (25,28).

Sampling

The total particulate matter (TPM) samples were collected on Pallflex
2500QAT-UP membrane filters, 8 x 10 in. The sampling was started from 10
am and conducted over a continuous period of 24 h in 7 consecutive days in
summer (August 19-25, 2010) and winter (February 13—-19, 2011). The filters
were kept in desiccators at room temperature within 48 h and weighed before
and after sampling. Each filter was wrapped in aluminum foil and put in a
sealable plastic bag and kept in a refrigerator at —20°C until use.
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Chemicals

The EPA 610 Polynuclear Aromatic Hydrocarbons standard mix-
ture including naphthalene (Nap), acenaphthalene (Ace), fluorene (Fle),
phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr),
benzla]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF),
benzolklfluoranthene (BEF), benzolalpyrene (BaP), dibenzla,h]anthracene
(DBA), benzolghilperylene (BghiPe) and indeno[1,2,3-cd]lpyrene (IDP) were
purchase from Supelco Park — U.S.A. The standard mixture of 17 NPAHs in-
cluding 1,3-, 1,6-, 1,8-dinitropyrene (DNPs), 3-nitrobenzanthrone (3-NBA), 2-
nitrofluorene (2-NF), 9-nitrophenanthrene (9-NPh), 2-nitroanthracene (2-NA),
9-nitroanthracene (9NA), 1-nitropyrene (1-NP), 3-nitrofluoranthene (3-NFR),
1-nitrofluoranthene (1-NFR), 2-nitrotriphenylene (2-NTP), 6-nitrochrysene (6-
NC), 7-nitrobenz[a]anthracene (7-NBaA), 6-nitrobenzolalpyrene (6-NBaP), 1-
nitroperylene (1-NPer) and 3-nitroperylene (3-NPer) were purchased from Ac-
cuStandard, Inc., New Haven, U.S.A. Five deuterated PAHs (Nap-dg, Ace-d 1y,
Phe-d19, Pyr-dip and Bap-di2) were purchased from Wako Pure Chemical In-
dustries, Ltd., (Osaka, Japan) as internal standards for PAHs analysis. All of
these compounds were dissolved in acetonitril with different concentrations.
2-Fluoro-7-nitrofluorene (FNF) was purchased from Aldrich Chemical Com-
pany, Inc. (Milwaukee, WI) as an internal standard for NPAHs analysis. All
solvents and other chemicals were HPLC or analytical grade purchased from
Wako Pure Chemical Industries, Ltd and Kanto Chemical Company (Tokyo,
Japan).

PAHs and NPAHs Analysis by High-Performance Liquid
Chromatography (HPLC)

A piece of 1 x 5 in (for PAHs) and 2 x 5 in (for NPAHs) of each filter
(8 x 10 in) was thoroughly cut into small pieces (0.02 in square) and put in a
flask. Internal standards for PAHs and NPAHs were added to the flask with
the volume of 100 ul. Both PAHs and NPAHs on filter papers were extracted
ultrasonically twice with 40 ml benzene/ethanol (3:1, v/v) and the extracted
solution was filtered by a filter paper (Advantec, Toyo No. 6, 125 mm diameter,
Toyo Roshi Kaisha, Ltd., Tokyo, Japan) and a membrane filter (HLC-Disk 13,
pore size 0.45 um). The filtrate was washed with 80 ml of 5% sodium hydroxide
solution, 80 ml of 20% sulfuric acid solution, and 80 ml distilled water, succes-
sively. After the washing step, the filtrate was evaporated to dryness in a round
bottom flask with 100 ul dimethyl sunfoxide. In the case of PAHs, the residue
was dissolved in 900 ul acetonitril, and for NPAHs, the residue was dissolved
in 900 wl ethanol. Finally, the extract was passed through a membrane filter
(HLC-Disk 13, pore size 0.45 um) and then 100 ul solution was injected into
the HPLC system.

- 316 -



300 RC. Thuyetal

Fifteen PAHs were determined by using an HPLC with a fluorescence de-
tector. The system consists of two HPLC pumps (LC-10AD, Shimadzu, Ky-
oto, Japan), a fluorescence detector (RF-10A, Shimadzu), a system controller
(SCL-10A, Shimadzu), an integrator (Chromatopac C-R7Ae, Shimadzu), an
auto sample injector (SIL-10A, Shimadzu), a column oven (CTO-10AS, Shi-
madzu), a guard column (Inertsil ODS-P, 4.0 i.d. x 10 mm, GL Sciences Inc.,
Tokyo, Japan), and an analytical column (Inertsil ODS-P, 4.6 i.d. x 250 mm,
GL Sciences Inc.). The mobile phase was acetonitrile/water with an increas-
ing acetonitrile concentration. The time program of the fluorescence detector
was set to detect at the optimum excitation and emission wavelengths for each
PAH according to our previous report (29).

Eleven primary formed NPAHs were determined by using an HPLC with
a chemiluminescence detector (CLD-10A, Shimadzu, Japan) and a switching-
column according to the procedure described in our previous studies with some
modifications (30). The system consists of 6 HPLC columns: a guard column 1
(4.6 x 30 mm, 20°C), a guard column 2 (4.6 x 50 mm, 20°C), a clean-up col-
umn (4.6 x 150 mm, 20°C), a reducer column (Pt/Rh, 4.0 x 10 mm, 80°C),
a concentrator column (4.6 x 30 mm, 20°C), and a separator column (4.6 x
250 mm, 20°C). The mobile phase for the concentrator column was imidazole-
HCI10,4 buffer (pH 7.6)/acetonitrile and the mobile phase for reducer and clean
up columns was an ethanol/acetate buffer (3:1, v/v). The validity of the NPAH
determination method was confirmed in our previous reports (30). The recov-
eries of NPAHs varied from 82-106%, the limits of detection (S/N = 3) varied
from 0.25-1.5 fmol, and the limits of quantification (S/N = 10) varied from
10~15-10~12 mol (over two orders) with good linearities (r? > 0.899) (29,30).

