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Abstract

Hydrogen sulfide acts as an environmental toxin across a range of concentrations and as a cellular
signaling molecule at very low concentrations. Despite its toxicity, many animals, including the
mudflat polychaete Glycera dibranchiata, are periodically or continuously exposed to sulfide in
their environment. We tested the hypothesis that a broad range of ecologically relevant sulfide
concentrations induces oxidative stress and oxidative damage to RNA and DNA in G.
dibranchiata. Coelomocytes exposed in vitro to sulfide (0-3 mmol L1 for 1 h) showed dose-
dependent increases in oxidative stress (as 2/,7’-dichlorofluorescein fluorescence) and superoxide
production (as dihydroethidine fluorescence). Coelomocytes exposed in vitro to sulfide (up to 0.73
mmol L™1 for 2 h) also acquired increased oxidative damage to RNA (detected as 8-oxo-7,8-
dihydroguanosine) and DNA (detected as 8-oxo0-7,8-dihydro-2’-deoxyguanosine). Worms exposed
in vivo to sulfide (0-10 mmol L™ for 24 h) acquired elevated oxidative damage to RNA and DNA
in both coelomocytes and body wall tissue. While the consequences of RNA and DNA oxidative
damage are poorly understood, oxidatively damaged deoxyguanosine bases preferentially bind
thymine, causing G-T transversions and potentially causing heritable point mutations. This
suggests that sulfide can be an environmental mutagen in sulfide-tolerant invertebrates.

Introduction

Investigations into the physiological effects of hydrogen sulfide (representing here the sum
of H,S, HS™, and S27) have broadly fallen into two categories: ecophysiological studies of
sulfide toxicity in aquatic animals and predominantly biomedical studies of sulfide’s role as
a gasotransmitter in vertebrates and invertebrates. The ecophysiological studies typically
utilize invertebrates from the large assortment of sulfidic habitats, including hydrothermal
vents and seeps, coastal mudflats, and sewage outfall sites (Fenchel and Riedl 1970;
Cavanaugh 1983). In these habitats, sulfide can reach high millimolar concentrations (up to
30 mmol; Childress and Lowell 1982; Grieshaber and Vélkel 1998; Urcuyo et al. 2003).
Because sulfide diffuses freely across respiratory surfaces (Denis and Reed 1927; Julian and
Arp 1992), animals in sulfidic habitats may experience reversible inhibition of cytochrome ¢
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oxidase (Lovatt Evans 1967; Nicholls 1975), decreased hemoglobin oxygen affinity (Carrico
et al. 1978), sulfhemoglobin formation (Bagarinao 1992; Kraus et al. 1996), mitochondrial
depolarization (Julian et al. 2005a), coelomocyte death and decreased cell proliferation
(Hance et al. 2008), and inhibition of almost 20 enzymes involved in aerobic metabolism
(Bagarinao 1992). Animals in these habitats typically employ physiological mechanisms to
reduce sulfide toxicity (Grieshaber and Volkel 1998), including sulfide-oxidizing enzymes
and sulfide-binding amino acids (Joyner et al. 2003; Brand et al. 2007). In contrast to
ecophysiological studies, a rapidly growing body of literature examines the role of sulfide as
a cellular signaling molecule when present in low concentrations. Sulfide is produced
endogenously from cysteine in both vertebrates (Abe and Kimura 1996) and invertebrates
(Julian et al. 2002, 2005b; Gainey and Greenberg 2005). Extracellular sulfide concentrations
from vertebrate tissues have been reported as ranging from 50 to 160 pmol L1 in the brain
and blood (Goodwin et al. 1989; Abe and Kimura 1996; Zhao et al. 2001), although more
recent measurements indicate that these values are far too high (Whitfield et al. 2008).
Sulfide modulates muscle tone and neuronal activity in vertebrates (Kimura 2002) and
invertebrates (Julian et al. 2002, 2005b; Gainey and Greenberg 2005) and can protect against
ischemia-reperfusion injury in mammalian cardiomyocytes (Elrod et al. 2007). Therefore,
sulfide appears to have both regulatory and toxic actions, depending on the context,
exposure paradigm, and dose.

