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Abstract

Themiste petricola is a marine intertidal endolithic worm that experiences transient hypoxia within
its habitat, owing to natural sediment movements or increased organic enrichment. We characterized
and quantified the cytotoxic effect of H,O, in celomocytes of the sipunculan Themiste petricola under
normoxia and hypoxia (O; < 0.1 %) through the median effect method. The 50 % cell death H,O, dose
at 24 h (EC50) under normoxia was 1.5 mM. The range EC10-EC90 was 0.6 mM - 3.9 mM. The
fraction of cells having collapsed mitochondrial membrane potential (MMP) was increased dose-
dependently after 3 h exposure with 24 h cytotoxic doses of H,O, from EC10 to EC90. The 24 h
cytotoxic dose inducing 50 % of cells with collapsed MMP at 3 h was 3.67 mM. Intracellular superoxide
anion production was increased dose-dependently, while reduced glutathione was decreased dose-
dependently at 3 h with H,O, from EC10 to EC90. Exposure to 24 h hypoxia did not cause cell death
but induced intracellular acidification. The 24 h EC50 of H,0O, under hypoxia was increased to 4.7 mM
while the range EC10-EC90 was increased to 0.9 mM - 25.1 mM. We conclude that hypoxia induces
anaerobic metabolism and increases tolerance to H,O,-induced cell death in celomocytes of Themiste
petricola preserving the immune functions and providing an advantage to survive under low oxygen
tension.

Key Words: Sipunculans; hypoxia; hydrogen peroxide; ROS; cell death; median effect; celomocytes;
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Introduction

Sipuncula is a phylum of unsegmented marine metabolic rate and energy demand as part of an
celomate worms closely related to the polychaete adaptive response to hypoxia. The oxygen
annelids (Cutler 1994; Kristof et al., 2008; Schulze consumption of Sipunculus nudus conforms to the
and Rice 2009). Themiste petricola is an endolithic ambient oxygen tension (Portner et al., 1985) and
intertidal  sipunculan  species found  within the same is true for Themiste cymodoceae and
sedimentary rocks of variable grades of cohesion Phascolopsis gouldi (Edmonds 1957). However
(Amor et al., 1991). Most of sipunculan taxa came sipunculans can also revert to anaerobic pathways
into existence in Paleozoic and Mesozoic times, and live without oxygen for several days, producing
when oxygen reached near-modern values and this lactic acid as one of the end products of metabolism
has been suggested to explain why animals (Edmonds, 1957).
radiated so dramatically beginning at about 540 Sipunculans have a celomic cavity filled with
million years (Payne et al. 2011; Sperling et al., abundant red cells known as hemerythrocytes
2013). While intertidal environments may be carrying the respiratory pigment hemerythrin and
temporarily deprived of accessible oxygen, leukocytes mainly involved in innate immunity.
sipunculans are oxyconformants and may reduce Collectively these cells are also named celomocytes

(Cutler, 1994; Blanco, 2010). Sipunculans are
devoid of a circulatory and a respiratory system, but
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is well adapted to the needs of the animal.(Hyman,
1959; Meyer and Lieb, 2010).

Oxidative stress is defined as an imbalance
between oxidants and antioxidants which results in
an excess of oxidative species (ROS) that leads to
disruption in signalling, redox control, and molecular
damage (Sheehan and McDonagh, 2008). When
pro-oxidants and antioxidants are in a steady state,
ROS are involved in intra and intercellular
communication, and when the equilibrium is shifted
towards pro-oxidants the damage to intracellular
constituents ensues (Comhair and Erzurum, 2002;
Speakman and Selman, 2011). Environmental
pollutants including heavy metals, polycyclic
aromatic  hydrocarbons, and polychlorinated
biphenyls have the potential to cause oxidative
stress in aquatic organisms through ROS
mechanisms (Sheehan and McDonagh, 2008).
Aquatic organisms can uptake pollutants that cause
oxidative stress damage from sediments and food
sources (Valavanidis et al., 2006). Marine
invertebrates, especially bivalve mollusks, have
been used extensively as sensitive bioindicators for
aquatic pollutants associated with ROS generation
(Chora et al., 2008; McDonagh and Sheehan,
2008).