RESULTS AND DISCUSSION

PAHs and NPAHs Occurrence

Fifteen PAHs were determined for all samples. PAHs with 2 and 3 rings
were partially lost from the filters because of their higher volatility, and
so their measured concentrations were less than the true concentrations. Fur-
thermore, the PAHs with low molecular weight are often less carcinogenic than
those with high molecular weight. From these reasons, we focused on 10 PAHs
having 4, 5, and 6 rings associated with airborne particulates only. The mean
concentrations and standard deviations of PAHs at two sites are shown in
Table 1. The total concentration of 10 PAHs at site T was about four times
the concentration at site I in summer but only about half the concentration
at site I in winter. The most abundant PAH at both sites in both seasons was
the 6-ring BghiPe. At site I, the annual average concentration of predominant
PAHs was in the order: BghiPe > IDP > BbF in summer and BghiPe > BbF >
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Table 1: PAH concentrations (omol m~3) in Hanoi City
5 B B e R o B O B s S B R S S s oV T o R v s B e s v |

Site | Site T

PAHC Ring number Summer Winter Summer Winter

Flu 4 025+028 552+160 209+024 2.03+£1.04
Pyr 0444024 6.684+1.87 3.36+0.39 2324124
BaA 0.33£0.19 3.26+085 2.334+0.49 1.59+£1.09
Chr 0.46+0.21 543+1.32 3.524+0.78 3.18+1.56
BbF 5 1224059 9544247 5.62+£1.99 4.14+1.95
BkF 045+024 3814102 2.05+0.66 1.43+0.87
BaP 0.79+045 5294+1.67 5.59+3.40 1.26+0.84
DBA 0.48 +0.63 1.60+0.37 0.974+0.36 0.994+0.48
BghiPe 6 265+£1.36 13.3+480 11.44+3.39 4.754+2.98
IDP 257+198 9244255 499+£2.12 3.07+2.34
Total PAHs 0.6+6.2 63.7+18.5 4194138 +14.4

D All data show mean = SD.

IDP in winter. At site T, the order was: BghiPe > Bb6F > BaP in summer and
BghiPe > BbF > IDP in winter.

Nine NPAHs were found at site I and 11 NPAHs were found at site T
(Table 2). The total concentration of 11 NPAHs at site T was about eight times
the total concentration of 9 NPAHs at site I in summer but only about half the
concentration at site I in winter. Atmospheric NPAHs can be roughly divided
into two groups: primary NPAHs found in diesel engines exhaust such as 1,3-,
1,6-, 1,8-DNPs, 1-NP, 6-NC, 9-NA (10), and secondary NPAHs formed in the
atmosphere: 2-NFR and 2-NP. In this study, we focused only primary NPAHs.

Table 2: NPAH concentrations (fmol m=2) in Hanoi City
i g B e T R e T T S B A A T T R e S e R e

Site | Site T
NPAH® Ring number  Summer Winter Summer Winter
2-NA 3 NQP NQP 9.31 £+ 1.83 NQP
9-NA 4224319 5524217 83.54+34.3 236+ 129
1,6-DNP 4 0.11+0.08 0.16+£0.07 0.68+021 0.09+0.04
1,8-DNP 0.61+£0.32 121+£023 3.25+088 0.71+0.46
1.3-DNP 1.50+£1.06 1.73+£0.69 3.10£1.19 0.74+0.44
1-NP 29.1+£18.1 170+ 64.7 488 +86.0 175+ 121
6-NC NQP NQP 125.84+30.8 NQP
7-NBaA 4124362 214+105 167+458  94.24+43.1
1-NPer 5 0.42+0.34 1.41+0.62 1.87+£129 0.73+0.45
3-NPer 1.714+£094 6.61+0.87 11.2+£232 3.70+1.59
6-NBaP 429+3.13 18.1£56.18 309+6.34 13.0+7.18
Total NPAHs 1214+£92.0 965+394 9254211 524+ 303

D Al data show mean =+ SD.

) NQ: detected but not quantified.

- 318 -



302 PRC. Thuyefal

9-NA, 1-NP, and 7-NBaA were the most abundant NPAHs at both sites. Among
them, small peaks of 2-NA and 6-NC were detected but not quantified in sev-
eral samples because of the presence of interfering peaks. The highest NPAH
at both sites was 9-NA except for 1-NP in winter at site T. Many studies have
found that the most abundant NPAH in diesel and gasoline exhausts is 1-NP
and it is not easily formed through gas-phase reactions (10,31). The level of
1-NP at site T, averaged over the year, was 331 & 103 fmol m~3, about 3 times
the average level at site I (99.6 & 41.4 fmol m™3). Taking into consideration
the fact that 1-NP is emitted mainly from diesel and gasoline engines, Table 2
suggested that the contribution of motor vehicles were much stronger at site T
than site 1.

PAH and NPAH levels in airborne particulates in summer were consider-
ably different from those in winter. In general, the seasonal variation of PAHs
and NPAHs depends on the changes of emission sources, weather conditions
and secondary chemical reactions. Many studies have found that the levels
of PAHs and NPAHs in winter were higher than those in summer due to the
stability of the atmospheric layers in winter, the stronger photochemical reac-
tions in summer and the increase in coal or kerosene combustion amount in
winter (3,8,9). In our study, at site I, the concentrations of individual PAHs
and NPAHs in winter were higher than those in summer. On the contrary, at
site T, both PAH and NPAH levels in summer were higher than those in win-
ter, probably as a result of seasonal changes in wind direction. However, the
composition ratios of NPAH and PAH at both sites were not very different.

