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Ethylene oxide (EO) is an important industrial chemical that is classified as a known human carcinogen (IARC, Group 1). It is
metabolite of ethylene (ET), a compound that is ubiquitous in the environment and is the most used petrochemical. ET has not
evidence of cancer in laboratory animals and is “not classifiable as to its carcinogenicity to humans” (IARC, Group 3). The mecha
carcinogenicity of EO is not well characterized, but is thought to involve the formation of DNA adducts. EO is mutagenic in a variet
vitro and in vivo systems, whereas ET is not. Apurinic/apyrimidinic sites (AP) that result from chemical or glycosylase-mediated depu
of EO-induced DNA adducts could be an additional mechanism leading to mutations and chromosomal aberrations. This study t
hypothesis that EO exposure results in the accumulation of AP sites and induces changes in expression of genes for base excision D
(BER). Male Fisher 344 rats were exposed to EO (100 ppm) or ET (40 or 3000 ppm) by inhalation for 1, 3 or 20 days (6 h/day, 5
week). Animals were sacrificed 2 h after exposure for 1, 3 or 20 days as well as 6, 24 and 72 h after a single-day exposure. Exp
were performed with tissues from brain and spleen, target sites for EO-induced carcinogenesis, and liver, a non-target organ. Ex
EO resulted in time-dependent increases inN7-(2-hydroxyethyl)guanine (7-HEG) in brain, spleen, and liver andN7-(2-hydroxyethyl)valine
(7-HEVal) in globin. Ethylene exposure also induced 7-HEG and 7-HEVal, but the numbers of adducts were much lower. No increa
number of aldehydic DNA lesions, an indicator of AP sites, was detected in any of the tissues between controls and EO-, or ET
animals, regardless of the duration or strength of exposure. EO exposure led to a 3–7-fold decrease in expression of 3-methylade
glycosylase (Mpg) in brain and spleen in rats exposed to EO for 1 day. Expression of 8-oxoguanine DNA glycosylase,Mpg, AP endonuclease
(Ape), polymerase� (Pol β) and alkylguanine methyltransferase were increased by 20–100% in livers of rats exposed to EO for 20 da
only effects of ET on BER gene expression were observed in brain, whereApeandPol β expression were increased by less than 20% af
20 days of exposure to 3000 ppm. These data suggest that DNA damage induced by exposure to EO is repaired without accumula
sites and is associated with biologically insignificant changes in BER gene expression in target organs. We conclude that accumula
sites is not a likely primary mechanism for mutagenicity and carcinogenicity of EO.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ethylene oxide (EO, CAS no. 75-21-8) is a high volum
chemical used as an intermediate in the production of a w
array of industrial chemicals, solvents, detergents and ma
rials. A small part of the industrial production of EO is use
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as a fumigant and sterilizing agent for medical devices, hos-
pital equipment and foods[1]. In addition, EO is formed from
exogenous and endogenous ethylene (ET, Cas no. 74-85-1),
a ubiquitous environmental and industrial agent that can be
metabolized to EO by cytochrome P450 2E1[2,3]. Common
endogenous sources of ET include intestinal microorganisms,
lipid peroxidation, oxidation of hemoglobin, and oxidation of
methionine[4,5]. ET is also ubiquitous in the environment
from natural and man-made sources such as soil microor-
ganisms, vegetation of all types, incomplete combustion of
fossil fuels, and cigarette smoke (reviewed in[6]). Occu-
pational exposure limits for EO vary from <1 to 90 mg/m3

worldwide[6], and it has been estimated that several hundred
thousand workers are exposed to EO in the work place in the
USA alone[1]. However, due to the omnipresent nature of
ethylene and EO, practically everyone is exposed to these
chemicals during their lifetime. The metabolism of ET to EO
is known to be saturable between 1000 and 3000 ppm[7] so
that the amount of EO that can be formed from ET is limited.

The International Agency for Research on Cancer (IARC)
classifies EO as a “known human carcinogen (Group 1)”,
while ET is categorized as “not classifiable as to its carcino-
genicity to humans (Group 3)”[6]. It was noted that there is
limited evidence in humans and sufficient evidence in experi-
mental animals for the carcinogenicity of EO and inadequate
evidence in both humans and experimental animals for the
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genic apurinic/apyrimidinic (AP) sites[14]. Additionally, AP
sites and single strand breaks can be formed in the process
of base excision repair of EO-induced DNA adducts. Even
though it has been suggested that AP sites could be one of the
mutagenic lesions of EO, no experimental evidence has been
presented to date. This study shows that short- and long-term
exposure to EO or ET does not lead to an increase in AP sites
and has little effect on DNA repair in target organs. These
observations challenge the hypothesis that AP sites, result-
ing from 7-HEG or 3-HEA adducts, represent a critical mode
of action for EO carcinogenesis and suggest that other path-
ways, such as low numbers of promutagenic DNA adducts
are more likely.