A recently discovered and not fully understood consequence of sulfide exposure in both
ecophysiological and biomedical contexts results from the relationship between sulfide and
free radicals, which are highly reactive atoms or molecules that contain one or more
unpaired electrons. Free radicals, which can include reactive oxygen and sulfur species
(ROSS), can cause cellular damage, termed “oxidative damage,” by stripping electrons from
cellular macromolecules (Halliwell and Gutteridge 1999). Chen and Morris (1972) proposed
that sulfide oxidation would generate ROSS, and this was later measured in aqueous
solutions via electron paramagnetic resonance (EPR; Tapley et al. 1999) and in animal
tissues in vitro via EPR (Tapley 1993) and the oxidation of fluorogenic substrates (Abele-
Oeschger and Oeschger 1995; Eghbal et al. 2004; Julian et al. 2005a). Consistent with this
finding, sulfide exposure can stimulate a cellular oxidative-stress response in vivo in some
sulfide-tolerant bivalves (e.g., Tapley 1993; but see Abele et al. 1998) and in a non-sulfide-
adapted bivalve (Joyner-Matos et al. 2006). However, the best evidence that sulfide
exposure causes lasting, biologically significant oxidative stress arguably would be the
direct detection of oxidative damage. Recently, Baskar et al. (2007) demonstrated that very
low sulfide concentrations (10-75 umol L1) cause formation of micronuclei in vertebrate
lung fibroblasts, and Attene-Ramos et al. (2007) demonstrated that 1-25 pmol L™1 of sulfide
causes DNA strand breaks and purine ring opening in a Chinese hamster ovary cell line.
These findings are consistent with oxidative damage to DNA but can be caused by other
stressors. Although this suggests that sulfide-exposed aquatic invertebrates should also
suffer oxidative damage to DNA, organisms adapted to sulfidic habitats may have
detoxification, antioxidant, and ROSS-scavenging mechanisms that prevent significant
oxidative damage during sulfide exposure.
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In this study, we tested the hypothesis that a broad range of ecologically relevant sulfide
concentrations increase oxidative stress, superoxide production, and oxidative damage to
RNA and DNA in the mudflat polychaete Glycera dibranchiata Ehlers 1868 (Annelida:
Polychaeta: Phyllodocida: Glyceridae). We have previously shown that G. dibranchiata are
sulfide tolerant (Hance et al. 2008) but that sulfide exposure causes mitochondrial
depolarization in coelomocytes in vitro (Julian et al. 2005a) and decreased survival and
proliferation of coelomocytes in vivo at sulfide concentrations of 0.25—-1 mmol L™ (Hance
et al. 2008). To directly assess RNA and DNA oxidative damage, we measured the oxidation
of guanine bases to 8-oxo-7,8-dihydroguanosine (RNA) and 8-oxo-7,8-dihydro-2’-
deoxyguanosine (DNA). In DNA, the oxidatively damaged guanine preferentially binds
thymine and can cause G-T transversions (Halliwell and Gutteridge 1999; Evans and Cooke
2004). If sulfide exposure does cause oxidative damage to RNA and DNA in an organism
that is otherwise considered sulfide tolerant, this would suggest that these organisms must,
in the long term, mitigate the risk of heritable deleterious mutations.

Material and Methods

Worm Collection and Maintenance

Glycera dibranchiata were obtained via overnight delivery from commercial suppliers
(Eastern Sea Worm Company, Hancock, ME, or Harbor Bait Company, Wiscasset, ME),
who collected the worms by hand from local mudflats during low tides. The worms were
maintained unfed in the laboratory in filtered, 15°C seawater for no more than 2 wk before
being used for experiments. Seawater was obtained from the University of Florida Whitney
Marine Laboratory (Marineland, FL).

Sulfide Exposure of Coelomocytes In Vitro

Coelomic fluid was obtained from each worm through an incision in the proboscis, after
which the coelomocytes were pelleted by centrifugation. The coelomocyte fraction was then
purified by removing the overlying white layer or by centrifuging the cells through a 25%
sucrose-seawater cushion for 10 min at 10°C and 9,000 g. The cells were then washed with
buffered seawater (BSW; sterile-filtered seawater with 10 mmol L™ HEPES and 0.1%
glucose, pH 7.6, 1,000 mOsm kg1) and further diluted in cold BSW, as indicated below.