Emission Sources

Molecular diagnostic ratios are often used to identify emission sources of
PAHs and NPAHSs in the atmosphere. We have reported that [NPAH]/[PAH]
concentration ratios of three pairs, [6-NBaPl/[BaP]l, [7-NBaAl/[BaA], and
[1-NP]/[Pyr] are useful for identifying the contributors because the formation
of NPAHs depends on the combustion temperature, increasing significantly
with rising combustion temperature (29). Among these ratios, [6-NBaP]/[BaP]
is a valuable diagnostic marker since BaP is frequently monitored as a carcino-
gen. In addition, BaP, which is non-volatile, exists only in the particulate phase
in the atmosphere. In this report, [6-NBaP]/[BaP] concentration ratio was
0.44 x 1072 and 0.80 x 1072 at sites I and T, respectively (Table 3). These val-
ues were similar to the values of Kanazawa, a typical automobile city in Japan,
(0.83 x 1072 in summer and 0.8 x 1072 in winter) during 1999 and 2010 (32).
The combustion temperature of motorbike engines is almost the same as that
of motor vehicle engines (around 2700-3000°C). This suggests that the ratio
of [NPAH]/[PAH] might be similar in particulates both from motorbikes and
motor vehicles and the contribution of motorbikes was relatively stronger at
site T than site I.

- 319 -



Atmospheric PAHs and NPAHSs in Hanoi, Vietnam 303

Table 3: Diagnostic ratios of NPAHs and PAHSs in Hanoi

(1-NP)/(Pyn)© (6-NBaP)/ (7-NBaA)/

(BaP)® (BaA)“
Site Summer Winter Average Average Average

I 0.066+0.075 0.025+0.035 0.045+0.055 0.004+0.005 0.096+0.158
T 0.145+0.22 0.075+0098 0.110+£0.159 0.008-+0.005 0.065+0.067

D All data show mean =+ SD.

1-NP and 7-NBaA have been recognized as primary sources from automo-
bile exhausts. The [1-NPJl/[Pyr] concentration ratios in particulate phase at
sites I and T (0.066 and 0.145) in summer were higher than those in winter
(0.025 and 0.075), respectively. This fact may be due to higher temperature in
summer which contributes to decrease of Pyr proportion in the gas phase. Al-
though Pyr is semi-volatile and our sampling campaign measured PAHs and
NPAHs only in the particle phase, we could estimate the [1-NP]/[Pyr] ratio
in the total gas/particle phase based on several reports (35,37). The highest
value of [1-NPJ/[Pyr] ratio (0.032) (in total gas/particle phase) appeared at site
T in summer, and was nearer to the ratio for automobile exhausts in our pre-
vious studies (29,34). This indicates also that the largest contributors at site
T in summer were motor vehicle engines. The lowest ratio (0.006) occurred
at site I in winter. This value is close to the ratio at several cities, where the
main contributor was coal combustion (29,38), and suggests that site I is near
a place where coal is burned. According to the report from the Hanoi center
for Environmental and Natural Resources Monitoring and Analysis (25), the
total coal consumption for domestic cooking in Khuong Dinh ward (which is
near sampling site I) was highest (0.58 ton/day) compared with other wards in
the same Thanh Xuan district. Furthermore, coal consumption in the Thuong
Dinh industrial area, which has rubber, soap powder, fabric, and vacuum flask
factories and which is close to site I, was about 9.6 ton/day, and was the largest
consumption in the inner Hanoi city. This might explain why [1-NP]/[Pyr] ra-
tio was smaller at site I than that at site T. The [7TNBaAl/[BaA] ratios in the
present study were 0.096 and 0.065 at sites I and T, respectively, near the ratio
for automobile exhausts (0.14), but far from the ratio for coal-smoke combus-
tion (< 0.001) (29,33,34), suggesting that the main contributors to PAHs and
NPAHs emissions in Hanoi were motor vehicle engines.

Comparison of PAH and NPAH Levels between Hanoi (a
Motorbike City) and Other Cities

There are no specific regulations for the emission of PAHs and NPAHs
from motorbikes in Vietnam. First, we compared the PAHs and NPAHs con-
centrations between Hanoi and other Asian cities including typical automobile
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Figure 1: Annual concentrations of total PAHs in Hanoi and other cities. Total PAHs = (Flu) +
(Pyr) + (BQA) + (Chn) + (BbF) + (BkF) + (BaP) + (BghiPe) + (IDP); Bars show standard
deviations of the average. Data of Kanazawa, Tokyo and Shenyang cited from our previous
reports (30, 34) were used for the calculation.

cities in Japan (Tokyo and Kanazawa) and a typical coal-burning city in China
(Shenyang) (29,33). The total mean concentrations of 9 PAHs were 35.6 pmol
m~3 at site I and 32.4 pmol m~2 at site T. These values were slightly higher
than the value at Tokyo and 3.5 times higher than the value at Kanazawa,
but only 6% of the value at Shenyang (Figure 1). The high value in Shenyang
is due to coal burning, which releases large amounts of PAHs (42). The total
average concentration of 5 NPAHs (9-NA, 1-NP, 7-NBaA, 6-NBaP, and 1-NPer)
in Hanoi (536 + 241 fmol m~2 at site I and 645 + 237 fmol m~2 at site T) was 6
and 3 times higher than the values in Kanazawa and Tokyo, respectively, but
only 16% of the value in Shenyang (Figure 2).

