Table 4. Differences in the mean number of symptoms within the patient group and
between the two groups dichotomized at the limit of quantification of serum VOCs.
Mean No. of symptoms

Cpmping Serum VOC positive  Serum VOC negative ¥l
p-Dichlorobenzene 5.5 7.0 0.3187
Toluene 7.5 5.0 0.0701
Xylene 6.0 6.2 0.8906

Table 4 shows a summary of the mean number of symptoms within the patient
group. The differences in the number of symptoms are not statistically significant
between the two groups dichotomized at the limit of quantification of serum VOCs.

These results indicate that it is difficult to determine the serum VOC levels
responsible for inducing symptoms.

Several reports have suggested that SBS symptoms are related to VOCs in the
indoor air environment (Norbdck et al. 2000; Kamijima et al. 2002; Saijo et al.
2004); however, there has been no report on the relationship between serum VOC
levels and SBS symptoms to our certain knowledge. In this study we measured
serum levels of VOCs in patients with SBS symptoms and volunteer controls.
Measuring chemicals in blood is advantageous because we can calculate the body
burden precisely. However, for nonoccupationally exposed people, it is generally
difficult to clarify the relationship between adverse effects and VOC exposure or
serum VOC levels because of the relatively low levels of VOCs found in serum
(Ashley et al. 1994). The serum VOC levels of all subjects in this study were
relatively low except for p-dichlorobenzene, which was consistent with previous
reports (Ashley et al. 1996). The number of target VOCs was limited although there
are more than one hundred VOCs in indoor air. The small subject population
restricted our approach to include limited statistical analysis. Detailed information
on the patients’ history of exposure is lacking. Further investigation to overcome
these problems is required.

In this study we intended to examine (1) whether HS-GC/MS was applicable to the
measurement of serum VOC concentrations in SBS patients and volunteer controls,
and (2) whether the elevation of serum VOC levels correlated with SBS symptoms.
Despite the successful application of our HS-GC/MS method, we found no
statistical differences in the concentrations of studied VOCs between the patients
and controls. We also found no relationship between serum VOC levels and SBS
symptoms in the patients studied. Therefore, we must consider that it is difficult to
identify the responsible VOCs and their serum levels inducing SBS symptoms from
the results of this study.
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ABSTRACT

Dimethyl sulfoxide (DMSO), an amphipathic molecule, is
widely used not only as a solvent for water-insoluble
substances but also as a cryopreservant for various types
of cells. Exposure to DMSO sometimes causes unexpected
changes in cell fates. Because mammalian development
and cellular differentiation are controlled epigenetically
by DNA methylation and histone modifications, DMSO
likely affects the epigenetic system. The effects of DMSO
on transcription of three major DNA methyltransferases
(Dnmts) and five well-studied histone modification en-
zymes were examined in mouse embryonic stem cells and
embryoid bodies (EBs) by reverse transcription-polymer-
ase chain reaction. Addition of DMSO (0.02%~1.0%) to
EBs in culture induced an increase in Dnmt3a mRNA

INTRODUCTION

Dimethyl sulfoxide (DMSQ). an amphipathic molecule, is one
of the most commonly used chemicals in the biological and
medical sciences as a solvent for water-insoluble substances and
a cryapreservant for various cell lines. It has multiple effects on
cellular functions (e.g., metabolism and enzymatic activity) and
on cell growth by affecting cell cycle and apoptosis [1]. It also
changes cell fates by inducing differentiation of various types of
cells [1-4] and promoting blastocyst formation in animal clon-
ing [5].

Mammalian development and cellular differentiation are
controlled by DNA methylation; the developmentally essential
genes Ocr-4 and Sry are controlled to be expressed during a
limited period of development by DNA methylation [6, 7]
Methylation is the sole modification of the vertebrate genome
and occurs mainly at the 5-position of cytosines in cytosine-
guanine (CpG) dinucleotides [8]. The modification is involved
in epigenetic regulation of gene function, which is “mitotically

levels with increasing dosage. Increased expression of two
subtypes of Dnmt3a in protein levels was confirmed by
Western blotting. Southern blot analysis revealed that
DMSO caused hypermethylation of two kinds of repetitive
sequences in EBs. Furthermore, restriction landmark
genomic scanning, by which DNA methylation status can
be analyzed on thousands of loci in genic regions, revealed
that DMSO affected DNA methylation status at multiple
loci, inducing hypomethylation as well as hypermethyl-
ation depending on the genomic loci. In conclusion,
DMSO has an impact on the epigenetic profile: upregu-
lation of Dnmt3a expression and alteration of genome-
wide DNA methylation profiles with phenotypic changes
in EBs. STEM CELLS 2006:24:2549-2556

and/or meiotically heritable, and can not be explained by
changes in DNA sequences” [9]. Epigenetic systems regulate
various genetic functions, including chromosomal stability, re-
pression of transposable elements, and gene silencing [10-12]
of developmentally regulated genes and genes expressed in a
tissue-specific manner [13, 14]. Tissue-dependent and differen-
tially methylated regions (T-DMRs) have been found in CpG-
rich, unique sequences. including tissue-specific genes. The
changes in genome-wide DNA methylation status of such T-
DMRs provide every cell or tissue a unique DNA methylation
profile consisting of methylated and unmethylated T-DMRs
[15-17).

In the establishment and maintenance of the proper DNA
methylation patterns in the mammalian genome, DNA methyl-
transferases (Dnmts) play critical roles. To date. five Dnmits.
Dnmtl, 2, 3a. 3b, and 3L, have been identified. Because in vitro
enzymatic activity is lacking in Dnmt2 and 3L [18. 19], only
Dnmtl. Dnmt3a. and Dnmt3b have been intensively studied [20.
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21]. DNA methylation is associated with histone modifications
in epigenetically regulated regions [20. 22-24]. Histone modi-
fications were mediated by the following enzymes: G9a.
Suv39hl, and Suv39h2 are histone H3 lysine nine (H3-K9)
methyltransferases [12]; mDotl is an H3-K79 methyltransferase
[25]; and Sir2a is a class Il histone deacetylase [26]. These
enzymes and Dnmts coordinate the epigenetic systems.

Mutations in genes of epigenetic factors have been impli-
cated as the causes of various diseases. Mutations in DNMT3b
are associated with ICF syndrome (immunodeficiency, centro-
mere instability, and facial abnormalities) [27]. and those in
MeCP2 are associated with Rett syndrome [28]. Epigenetic
abnormalities have been reported in cloned animals [29-31] and
cancerous cells [32] and are also caused by chemicals that are
called “epimutagens™ [33].

Based on these observations. we hypothesized that the ef-
fects on cell fate by DMSO should be interpreted by its effects
on the epigenetic systems. We examined this hypothesis by
using mouse embryonic stem cells (ESCs) and embryoid bodies
(EBs). Differentiation of ESCs into EBs has been used as a
model of normal and abnormal mammalian development [34]. It
is also a suitable model for monitoring epigenetic modifications
because, during differentiation from ESCs, EBs establish a
specific DNA methylation profile associated with both hyper-
methylation and hypomethylation at multiple loci [16]. In this
study. mRNA levels of epigenetic regulators. including Dnmts
and histone modification enzymes, were analyzed. We also
investigated a genome-wide DNA methylation profile in EBs to
examine the effects of quantitative changes in an enzyme's
expression.