Hypoxia is a known source of oxidative stress in
vertebrate cells (Lushchak and Bagnyukova, 2007).
For example, hypoxia caused a dose-related
increase in ROS production in cardiac myocytes
(Duranteau et al., 1998) and mammalian cell lines
(Chandel et al., 1998). In animals with closed
circulatory system hypoxia-induced ROS facilitates
a rapid microvascular inflammatory response
characterized by enhanced leukocyte-endothelial
adherence and emigration, which increases
vascular permeability (Wood et al., 1999; Peng et
al., 2003). Additionally ROS may be involved in
defence against pathogens during phagocytosis
(oxidative burst) (Fuller-Espie et al., 2010). Even
though hypoxia causes increased ROS several
antioxidant mechanisms are also increased together
with metabolic changes to increase anaerobic
respiration (Lushchak and Bagnyukova, 2007).

Mitochondrial respiration, where oxygen is the
final acceptor of electrons, is the main source of
ROS, and superoxide anion (O2’), hydroxyl radical
and hydrogen peroxide (H2O;) are produced even
under normal metabolism. Superoxides are relatively
unstable, with a half-life of only milliseconds, and do
not easily cross cell membranes although it may
cause damage to amino acids or loss of protein
function (Valko et al., 2007). The most harmful result
of excessive intracellular ROS production is cell
death. Most often cell death is initiated in the
mitochondria where ROS concentration may be five
to ten times higher than the cytosol (Cadenas and
Davies, 2000).

Peroxidation of mitochondrial lipids
compromises the normal function of the electron
transport chain (ETC) leading to lower mitochondrial
membrane potential (MMP) and altered regulation of
Ca2". This in turn may initiate programmed cell
death (Zhang et al., 1990). Although H2O; is not a
free radical, it is an extremely harmful ROS because
it acts as an intermediate in hydroxyl radical
producing reactions, such as Fenton’s reaction
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Table 1 Cytotoxic doses of H,O, in celomocytes

Normoxia Hypoxia
(ngg::i'h H.0; (MM)£SE H,0; (MM)£SE
N=24; n=20000(") | N=24;n=20000()
EC10 0.5820.04 0.89£0.05
EC30 1.05%0.07 2.480.10
EC50 1522010 4.72£0.31
EC70 2192017 8.990.92
EC90 3.9410 41 25.0744.15
EC95 5.4520.66 44231894
EC98 11.17#1.83 154.97+44 57

(*) n is the number of cells used to determine the
fraction of dead cells per sample; N is the number of
samples used for regression analysis.

(Koppenol, 2001). H>O, has a long half-life and is
able to cross several lipid layers and react with
transition metals and some hemoproteins (Miller et
al., 2010). It can also induce DNA damage,
chromosomal alterations, and oxidize sulfhydryl
compounds (Cantoni et al., 1989). When H;0; is
added experimentally at increasing doses, an active
programmed cell death is elicited while higher doses
will induce passive necrosis (Jiang et al., 2013). In
vertebrate cells active cell death by excess oxidative
damage caused by H,0, is initiated at the
mitochondria (Luo et al., 2010; Palomba et al,
1999). This is similar to the cytotoxic mechanism of
several xenobiotics including heavy metals and
pesticides that target the mitochondria and cause
abnormal function of the ETC with increased ROS
production, decreased MMP and initiation of cell
death (Wang et al., 2012).

We have previously shown that H>O, induces
apoptotic-like cell death in celomocytes of T.
petricola (Blanco et al.,, 2005). However the
celomocyte population includes cell types such as
hemerythrocytes and leukocytes that may exhibit
differential sensitivity over a range of H,O; doses. In
this study we assessed the whole range of cytotoxic
effects of H,O, in celomocytes by the median effect
method, which is basically a log-transformed
regression method where parameters of a sigmoid
dose-response curve are estimated (Chou, 2011;
Lombardo et al, 2012, 2011). We also
characterized the early effects caused by HyO;
exposure including mitochondrial damage, ROS
production and anti-oxidative response in normoxia,
and we further evaluated the cytotoxic effect of H,O,
in celomocytes under hypoxia.