Next, we compared the PAH composition in Hanoi with the PAH compo-
sitions in other cities (Figure 3). The ratio of 4-ring/6-ring PAHs ([Flu + Pyr
+ BaA + Chrl/[BghiPe + IDP]) was lower in summer than that in winter in
all cities. The higher temperature and stronger sunlight in summer are con-
sidered as a possible reason for the lower 4-ring/6-ring PAHs ratio. The distri-
bution percentage of 4-ring PAHs, which are semi-volatile in the gas phase in
the atmosphere, is increased with the increase in the temperature. Moreover,
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Figure 2: Annual concentrations of total NPAHs in Hanoi and other cities. Total NPAHs =
(9-NA) + (1-NP) + (7-NBaA) + (6-NBaP) + (1-NPer); Bars show standard deviations of the
average. Data of Kanazawa, Tokyo and Shenyang cited from our previous reports (30, 34)
were used for the calculafion.

degradation of lower molecular weight PAHs is accelerated by the radiation of
sunlight. A large fraction of 4-ring PAHs such as Flu and Pyr from automo-
biles has been found in some previous studies (19,43). However, the proportion
(%) of PAHs with six rings at both sites in Hanoi was higher than that at
automobile cities (Kanazawa and Tokyo) and also much higher than that at
Shenyang, where the main contributor was coal combustion. The differences
of 6-ring PAHs proportion between Hanoi and other cities were about 8-28%
in summer and 10-28% in winter. Many studies found that large PAHs such
as BghiPe and Coronene (Cor) are the most abundant PAHs emitted from non
catalyzed engines and light-duty gasoline engines (12,23,43,44). As mentioned
above, one of specific characteristics of traffic situation in Hanoi city is the
large volume of motorbikes without catalyst converters. Motorbikes account
for around 90% of the total means of travel in Hanoi, and even 95-96% in
many roads in the center of city. Furthermore, most of light duty and heavy
duty vehicles in Hanoi were old and generally poorly maintained (45). A pos-
sible reason for the above composition differences is that motorbikes without
catalytic converters and light-duty gasoline engines may emit larger amounts
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Figure 3: Comparison of PAHs distribution between Hanoi and other cities. Four-ring PAHs =
(FIu) + (Pyn) + (BaA) + (Chrn); 5-ring PAHs = (BbF) + (BkF) + (BaP); 6-ring PAHs = (BghiPe) +
(IDP). Data of Kanazawa, Tokyo and Shenyang cited from our previous reports (30, 34) were
used for the calculation.

of 6-ring PAHs than those of PAHs having 4 and 5 rings. The analysis of PAHs
and NPAHs in exhausts directly collected from motorbike engines with and
without catalytic converters might provide more accurate estimates of the con-
tribution of motorbikes in Hanoi, Vietnam.

NPAHs distribution was also compared between Hanoi and the other cities
in East Asia (Figure 4). In Hanoi, 7-NBcA was the second largest NPAH at
both sites in both seasons, except for site T in winter. Although the propor-
tion (%) of 4-ring NPAHs (1-NP + 7-NBaA) was not significantly different
between Hanoi and other cities, the contribution of 7-NBaA to the total 5
NPAHSs at both sites of Hanoi in both seasons was about 2—7 times higher than
those in Kanazawa and Tokyo and much larger than those in Shenyang. The
maximum difference for 7-NBaA was observed between site I and Shenyang.
The proportion of 7-NBaA at site I was about 1/3 and 1/5 higher than that
of Shenyang in summer and winter, respectively. Moreover, the level of 9-NA
was higher in winter than in summer at all sites. This compound attained the
highest concentration at all sites in winter and appeared significantly higher in
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Figure 4: Comparison of NPAHSs distribution between Hanoi and other cities. Three-ring
NPAHs = (2-NA); 4-ring NPAHs = (1-NP) + (7-NBaA\); 5-ring NPAHs = (6-NBaP) + (1-NPer). Data
of Kanazawa, Tokyo and Shenyang cited from our previous reports (30, 34) were used for the
calculation.

Shenyang in both seasons (75% in summer and 86% in winter). The concentra-
tion ratios of NPAHs with their parent PAHs in the four cities are compared
in Figure 5. The mean values in Hanoi were taken from the average values
at sites I and T. The mean ratio of [1-NP]/[Pyr] in Hanoi was 0.078, slightly
larger than those of Kanazawa (0.055) and Tokyo (0.031). Meanwhile, this ra-
tio was much smaller in Shenyang (0.017), a typical coal-burning city. The
mean ratio of [7-NBaA]/[BaA] in Hanoi was 0.08, followed by those of Tokyo
(0.026) and Kanazawa (0.016). The smallest value was observed in Shenyang
(0.004). The concentration ratio of [6-NBaP]/[BaP] was highest in Kanazawa
(0.008), followed by those of Hanoi (0.006) and Tokyo (0.0044), while it was
the smallest (0.0026) in Shenyang. These facts coincide with previous stud-
ies that the [NPAHJ/[PAH] ratio increases with rising combustion tempera-
ture (29). The combustion temperature in automobile and motorbike engines
are around 2,700-3,000°C while the combustion temperature in coal burning
systems such as coal stoves is 900-1,100°C. Thus, the concentration ratio of
NPAH to the parent PAH in Shenyang was considerably smaller than that
in Hanoi city. Moreover, it is interesting that this ratio was slightly larger in
motorbike cities than in automobile cities, except for the [6-NBaP]/[BaP] ratio.
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Figure 5: Comparison of (NPAH)/(PAH) ratios between Hanoi and other cities. Data of
Kanazawa, Tokyo and Shenyang cited from our previous reports (30, 34) were used for the
calculation.

These ratios might be useful markers for estimating the motorbike contribu-
tion to atmospheric PAHs and NPAHs. Figure 5 suggested that, in general,
[NPAH]/[PAH] ratio was in the order: motorbikes cities > automobile cities >
coal burning cities.