In vitro sulfide exposures were conducted by exposing a thin layer of coelomocytes to a
mixture of HyS gas in air. For experiments requiring small sample volumes (i.e., the
fluorescence-based measurements of oxidative stress, as described below), exposures were
carried out in five gas-tight chambers, each containing a black-wall, clear-bottom, 96-well
microplate (Corning Life Sciences, Corning, NY), with each well containing 50 uL of
coelomocytes diluted 1 : 450 in BSW. An appropriate volume of H,S gas (from a tank of
compressed 99% pure H,S gas) was then added by syringe to the gas space of each chamber
to obtain 0% (control), 0.10%, 0.30%, 1.0%, and 3.0% H-S in air (yielding 0, 0.29, 0.5,
0.73, and 1.2 mmol L1 dissolved sulfide, respectively). Coelomocytes were exposed to
these conditions at 20°C in the dark for 2 h, after which the cells were labeled with dyes, as
described below. This experiment was repeated with cells from five worms, with a
coelomocyte sample from each worm being exposed to each level of H,S treatment.
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For experiments requiring larger sample volumes (i.e., measurement of RNA and DNA
oxidation, as described below), the exposures were carried out in sealed 20-mL glass
scintillation vials, as described by Julian et al. (2005a). Briefly, 1 mL of coelomocytes
diluted 1 : 45 in BSW was added to each vial, and an appropriate volume of H,S gas was
added by syringe to the gas space of each vial to obtain 0% (control), 0.1%, and 1.0% H,S
in air (yielding 0, 0.29, and 0.73 mmol L1 dissolved sulfide, respectively). Cells were
exposed to these conditions at 15°C in the dark for 1 h. This experiment was repeated with
cells from six worms, with a sample from each worm being exposed to each level of H,S
treatment.

In Vivo Sulfide Exposure

Glycera dibranchiata were placed individually in 250-mL incubation flasks and exposed to
continuous sulfide for 24 h in a flow-through exposure system under normoxic conditions,
as described by Hance et al. (2008). Briefly, sulfide stock solutions of NaHS in ultrapure
H,O were prepared at concentrations of 0 (control), 0.0012, 0.038, 0.12, 0.38, 1.2, 3.8, and
12 mmol L~1 and were pumped into the flasks by a syringe pump at 7.0 uL min~1. Seawater
was pumped into the flasks at 8.4 mL min~1, and the resulting 1,200 : 1 ratio of seawater
flow to stock solution flow produced target sulfide concentrations of 0 (control), 0.0010,
0.032, 0.10, 0.32, 1.0, 3.2, and 10 mmol L1, respectively. Flasks were held in a
recirculating water bath that was maintained at 15°C during exposures. The total dissolved
sulfide concentration in each flask was determined immediately after adding a worm and at
the end of the exposure by using the methylene blue method (Cline 1969). This experiment
was repeated five times (40 worms in total).

Measurement of Oxidative Stress

Intracellular oxidative stress and superoxide production were quantified by using the cell-
permeant, vital fluorescent dyes 2/,7’-dichlorodihydrofluorescein diacetate (H,DCF-DA,;
Invitrogen, Carlsbad, CA), which converts to the fluorescent product 2/,7’-
dichlorofluorescein (DCF) upon oxidation by oxygen-centered free radicals, and
dihydroethidine (DHE; Invitrogen), which fluoresces upon oxidation by superoxide. After 2
h of exposure to sulfide in 96-well plates, as described above, the coelomocytes were stained
for 30 min with H,DCF-DA at 1 ug mL™1 (from a 3-mg-mL ™1 stock solution in DMSO) or
with DHE at 200 pmol L™ (from a 20-mmol-L1 stock solution in water). Fluorescence in
each well was measured with a microplate reader (Synergy HT; Bio-Tek Instruments,
Winooski, VT) in bottom-reading mode with 485/20-nm excitation and 530/25-nm emission
for DCF and 485/20-nm excitation and 590/35-nm emission for DHE.