2. Materials and methods

2.1. Chemicals

All ethylene (1 and 30% gas) and ethylene oxide (1%
gas) mixtures were supplied by Praxair Distribution Inc.
(North Royalton, OH and Bethlehem, PA, respectively). All
other chemicals were from standard commercial suppliers as
indicated. 7-HEG (>98% pure) was acquired from Chem-
Syn Science Laboratories (Lenexa, KS). RNase T1 was
purchased from Boehringer Mannheim Corporation (Indi-
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arcinogenicity of ET. The IARC conclusion was made ba
n an array of data from humans and laboratory animal[1].
hile some epidemiological studies suggested that the

f leukemia and breast cancer may be increased in w
rs exposed to EO[8,9]; a meta-analysis of human expos
ata concluded that no increased risk of cancer of the b
tomach, or pancreas was evident, and that the cumu
ndings on leukemia and non-Hodgkin’s lymphomas w
nconclusive[10].

The mechanisms of EO carcinogenesis are not well u
tood. It is suspected that the formation of DNA adducts
utations are key elements in the mode of action. EO
irect-acting SN2-type alkylating agent that forms addu
ith proteins (e.g., hemoglobin) and DNA. EO induce
ose-related increase in the number of hemoglobin ad
hydroxyethyl histidine and hydroxyethyl valine) in expo
ubjects that can be used to monitor occupational expos
O[11]. There are several DNA adducts that can be for
y EO.N7-(2-hydroxyethyl)guanine (7-HEG) is the ma
dduct, andO6-(2-hydroxyethyl)guanine (6-HEG) andN3-
2-hydroxyethyl)adenine (3-HEA) are produced in sma
mounts (0.5 and 4.4% of the amount of 7-HEG, res

ively [12]). Importantly, background levels of hemoglo
nd DNA adducts of EO have been detected in unexp
umans and laboratory animals, implying that we are
tantly exposed to EO from endogenous and exoge
ources[13].
N7-alkylguanine adducts are not mispairing DNA lesi

er se, but are chemically labile and prone to spontan
epurination, resulting in the formation of potentially mu
napolis, IN); RNase A from Sigma (St. Louis, MO); p
einase K from Applied Biosystems (Foster City, CA); phe
rom USB (Cleveland, OH); chloroform from J.T. Bak
Phillipsburg, NJ); microcon-3 filters from Millipore (Bi
erica, MA); HPLC-grade water and methanol from Fisc
cientific (Fair Lawn, NJ); HCl from Mallinckrodt (Par
Y). The analytical HPLC column was an Aquasil C-

150 mm× 2 mm, 5�) from Keystone Scientific (Therm
lectron, Bellefonte, PA). The stable isotope internal s
ard of 7-HEG, [13C4]-7-HEG, was synthesized earlier
ur laboratory as described elsewhere[15].

.2. Animals and treatments

Male Fisher-344 rats (∼11 weeks of age) were obtain
rom Charles River Laboratories (Wilmington, MA). An
als were housed, exposures performed and tissue

ested at WIL Research Laboratories (Ashland, OH).
nimal facilities at WIL are fully accredited by the Assoc

ion for Assessment and Accreditation of Laboratory Ani
are (AAALAC) and all procedures that involved the
f animals were approved by the local Animal Care
se Committee. Animals were housed in stainless stee
esh cages in temperature- and humidity-controlled ro

22± 3◦C, 30–70%) with a 12 h light/dark cycle. Free acc
o food (Certified Rodent LabDiet 5002, PMI Nutrition Int
ational Inc., Richmond, IN) and filtered water was provi
xcept for the periods of exposure to the test compound.
ere acclimated for 2 weeks and divided into groups of e

ats per exposure group based on a randomized body w
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stratification procedure. Pre-exposure body weight values
ranged from 205 to 247 g. Ethylene oxide (EO) or ethylene
(ET) was administered by whole-body inhalation exposure.
During exposure, animals were placed in 1 m3 stainless steel
whole body exposure chambers (Hazleton 2000 type) with
glass doors and windows for animal observation. After each
exposure, animals were transferred to a regular animal facil-
ity and allowed free access to food and water. Clean air
(0 ppm), EO (100 ppm), or ET (40 or 3000 ppm) was admin-
istered for 6 h/day, 5 days/week for up to 20 days. Air was
HEPA-filtered before being introduced into the chambers
and a flow of ethylene oxide from compressed gas cylin-
ders was metered by a pressure regulator and a flow meter.
Throughout the study, animals were weighed weekly and
observed for potential overt signs of chemically-induced tox-
icity twice a day. In the single day exposure study groups,
animals (eight per group) were sacrificed by CO2 inhala-
tion 2, 6, 24, or 72 h after the cessation of exposure. For the
3 or 20-day time points, animals were sacrificed 2 h after
exposure ended. At necropsy, brain, spleen and liver were
harvested, snap frozen on dry ice, and stored at−80◦C until
assayed.

2.3. Isolation of DNA

For the studies on abasic (AP) sites, DNA was extracted
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100�g/ml BSA, 2 mM DTT and 5 mM MgCl2 for 10 min
on ice. Immediately after the reaction, 210�l TE buffer
was added to the samples, followed by the ASB assay as
detailed above. T7 gene 6 exonuclease treatment: DNA (275
ng) pre-reacted with ARP and 25 U T7 Exo (United States
Biochemical Corp., Cleveland, OH) were incubated in 10�l
50 mM HEPES–KOH buffer (pH 7.5) for 30 s on ice, fol-
lowed by addition of 210�l TE buffer and measurement by
the ASB assay as detailed above.