MATERIALS AND METHODS

Culture of ESCs, EBs, and DMSO Treatment

The ESC lines (MS12) derived from C57BL/6 strain mice [35]
were cultured on embryonic fibroblast feeder cells with ESC
medium: Dulbecco's modified Eagle's medium (DMEM; In-
vitrogen, Carlsbad, CA, hup://www.invitrogen.com) supple-
mented with 15% fetal bovine serum and 1,000 U/ml of leuke-
mia inhibitory factor (LIF; ESGRO, Chemicon International,
Temecula, CA, http://www.chemicon.com). At passage 18,
ESCs were treated with or without 0.1% (vol/vol) DMSQO
(Wako Pure Chemicals, Osaka. Japan, http://www.wako-chem.
co.jp/english) for 4 days and harvested. EBs were induced by
culturing ESCs al passage 16 without a feeder layer and LIF in
bacteriological Petri dishes and simultancously treated with or
without DMSO. They were cultured under DMSO treatment for
4 days in EB medium:DMEM (Invitrogen) supplemented with
10% fetal bovine serum and then collected for nucleic acids and
protein extractions.

RNA Extraction and Reverse Transcription-
Polymerase Chain Reaction

Total RNA was purified from culured ESCs and EBs using
TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. For reverse transcription-polymerase chain reaction
(RT-PCR), first-strand cDNA was synthesized from 1.0 pg of
total RNA using a Superscript first-strand synthesis system with
random hexamer primers (Invitrogen). RT-PCR was performed
with rTag polymerase (TOYOBO, Tokyo. http://www.loyobo.

DMSO Affects Epigenetic Profile in Embryoid Body

co.jp/e) except in the case of Dnmt3a. which was amplified with
Immolase (BIOLINE, London, http://www bioline.com). Sets of
primer sequences for RT-PCR were as follows: Dnmtl: 5’
CAGGAGTGTGTGAGGGAG-3" and 5'-GGTGTCACTGTC-
CGACTTGC-3'. Dnmt3a: 5'-ACCCATGCCAAGACTCAC-
CTTC-3' and 5'-TCCACCTTCTGAGACTCTCCAG-3',
Dnmt3b:  5-TCAGACACGAAGGATGCTCC-3" and 5'-
ACAGGGTACTCCTGCACATG-3', G9a: 5'-TTTGGCCAT-
GAGGCTGTT-3" and 5'-CCAGATGCATGTCATCACTCA-
3', Suv3%hl: 5'-GGAGAAAGATGGCGGAAA-3" and 5'-
GACAAGAAAGCTTGGCTAGT-3', Suv39h2: 5'-TCTTTGG-
CGACGAGTGTG-3" and 5'-AGAATCTGGCCATCCTTTCC-
3, Sir2a: 5'-CTGACGACTTCGACGACGAC-3' and 5'-
TGCTGAACAAAAGTATATGGACCTATC-3', mDotl: 5'-
AACTATGTCCTGATCGACTACG-3" and S'-TCCTCTG-
TCATCTTGATCTCATC-3', and B-actin: 5'-TTCTACAAT-
GAGCTGCGTGTGG-3' and 5'-ATGGCTGGGGTGTTG-
AAGGT-3". The thermocycling program used with rTaqg poly-
merase was an initial cycle of 95°C for 1 minute, followed by 30
cycles of 94°C for 30 seconds, and 30 seconds at the following
annealing temperatures: 58°C for B-actin, 60°C for Suv39hl,
62°C for Dnmtl and mDotl, and 65°C for Dnmt3b, G9a,
Suv39h2, and Sir2a and then 72°C for | minute. RT-PCR for
Dnmt3a using Immolase was performed with an initial cycle of
95°C for 10 minutes, followed by 30 cycles of 94°C for 30
seconds, 65°C for 30 seconds, and 72°C for | minute. A digi-
tized image of ethidium bromide-stained gel was analyzed by
densitometry with NIH Image 1.61 software (National Institutes
of Health, Bethesda, MD, http://www.nih.gov).

Real-Time Quantitative RT-PCR

Expression of Dnmt3a was monitored by SYBR Green I in
SYBR Green PCR Master Mix (Applied Biosystems, Foster
City. CA. hup://www.appliedbiosystems.com) on a ABI PRISM
7500 or 7900 HT sequence detection system (Applied Biosys-
tems) according to the manufacturer’s protocol. Nine nanomolar
each of forward and reverse primers described above for
Dnmt3a or B-actin and 1 wl and 0.5 ul of cDNAs were used for
Dnmt3a and B-actin, respectively, in 20 pl. A standard curve
was established by a dilution series of cDNA to estimate mRNA
levels. Correlation values (#*) of the standard curve were 0.98
and 0.99 for Dnm3a and B-actin, respectively. The slope of the
standard curve was determined to calculate PCR efficiency
using the equation: PCR efficiency = 10~ '~"P* — 1. The values
for Dnmt3a and B-actin were 1.04 and 1.00, respectively. Quan-
utative expression level was calculated using the following
equation: the value = 1/(1 + PCR efficiency)". The slope of
the standard curve and cycle thresholds (CTs) were analyzed
using ABI PRISM 7500 SDS software. Expression of Dnmt3a
was normalized to B-actin as an internal control. At least three
independent PCRs were performed in duplicate for all samples.

Protein Extraction and Western Blotting

Mouse EBs and ESCs were lysed in RIPA buffer (50 mM Trs-HCl
[pH 8.0], 400 mM NaCl, 1% Nonident P-40, 1% sodium deoxy-
cholate. 0.1% SDS. | mM phenylmethylsulfonyl fluoride, 5 pg/ml
leupeptin, 1 wg/ml aprotinin, 5 pg/ml pepstatin, 0.5 mM EDTA.
and 0.5 mM NaF). The lysates were clarified by centrifugation at
15.000 rpm for 30 minutes at 4°C. and 5-pug aliquots of the lysates
were subjected to SDS polyacrylamide gel electrophoresis on 7.5%
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gel. Protein concentration was determined by using a bicinchoninic
acid protein assay kit (Pierce Chemical, Rockford, IL. hup:/www.
piercenet.com) according to the manufacturer's instructions. The
proteins were transferred to polyvinylidene difluoride membrane
and probed with 1:125 diluted anti-Dnmt3a monoclonal antibody
(clone 64B1446; Imgenex, San Diego, http//www.Imgenex.com)
or 1:1,000 diluted anti-glyceraldehyde-3-phosphate dehydrogenase
monoclonal antibody (Imgenex) as the first antibody and 1:5.000
diluted anti-mouse immunoglobulins conjugated with horseradish
peroxidase (Wako Pure Chemicals) as the second antibody. The
anti-Dnmt3a monoclonal antibody recognizes two Dnmt3a sub-
types, Dnmt3a and Dnmt3a2 [36]. The chemiluminescence signals,
which were obtained with SuperSignal West Pico Chemilumines-
cent Substrate (Pierce Chemical), were visualized by Chemi-Smart
3000 (Vilber Lourmat, Marne-la- Vallée, France, http://fwww.vilber.
com). For reprobing. the blotted membrane was rinsed with Restore
Waestern Blot Stripping Buffer (Pierce Chemical).

Preparation of Genomic DNA

Genomic DNA was extracted as previously described [37].
Briefly. cells were suspended in lysis buffer (150 mM EDTA,
10 mM Tris-HCI [pH 8.0], and 1% SDS) containing 10 mg/ml
proteinase K (Merck. Darmstadt, Germany, hup:/www.merck.
com). The mixture was incubated at 55°C for 20 minutes, After
two phenol/chloroform/isoamyl alcohol (50:49:1) extractions,
genomic DNA was precipitated in ethanol and dissolved in TE
buffer (10 mM Tris-HCI, 1 mM EDTA [pH 8.0]).