Measurement of Oxidative Damage to Nucleic Acids

RNA guanine base oxidation produces 8-0xo-7,8-dihydroguanosine (8-oxoGuo), and DNA
guanine base oxidation produces 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodGuo). The
proportions of oxidized RNA and DNA bases were assayed in coelomocytes from the in
vitro sulfide exposures and in whole coelomic fluid and body wall tissue collected from the
in vivo sulfide exposures. In the in vitro exposures, coelomocytes were exposed to H»S for 1
h and then immediately flash frozen in liquid N». In the in vivo exposures, worms were
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exposed to sulfide for 24 h, after which whole coelomic fluid was obtained through an
incision and the coelomocytes were washed and resuspended in BSW, as described above,
and flash frozen in liquid N». An incision was then made along the length of the worm, and
the proboscis, esophagus, and intestine were removed. The remaining body wall tissue was
then rinsed in BSW, blotted dry, and flash frozen in liquid N,. After flash freezing, the
samples were homogenized in liquid N, and stored at —80°C until assayed.

Samples of 100-200 mg of homogenized coelomocytes or 40-60 mg of homogenized body
wall were processed with a method designed for vertebrate tissue (Hofer et al. 2006) and
optimized for invertebrate tissues (Joyner-Matos et al. 2007). Briefly, RNA and DNA were
simultaneously extracted from the homogenates by using guanidine thiocyanate and phenol/
chloroform at neutral pH, after which nucleic acids were hydrolyzed with nuclease P; and
alkaline phosphatase. Hydrolytic enzymes were then removed by filtration, and the
hydrolysate was analyzed by high-performance liquid chromatography coupled to
electrochemical detection (HPLC-ECD; ESA, Chelmsford, MA). An electrochemical filter
(Coulochem I11; ESA) detected 8-oxoGuo and 8-oxodGuo, while guanosine (RNA) and
deoxyguanosine (DNA) were measured with SpectraSYSTEM UV1000 detector (Thermo
Electron, San Jose, CA) set at 290 nm. For some samples from the in vivo sulfide exposures,
RNA and DNA yield were not sufficient for analysis. This resulted in lower sample sizes for
certain sulfide concentrations, as noted in the figure legends.

Statistical Analyses

The design for the in vitro oxidative stress experiment was fully balanced, with DCF and
DHE each being assayed in samples from each worm at control conditions and at each HoS
concentration. The data were analyzed by a split-plot, one-way ANOVA, with each worm
serving as the blocking variable. This was followed by Dunnett’s post hoc comparison
against the control. Fluorescence data in the figures are presented as the intensity of
fluorescence relative to the control fluorescence for each worm, but all statistics were run on
the raw fluorescence data.

The design for the in vitro RNA and DNA oxidation experiment was fully balanced, with
RNA and DNA oxidation being assayed in samples from each worm at control conditions
and each H,S concentration. Since the oxidation data failed the assumption of homogeneity
of variance (Levene’s test P < 0.05), they were first log transformed before being analyzed
by a split-plot, one-way ANOVA, with each worm serving as the blocking variable, as
above. This was followed by Dunnett’s post hoc comparison against the control. In the in
vivo studies, each worm was exposed to one of eight H,S concentrations (i.e., there was no
within-subject replication). For the statistical analysis, the relatively small sample size did
not provide sufficient power to perform ANOVA, which would have required a Bonferroni
correction. Therefore, sulfide concentration was treated as a continuous variable, and the
data were analyzed by the nonparametric Spearman rank correlation and simple linear
regression.
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Results

In Vitro Sulfide Exposure Increases Endogenous ROSS Production

Oxidative stress was increased in coelomocytes exposed to sulfide for 1 h, as indicated by
increased DCF fluorescence (Fig. 1A; sulfide: F4 = 48, P < 0.0001; worm: F4, =3.9,P =
0.022). Coelomocytes exposed to 0.73 and 1.2 mmol L1 sulfide had significantly higher
DCF fluorescence than the coelomocytes exposed to air (P < 0.0001 for each), whereas
exposure to 0.29 and 0.5 mmol L™! total sulfide had no significant effect (P = 0.18 and 0.78,
respectively). Similarly, sulfide exposure caused increased superoxide production, as
indicated by increased DHE fluorescence (Fig. 1B; sulfide: F4 = 19.4, P < 0.0001; worm: F4
=2.9, P = 0.056). As with DCF, coelomocytes exposed to 0.73 and 1.2 mmol L™ sulfide
had significantly higher fluorescence than the coelomocytes exposed to air (P < 0.0002 for
each), whereas exposure to 0.29 and 0.50 mmol L™1 sulfide had no significant effect (P =
0.39 and 0.99, respectively).