2.6. Neutral thermal depurination assay

For the neutral thermal depurination of alkyl adducts,
including 7-HEG and 3-HEA, 8�g of DNA in 100�L of
PBS was incubated at 70◦C for 2 h, followed by the ASB
assay as detailed above.

2.7. Isolation of RNA and ribonuclease protection
assays

Total RNA was isolated using QuickPrepTM extraction
kits (Amersham Biosciences, Piscataway, NJ) followed by
RNeasy total RNA (Qiagen, Valencia, CA) extraction and dis-
solved in RNase-free water. Samples were stored at−80◦C
until assayed within 2 months to minimize degradation. The
quality of preparations was determined using standard RNA
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y a procedure slightly modified from the method repo
reviously[16]. To minimize formation of oxidative artifac
uring isolation, 2,2,6,6-tetramethylpiperidinoxyl (TEMP
0 mM final concentration, Sigma, St. Louis, MO) w
dded to all solutions and all procedures were perfor
n ice.

.4. Aldehyde reactive probe slot-blot assay (ASB)

Aldehydic DNA lesions (ADLs) were measured as an in
ator of AP sites following a slot-blot procedure repor
y Nakamura and Swenberg[17]. It should be noted th
ldehyde reactive probe (ARP) is not a specific pr

or AP sites, as it can also react with aldehydic ba
uch as the ring-open form of M1G [18]. However, suc
ontribution is small since the number of M1G adducts
nly represents∼1% of the lesions detected by this as

19]. The nitrocellulose filter was exposed to X-ray fi
nd the developed film analyzed using a Kodak Im
tation 440. Quantitation was based on comparison

nternal standard DNAs containing known amounts of
ites.

.5. ADL cleavage assay

This assay was performed following a procedure repo
reviously by Lin et al.[20]. Exonuclease (Exo) III trea
ent: ARP-reacted DNA (275 ng) and 30 U Exo III (N
ngland BioLabs, Beverley, MA) were incubated in 10�l
0 mM Hepes/KOH buffer (pH 7.5) containing 50 mM Na
el electrophoresis and visualization techniques. Expre
f base excision DNA repair enzymes and pro- and
poptosis genes were analyzed with an RNase prote
ssay using rat multi-probe RNA probe template sets (r
nd rAPO-1, BD PharMingen, San Diego, CA) essential
escribed in[21].

.8. LC–MS/MS measurement of 7-HEG

.8.1. DNA isolation and neutral thermal hydrolysis
DNA was isolated from four animals per exposed gr

or the evaluation of 7-HEG using the method descr
bove, with the exception that TEMPO was not used. The

ated DNA was processed using Neutral Thermal Hydrol
or DNA samples from rats exposed to EO that were expe

o have higher amounts of 7-HEG, only 50�g (except ra
iver, ∼200�g) of DNA was processed. The DNA sam
as spiked with 360 fmol of the internal standard and HP
ater was added to make the total volume (∼100�L). Then

he samples were subjected to neutral thermal hydro
y immersing the 1.5 mL centrifuge tube containing s
les into a boiling water bath for 30 min. The hydrolys
ontaining the adducts released by neutral thermal hyd
is was separated from the DNA backbone by Microco
ltration. The filtrates were then transferred to autosam
ials and either analyzed by LC–MS immediately or sto
t −70◦C until the time of analysis. For samples from E
xposed rats, larger amounts of DNA (∼300�g) were used i
rder to detect adducts present at lower concentrations
olume of the DNA solution was adjusted to 400 or 500�L
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by adding double distilled water prior to NTH. The final
volume of the sample injected to LC–MS was reduced by cen-
trifugal evaporation and reconstituted in 10% acetonitrile to
∼50�L.

2.8.2. LC–MS/MS method
The LC–MS system consisted of a Surveyor HPLC

unit and a TSQQUANTUM triple quadrupole mass spectrom-
eter from Thermo Finnigan (San Jose, CA). The sam-
ples (10�L) were injected onto an Aquasil C-18 column
(150 mm× 2.0 mm, 5�m) using the autosampler. HPLC
mobile phases consisted of water with 0.1% acetic acid (A)
and acetonitrile with 0.1% acetic acid (B). The initial gradi-
ent started with 100% of A and was held for 1 min. From 1
to 10 min, the amount of B was linearly increased to 15%,
then increased to 80% in the next 5 min. The column re-
equilibration time was 10 min. The LC pump flow rate was
200�L/min. The HPLC column was maintained at 30◦C
using the column oven in the autosampler. The first 3 min of
HPLC effluent was directed to waste using a Rheodyne 77505
valve (Rohnert Park, CA) in order to reduce the contamina-
tion of the electrospray source and to improve performance.
Diversion at the beginning of the run served mainly as an
on-line desalting step to lessen the suppression of the elec-
trospray ionization due to presence of salts in the sample. The
HPLC effluent from 3 min to 14 min was directed to the mass
s G.
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2.8.3. GC/MS measurements of
N7-(2-hydroxyethyl)valine (7-HEVal)

Frozen washed red blood cells from rats were thawed and
diluted with an equal volume of distilled, deionized water.
Globin was isolated according to the method of Mowrer et
al. [22]. The derivatization was performed according to the
modified Edman degradation of Törnqvist et al.[23], for the
specific cleavage of N-terminal alkylated valines of the four
chains of hemoglobin.