CONCLUSIONS

This is the first comprehensive report on atmospheric PAH and NPAH distri-
butions in Hanoi, a typical motorbike city in the world. The average summer
and winter concentrations of 10 PAHs having 4-6 rings were higher than those
in Tokyo and Kanazawa, which are typical automobile cities but much lower
than those in Shenyang, a typical coal-burning city. The predominant PAHs in
Hanoi were 6-ring PAHs, BghiPe and IDP. The contribution of the 6-ring PAHs
was much higher at site I (57% and 40%) than that at site T (36% and 33%) in
summer and winter, respectively. This level was significantly higher than that
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in automobile and coal-burning cities such as described above. The molecular
diagnostic ratios of [6-NBaP]/[BaP], [7-NBaAl/[BaA] and [1-NP]/[Pyr] indicate
the major contributors were motorbikes at site T and motorbikes and factories
at site I. 1-NP appeared as the most abundant NPAH at site T while 9-NA was
the predominant NPAH at site I. Although 7-NBaA was the second most abun-
dant NPAH among five most abundant NPAHs, the contribution of 7-NBaA in
Hanoi was much higher than it was in other cities. The concentration ratios
of NPAH and PAH, [1-NPl/[Pyr], and [7-NBaA]/[BaAl, in Hanoi were consid-
erably higher than those in Tokyo and Kanazawa and much higher than those
in Shenyang, whereas the [6-NBaPl/[BaP] ratio was slightly smaller than it
was in other cities. These differences between Hanoi and the other cities may
be due to the high number of motorbikes without catalytic converters. We are
currently investigating this possibility by collecting particulates directly from
motorbike exhausts in Hanoi city.
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Original Paper
Abstract

it is known that the teleost scale regenerates
after being removed. We previously reported
that the osteogenesis in regenerating scales
was very similar to that in calvarial bone, which
suggests that regenerating scale can be used
as a model for osteogenesis. In the present -
study, we determine calcium sensing receptor
(CaSR) cDNA from the regenerating scales of
goldfish. The determined partial sequence was
coded as a 258-amino acid protein. The amino
acid identity of this receptor to teteost CaSRs is
89 to 96%, lizard CaSR is 82%, and mammalian
CaSR is 83 to 84%. These results indicate that
CaSR is highly conserved in fish, lizard and
mammals. Then, to examine the role of CaSR
in bone metabolism, effect of acceleration
loading (3 G) by vibration on the expression
of CaSR mRNA in the regenerating scales of
goldfish was investigated. We found that CaSR
mRNA expression increased after acceleration
loading by vibration in the regenerating scales.
Significant difference between control and
treatment group was observed at 6 and 24 h
of incubation. Our cloned CaSR appears to act
for the metabolism of bone in the regenerating
scales. This is the first demonstration, to our
knowledge, of an effect of hyper-loading on the
induction of CaSR mRNA expression of hard
tissues. ©2012 Jpn. Soc. Biol. Sci. Space; doi:
10.2187/bss.26.26

Key words: CaSR, regenerating scale, osteoblasts,
acceleration loading by vibration

Introduction

The calcium sensing receptor (CaSR), a G protein-
coupled receptor that responds to extracellular calcium,
was first determined from bovine parathyroid gland
(Brown et al., 1993). Therefore, it is considered that
CaSR plays a central role in controlling systemic calcium
homeostasis, predominately through its effects on the
regulation of parathyroid hormone (PTH) secretion by
the parathyroid glands and on urinary calcium excretion
by the kidney (Brown et al.,, 1993; Brown and Macl.eod,
2001). However, it was reported that CaSR located
in many tissues and was involved in cell proliferation
differentiation, and apoptosis (Hofer and Brown, 2003;
Kwak et al., 2005; Smaijilovic et al., 2006; Xu et al.,
2012). In the MC3T3-E1 cells, an osteoblast-like cell line,
high extracellular calcium stimulated cell proliferation
(Yamaguchi et al., 1998). As CaSR was expressed in the
MC3T3-E1 cells, calcium signaling is seems to transmit
via CaSR in the MC3T3-E1 cells (Yamaguchi et al., 1998;
Godwin and Soltoff, 2002). Therefore, it is considered
that CaSR regulates osteoblastic functions such as bone
development and mineralization (Theman and Collins,
2009; Dvorak-Ewell et al., 2011). On the other hand,
the bone matrix plays an important role for response to
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physical stimuli (Harter et al., 1995; Owan et al., 1997;
Hoffler et al., 2006). In addition, Sun et al. (2012) reported
that mechanical stretch induced calcium efflux from bone
matrix and stimulated osteoblasts. As few techniques for
culture system of bone cells including bone matrix have
been developed, the function of CaSR under physical
stimuli has not elucidated yet. ,

The teleost scale is a calcified tissue that contains
osteoblasts, osteoclasts, and the bone matrix of two
layers (bony layer: a thin, well-calcified external layer;
a fibrillary layer: a thick, partially calcified layer)
(Bereiter-Hahn and Zylberberg, 1993; Suzuki et al., 2000;
Yoshikubo et al., 2005; Suzuki et al., 2007; Ohira et al.,
2007). Furthermore, it is known that the teleost scale
regenerates after being removed. In our previous study,
we reported that the osteogenesis in regenerating scales
was very similar to that in calvarial bone (Yoshikubo et
al., 2005). The response of osteoblasts to estrogen in
regenerating scales was higher than that in developed
normal scales (Yoshikubo et al., 2005). Using the
regenerating scales, we previously demonstrated that scale
osteoblastic activity responses to low-loading (3 G) for
10 min by vibration increased (Suzuki et al., 2009). As
mammalian osteoblasts are activated by high-loading
from 5 to 50 G (Gebken et al., 1999; Saito et al., 2003;
Searby., 2005), the sensitivity to hyper-loading response
in the regenerating scales possibly be high when
compared with mammalian osteoblasts.

To examine the response of CaSR to hyper-loading,
the cDNA of CaSR was cloned from the regenerating
scales of goldfish and then the effect of acceleration
loading by vibration on CaSR mRNA expression was
investigated.

Materials and Methods

Animals

Both female and male goldfish (Carassius auratus)
(20-30 g) were purchased from a commercial source
(Higashikawa Fish Farm, Yamatokoriyama, Japan) and
artificially fertilized. The hatched goldfish were kept in an
aquarium at 25°C under a daily photoperiod cycle of 12
h light: 12 h darkness. Goldfish were provided ad libitum
diets every morning. After having adequate size (around
15 g), the female goldfish were used in the experiment
because we previously reported that the sensitivity for a
calcemic hormone, such as estrogen and calcitonin, was
higher in mature female than in mature male goldfish
(Suzuki et al., 2000). All experimental procedures were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals of Kanazawa University.