In Vitro Sulfide Exposure Causes Oxidative Damage to Nucleic Acids

Oxidative damage to RNA and DNA was increased in coelomocytes exposed to sulfide in
vitro for 1 h. The concentration of 8-oxoGuo, which indicates oxidative damage to RNA
guanine nucleosides, increased significantly with sulfide exposure (Fig. 2A; sulfide: Fo =
16.9, P = 0.0006; worm: F5 = 4.9, P = 0.015), with the most oxidation detected in the high
sulfide treatment (P = 0.0006). Similarly, the concentration of 8-oxodGuo, which indicates
oxidative damage to DNA, increased significantly with sulfide exposure (Fig. 2B; sulfide:
F, =31.67, P <0.0001; worm: Fg = 2.51, P = 0.101), with the most oxidation detected in
the high sulfide treatment (P < 0.0001). RNA and DNA oxidation were positively correlated
within each sample (r = 0.878, t1g = 7.35, P < 0.0001), and in all cases, oxidative damage to
RNA was greater than that to DNA.

In Vivo Sulfide Exposure Increases Oxidative Damage to Nucleic Acids

The flow-through apparatus for in vivo sulfide exposure reliably maintained a stable,
predictable sulfide concentration (Fig. 3). Although sulfide was undetectable in the outflow
water of chambers with the lowest sulfide target concentration of 0.001 mmol L™1, this was
almost certainly due to the limited sensitivity of the sulfide assay rather than a failure of the
flow-through system. Therefore, data in figures 4 and 5 are presented with the target sulfide
concentration rather than the measured sulfide concentration.

Of the five worms exposed to the highest sulfide concentration (10 mmol L™1), one worm
exhibited a particularly strong oxidative damage response. The data from this worm were
assumed to be valid because (1) the extent of RNA oxidation was correlated with that of
DNA oxidation, and (2) this worm showed the largest change in body wall color, from pink
to gray-green, consistent with high sulfide toxicity (Hance et al. 2008). Therefore, data from
this “high-responding” worm were not excluded. Nonetheless, to be maximally
conservative, all analyses that included data from this worm were performed with
nonparametric statistics.
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Worms exposed to sulfide in vivo for 24 h had significant increases in RNA and DNA
oxidation in their coelomocytes, as indicated by a positive correlation of target sulfide
concentration with both 8-oxoGuo (Fig. 4A; rg = 0.564, P < 0.05) and 8-oxodGuo (Fig. 4B;
rs = 0.579, P < 0.05). When these trends were analyzed by simple linear regression without
the data point from the high-responding worm, the positive relationships between sulfide
and RNA and DNA oxidation remained significant (RNA: r = 0.661, F1 20 =11.22, P =
0.0032; DNA: r = 0.632, F1 17 = 7.51, P = 0.014). RNA oxidation was significantly
correlated with DNA oxidation (Fig. 4C; r; = 0.89, P < 0.05).

Sulfide exposure in vivo also caused elevated oxidative damage in the body wall of the
worms, as indicated by a positive correlation of target sulfide concentration with both 8-
oxoGuo (Fig. 5A; rg = 0.696, P < 0.05) and 8-oxodGuo (Fig. 5B; rg = 0.625, P < 0.05).
When these trends were analyzed by simple linear regression without the data point from the
high-responding worm, the positive relationships between sulfide and RNA and DNA
oxidation remained significant (RNA: r = 0.569, F1 1 = 10.08, P = 0.0046; DNA: r =
0.421, Fq p1 = 4.54, P = 0.045). In contrast to the pattern found in coelomocytes exposed to
sulfide in vitro and in vivo, RNA and DNA oxidation were not correlated in body wall tissue
(Fig. 5C; rg = 0.351, P > 0.05). There was a significant positive correlation between tissues
in the extent of oxidative damage to RNA (8-oxoGuo in coelomocytes vs. 8-oxoGuo in body
wall: rg = 0.86, P < 0.05; data not shown) and DNA (8-oxodGuo in coelomocytes vs. 8-
oxodGuo in body wall: rg = 0.67, P < 0.05; data not shown).