2.8.4. GC/MS–MS analysis
The analysis of HEVal-PFPTH was carried out using a

Finnigan Trace GC 2000 attached to a Finnigan TSQ7000
mass spectrometer (San Jose, CA). The settings for the
gas chromatograph were: helium as a carrier gas at a con-
stant pressure of 25 psi; temperature programming, 1 min
at 80◦C, followed by a ramp of 10◦C/min to 210◦C,
an increase in temperature of 4◦C/min to 240◦C, fol-
lowed by a sharp increase in temperature of 80◦C/min to
320◦C, which is held for 1 min before cooling back to
80◦C. The column used for analysis was a 30 m Alltech
EC-5 (0.25 mm i.d., 0.25�m film thickness). The operat-
ing procedures for the mass spectrometer were: methane
reagent gas at an ion source pressure of 3.5 torr (467 Pa),
ion source temperature, 110◦C, emission current, 0.3 mA,
electron energy, 200 eV, collision energy, 7 eV. Argon was
u Pa).
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Electrospray ionization (4500 V) was done in positive

ode. Nitrogen was used as sheath gas at 47 and Au
t 5 arbitrary units in the electrospray source. The tan
ass spectrometric detection was done in the Selected

ion Monitoring (SRM) mode. The SRM transitions us
erem/z 196 to 152 andm/z 200 to 156 for 7-HEG an

ts [13C4]–labeled internal standard, respectively. Argon
sed for collision-induced dissociation at 1.5× 10−3 mTorr.
he collision energy was 22 volts. Electrospray ioniza
nd SRM parameters were optimized for maximum sen

ty by making 5-�L loop injections of 7-HEG standard. Ca
ration curves were generated by using the standard sol
repared by spiking varying amounts of 7-HEG into the s

ions that contained a constant amount of internal standa
rder to ensure the instrument performance, both sens
nd reliability, quality control (QC) samples prepared for b
T and EO exposed samples were analyzed prior to inje
f a batch of samples. QC samples were prepared by sp
control DNA with the analyte at the lowest concentra

xpected for a particular set of samples. Blanks and stan
ere inserted in appropriate positions in the sample q

o monitor any possible carryover and the sensitivity. D
cquisition and processing were performed using XCa
ersion 1.3 software (Thermo Finnigan). Peak integra
alibration (using the internal standard), and quantitation
arried out using the QuanBrowser feature of the softw
nalysis reports generated by the software were exam
anually to eliminate false peak identification and incor

ntegration.
-

sed as a collision gas at a pressure of 2.5 mTorr (0.33
wo �L of the samples, in toluene, were injected on
mn. Multiple reaction monitoring experiments usedm/z
48→ 318 for the analyte andm/z353→ 323 for the interna
tandard.

. Results

All animals survived to the appropriate scheduled euth
ia. No overt clinical signs of toxicity were observed. Bo
eights and weight gains were not affected by test ar
xposure (data not shown).

.1. 7-HEG and 7-HEVal adducts in tissues of rats
xposed to EO and ET

Exposure to EO is known to result in accumulation of D
dducts[24,25]. Here, a new LC–MS/MS method for t
easurement of 7-HEG was used. This method offers m
dvantages over the GC/HRMS assay previously used i

aboratory[15,25,26]. First, no derivatization is required, sa
ng two days in processing and minimizing the chanc
ample loss or contamination. Second, the process is st
ined, so that following DNA isolation the internal stand
s added, followed by neutral thermal hydrolysis, filtrat
nd injection on the LC–MS/MS. The chromatography
-HEG and the internal standard is shown inFig. 1(top and
ottom panels, respectively). Sharp peaks eluted at∼8.2 min,
ith no interference. By using neutral thermal hydroly
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Fig. 1. Chromatogram of 7-HEG in liver genomic DNA from rats exposed to EO (100 ppm) for 20 days (top), and [13C4]-7-HEG internal standard (bottom).

the amount of guanine present in the sample was greatly
reduced and did not cause suppression of the signal. The
limit of detection for 7-HEG in water was 1.5 fmol on col-
umn. In samples with 300�g DNA, this provides the ability to
measure approximately one 7-HEG adduct per 108 guanines.
7-HEG had a linear response curve within study concentra-
tion ranges (1.5–300 fmol on column). Endogenous 7-HEG
adducts could not be detected in tissues of untreated animals
using this assay due to its somewhat lower sensitivity com-
pared to the previous GC/MS method.