Cloning of CaSR from the scales of goldfish
Goldfish were anesthetized with ethyl
3-aminobenzoate, methanesulfonic acid salt (Sigma-
Aldrich, Inc., MO, USA), and the developed normal scales
on the body were then removed to allow the regeneration
of scales. On day 14, goldfish were anesthetized again,
and the regenerating scales were removed and kept at
-80°C. Using the regenerating scales, CaSR was cloned.
Total RNAs were extracted from the regenerating

scales of goldfish using a kit (Qiagen GmbH,
Hilden, Germany). After cDNA synthesis (Qiagen
GmbH), PCR was performed. The primers
(6’-GGGATCAGYTTTGTTYTMTGCATC-3’ and
5-CCTCMACAGCYGARACAAACTT-3’) were designed
from conserved region among Sparus aurata (AJ289717),
Oreochromis niloticus (XM_003446845), Platichthys
flesus (FJ755006), Salmo salar (NM_001126231) and
Danio rerio (XM_684005). Then, 5’ rapid amplification of
cDNA ends (RACE) were performed with nested primer
(5’-CACCAGTAGGACACGATTGG-3’ for 5*-RACE, bold
and italic type in Fig.1) designed using the obtained
sequence (BD SMART RACE c¢DNA amplification kit, BD
Biosciences Clonetech, California, USA). The products
were put.into vector by TA cloning and then sequenced
on ABI 310 sequencer (Applied Biosystems, California,
USA). After determination of the sequences, the amino
acid sequences were aligned using the clustal w program
(Chenna et al., 2003).

Acceleration-loading apparatus

Our loading apparatus has an acceleration-loading
part and an acceleration-monitoring part. The detail
was described in Suzuki ef al. (2007). The acceleration-
loading part, which consists of a sampling tube-loading
stage and an aluminum plate with 2 vibration motors, is
hung with 4 springs. Two vibration motors can provide a
sinusoidal wave of acceleration ranging from 0.5 to 12
G in amplitude and from 8 to 50 Hz in frequency. The
acceleration-monitoring part consists of a piezoelectric
accelerometer, a charge amplifier, an A/D converter:
board, and a personal computer. A piezoelectric
accelerometer, equipped on a sampling tube-loading
stage, converts the loading acceleration into an analog
electric signal. The signal was amplified with a charge
amplifier (Yamco 4101, Yamaichi Electronics, Osaka,
Japan) and transmitted via a 12-bit A/D converter board
to a personal computer. Using software (LaBDAQ2000,
Matsuyama Advan, Ehime, Japan), the PC allows us to
monitor the real-time loading acceleration of the vibration.
Therefore, we can load accurate gravity to the scales in a
micro tube by confirming the amplitude and frequency of
acceleration shown on the monitor screen.

Effect of acceleration loading by vibration on CaSR
mRNA expression in the scales of goldfish

As described above, the regenerating scales were
prepared and put into a 1.5 ml micro tube then 700 pl
of Leibovitz's L-15 medium (Invitrogen, Grand Island,
NY, USA) and a 1% penicillin-streptomycin mixture (ICN
Biomedicals, Inc., OH, USA) were added. To fix the
scales, a cotton ball (diameter 1 cm) was placed into a
micro tube. The tube containing scales was loaded to 2 G
acceleration by vibration for 10 min at room temperature.
The loading times were determined according to our
previous study (Suzuki et al., 2007; Suzuki et al., 2009).
The lines on the left side were used as the treatment
group, while those on the opposite side were used
as the control group. In the loading, different paraliel
experiments using six goldfish were conducted. After
loading for 10 min, the scales were incubated for 3-, 6-,

- 331 -



CaSR responds to hyper-loading

—~
gccagtgtttgctctaaatgcccgaacaactdgtggtctaacggcaatcacacatcctgc
A 8§ V ¢C 8 K C P NN S W S NG NIH T S C
tttectgaaggagatcgagtttetgtectggaccgaacegtttgggategetctygectta
F L X E I E F Lh,. S W T E P F G I A L A L
cttgcagttcteggggttctgttaacagetttegtgttgggtgtttttgtgedhtacegt
L AV IL GV L L TAZPFVILGV VT FVQ Y R
gatactccgattgtgaaagcatcgaatcgagagctgtegtttettetgetttioteacte
p T P I V X A S NREIL S F L L L F S L
atctgctgtttctccagctectettatattcataggagaaccacaggactggadgtgeegt
I ¢ ¢C F .8 s L T F I G E P Q D W T C R
gtacggcaaccagctttcggaatcagectttgtattatgcatctegtgcatecctagttaaa

V R Q P A F G I s P VL C I S C I L V K
accaatcgtgtcctactggtgttcgaagccaaaatccccaccagecctccatecgtaaatgg
T N R VL L V F EATZ XKTITZPTSILUHTRTZEKW
tggggactgaacctgcagttettactggtgttecetgttcacgtttgtgcaggtgatgata
W 66 L N L Q F L L VF L. F T F V Q V M I
agcctggtttggttgtacaatgctccaccagggagttacaagaactacgacatcgacgag
S L V w L Y N A P P G S Y K N Y D I D E
atcatctttatcacctgtaacgagggcteccatgatggcgttgggattectgateggttat
I I ¥fF I T ¢C N E G S MM AL G F L I G Y
acgtgtctgctggcggecgtttgtttcttetttgecttcaagtecgeggaaacttecctgaa

60

12

18

24

30

360

420

480

540

600

660

T ¢ L L. A AV CPF F F A F K S R K L P E
aacttcacggaggccaagttcatcacatttagcatgctcatttttttcatcgtttggate 720

N F T E A K F I

T F 8§ M L T
tccttecatecccegegtacttcagcacgtatggcaagtitgtttcagetgtagagg

F F I VvV W I

775

S F

I P A Y F 8§ T Y G K F V 8§ A V E

Fig. 1. Partial cDNA sequences of goldfish CaSR and the putative amino acid sequences. The underlined region
is an obtained sequence by the first PCR. The CaSR mRNA expression in the scales of goldfish due to the effect of
acceleration loading by vibration was examined using the primers shown by arrows. The primer for 5-RACE indicated
by bold and italic type. This data has been available under Genbank accession no. AB713518.