Restriction Landmark Genomic Scanning

The restriction landmark genomic scanning (RLGS) was per-
formed using the restriction enzyme combination of Not 1. Pvu 11,
and Pst | as described previously [38]. Genomic DNA was treated
with Klenow fragment (Takara, Kyoto, Japan. http:/www takara-
bio.com) in the presence of dGTPaS, dCTPaS (GE Healthcare,
Little Chalfont, Buckinghamshire, UK, hup://www.gehealth-
care.com), ddATP, and ddTTP (Takara) to prevent nonspecific
labeling. After digestion by Not I as a landmark enzyme (Nippon
Gene, Toyama, Japan, http://www.nippongene.com), cohesive
ends were isotopically labeled with Sequenase Ver 2.0 (USB Cor-
poration, Cleveland, http://www usbweb.com) in the presence of
[a-"*PJACTP and [a-**P}dGTP (GE Healthcare). Labeled DNA
was digested by Pvu II (Nippon Gene) after first dimensional
electrophoresis in 0.9% agarose disc gel. After in-gel digestion with
Pst 1 (Nippon Gene), the DNA fragments were separated by a
second dimensional electrophoresis in a polyacrylamide slab gel.
The gel was then dried and exposed to x-ray film (Kodak. XAR §;
Eastman Kodak. Rochester, NY, http://www kodak.com) for 2-3
weeks at —80°C.

Methylation-Sensitive Quantitative Real-Time PCR

DNA methylation status at Sall3 locus was evaluated using
methylation-sensitive quantitative real-time PCR as previously
described [39]. Twenty nanograms of DNA treated with or
without Not | was subjected to PCR with a primer pair ampli-
fving a genomic fragment containing the Not 1 site. The meth-
ylation ratio was determined as the proportion of undigested
DNA in Not I-treated DNA to that in Not [-untreated DNA. The
amplification was monitored with SYBR green on an ABI Prism
7500 Sequence Detection System (Applied Biosystems) follow-
ing the manufacturer’s protocol. Initial DNA amount in the
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Figure 1. Culture of ESCs and of EBs with or without DMSO. (A):
Culuvation scheme of mouse ESCs (MS12 line) and EBs. ESCs were
cultured for 4 days in the presence of LIF and feeder layer with or
without DMSO. or were induced to form EBs by removal of LIF and
feeder layer, and were cultured for another 4 days with various concen-
trations of DMSO. (B): Micrographs of EBs cultured in medium con-
taining DMSO. Concentrations are indicated above the images. Scale
bars = 200 pum. Abbreviations: DMSO, dimethyl sulfoxide: EB. em
bryoid body; ESC, embryonic stem cell; LIF, leukemia inhibitory factor.

reaction mix was normalized with the value obtained with the
primer pair of Xistl that was designed to amplify fragments
without the Not I site. More than three independent PCRs in
triplicate were performed. The primers of Sall3 and Xist] are as
follows: Sall3: 5'-TTATACAACCTCGAACTAGCTGGG-3'
and 5'-GCATCCTGAATCCATGAACCCT-3', Xistl: 5'-CA-
CACACACCCTGCCCAATC-3' and 5 -GGGATTCGCCTT-
GATTTGTGGT-3".

Southern Blot Hybridization

Genomic DNA that was digested with Msp 1 (Takara) or Hap 11
(Takara) was electrophoresed on a 0.8% agarose gel. After
being hydrolyzed with 0.25 N HCI and denatured with 1.5 M
NaCl in 0.5 N NaOH. DNA was transferred to a nylon mem-
brane. The membrane was hybridized with pMO for endogenous
C-type retrovirus (MoMuLV) (GenBank accession: NC_
001501) or pMR150 for minor satellite repeats (X14469 and
X07949), which was labeled with Gene Images random prime
labeling module (GE Healthcare). The bound probes were de-
tected by using Gene Images CDP-star detection module (GE
Healthcare) with x-ray film (RX-U: Fuji. Kanagawa, Japan,
hup:/fwww fujifilm.com).

RESULTS

DMSO Increases Expression of Dnmt3as in ESCs
and EBs

ESCs, which were maintained without DMSO treatment, were
cultured under differentiation conditions to form 4-day EBs in
the absence or presence of various concentrations (0.02%-1%)
of DMSO (Fig. 1A). In contrast to uniform spheres of EBs



cultured without DMSO, EBs with irregular shapes and in-
creased sizes appeared in high concentrations (0.5%, 1%) of
DMSO (Fig. 1B). In these phenotype changes of EBs induced
by DMSO. we presume thal epigenetic systems should be in-
volved.

By semiquantitative RT-PCR. we examined expression of
genes related to epigenetic systems such as Dnmits and histone
modification enzymes. mRNA levels of Dnmtl and Dnmi3b.
which were expressed in ESCs and EBs. were not affected by
DMSO treatment as judged by the densitometry of RT-PCR
products (Fig. 2A). The fold changes of intensities of bands
between the control and 1% DMSO-treated EBs showed 1.10
and 0.93 for Dnmtl and Dnmt3b. respectively. In spite of the
report that mDotl mRNA was increased by DMSO treatment in
mIMCD cells [25]. mRNAs for histone methyltransferases
(G9a. Suv39nhl. Suv39h2. and mDotl), and a histone deacety-
lase, Sir2a. were expressed equally in ESCs as well as EBs al
different DMSO concentrations. On the contrary, intensities of
Dnmt3a in EBs, treated with 0.5% and 1% DMSO. increased
almost double.

Real-time quantitative RT-PCR confirmed the increase of
Dnmt3a mRNA (Fig. 2B). In ESCs. 0.1% of DMSO treatment
caused a slight increase in the level of Dnmt3a mRNA. An
approximately twofold increase in Dnmt3a mRNA was ob-
served by differentiation of ESCs to EBs. In EBs. statistically
significant increases in levels of Dnmt3a mRNA corresponded
to increases in DMSO dosage.

To address the question whether Dnmt3a protein would
increase coordinately with transcripts of Dnmt3a by DMSO
treatment, Dnmt3a proteins in EBs were analyzed by Western
blotting. Two distinct bands. which were detected by anti-
Dnmt3a monoclonal antibody. indicated the expression of
Dnmt3a and Dnmt3a2 in 4-day EBs. Both types of Dnmt3a
protein levels in EBs treated with 0.5% and 1% DMSO in-
creased to two times those in nontreated EBs (Fig, 2C). From
this finding, taken together with upregulated mRNA level by
DMSO treatment, it was clear that DMSO increased expression
of Dnmt3as (Dnmt3a and Dnmt3a2).