Discussion

Extensive investigations of sulfide have established that it can act as a toxin and as a
signaling molecule, depending on its concentration, the organism or tissue being
investigated, and even the context in which it is being studied. Sulfide exerts multiple toxic
effects across a wide range of concentrations relevant to sulfidic environments (for a review,
see Somero et al. 1989; Bagarinao 1992; Grieshaber and Vélkel 1998) and thus influences
aquatic-community structure and dynamics (Gamenick et al. 1996; Levesque et al. 2006;
Levin et al. 2006). However, at low concentrations sulfide may serve a physiological role as
a gasotransmitter (Maclean and Kraus 2004; Kimura et al. 2005) and even a cytoprotective
agent (for a review, see Szab6 2007). To investigate whether sulfide has the potential for
lasting, sublethal toxicity in a sulfide-tolerant organism, we tested the hypothesis that a
broad range of sulfide concentrations induces evidence of dose-dependent, oxygen-centered
free radical production and causes oxidative damage to RNA and DNA in the sulfide-
tolerant polychaete Glycera dibranchiata. We first determined that in vitro sulfide exposure
increased oxidative stress and oxidative damage to nucleic acids in G. dibranchiata
coelomocytes. We then determined that in vivo sulfide exposure also increased oxidative
damage to nucleic acids in coelomocytes and body wall tissue.

Sulfide Induces Cellular Oxidative Stress

Several studies have documented a link between sulfide and ROSS production. Sulfide
oxidizes spontaneously in the presence of divalent metals, generating oxygen-centered and
sulfur-centered radicals in aqueous solutions (Chen and Morris 1972; Tapley et al. 1999) in
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the tissues of sulfide-tolerant marine invertebrates (Tapley 1993; Abele-Oeschger and
Oeschger 1995; Julian et al. 2005a) and in rat hepatocytes (Eghbal et al. 2004). We
confirmed this by finding that sulfide exposure causes dose-dependent increases in oxidative
stress (DCF fluorescence) and superoxide production (DHE fluorescence) in coelomocytes
in vitro. These results suggest, but do not prove, that sulfide-tolerant invertebrates can
experience cellular oxidative stress when exposed to concentrations of sulfide that can occur
in mudflats during low tide (Fenchel and Riedl 1970).

Sulfide Induces Oxidative Damage

To determine whether sulfide causes cellular oxidative stress, most investigators measure
the cellular oxidative stress response, a suite of protective mechanisms that minimize or
repair oxidative damage. In particular, the upregulated expression of stress proteins,
including antioxidants (superoxide dismutase, catalase, and glutathione peroxidase), have
received much attention. However, studies of antioxidant activities or expression patterns in
sulfide-exposed invertebrates (Morrill et al. 1988; Tapley 1993; Abele-Oeschger 1996;
Abele et al. 1998; Joyner-Matos et al. 2006) and mammals (Kimura et al. 2006; Truong et
al. 2006) have provided inconsistent results. The lack of consensus is perhaps not surprising,
given limitations inherent in inferring stress based solely on the interpretation of stress
protein expression or activity data (Bierkens 2000).

A more direct approach to determining whether sulfide causes cellular oxidative stress is to
measure markers of oxidative damage. To our knowledge, the only documentation of
sulfide-induced oxidative damage to DNA has been from mammalian cells in vitro. In naked
nuclei and whole Chinese hamster ovary cells, low levels of sodium sulfide (<25 pmol L™1)
caused genomic DNA damage in the form of strand breaks (Attene-Ramos et al. 2006, 2007)
and imidazole ring opening (Attene-Ramos et al. 2007). Similarly, Baskar et al. (2007)
showed that lung fibroblasts exposed to up to 75 pmol L1 sulfide acquired DNA damage, as
indicated by the formation of micronuclei. Although these results are consistent with
oxidative damage, DNA strand breaks also can result from ionizing radiation (Khanna and
Jackson 2001), and micronucleus formation can have multiple causes, including strand
breaks (Mateuca et al. 2006).