12-, and 24-h at 15°C. After incubation, the scales were
frozen at -80°C until using for mRNA analysis. The loaded
scales (3 G) were compared with unloaded (1 G control)
scales.

After extraction of total RNAs, cDNA synthesis
was performed using a kit (Qiagen GmbH).
Gene-specific primers for CaSR (sense: 5'-
TCTAAATGCCCGAACAACTCC-3’; antisense:
5-CACAAAAACACCCAACACGA-3’) (arrow in Fig.1)
were design from the obtained sequence of goldfish
CaSR. The amplification of B-actin cDNA was performed

using a primer set (5-CGAGCGTGGCTACAGCTTCA-3’;
5'-GCCCGTCAGGGAGCTCATAG-3’) (Azuma et al.,
2007). The PCR amplification was analyzed by a real-
time PCR apparatus (Mx3000p, Agilent Technologies, CA,
USA) (Suzuki et al., 2011). The annealing temperature for
amplification of CaSR and B-actin was 60°C. The mRNA
levels were normalized to the B-actin mRNA level.

Statistical analysis
All results are expressed as the means + SEM (n = 6).
The statistical significance was assessed by paired ttest.

Cloneq region of
579  goldfish CaSR 837 1078 aa

Human

CaSR Ligand-binding domain

I |
e —

[@] T™D

Cysteine-rich domain

Fig.2. The molecular structure of human CaSR and the cloned region of goldfish CaSR. Human CaSR consists of 1078-amino acids (aa)
and has ligand-binding domain (20-530 aa), cysteine-rich region (5638-591 aa) and the transmembrane domain (622-860 aa).
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ASVCSKCPNNSWSNGNHTSCFLKEIEFLSWIEPFGIALALLAVLGVLLTAFVLGVFVQYRDTPIVKASNRELSFLLLFSLICCFSSSLIFIGEPQDWTCR

goldfish
zebrafish ASFCVKCPNNSWSNGNHTSCFLKQIEFLSWTEPFGIALALFAVLGVLLTAFVLGVFVQFRDTPIVKASNRELSFLLLFSLICCFSSSLIFIGEPQDWTCR
salmon ASVCTKCPNDSWSNENHTSCFLKEIEFLSWTEPFGIALALCSVLGVFLTAFVMGVFIKFRNTPIVKATNRELSYLLLFSLICCFSSSLIFIGEPQDWTCR
lizard ASACEKCAENFWSNENHTVCIPKQIEFLSWTEPFGIALTLFAILGIFLTSFVLGVFTRFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWNCR
pig ASACDKCPDDFWSNENHTSCIAKEIEFLSWITEPFGIALTLFAVLGIFLTAFVLGVFIKFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWTCR
mouse ASACDKCPDDFWSNENYTSCIAKEIEFLAWTEPFGIALTLFAVLGIFLTAFVLGVFIKFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWTCR
human ASACNKCPDDFWSNENHTSCIAKEIEFLSWIEPFGIALTLFAMLGIFLTAFVLGVFIKFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWTCR
kk k k* *k%k * Kk % * khkkhk Ahdhkkdhkkk % * Kk *%k kK kk%k k hhkkhkhkk Fhkhkkk khkhkk khhhkkh kkhkhkFrhkEhk kK
goldfish VRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGLNLQFLLVFLFTFVQVMISLVWLYNAPPGSYKNYDI~-DEIIFITCNEGSMMALGFLIG
zebrafish VRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGLNLQFLLVFLFTFVQVMICVVWLYNAPPGSYKNYDI~DEIIFITCNEGSMMALGFLIG
salmon LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGLNLQFLLVFLFTFVQVMICVVWLYNAPPASYRNEDI-DEIIFITCNEGSMMALGFLIG
lizard LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGMNLOQFLLVFLCTFVQIVICVIWLYTAPPSSFRNHELEDEIIFITCNEGSLMALGFLIG
pig LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSFHRKWWGLNLQFLLVFLCTFMQIVICAIWLYTAPPSSYRNHELEDEIIFITCHEGSLMALGFLIG
mouse LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSFHRKWWGLNLOQFLLVFLCTFMQIVICIIWLYTAPPSSYRNHELEDEIIFITCHEGSLMALGSLIG
human LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSFHRKWWGLNLOFLLVFLCTFMQIVICVIWLYTAPPSSYRNQELEDEIIFITCHEGSLMALGFLIG
hhkhhhkhkhhhkhrhdhhrkhhhhhrhhbhhhhdhhdddhd dhhddhh *dkddhdhdx dk * * *kkk kk¥k * * *khkkkkkk Fhkk khhkk Fkhkkh
goldfish YTCLLAAVCFFFAFKSRKLPENFTEAKFITFSMLIFFIVWISFIPAYFSTYGKFVSAVE
zebrafish YTCLLAAICFFFAFKSRKLPENFTEAKFITFSMLIFFIVWISFIPAYFSTYGKFVSAVE
salmon YTCLLAAICFFFAPKSRKLPENFTEAKFITFSMLIFFIVWISFIPAYFSTYGKFVSAVE
lizard YTCLLAAICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE
pig YTCLLAARICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE
mouse YTCLLAAICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE
human YTCLLAAICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE

hhkhhhkk khdkhkkkhkhhhhhhdk dhdhdkrhkddhdhdhddhkdhdddr dhhhhkdrbhhdhk

Fig. 3. Sequence alignment of goldfish CaSR with other CaSRs (zebrafish: XP_689097; salmon: NP_001119703; lizard:
XP_003223807; pig: XP_003132690; mouse: AAD28371; human: DQ327728). The asterisks indicate identical amino acid residues in all

the sequences.