DMSO Affects DNA Methylation Status of
Repetitive Sequences in EBs

The mammalian genome consists of genic and nongenic regions.
such as repetitive sequences. and the latter occupy a large part of
the genome. Both regions are methylated de novo by Dnmit3as
[40]. Minor satellite repeats, which are located in the centromenc
regions, and endogenous retroviruses. which are interspersed in the
mouse genome, are families of repetitive sequences. To assess the
effects of DMSO (0.1%) on methylation levels in EBs, Southem
blot was performed using probes for minor satellite repeats
(pMR150) and endogenous C-type retroviruses (pMO) (Fig. 3).
The differences in amounts of small fragments between lanes I,
DNA digested by a DNA methylation-insensitive restriction en-
zyme, Msp L and lanes II. digested by a methylation-sensitive
enzyme. Hap II, indicate that these repetilive sequences were
hypermethylated in EBs. The 0.15% DMSO treatment caused the
disappearance of the small fragments of minor satellite and C-type
retrovirus repeats in the EB genome (lanes III). These data indi-
cated that DMSO prompted DNA methylation of these nongenic
regions in the EBs
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Figure 2. The effects of DMSO on expression of epigenetic factors in
ESCs and EBs. (A): Expression of epigenetic factors in ESCs and EBs was
analyzed by reverse transcription-polymerase chain reaction (RT-PCR).
Reactions were carmied out with [RT(+)] or without [RT(-)] reverse tran-
scriptase. Primer sets are indicated to the left of the gel images. Concen-
trations (vol/vol) of DMSO were 0% (lane 1), 0.02% (lane 2), 0.1% (lane
3), 0.5% (lane 4), and 1% (lane 5). (B): Dnmt3a expression was analyzed
by real-time quantitative RT-PCR. The value obtained in ESCs without
DMSO was set to |. Shaded blocks represent mean values, and standard
error is represented by vertical bars. Differences between samples were
analyzed by rtest (*p < .1, **p < .03, ***p < 005 [n = 3]). (C): Dnmt3a
protein expression was analyzed by Western blowing. The positions of
proteins (left side) and molecular weights of the markers (right side) are
shown. Abbreviations: DMSO, dimethyl sulfoxide: Dnmt. DNA methyl-
transferase: EB. embryoid body: ESC. embryonic stem cell. GAPDH,
glvceraldehyde-3-phosphate dehydrogenase

DMSO Affects Genome-Wide DNA Methylation
Profiles of Genic Areas in EBs

Next. we focused on the effect of DMSO on DNA methylation
at the genic region using the RLGS method. In the RLGS
profile. the spot is visible when the corresponding cutting site of
Not I, a methylation-sensitive restriction enzyme, is hypomethy-
lated. whereas it is invisible when the site is hypermethylated.
Most Not I sites are in CpG islands [41]. which are characterized
by high CG content and frequent CpG appearance [42]. and are
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Figure 3. Effect of dimethyl sulfoxide (DMSO) on DNA methylation
status of repetitive sequences. Msp [-cdigested genomic DNA from
untreated EBs (lane 1) and Hap Il-digested genomic DNA from un-
treated (lane 1) and 0.1% (vol/vol) DMSO-treated EBs (lane 111) were
subjected to Southern blot hybndization using probes for minor satellite
repeats (pMR150) and endogenous C-type retrovirus repeats (pMO)
Molecular weights are indicated on the right panel

often localized at promoter regions of housekeeping genes and
many tissue-specific genes [42-44]. Theretfore, RLGS enables
us to simultaneously analyze thousands of loci in genic regions.

The RLGS profiles. consisting of approximately 1,500
spots. were compared between control and 0.1% DMSO-treated
EBs (Fig. 4A). In RLGS profiles of DMSO-treated EBs. 11
unique spots (T-DMR [DMSO] 1-11) emerged, indicating that
DMSO induced hypomethylation of these 11 sites in EBs (Fig
4B). In contrast, four spots (T-DMRs [DMSO] 12-15) disap-
peared in DMSO-treated EBs. indicating that DMSO caused
hypermethylation of these four sites. Thus, 15 genomic loci
were epigenetically affected by DMSO treatment, whereas thou-
sands of loci remained unchanged (Fig. 4A. 4B).

We compared these 15 spots (T-DMRs [DMSO] 1-15) with
T-DMRs that we previously identified [15. 16] (Fig. 5). The two
spots. T-DMRs (DMSO) 2 and 12, were matched with T-DMRs
148 and 253. respectively. whereas the other 13 spots were
novel. We defined them as T-DMRs 582 and 701-712, serially
(Fig. 5). One of the matched spots is located in Sall3 gene
(T-DMR [DMSO] 2). which 1s specifically hypermethylated in
the trophoblast lineage but hypomethylated in ESCs [31]. By
methylation-sensitive PCR, DNA methylation status of this lo-
cus in DMSO-treated EBs was estimated to be approximately
3.5 times lower than that in EBs without DMSO (Fig. 4C).

DISCUSSION

The present study clearly demonstrates that DMSO has an
impact on the epigenetic regulatory system. changes the ge-
nome-wide DNA methylation status, and induces formation of
structurally abnormal EBs. Irreversible phenotypic changes in
Friend cells were induced by DMSO [2. 3]. In animal cloning
technology., DMSO improved the frequency of development to
blastocyst stage and full term [5], Because DNA methylation
plays a critical role in mouse development and the definition of
cell properties. change in genome-wide DNA methvlation pro-
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Figure 4. Analysis of genome-wide DNA methylation status in mouse
EBs untreated or treated with DMSO and methylation status of Suli3
locus. (A): RLGS profile obtained with genomic DNA of EBs treated
with 0.1% (vol/vol) of DMSO. The 15 spots, which differentially
appeared by treatment with DMSO, are marked with numbered circles.
(B): Higher magnification of the RLGS profile. The 11 RLGS spots that
emerged (1.¢., hypomethylated) and the four spots that disappeared (i.c..
hypermethylated) by DMSO treatment are indicated with white and
black arrowheads. respectively. (C): Methylation-sensitive quantitative
real-time PCR analysis for Sall3 locus. Amplification curves with as-
tensks, circles. and squares represent Not I-treated genomic DNA of
ESCs and of EBs with or without DMSO treatment, respectively (left
panel). Methylation levels of Salid locus were estimated as described in
Matenals and Methods. Differences between samples were staustically
analyzed by rtest (*p < 001, [ESCs: n = 3. EBs: n = 4]) (nght panel)
Abbreviations: DMSO. dimethyl sulfoxide; ARn, delta normalized re-
porter: EB, embryoid body: ESC. embryonic stem cell; PCR. polymer-
ase chain reaction: RLGS. restnetion landmark genomic scanming; T-
DMR. ussue-dependent and differentally methylated region

files induced by DMSO treatment may be responsible for these
phenomena.

The human and mouse genomes contain 30.000-40,000
genes: however, genes occupy only a small percentage of the
approximately 3 » 10” bp haploid genome. In contrast. 41%-
48% of the mammalian genome is composed of nongenic re-
petitive elements. including satellites interspersed repeats such
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Figure 5. Matching of T-DMRs (DMSO) to previously identified T-DMRs. T-DMRs (DMSO) 1-15 (Fig. 4) were compared with previously
identified T-DMRs by matching RLGS profiles. T-DMRs (DMSO) 2 and 12 correspond to T-DMRs 148 and 253 (which were previously identified),
respectively. The 13 novel RLGS spots—T-DMRs (DMSO) 1. 3-11, and 13-15—were designated as T-DMRs 3582 and 701-712. serially.
Abbreviations: DMSO, dimethyl sulfoxide; EB, embryoid body: ESC, embryonic stem cell; RLGS, restriction landmark genomic scanning; T-DMR,

tissue-dependent and differentially methylated region.

as retroviruses (45, 46]. A recent database analysis suggested
that approximately half of all promoter regions are located in
CpG islands [44]. We have identified many regions in CpG
islands that have different methylation statuses depending on
cell types and tissues, indicating that dynamic change in DNA
methylation occurs during differentiation [15-17]. The present
study demonstrated that DMSO impacts DNA methylation sta-
tus genome-wide, including genic and nongenic regions of EBs
differentiated from ESCs. Furthermore. hypermethylation as
well as hypomethylation occurred at 15 independent genomic
loci after DMSO treatment. However, note that there are ap-
proximately 15.500 CpG islands in the mouse genome [46].
which suggests that the methylation status of many loci must be
affected by DMSO.