To document oxidative damage from in vitro and in vivo sulfide exposure, we selected a
marker that results only from free radical damage. Although all components of DNA are
vulnerable to ROSS attack (Halliwell and Gutteridge 1999), the oxidation of guanine is the
best studied, in part because 8-oxodGuo is an easily identifiable intermediate and its
formation has, at least thus far, been attributed only to oxidation by reactive oxygen species
(Shigenaga et al. 1989; Cooke and Evans 2007). Deoxyguanosine oxidation results from a
variety of oxidative stressors (Kim et al. 2001; Risom et al. 2003) and increases significantly
with aging (for a review, see Sanz et al. 2006). Production of 8-oxodGuo tends to be higher
in mitochondrial DNA than in nuclear DNA, since mitochondria are the site of much of a
cell’s free radical production (Sanz et al. 2006). Oxidation of deoxyguanosine into 8-
oxodGuo is the predominant form of oxidative damage that is linked to mutation. The
oxidized base, if not removed by repair enzymes, readily binds adenine, causing GC-TA
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transversions and/or GC-AT transitions (Tkeshelashvili et al. 1991; Cheng et al. 1992; Maki
and Sekiguchi 1992).

We found that steady state levels of oxidative damage to RNA and DNA increased in
coelomocytes exposed to sulfide in vitro and in coelomocytes and body wall exposed to
sulfide in vivo. Coelomocytes exposed to sulfide in vitro had slightly (but not significantly)
higher oxidation levels than those exposed to equivalent sulfide concentrations in vivo. This
may have resulted from differences in the isolated cell fractions, which for the in vitro
exposures were purified heme-rich erythrocytes, while in vivo exposures contained a mixed
cell population of erythrocytes and white cells (collectively called coelomocytes). Although
in vitro exposure to 0.73 mmol L1 sulfide increased oxidative damage to RNA and DNA in
coelomocytes, we did not detect a significant increase in oxidative damage at 0.29 mmol L1
sulfide, which is an order of magnitude greater than the concentration of sulfide that induces
DNA damage in mammalian cells (Attene-Ramos et al. 2006, 2007; Baskar et al. 2007).
Furthermore, coelomocytes exposed to sulfide in vitro showed a significant increase in
cellular oxidative stress and superoxide production at 0.29 mmol L™1 sulfide. These data
suggest that although G. dibranchiata coelomocytes (including erythrocytes) experienced
oxidative stress at the lower sulfide concentration, the cells were capable of minimizing or
repairing oxidative damage to RNA and DNA. Whether this represents an adaptation to
sulfide exposure requires further study.

The sulfide concentrations that caused oxidative damage to coelomocytes in vivo were an
order of magnitude higher than the concentrations that caused oxidative damage in vitro,
suggesting that aspects of whole-animal physiology reduce sulfide toxicity. Typical sulfide
concentrations experienced by G. dibranchiata are unknown, but in this study and a
previous one (Hance et al. 2008), the worms tolerated exposure to millimolar levels of
sulfide in vivo for at least 24 h. A wide range of protective strategies have been documented
in sulfide-tolerant invertebrates, some of which can maintain the internal sulfide
concentration below the ambient sulfide concentration (Oeschger and Vetter 1992;
Grieshaber and Voélkel 1998). Whether these occur in G. dibranchiata is unknown.
Nonetheless, the results of this study suggest that markers of oxidative stress and damage
may have utility for examining the relationship between sulfide exposure and cellular injury
in natural populations.

In the only measurement of 8-oxoGuo in a wild population of animals to date, there was a
positive correlation between environmental dissolved O, concentration and RNA oxidation
in a hypoxia-tolerant bivalve (Joyner-Matos et al. 2007). RNA oxidation has otherwise not
been extensively studied outside of its key role in Alzheimer’s disease (e.g., Nunomura et al.
1999) and Parkinson’s disease (e.g., Zhang et al. 1999) and its tendency to increase with age
in mammals (Hofer et al. 2005, 2006). We found that steady state levels of RNA oxidation
in G. dibranchiata increased significantly with in vitro and in vivo sulfide exposure. In all
cases, RNA oxidation was greater than DNA oxidation, which is consistent with the findings
of previous studies (Hofer et al. 2005, 2006; Joyner-Matos et al. 2007). Interestingly, we
also found that RNA oxidation was correlated with DNA oxidation in coelomocytes but not
in the body wall tissue. Although a correlation between RNA oxidation and DNA oxidation
is not unexpected, it had not been reported in any system. The dynamics of RNA oxidative
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damage and repair processes are much less studied than those of DNA and likely differ
among the three RNA pools (Evans and Cooke 2004). Nonetheless, our results suggest that
both processes respond similarly to sulfide exposure.