Previous studies on the molecular dosimetry of 7-HEG
have examined the time course for adduct accumulation over
a 4-week exposure[15,25,26]and loss at the end of 4 weeks
of exposure[24]. This is the first study to evaluate adduct
loss after a single 6 h exposure to EO or ET. Based on these
data, it should be possible to more accurately model adduct
formation, accumulation and loss.

The number of 7-HEG lesions in genomic DNA from
brain, spleen and liver increased rapidly in first 1–3 days
of EO exposure and continued to accumulate, albeit at a
slower rate, for up to 20 days of EO exposure (Fig. 2A and
Supplemental Table 1A). The amount of 7-HEG detected in
rats exposed to 40 ppm ET (Fig. 2A andSupplemental Table
1B), or 3000 ppm ET (Fig. 2A andSupplemental Table 1C)
was much lower, but also exhibited a similar rate of accu-
mulation over time. In summary, exposure to 40 ppm ET
r 65-
f iver

of ET-exposed rats always had the highest number of 7-HEG
relative to EO exposure, while brain had the lowest, and
spleen was intermediate. Exposure to 3000 ppm ET resulted
in 7-HEG concentrations that were 5.1–14.2-fold lower than
exposure to 100 ppm EO. These molecular doses of 7-HEG
represent the highest possible formation of this adduct that
can be attained following ET exposure, due to saturation of
metabolic activation. Again, liver of ET-exposed rats had the
highest number of 7-HEG, but brain was intermediate and
spleen was lowest.

To assess the rate of elimination of 7-HEG adducts after
cessation of exposure, the DNA lesions were measured in
tissues of animals sacrificed for up to 72 h after a single 6-
h exposure to either EO or ET (Fig. 2B andSupplemental
Tables 1A–C). A linear rate of elimination of 7-HEG from
brain and liver of EO-treated animals was detected (Fig. 2B,
top and bottom panels). In spleen, however, a rapid decrease
in 7-HEG lesions was observed during the first 24 h after
exposure to EO, followed by a plateau phase for up to 48 h
where little additional adduct elimination could be detected
(Fig. 2B, middle panel). This complex loss of adducts from
spleen DNA was not observed in rats exposed to 40 or
3000 ppm ET. Rather, 7-HEG in spleen, liver and brain of
rats exposed to ET exhibited a linear loss over time.

The amounts of 7-HEVal adducts in globin were assessed
by GC/MS in blood samples that were collected from rats
e EO
( s of
esulted in 7-HEG concentrations that were 38-fold to
old lower than similar exposures to 100 ppm EO. The l
xposed to ET or EO for up to 20 days. Exposure to
100 ppm for 20 days) led to 10.8-fold greater amount
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Fig. 2. Amounts of 7-HEG in tissues of animals exposed to EO (�, 100 ppm) or ET (�, 40; or�, 3000 ppm). (A) Data from animals exposed to test substances
continuously for up to 20 days. (B) Data from animals exposed to test substances for 1 day (6 h) and sacrificed after up to 72 h post exposure. Data shown are
mean± S.E.M. (n= 3–4/group).

adducts than were present in animals exposed to 3000 ppm
ET and 55-fold greater amounts than in animals exposed to
40 ppm (Table 1). These data paralleled the findings for 7-
HEG in spleen and brain (Fig. 2 andSupplemental Tables
1A–C).

Table 1
Amounts of 7-HEVal in globin of rats exposed to ET (40 or 3000 ppm), or
EO (100 ppm) for up to 20 days

Treatment Duration (days) 7-HEVal (pmol/g globin)a

Sham N/A 440± 100 (n= 21)

ET (40 ppm) 1 830± 180 (n= 8)
3 410± 60 (n= 7)
20 1560± 110 (n= 8)

ET (3000 ppm) 1 700± 50 (n= 7)
3 1590± 70 (n= 7)
20 7900± 410b (n= 8)

EO (100 ppm) 1 5960± 180b (n= 8)
3 20200± 810b (n= 8)
20 85500± 2140b (n= 8)

a Data shown are mean± S.E.M.
b Statistically significant difference (p< 0.05) from a sham group value by

one-way ANOVA (Tukey’s post-hoc test).

3.2. Exposure to EO or ET does not lead to an increased
number of ADLs or cleaved ADLs in DNA

Apurinic/apyrimidinic (AP) sites, the most common form
of endogenous DNA lesions, result from oxidative damage,
spontaneous depurination, or are formed in a process of DNA
repair. It is possible that EO carcinogenesis involves the for-
mation of AP sites following depurination or repair of 7-HEG
or 3-HEA. To test this experimentally, we measured ADLs
in genomic DNA from brain and spleen, two organs that are
targets for EO carcinogenesis in the rat, and from liver, a
non-target site. Our data show that no significant increase in
the number of ADLs was present, regardless of the exposure
conditions (100 ppm of EO, or 40 or 3000 ppm of ET), dura-
tion of exposure, tissue, or time-point considered in this study
(Figs. 3 and 4).