Differentiation of ESCs to EBs causes both hypermethyl-
ation and hypomethylation at various loci genome-wide in
mammals [16]. The effects of DMSO on DNA methylation
status of CpG islands during differentiation are summarized in
Figure 6. When ESCs differentiate to EBs, 34 loci were hyper-
methylated, and 30 loci were hypomethylated, whereas 203
spots were unchanged. Of 34 loci that typically became hyper-
methylated during differentiation of ESCs to EBs. 11 remained
hypomethylated after DMSO treatment. Similarly, the DNA
methylation status of three out of the 30 hypomethylated loci,
and one out of the 203 unchanged loci was affected by DMSO
treatment. Thus, DMSO induces alteration of DNA methylation
status at selected loci and generates a unique DNA methylation
profile of EBs, accompanying the abnormal phenotypes.

We demonstrated the upregulation of mRNA and protein
expression in Dnmt3as by DMSO. Overexpression of Dnmt3as
causes de novo hypermethylation of both genic and nongenic
regions in vivo [40]. Abnormal expression of Dnmts has been
observed in cancerous cells in which aberrant DNA methylation
occurred; such expression includes an increase in DNMT]1 and
DNMT3b expression in various cancer cells [47] and a higher
level of DNMT3a expression in leukemia [48, 49]. The prefer-
ence of Dnmts for target loci within CpG islands was observed
in ESCs [39). Catalytic activities of Dnmt3a showed preference
for nucleotide composition around the CpG sites [S0]. There-
fore, DMSO-induced increased expression of Dnmt3as should
be involved in hypermethylation occurring at nongenic regions
and selected gene loci of EB genome.

Despite increased expression of Dnmt3as and hypermeth-
vlation of the repetitive sequences and the selected loci. a
number of hypomethylated loci (11 spots) are greater than
that of hypermethylated loci (four spots) in genic regions
(Fig. 4). In many cancer cells with epigenetic abnormalities.
genomic DNA has shown to be globally hypomethylated with

Unchanged

Other T-DMRs (total 202 loci)
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g 21 23 46 49 52 80
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fI7] 150 15v 172 200 237 239
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Dnmt3b —
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Figure 6. The impact of dimethy] sulfoxide (DMSO) on tissue-depen-
dent and differentially methylated region (T-DMRs). This figure illus-
trates the T-DMRs that were hypermethylated, hypomethylated, or
unchanged during the differentiation of ESCs into EBs. T-DMRs with
methylation status affected by DMSO are in bold italics. Numbers with
white letters in shaded square boxes and numbers with black letters in
the shaded balloon represent hypomethylated and hypermethylated loci
by DMSO. respectively. Abbreviations: Dnmt. DNA methyltransferase:
EB. embryoid body; ESC, embryonic stem cell

hypermethylation at selected genes. Such locus-specific
DNA methylation status on genomic loci is contributed by
complex combinations of Dnmts and other epigenetic regu-
lators. Dnmtl and Dnmt3s functionally cooperate with each
other during methylation of genomic DNA [51, 52]. Methyl-
ation of DNA. however, was not solely regulated by Dnmts;
chromatin configuration affects DNA methylation status and
vice versa [20, 22-24]. Therefore. genome-wide alteration of
the DNA methylation profile by DMSO should not be ex-
plained simply by the increased levels of Dnmt3as.

CONCLUSION
We conclude that DMSO upregulates expression of Dnmt3as

and affects DNA methylation status at restricted loci accompa-
nied with abnormal EB formation. Physiological and toxicolog-
ical assessment of chemical agents at epigenetic levels is im-
portant, and analysis of genome-wide DNA methylation profiles
will be useful in evalualing epimutagens.
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Development of an Analytical Method for Perfluorochemicals in Human Plasma and Blood
by Liquid Chromatography-Tandem Mass Spectrometry Coupled with Solid-Phase
Extraction Using a Column-Switching Technique

Hisao Nakata', Ayako Nakata', Migaku Kawaguchi', Yusuke lwasaki’, Rie Ito*, Koichi Saito’, Hiroyuki Nakazawa'

"Hoshi University

Introduction

Perfluorochemicals (PFCs) are man-made chemicals used as surfactants, polymers, plastic additives, and so on.
Their amphiphilic character and their thermal, biclogical, and chemical stability make them useful for many purposes
[1]. On the other hand, evidence of toxic effects and environmental pollution was reported and discussed [2]. Previous
reports for the measurement of PFCs in human blood samples were performed by liquid chromatography-mass
spectrometry (LC/MS) and LC/MS/MS with liquid-liquid extraction or solid-phase extraction [3-5]. However, these
methods sometimes required a complicated process for extraction, clean-up and concentration of these compounds.
Therefore, we have developed a simple and rapid method for the determination of PFCs such as
perfluorooctanesulfonic acid (PFOS), perfluorooctanesulfonamide (PFOSA), perfluorooctanoic acid (PFOA),
perfluorononanocic acid (PFNA) and perfluorodecanoic acid (PFDA) in human plasma and whole blood by liquid
chromatography-tandem mass spectrometry (LC/MS/MS) coupled with solid-phase extraction using column-
switching. The PFCs in human plasma and whole blood samples can be measured by LC/MS/MS with an online
solid-phase extraction, only after deproteination with acetonitrile. The method enables the precise determination of
standards and can be applied to the determination of PFOS, PFOSA, PFOA, PFNA and PFDA in human plasma and
whole blood for monitoring human exposure.

Materials and methods

PFOS (M.W. 538.23, 98%), PFOA (M.W. 414.07, >90%) and PFNA (M.W. 464.08, 95%) were obtained from
FlukaChemie AG, Buchs, Switzerland. PFOSA (M.W. 499.14, 97%) and PFDA (M.W. 514.08, 97%) were purchased
from ABCR GmbH & Co. KG, ImSchlehert and Lancaster Co. Inc., Morecambe, England, respectively.
Perfluoroheptanoic acid (PFHpA, 99%) and 1H,1H, 2H, 2H-perfluorooctaneslufonic acid (THPFQOS, >90%) that had
been used as an internal standard were purchased Sigma Aldrich Laboratories, Inc., St. Louis, MO. and SynQuest
lab. Inc., America, respectively.

Instrumentation and analytical conditions of column switching LC/MS/MS coupled with solid-phase
extraction.Liquid chromatography-tandem mass spectrometry was performed using a Waters Quattro Micro system.
Separation was achieved an an Inertsil ODS-3 column (2.1 x 50 mm, 5 um, GL Sciences Inc., Tokyo, Japan) with a
Mightysil RP-18 GP pre-column (2.0 x 5 mm, 5 um, Kanto Chemical Inc., Osaka, Japan). The column oven was

maintained at 40°C. The column-switching LC/MS/MS coupled with an on-line extraction system consisted of this
LC/MS/MS combined with an LC pump (Shimadzu LC-10ADvp pump: Shimadzu, Kyoto, Japan) and Waters Oasis
HLB extraction column (20 x 2.1 mm, 25 um). After a 50 ul sample was injected by an auto-sampler, it was loaded
onto the extraction column by flowing 50 mM acetate buffer (pH=4.7)/methanol (30/10, v/v) at a flow rate of 1.0 mi/min.
The valve was switched 5 min after sample injection. The sample was eluted by back-flashing extraction column to the
analytical column and was introduced to MS/MS. The separation was carried out using a mobile phase of 1.0 mM
ammonium acetate in water/acetonitrile (v/v) at a flow rate of 0.2 ml/min. The gradient mode was as follows: 5-12 min
using a linear increase from 45 to 85% acetonitrile solution, and holding at 85%. The conditions of MS/MS were as

follows: the desolvation and source temperatures were set at 350°C and 100°C, respectively; the capillary was held at
a potential of 600 V relative to the counter electrode in the negative-ion mode for all compounds. The cone and
desolvation gas flow were 50 and 350 I/hr. The cone and callision voltage were 60 and 65 V for PFOS, and 45 and 35
V for PFOSA, 30 and 18 V for PFOA, 30 and 20 V for PENA, 30 and 22 V for PFDA, 28 and 18 V for PFHpA, and 35
and 37 V for THPFOS.