The selected significance level was P<0.05.

Results

Cloning of CaSR from the scales of goldfish

PCR products (457 bp, underlined region in Fig.1)
were obtained by PCR amplification. Using the obtained
PCR product, RACE cloning was performed. As a result,
the partial cDNA sequence of CaSR was determined
(Fig. 1). The molecular structure of human CaSR and
the cloned region of goldfish CaSR were shown in Fig.
2. Human CaSR consists of 1078-amino acids (aa) and
has ligand-binding domain (20-530 aa), cysteine-rich
region (538-591 aa) and transmembrane domain (622-860

0.025 [ control

B Hyper-loading

*
0.02 4
*
0005 {+]|| {%lll {%1‘| (}“Iﬁ
0 T L T
3h 6h 12h 24h

Incubation times (h)

o
o
purg
(4]

Relative ratio
(CaSR/B-actin)

Fig. 4. Effect of acceleration loading by vibration on CaSR
mRNA expression in the regenerating scales of goldfish. Each
column and vertical line represent the mean + SEM. (h =6
samples; one sample from one goldfish). *P<0.05 versus control
by paired ttest.

aa). The cloned region of goldfish CaSR (579-837 aa)
contained most of the transmembrane domain.

Structural comparison of goldfish CaSR with other
CaSRs (zebrafish: XP_689097; salmon: NP_001119703;
lizard: XP_003223807; pig: XP_003132690; mouse:
AAD28371; human: DQ327728) was indicated in Figure
3. Most of amino acids were conserved among these
vertebrates.

Effect of acceleration loading by vibration on CaSR
mRANA expression in the scales of goldfish

The results of acceleration loading by vibration on
CaSR mRBNA expression are shown in Figure 4. The
mRNA expression of CaSR was increased by hyper-
loading in the regenerating scales of goldfish. Significant
difference between control and experimental group was
observed at 6 and 24 h of incubation.

Discussion

We successfully determined the partial sequence
of CaSR in the scales of goldfish. The putative goldfish
CaSR of 258-amino acids has high sequence identity
to zebrafish CaSR (XP_689097, 96%), salmon
CaSR (NP_001119703, 92%), gilt-head bream CaSR
(CAC41352, 91%), tilapia CaSR (XP_003446893, 90%),
fugu CaSR (BAA26122, 89%), flounder CaSR (FJ7550086,
89%), lizard CaSR (XP_003223807, 82%), cattle
CaSR (DAA33414, 84%), pig CaSR (XP_003132690,
84%), mouse CaSR (AAD28371, 83%), and human
CaSR (DQ327728, 84%). Among these vertebrates,
we found that CaSR sequences are well-conserved at
least in the region of 258-amino acids and suggesting
that CaSR sequences possess evolutionary conserved
property which may have important biological function in
vertebrates.
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CaSR responds to hyper-loading

A regulatory mechanism(s) governing CaSR mRNA
expression is essential to understand the physiological
significance of goldfish CaSR. Recently, Sun et al.
(2012) reported that mechanical stretch induced calcium
efflux from bone matrix and stimulated osteoblasts, and
suggested that bone matrix acts as an intermediate
mechanochemical transducer which converts the
mechanical strain into a chemical signal in terms of the
calcium efflux. There are several reports which show that
the teleost scale contains osteoblasts, osteoclasts, and
the bone matrix (Bereiter-Hahn and Zylberberg, 1993;
Suzuki et al., 2000; Yoshikubo et al., 2005; Suzuki et al.,
2007; Ohira et al., 2007). As the scale is equipped with
the bone matrix, osteoblasts in the scales sensitively may
respond to acceleration loading.

Calcium is an essential mineral to maintain cell
viability and, ultimately, animal life. In all vertebrates,
blood calcium leveis are strictly kept at a constant
concentration (around 2.5 mM) in spite of changing the
internal milieu or external environment (Dacke, 1979). To
regulate the blood calcium in teleosts, the scales have
an important role because teleost scales are known to
work as a potential internal calcium reservoir, similarly to
those in endoskeletons of mammals, especially during
increasing demand of calcium, such as sexual maturation
or starvation (Yamada, 1961; Berg, 1968; Bereiter-Hahn
and Zylberberg, 1993; Mugiya and Watabe, 1977). We
recently detected cathepsin K and tartrate-resistant acid
phosphatase mRNA expression in the scale osteoclasts
(Azuma et al., 2007). In osteoblasts as well, we detected
osteoblast-specific markers, such as runt-related
transcription factor 2, osterix, type 1 collagen, alkaline
phosphatase, osteocalcin, and the receptor activator
of the NF-xB ligand (Thamamongood et al., 2012).
Therefore, the features of osteoclasts and osteoblasts
in scales are quite similar to those in mammals. Calcium
signal is essential for the proliferation and differentiation
in mammalian osteoblasts (Theman and Collins, 2009;
Dvorak-Ewell et al., 2011), suggesting that extracellular
calcium ion production occurs from the bone matrix
of goldfish scales for conducting calcium signaling to
osteoblasts via CaSR. We are currently developing
an original array system for goldfish on the basis of
Expressed Sequence Tag analysis. In the future study, we
will be able to examine the detail mechanism including
calcium signaling on osteogenesis using our original array
system. _

In conclusion, goldfish scales express CaSR like other
vertebrates, and the expression of CaSR is regulated by
loading. The expression of CaSR by loading suggests
that scale is a good model for the analysis of bone
metabolism under various gravity conditions.
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