Furthermore, the number of incised ADLs was evaluated
using the ADL cleavage assay in DNA samples from spleens
of animals exposed to EO (100 ppm) for 1 and 20 days (tissues
collected 2 h after cessation of exposure). Exo III was utilized
to excise ADLs nicked at 3′-termini and T7 Exo was used for
elimination of ADLs cleaved at 5′-termini. The number of
ADLs left after removal of cleaved ADLs (i.e., single strand
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Fig. 3. Number of aldehydic DNA lesions (ADLs), a measure of AP sites, in genomic DNA in brain, spleen and liver of rats exposed to EO (100 ppm) for 1
day (6 h) and sacrificed 2, 6, 24 and 72 h post exposure. Data shown are mean± S.E.M. (n= 3–4/group), no statistical difference was observed between groups.

breaks) was not different between control and EO-exposed
animals (Supplemental Fig. 1).

To confirm that treatment with EO results in formation
of chemically unstable DNA lesions that are prone to sponta-
neous depurination, we measured the number of heat-induced
AP sites. A negligible amount of heat-labile sites was present
in control samples (5.9± 2.7 AP sites per 106 nucleotides);
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however, a significantly greater (p< 0.01) number of heat-
induced AP sites were detected in DNA of EO-exposed (20
days) animals (25.9± 5.9 AP sites per 106 nucleotides).

3.3. EO and ET exposures have minimal effects on
expression of base excision repair genes in target tissues

It is believed that the predominant pathway used for
removal ofN-alkylated bases from DNA is the base excision
repair (BER) pathway. In a single-day (6 h) inhalation exper-
iment where animals were allowed to recover for 2, 6, 24 and
72 h after exposure, the only significant change in expression
of BER genes was observed forMpgmRNA in brain (at 2 h
after EO exposure, a decrease of about 7-fold) and spleen (6 h
after EO exposure, a decrease of about 3-fold) [Supplemental
information: Tables 2A–B and Fig. 2]. No changes BER
expression were observed in liver (Supplemental Table 2C).

In parallel experiments, BER gene expression was ana-
lyzed in rats exposed to EO (100 ppm), or ET (3000 ppm)
for 20 days (6 h/day, 5 days a week) and sacrificed 2 h
after the final treatment. With the exception of polymerase
(Pol) β expression, which was increased significantly by
about 30% in spleen after EO treatment (Fig. 5A, panel
marked [Spleen]), no other changes were found in either
brain or spleen, target organs for EO carcinogenesis in
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he rat (Fig. 5A). Interestingly, up to a 2-fold increase
xpression of 8-oxo-guanine DNA glycosylase (Ogg1), AP
ndonuclease (Ape), Mpg, Pol β, and alkylguanine methy

ransferase (Mgmt) was observed in liver of EO-exposed r
Fig. 5A, panel marker [Liver]). In ET-treated animals,
hange in BER gene expression was found in either live
pleen. However, a small (∼20%) increase in expression
peandPol β was detected in brain of ET-treated anim

Fig. 5B).
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Fig. 5. Expression of DNA base excision repair genes in tissues of animals exposed to EO (A, 100 ppm), or ET (B, 3000 ppm) for 20 days was analyzed by
the RNase protection assay with multi-probe template rBER. The intensity of protected bands was quantified using phosphor imaging and normalized to the
intensity of housekeeping genes. Data shown are the results of densitometry analysis of images (mean value± S.E.M. from 3–4 animals/group). Asterisk (*)
represents the statistically significant difference (p< 0.05) from a corresponding control group value by paired Student’st-test.

3.4. Exposure to EO leads to a down regulation of
pro-apoptosis genes in spleen

The rate of elimination of 7-HEG adducts from spleens
of animals exposed to EO for 1 day differed dramatically
from that in brain or liver (Fig. 2). In fact, it appeared that
the initial reduction of 7-HEG adducts was faster than that
in the two other organs, while virtually no further reduction
in the number of adducts was observed from 24 to 72 h after
exposure. Here, we investigated whether this difference was
due to changes in expression of apoptosis-related genes. No
change in expression levels of anti-apoptotic genesBcl-xL
andBcl-2was observed in spleens from rats exposed to EO
(Fig. 6). However, a significant decrease in expression of pro-
apoptotic caspase-1, -2 and -3 was detected 2 h after a single
exposure (Fig. 6A, top panel). While expression levels of
caspase-1 and -3 showed a trend to return to control values at
later time points, caspase-2 was significantly down regulated
over 72 h (Fig. 6A, middle and bottom panels). At the same
time, no change in expression of pro-apoptosis genes was
detected in liver, while expression of anti-apoptosis genes
Bcl-xLandBcl-2was significantly elevated 2 h after exposure
to EO (Fig. 6B, top panel).

4. Discussion

Ethylene oxide (EO) is an alkylating (hydroxyethylating)
agent that has been shown to be mutagenic in eukaryotic and
prokaryotic systems and carcinogenic in animals. The human
evidence for carcinogenicity of EO is still being debated due
to a lack of clear understanding of the carcinogenic mode of
action and limited epidemiological data. It is not known how
and if DNA adducts produced by EO contribute to muta-
tions and cancer. Moreover, the same lesions are formed
in the body under physiological conditions from ET aris-
ing endogenously. ET is omnipresent in the environment and
is metabolized to EO. Thus, endogenous sources of ET/EO
contribute to persistent background alkylation of DNA and
proteins.