Sample preparation.The 0.1 ml of human plasma and whaole blood samples were added to 0.3 ml of internal
standard solution with acetonitrile. The mixed plasma sample was centrifuged at 1450 x g for 10 min and whole blood
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sample was centrifuged 10000 x g for 10 min after sonication for 10 min. The supernatant was removed to the
polypropylene tube. The filtered sample solution was determined by the column switching LC/MS/MS.

Results and discussions

Column-switching LC/MS/MS coupled with an on-line extraction system. In the mass spectral analysis using
MS/MS system, both maolecular and fragment ions were observed as the major peaks. The precursor ions were set
m/z 499 for PFOS, m/z 498 for PFOSA, m/z 369 for PFOA, m/z 419 for PFNA, m/z 469 for PFDA, m/z 319 for
PFHpA and m/z 427 for THPFQOS, respectively. The product ions were set m/z 499—80 for PFOS, m/z 49878 for
PFOSA, m/z 369169 for PFOA, m/z 419—169 for PFNA, m/z 469—169 for PFDA, m/z 318—169 for PFHpA and
m/z 427—81 for THPFOS, respectively. The capillary voltage and mobile phase were optimized by using set
monitoring ion. As for the capillary voltage, the peak area became the maximum in 600 V (Figure 1). The effect of the
mobile phase ammonium acetate concentration was shown in Figure 2. When the 1.0 mM ammonium acetate was
added to mobile phase, the peak area was the maximum.
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Internal standard. Recently, it was recommended that 13C-labeled isotope be used as internal standard for MS.

However, obtaining the 3¢ 1abeled isotope of PFCs was very difficult. We evaluated PFHpA and THPFOS as
internal standards. PFHpA and THPFOS were evaluated by comparing the PFCs recoveries in human plasma
samples spiked with analytes at 10 ng/ml (Figure 3). The recoveries of analytes using THPFOS as internal standard
were 43.7 to 53.3%. However, the recoveries of analytes using PFHpA as internal standard were 91.0 to 110%.
Therefore, we used PFHpA as internal standard.
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Validation and recovery test. The calculated detection limits of PFOS, PFOSA, PFOA, PFNA and PFDA with a
signal-to-noise ratio of 3:1 were 0.02, 0.02, 0.025, 0.03 and 0.03 ng/ml, respectively. In addition, the calculated
method quantification limits of PFOS, PFOSA, PFOA, PFNA and PFDA were 0.5 ng/ml. The calibration curves (0.5-
100 ng/ml) were rectilinear with over 0.999. The average recoveries of PFOS, PFOSA, PFOA, PFNA and PFDA in
human plasma were in the range of 93.3 to 105% (RSD: 3.0-8.9%, n=6) (Table 1). Obtaining human whole blood was
very difficult. Therefore, horse whole blood was examined instead of human whole blood. The average of recoveries in
horse whole blood were in the range of 92.8 to 108% (RSD: 2.5-7.9%, n=6) (Table 2). The method enables the precise
determination of standards and can be applied to the determination of PFOS, PFOSA, PFOA, PFNA and PFDA in
human plasma and whole blood for monitering human exposure.
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Development of Online Solid-Phase Extraction-HPLC/MS/MS Method for the

Determination of Perfluorochemicals in Human Plasma

Hisao NAKATA', Ayako NAKATA', Fumio Okapa', Rie ITo',

Koichi INouE', Koichi Sarro' and Hiroyuki NAKAZAWA

(Received 15 April 2005, Accepted 26 July 2005)

A method for determining perfluorochemicals (PFCs) such as perfluorooctanesulfonic acid
(PFOS), paerfluorooctane slufoneamide (PFOSA), perfluorooctanoic acid (PFOA), perfluo-
rononanoic acid (PFNA) and perfluorodecanoic acid (PFDA), in human plasma samples was
developed by online solid-phase extraction-HIPLC/MS/MS, only after deproteination with ace-
tonitrile.  The limits of detection of PFOS, PFOSA, PFOA, PFNA and PFDA in human plasma at a
signal to noise (ratio of 3) were (.08 ~0.14 ng/ml, and the limits of quantitation of PFOS, PFOSA,
PFOA, PFNA and PFDA in human plasma were (.50 ng/ml. The average recoveries of PFOS,
PFOSA, PFOA, PFNA and PFDA ranged from 93.3 to 105% (RSD, 3.0~8.9%:; n = 6). This
method is more rapid and accurate, compared with the column-switching HPLC/MS method pre-
sented in previous reports™ . The developed method can be applied to the determination of
PFOS, PFOSA, PFOA, PFNA and PFDA in human plasma samples for monitoring human exposure.

Keywords : perfluorooctanesulfonic acid; perfluorochemicals; MS/MS; human plasma; col-

' Department of Analytical Chemistry, Hoshi University, 2-4 -41, Ebara, Shinagawa-ku, Tokyo 142 - 8501
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CF,-(CF,),-S0,~ CF,-(CF,),-COOH

PFOS PFOA

CF,-(CF,),-SO,NH, CF,-(CF,),-COOH

PFOSA PFNA

CF;-(CF,);-CH,CH,S0,~ CF,-(CF,),-COOH

THPFOS(LS.) PFDA
CF;-(CF,);-COOH
PFHpA (1.8.)
Fig. 1 Structures of PFCs and internal standards

PFOS: perfluorooctanesulfonic acid; PFOSA: perflu-
orooctanesulfonamide ; PFOA pcrf]utlrnm'l;umi(‘ acid ;
PFNA: perfluorononanoic acid; PFDA: perfluorode-
canoic acid ; PFHpA: perfluoroheptanoic acid; THPOS:
1H 1 H 2H 2 H-perfluorooctaneslufonic acid

SLTmMBEHICERL TS LI B|EYHLY. Th
MPFCs (2 X DAERERRINE bAd ) A 7 i 4T 2%
W= G ARREE > Tvh. W, MAIZBW
TPFCs it, BIE=% ) ¥ ¥AERE N TVWE"A%, &
PAORENAIL, WEZIZEAEIIDRLTHR W
e, Wiy shTwnEEAE T PRCs Odllwliid, EI
MR o= b T 74—/ TU AT (HPLC/MS)
BRUBENE s O IS 7 14—/ % T ARBR TG
(HPLC/MS/MS) ARV SR Tna™" ™ Lk b
OBEFEEL FHIERET L0000, OREoRY
HPLC/MS/MS WA AT L wEshTwd, %
7o, AAFRRTALEEE T, - HEA T, BT
EO AG AR, v FrAETABESRTVD,
- o i R AT R g, HE L RErLEE L,
SRAEMFERIZZ L. $72, BRICBRELAITLRASL 2
F ¥ ¥ - HPLC/MS """ Ciz, iz #{ETidd o5,
SRS 30 ok B, BB R U TRIIESSLRZ L
V. FCTAFRETIE, MESOSMIKLHEL AT L
WMEHETHLA » 74 AR L, SHE - &
BIRWLBELHT H HPLC/MS/MS THIWH T L2k
h, BREAOMEE - SHELML £ AT PFCs O —
Fareh L 7.