Understanding the toxic effects of sulfide on natural populations of aquatic animals has been
an active area of research for more than 3 decades. Much of this work has focused on
biochemical processes of sulfide toxicity and detoxification strategies. Our results, in
combination with those showing that micromolar levels of sulfide cause strand breaks and
purine ring opening in mammalian cells (Attene-Ramos et al. 2006, 2007; Baskar et al.
2007), strongly suggest that sulfide exposure could be mutagenic, even for sulfide-tolerant
organisms. Genetic variation generally is higher in stressful environments (Hoffmann and
Parsons 1991), and extensive studies on microorganisms have shown that stress-induced
increases in mutation rate can be adaptive (for a review, see Galhardo et al. 2007). Whether
animals in sulfidic environments experience elevated mutation rates is not known, but
sulfide-induced oxidative damage to DNA is one mechanism by which mutation rates could
be elevated in sulfidic environments. This may be especially important in G. dibranchiata,
since reproductively mature worms store gametes in the coelomic cavity (Simpson 1962),
where the cells would clearly be at risk of sulfide exposure, and therefore may be
susceptible to mutagenic effects of sulfide-induced DNA damage.
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Figure 1.
Fluorescence intensity of 2/,7’-dichlorofluorescein (DCF; A) and dihydroethidine (DHE; B)

in Glycera dibranchiata coelomocytes exposed to sulfide in vitro. Fluorescence is presented
relative to the mean of the control samples (0 sulfide) for each worm, with circles
representing individual data and horizontal lines representing the means for each treatment
(coelomocytes from five worms). Asterisks indicate significant difference in the mean
compared to the control.
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Figure 2.
A, B, Oxidative damage to RNA nucleosides (8-oxoGuo, A) and DNA nucleosides (8-

oxodGuo, B) in Glycera dibranchiata coelomocytes exposed to sulfide in vitro.
Concentrations of oxidized nucleosides are presented per 10% undamaged nucleosides, with
circles representing individual data and horizontal lines representing the means for each
treatment (coelomocytes from six worms). Asterisks indicate significant differences versus
control (0 sulfide). C, Ratio of oxidatively damaged nucleosides from RNA and DNA. 8-
oxoGuo = 8-o0x0-7,8-dihydroguanosine; 8-oxodGuo = 8-o0x0-7,8-dihydro-2’-
deoxyguanosine; Guo = guanosine; dGuo = deoxyguanosine.
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Figure 3.
Measured sulfide concentration versus target sulfide concentrations in the flow-through

system used for in vivo exposures.
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Figure4.

A,gB, Oxidative damage to RNA nucleosides (8-oxoGuo, A) and DNA nucleosides (8-
oxodGuo, B) in coelomocytes from Glycera dibranchiata exposed to sulfide in vivo.
Concentrations of oxidized nucleosides are presented per 10% undamaged nucleosides, with
circles representing individual data and horizontal lines representing the means for each
treatment (two or three worms per treatment for DNA, three worms per treatment for RNA).
C, Ratio of oxidatively damaged nucleosides from RNA and DNA. Note that although the
data in A and B were analyzed by linear regression, the abscissas in the plots are log scaled.
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8-oxoGuo = 8-oxo-7,8-dihydroguanosine; 8-oxodGuo = 8-oxo-7,8-dihydro-2’-
deoxyguanosine; Guo = guanosine; dGuo = deoxyguanosine.
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oxodGuo, B) in body wall of Glycera dibranchiata coelomocytes exposed to sulfide in vivo.
Concentrations of oxidized nucleosides are presented per 10% undamaged nucleosides, with
circles representing individual data and horizontal lines representing the means for each
treatment (three worms per treatment for RNA, two or three worms per treatment for DNA).
Note that although the data in A and B were analyzed by linear regression, the abscissas in
the plots are log scaled. C, Ratio of oxidatively damaged nucleosides from RNA and DNA.
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8-oxoGuo = 8-oxo-7,8-dihydroguanosine; 8-oxodGuo = 8-oxo-7,8-dihydro-2’-
deoxyguanosine; Guo = guanosine; dGuo = deoxyguanosine.
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