EO is known to cause multiple DNA adducts, but it is
not clear which DNA lesions are responsible for the muta-
genic action of EO.N7-HEG adducts, the most abundant
among a variety of EO-induced lesions, are not mutagenic.
It is possible, however, that they can lead to the formation
of mutagenic abasic sites via spontaneous depurination due
to their chemical instability. An increase in the formation
of abasic sites could cause miscoding if DNA replication
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Fig. 6. Expression of apoptosis-related genes in spleen (A) and liver (B) of rats exposed to EO (100 ppm) for 1 day (6 h) and sacrificed 2, 24 or 72 h post
exposure was analyzed by the RNase protection assay with multi-probe template rAPO-1. The intensity of protected bands was quantified using phosphor
imaging and normalized to the intensity of housekeeping genes. Data shown are the results of densitometry analysis of images (mean value± S.E.M. from 3-4
animals/group). Asterisk (*) represents the statistically significant difference (p< 0.05) from a corresponding control group value by paired Student’st-test.

occurs before repair of the damage takes place. A study by
Nivard et al. [27] examined the relationship between EO,
7-HEG and mutations inDrosophila that were nucleotide
excision repair proficient (NER+) or deficient (NER−). The
authors found no significant increases in mutations following
exposures to EO until the number of 7-HEG adducts reached
0.8 adducts/106 nucleotides (2.5 fmol/�g DNA) for NER−
females, and 3.1 adducts/106 nucleotides (9.7 fmol/�g DNA)
for NER+ females.

These data, combined with the results of molecular
dosimetry presented in the current study, provide a strong
mechanistic argument for why ET has not been found to
be mutagenic. A plausible explanation is that the number
of adducts required for mutations cannot be achieved after
exposure to ET due to saturation of metabolic activation[7].
The highest steady-state amount of 7-HEG present in tis-
sues of ET exposed rats was only 25% of the molecular dose
required for mutagenesis in a repair competentDrosophila.
Furthermore, the rate of cell proliferation in theDrosophila

embryo is vastly different than in mammals. For example, a
human blastula is composed of 117 cells 5 days post fertil-
ization, while the first 10 nuclear divisions (1024 cells) takes
place within 2 h inDrosophila. Thus, there is very little time
available inDrosophilafor DNA repair.

While these studies do not define what primary or sec-
ondary EO-derived DNA lesion is causal for mutations, they
do define limits of DNA adducts that are mutagenic that do
not support strict linear extrapolations. Our study has demon-
strated that exposures to EO or ET do not lead to a greater
number of ADLs, as a measure of AP sites, and that the
molecular dose of ET-induced DNA damage is too low to
induce mutagenesis. In contrast, the amount of DNA damage
induced by 100 ppm EO was more than twice that required
to induce mutations inDrosophila. It should be pointed out
that the studies of Nivard et al.[28] do not demonstrate that
the mutations inDrosophila are due to 7-HEG. That was
the only DNA adduct measured. Together, these observa-
tions support the hypothesis that a threshold amount of DNA
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adducts must be exceeded for mutations to take place, even in
Drosophila.

While there is clear evidence that 7-HEG adducts accumu-
late in DNA from brain, spleen and liver in EO-treated ani-
mals, ADL measurements did not show any increase. None
of the time points showed an increase in intact or cleaved
ADLs. Since these lesions were not increased in DNA from
EO-exposed rats, our research supports the suggestion that
DNA adducts other than 7-HEG are likely to be responsi-
ble for EO-induced mutations. The one intermediate that this
research can not quantitate would be AP site-derived strand
breaks in which the aldehyde-reactive flap has been cleaved
byPolβ, but not yet ligated. Furthermore, we cannot exclude
that small increases in ADLs may be obstructed by the noise
in the assay. New more sensitive assays for AP sites or single
strand breaks are necessary to totally exclude these possibil-
ities.

The measurements of AP sites formed following neutral
thermal hydrolysis of DNA confirmed that EO-induced DNA
lesions are unstable and readily depurinate. Heat-treated
DNA from the spleen of EO-treated animals contained a 5-
fold higher number of heat-labile DNA lesions that can be
converted to AP sites as compared to control animals DNA.
Furthermore, a significant increase in the number of such eas-
ily depurinating adducts in the absence of an increase in AP
sites argues strongly against AP sites being a critical mode
o
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(BER) pathway is a major mechanism for removal of alky-
lated DNA bases and AP sites. EO exposure largely fails to
induce a significant change in mRNA levels for BER enzymes
in target organs, even though the number of 7-HEG adducts
increases sharply. This observation demonstrates that exist-
ing repair mechanisms are sufficient to remedy an increase
in 7-HEG and other lesions, such as AP sites. Since changes
in BER gene expression observed after exposure to EO were
less pronounced than those induced by a very high dose of
ET that is not mutagenic, we conclude that such changes may
be of little biological significance.