2 % 4

2.1 H X
MR—TNFAOF 2y ANLEHE (PFOS, >98%), /%
—7ntuts v o8 (PFOA, >90%), »i—7 L+ 0
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/B (PFNA, >98%) I Fulka BA&Hvw/z, 28—7
wAadry ALk 7T IF (PFOSA, 97%) i3

ABCR GmbH & Co.KG ¥, 7/S—7 L4074 ¥ § (PFDA,
97%) % Lancaster B & Hv 7o, AEERITE LTHW
W=7 NAu~7y M (PFHpA, 99%) (3 Aldrich ¥,
VHIH2H2H-S— 7 L4042 % » ANk /8 (THP-
FOS, >90%) |E SynQuest ¥ & Hjv 7. HiE T P AT ol
W7 — L miFa -3, HAREREZ V. Hl
ARHA IV RTHEMIN-Q OHEMAEECHBLZLO
Wi, TERFZRFUN, A& 2 —id, FOGHER
HPLC AR UBREBRERBRN AL F4ur A7
Fr7405— (0.2um, 13mm) &, HAFR—LHEZH
Vs,

2:2 REBHROAR

HHERES e T b= B ) IZIER S, L0 mg/ml DF
WA MBL, 0.50~100 ng/ml DM CTEERFRE K/ 7T
+ b= R =50/50 (v/v) Tl AR L THElERRAH
PR

2:3 EEBERUMIEMH

HPLC/MS/MS (&, Waters B Quattro micro ¥ A 7 4 %
M, AV varF)a—axsop &l, #—
KA g 2z AAEE WO Mighusil RPAIS GP 7 LA T 4
(20 mm X5 mm, 5um) FHV, FHH 7 LH0EGLTA
T2 A ® Inertsil ODS-3 (2.1 mm X 50 mm. 5pum) %4l
AL $h, #74F—71340TC (ZiEL .

+ 254 AR O RIRE, AR 2 FISRIR
LC-10ADvp pump & Hlvy, @E#H— k1 » 7L LT,
Waters B Oasis HLB extraction column (20 mm % 2.1 mm,
o5um) FRAILZ. MELLAY L4 CEAMN S AT
L% Fig 242, BEFO Y7 L% Table 1IZRT. 4 —
b 72k D ERHFEREIEARL, 5 7H 50 mM 8
% BT Ty AKHW (pH=47) /2% /-1
(90/10, v/v) % Pump | L DT 52 LT, FEHHEHH
H—b) oy Y ETHENRMADBRELE ) -T2 7%
frofe, RZKRESNTEYHEZ, Pump 295 1 mM
Bl 7 > oy A &EL K/ TR = M VRTBER Y
w27y vakickhrs oo vigMTAILET, Hll
EXRWH T EARR A — P o I LBH S, R
RUKEIEALZ.

MS/MS D1+ ki, =L 72 toR7FL—1% 1k
i O(ESH) OARAFTATAFE-FERHL, SREEL
AR oML, Multipul Reaction Monitoring (MRM)
E— FTiTofz. MS/MSRIFEL T, FYAR—T3
iRy - AREE FNREFR350T, 100C 2L, 2
— YHARMBUFT I AN— 3 »H A& 50 1/hr,
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Pump 2

Configuration A

A, P AT A LM - HPLC/MS/MS [ERI4i18 7 o Kb &hatt 879

Drain F_xul'aclion _lT

Configuration B

Fig. 2 Schematic diagram of the column-switching HPLC/MS/MS system

Configuration A: sample loading and washing: Configuration B: sample eluting

Table 1 Time program of column-switching HPLC/
MS/MS coupled with on-line extraction con-

dition

Mobile phase

Time/min  Column position” Pump 1" Pump 2"
(A-B; v/v) (A-B-C, v/v)

0.0 Configuration A 90: 10 54:1:45
5.0 Configuration B 90 : 10 > il Bl -
10.0 Configuration A
12.0 90:10 14:; 1:85
14.9 90:10 14:1:85
15.0 90: 10 54:1:45

a) Configuration A and B are shown in Fig. 2;b) Pump I sol-
vent: (A) 50 mM Ammonium acetate buffer (pH-4.7), (B)
Methanol; ¢) Pump 2 solvent: (A) Water, (B) 100 mM
Ammonium acetate, (C) Acetnitrile

380 /hr £ LAz, 7, ¥4 EFY—BEE-600VIZEE
J—-EERVFIY) Y3 ¥y T RLF—% PFOS:
65eV, PFOSA: —45V, 35eV, PFOA: —-30V,
18 eV, PFNA: —30V, 20eV, PFDA: —30V, 22eV,
PFHpA: —28V, 18¢V, THPFOS: —35V, 37eV 1Zak7
LR, =20yt 3Egh®Fh,; PFOS: n/z
PFOSA: m/z 498 —= 78, PFOA: m/z 369 —
169, PFNA: m/z 419 — 169, PFDA: m/z 469 — 169,
PFHpA: m/z 319 — 169, THPFOS: m/z 427 — 81 &7
e

HENSRWEOTEE, HHTEE— FD ODS
(octadecyl silica) # 7 L&, 1 mMAMET > E=7 A
EHRMLZAR/ TR ROV (v/v) T RBEHIE LT,
Fohb 0.2 ml/min THEH L, WCERM 5 ~12 G2 hiE T,
TEFZPIAGEE H~8%IZF Iy MEHLT
iT>7-.

E L.
-60V,

499 —= 80,

2.4 EMMmML & SEH

ARZEERITICNZ- 0, ML &9 ARORIUIIRN R E
b A AMEBEE ORI, RIS LRI - SRS
OFEWEFT, A T7r—LFartr 2B 1,
mL x5 aRkHE, —80C TRAEL, S EANIIRIRTH
WML 7747, BEsHTo0REA
Th-oT:.

2-5 AEAROABE

01ml @k bMfL £IIZHLT
P PULEHE 02 mIMAL. KL< dAK, 3000
rpm T 10 70, mlor@Eif-72 slrHEsE bk
AFAQy A5y 7 40— (02pm) (AL, #lE
AL L1

Wf‘“'#‘%ﬁ’e_‘m e o

3 HMRRUER

3-1 F T4 EEBHERAHORE

A4 CEHBBECB T AEREOBRTTITo 7.
FF, K/ A= (vv) ROV THEHLEZEZS,
ERE - EEEROMICHE VT, REEECTANEL
7o, CORKELTE, B — by F L TOREE
B pH ZIRTET 2 22, EIF PFCs OFREF - il
B EEAN S R0 ELZ LN, F2T, BB
2 50 mM HESE - REMET > £ =7 A& (pH =4.7)/
A% = (v/v) IREERIG L C 5, (RIFEFM %
VRO EASATRE L o, $ 75, Fig. 31250 mM AE
M- MM 7 > E= 7 AR (pH=47)/2 % /-
(v/v) ORSHEORTERT. 27 2 -V EID v
38, e Eshor — 2 ifii A S R LM
LA, AF/—NE 0% FURETRES7 b—Lho
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X

%0/10 95/8

80/20
50 mM ammonium acetate buffer (pH=4.7) /me thanol (v/v)

60/40 70/30

Fig. 3 Effect of the mobile phase composition on the
peak area of PFCs

& PFOS;: l: PFOSA; & PFOA; @: PENA; X
PFDA; O: PFHpA; &: THPFOS

B (pH=47) /A% 7 =L =90/10 (v/~) &L7

3:2 MS/MS AE RO

PFCsh HERIOE G2 H 0T, MS/MS O 4 A »{LiZD
WTRH LAz, e~ AARY PV E Fig. 4
Wy, A d AAbEI ESTEERBAL, # AT 71 F 2
E—-FTHMELAZETH, PFOSIZBWTIE [MK] 14
¥ @ m/z 499, PFOSA, PFOA, PFNA, PFDA, PFHpA
KU THPFOS I L Tid, [M-H] 44 ¥ TH b m/z 498,
413, 463, 513, 363, 427 OGNS + > ¥ — 2 A8
FhEhER s, COMNLI D, PFOS, PFOSA BTF
THPFOS 2 LTI, m/z 499, 498, 427 % 7 L A —4
—4F & L7 LaL. PFOA, PFNA. PFDA R U
PFHpA {2 L CTid. (M-H] 1+ ¥ (2lE~X, [M-COOH]
A4 OBENEpoIm0, FLh—H—AfF%FN

i, [M-COOH| 44 > THbH m/z 369, 419, 468,
319 IZEL. T 7L A—H—AF BB TEE

THELATOY Y b4 12, FNFILPFOS: m/z 499
— 80, PFOSA: m/z 498 — 78, PFOA: m/z 369 — 169,
PFNA: m/z 419 — 169, PFDA: m/z 469 — 169, PFHpA:
m/z 319 = 169, THPFOS: m/z 427 —=81 L L7,

BELL-E=y) 74420y, ¥rE7) -8R
O+ VEREIIRIZTEBCOVWTKRILE. FOREL
Fig. 512753, ¥+ ¥ 35 —MWEIX-600V O, L
ﬁmﬁmT&Tuﬁwfﬁkmﬁ_ﬁEﬁﬁﬁ%ﬂt.i

, —REEIIZ MS X2 MS/MS RV Tl T 508, M5
ﬁ@ﬁ@ﬁ%%)iWn? izttt o ELS LR
TarzerashTwd, FZTSN, PFCsD 1 4 AL
hEE LN XEL0, BT T AOHEIRIE L
af L7 (Fig. 6). O, BT > T2 7 4% ImM
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3.3 #74 EMEHE-HPLC/MS/MS RIEZRHO
e

fohF b2 Ay, PFCsS PRGN OB 1T -
7z. Fig. 7 (a) \ZmL7z7u0= b FZ DL I IIZTST
ofEEmE 15 ’}lir*]rﬂfzﬂ"u‘ll{'l,f- DBz L & 9
AR S YT E 10 ngy ml b ralziEmLs s
u7h77AwaL$.mw&%mﬂwﬁdiwﬁ&=
Lo RAFCHE ST 2 S EATRTH -7 IFig. 7
(b)l. 722, ML xIRFHIBITLHMEHRE (S/N=3)
RO EZSH, THLN PFOS: 0.08 ng/ml, PFOSA:
0.11 ng/ml, PFOA: 0.11 ng/ml, PFNA: 0.10 ng/ml,
PFDA: 0.14 ng/ml Th -7z, EmBREIL. TXToOLfH
M’Eﬂﬂmt WEFT LI EHNTED 0.50 ng/ml (§/N>10)
& L,

3.4 WIEEHREOMRE

JLAE, MS % MS/MS % HV7zillE 1y, EAHE BB kR
PO BRSO E RN Ay, PRI X D EDT
fibhTwah, LaL, PFCs 2BV TId, BAFEEMRME
2 C RS oREH RO AFSHELZ X0, N
AW L LT PFOS B L EWAZ2 CHvWL T
LU 2T, Hhid, EREOHEBRINTHV SR
T PFHpA R U THPFOS (247 1T L7z, BRAEEH 0.1
ml B TTEATE =) b o2ml £MA, X<
A LR MR e L, BB EER LS
7, 0.50~ 100 ng/ml @FLPH T R4 20T HE (r=0.999
Bb) #faZ EaTEaL Lo L, REETRA 7 — il
W rt—F I ZWESRWHA 10 ng/ml %5 LHI5E
LT, PIFELZRD R, PFHpA T NIEEMH L L
THWZH SO RITEIR, 91.0% L E BRAF 2 R & %
LI EDTE A, THPFOS % MV 7-Be, L 45.7 ~
53.7% LR LM REHL LN TE LD 572, THP-
FOS % RV 2o B AR AR L 22 BA & LT, il
AR EWMHADT F) v 2 ABEIZL D, HEH R
HIZH~<THPFOS DA + i FEAMMLTLE /2728
LEZOLNWD, ChoDEERID, NEEREELT
PFHpA X Fiv: B2 &L 7.

3+5 RMEAREER
WEEEMEIZ PFHpA 2V, B RIML £ 91265
MEGARE % 17 - 7o, RnEERIE, 3 & R4

GWERLGLBELLTHEMLZML £ 9 RAF 0.1 ml
IZPFHpA FAi7TE = P U 02ml &Nz, £ (AR
AL, 3000 rpm T 10 s LrBE x> 720 KwT, L
MHaEFAT AT 74 0% — (02um) 2201,
ZOFMHAEME LT, MIELNHRLAE 2088, Y
M 93.3% L [HI B (RSD) =8.9%1 LR
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Fig. 4 Mass spectra of PFCs and internal standards

precursor ion spectrum : above ; product ion spectrum: below

Bt REBALZEHTE: (Table 2).

AL A6 ANIZHAL, ML x 9% PFCs Rl
L7 (Table 3). ZO&iR, +<XToOHfA L PFOS BT
PFOA I $ 5 LA TEZ. PFOSMIEIZ 2.1 ~21.3
ng/ml DT, PFOA BEIEIL 0.7~ 4.6 ng/ml OFPHT
fFIEL7:. $7:, PFNAIZBILTHL 3 BEAEA 506~ 1.0
ng/ml DWHTHRBT A ENTEL., ZhooilINIL,

Bl#EIATwWAE FlIL k5o PRCs DFBEE™ & i

L, FFHLARLTH-7:Z 55, A, b bl

AEP PFCs D WIZIEHETSH D 2 LAt Bh s,
4 & i1

ATk, GBS T A AL E
T, By o oBH v il B fE T PFCs Ol
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Fig. 6 Effect of concentration of ammonium acetate
in mobile phase on the peak area of PFCs
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Fig. 7 MRM chromatograms of (a) a mixture of standards (PFOS, PFOSA, PFOA, PFNA, PFDA) and internal
standards ; (b) pooled human plasma with addition of 10 ng/ml PFCs
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Table 2 Recovery levels of PFOS, PFOSA, PFOA, PFNA and PFDA in human plasma samples

Spiked amount/ Average RSD.
Compound i i 4 9
ng ml ', human plasma sample recovery. % Y
PFOS ) 99.3 3.0
50 97.5 6.3
PFOSA 1 98.3 4.2
10 105 4.2
PFOA | 100 8.9
10 97.3 1.8
PFNA 1 96.7 84
10 94.7 3.1
PFDA 1 93.3 8.7
10 103 1.7
n=6

Table 3 Concentration of PFOS, PFOSA, PFOA, PFNA and PFDA in plasma samples from healthy volunteers

Volunteer PFOS PFOSA
A (male) 56 £0.15 N.D.
B (male) 17.7 £ 0.35 N.D.
C (male) 2 B N.D.
D (female) 2.1 £0.09 N.D.
E (female) 10.4 + 0.31 N.D.
F (female) 15.1 £ 0491 N.D.

PFOA PFNA PFDA
17 018 N.D. N.D.
28 £0.11 1.0 £ 0.05 N.D.
4.6 £ 0.06 0.8 +0.05 N.D.
0.7 £0.02 N.D. N.D.
2.4 +0.14 N.D. N.D.
1.9 £ 0.07 (.6 + 0.02 N.D.

mean £5Dngml ' ND.<05ngml ', n=3
4 B

WA B E o fo, RIS LA T L AL v F -
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