Significant increases in several BER genes andMgmtwere
detected in liver, a non-target tissue for EO-induced carcino-
genesis, of animals exposed to EO for 20 days. In the present
study, increases in 7-HEVal paralleled increases in 7-HEG in
brain and spleen, but were less pronounced in liver. This most
likely is a result of the up regulation of repair genes observed
in liver (Fig. 5A); however, the rate limiting step in BER
is not known and the increase in expression of some BER
genes, as observed here, does not necessarily mean that the
overall rate of repair is increased. An alternative explanation
would be that the higher capacity of liver for detoxication of
EO results in a lower level of 7-HEG adducts. Moreover, it
has been previously shown that exposure to very high doses
of EO leads to lipid peroxidation in rat liver, but not brain,
an effect that was attributed to depletion of glutathione[28].
T enes
i sec-
o lead
t rgan
f

also
b ed to
e xoge-
n f EO-
i air
m g, it
s the
B and
o

ing
o enes
i ina-
t s in
c h,
7 n in
b no
f tion
c that
E tion
o ls in
S
H pro-
a ffect
t ossi-
b g by
f action for EO.
There are several potential explanations for these int

ng observations. First, an apparent discordance betwee
arked increase in EO-induced DNA adducts and a lac

ncreased ADLs suggests that AP sites derived from the r
f depurinated 7-HEG is highly efficient. Similar results w
btained in previous studies with propylene oxide, wh
17-fold increase in depurination was measured in n

pithelium, but there was no increase in ADLs[14]. These
bservations suggest that AP sites, even if formed in gr
mounts following exposure to ethylene oxide and propy
xide, are effectively repaired.

It is possible that AP sites are mutagenic only under co
ions of very rapid cell turnover when replication (i.e., fixat
f the AP site into a mutation) occurs before repair. Su
ondition is only characteristic of such rapidly dividing ce
s present inDrosophila germ cells, but is not present
elatively quiescent organs such as adult rat brain, sp
r liver. While these suggestions do not argue against m
enicity of AP sites in general, we conclude that our res
how that even when a potential for a significant increa
ormation of AP sites from 7-HEG adducts exists, the ste
tate number of AP sites remains unchanged due to effe
emoval and thus do not contribute to the mutagenicity of

hen this information is coupled with theDrosophiladata on
inimal numbers of adducts being required before muta
re induced, as discussed above, the scientific understa
upporting the lack of mutagenicity of ET becomes appa

DNA repair must also be considered in studies of the m
f action of EO and/or ET. The base excision DNA re
hus, an observed effect of EO on expression of BER g
n liver, but not other tissues could possibly occur due to
ndary oxidative stress in liver that does not, however,

o cancer as a long-term effect since liver is not a target o
or EO-induced carcinogenesis.

The lack of upregulation of repair in target tissues may
e connected to the fact that all cells in the body are expos
thylene and EO from endogenous and omnipresent e
ous sources and thus a sudden additional burden o

nduced DNA lesions falls short of recruiting additional rep
echanisms. Although these speculations are intriguin

hould be noted that this study was limited to evaluating
ER genes and further investigation of additional repair
ther genes may be warranted.

Another potentially intriguing observation was the find
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n spleen. It is possible that the bi-phasic rate of elim
ion of 7-HEG adducts from spleen is due to difference
ell removal/proliferation in this organ. In the first 2 to 24
-HEG adducts were eliminated from spleen faster tha
rain or liver, while from 24 h to 72 h there was virtually

urther decrease in adduct levels in spleen, while elimina
ontinued from brain and liver. It was shown previously
O effects on cultured human fibroblasts included induc
f cell proliferation, as measured by the number of cel
-phase, and elevated rates of cell death via necrosis[29].
ere, we report a surprising decrease in expression of
poptotic genes in spleen after treatment with EO, an e

hat was not observed in liver, a non-target organ. It is p
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necrosis shortly after exposure to EO and that the faster rate
of adduct elimination represents a rapid decline in this most
susceptible cell population. It should be noted, however, that
additional studies should be performed to understand mor-
phological changes in spleen after EO exposure.

In conclusion, this study challenges the paradigm that EO
is carcinogenic due to a dramatic increase in labile alkylated
DNA adducts that depurinate and form mutagenic AP sites.
Our results show that no increase in AP sites can be detected
after EO treatment. Furthermore, we show that DNA repair
genes are largely unchanged in brain and spleen, target tis-
sues for EO carcinogenesis in the rat. At the same time, BER
gene expression is induced in liver, the organ that accumu-
lates fewer adducts and is not a target for EO carcinogenesis.
Collectively, we argue that AP sites are not likely to be the pri-
mary mechanism for mutations or carcinogenesis induced by
EO. This research does not rule out that other minor adducts
such asO6-HEG orN1-HEA could be mutagenic. In addi-
tion, derivatives of 7-HEG, such as ring-opened 7-HEG, may
also be formed; however, no increase in such lesions have ever
been reported in non-alkali treated DNA after exposure to EO
[30]. Alternatively, disregulation of apoptosis/ proliferation
in target organs (e.g., spleen) may be important contributor
to the carcinogenicity of EO. Future studies examining the
mechanisms of EO-induced carcinogenesis should focus on
the molecular dosimetry of promutagenic DNA lesions and
o
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