Materials and methods

Worms

Adult Themiste petricola were collected from
crevices in intertidal rocks at Santa Elena beach on
the coast of Argentina (34°S latitude) and
maintained in plastic boxes with frequently renewed
filtered sea water with 32 parts per thousand (ppt)
salinity at 18 °C. The salinity of the sea water that
the subject worms were originally found in was 32
ppt. Celomocyte suspensions were prepared as
indicated previously (Blanco et al., 2005). Briefly,
celomic fluid was harvested by incision of the body
wall with a sterile surgical blade, allowing the fluid to
drip into a 15 ml tube. Germinal cells were excluded
with sterile filters of 30 um mesh. The suspension
was washed two times by centrifugation in a saline
solution made of 26g/L NaCl (890 mOsm; 0.444 M
NaCl) with 5 % sea water (v/v). Addition of 5 % sea
water depletes celomic fluid from large and small
granular leukocytes by forming a small but
macroscopic clot (Blanco, 2010), while washing in
0.4 M NaCl alone preserves both types of granular
cells. The cell suspension was washed once more
in RPMI-1640 (Invitrogen, Argentina) supplemented
with  L-glutamine, 17g/L NaCl, and sodium
bicarbonate pH 7.4 (900 mOsm/kg). All subsequent
references to RPMI correspond to this modified
culture medium.

Reagents and in vitro culture of celomocytes

Fresh stock solutions of H,O, were prepared for
each experiment. Fluorescein-diacetate (FDA),
dihydroethidine (HE), tetramethylrhodamine-ester
(TMRE), 5-chloromethylfluorescein (5CMF),
4’,6’diamidine-2-phenylindol (DAPI) and propidium
iodide (Pl) were purchased to Invitrogen. The stock
solutions of HE and Pl were prepared in DMSO and
the rest in phosphate buffer saline (PBS, 295
mOsm).

Assessment of cell death

Celomocytes harvested from five to ten worms
as described above were suspended in RPMI and
decanted in 24-well culture plates 1.0x10° per well in
0.5 ml. Serial dilutions of H,O2 in 0.5 ml RPMI were
added in ftriplicate. RPMI (0.5 ml per well) was
added as untreated control in triplicate. Experiments
were repeated widening, narrowing or shifting the
dose ranges and intervals between doses until a
suitable scheme was found to cover the entire effect
range (i.e., from no cytotoxic effect to maximal
cytotoxic effect). This was necessary because the
median effect method requires experimental values
of cytotoxicity to cover the entire range of effects
from no effect (negative control) to 100 % effect
(maximum positive effect control) with sufficient
intermediate values to obtain statistically precise
estimates of the slope (m) and intercept (— m .
log[Dm]) parameters in a log-linear regression (see
description of the median effect method in the
section below). The plates were incubated for 24 h
at 18 °C. To identify dead and live cells samples
were incubated in 1 yM FDA in RPMI for 15 min,
washed three times in NaCl 0.4M by centrifugation
at 300xg during 5 min at RT, transferred to flow
cytometry tubes, stained with 2 uM PI for 5 min in
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1ml NaCl 0.4M, and run in a Partec PAS Il flow
cytometer equipped with a 100 W UV-mercury lamp
source light and a 20 mW 488 argon laser (Partec,
GmbH, Minster, Germany). A total of 20,000 events
were analyzed per sample tube containing 1 x 10°
cells in 1 ml of 0.4M NaCl. Each sample tube
corresponded to cells harvested from each well of a
24-well plate. The FDA and PI fluorescence were
collected through a 535/15 nm and 680/15 bandpath
filter respectively. Quadrant analysis was done with
Flomax software (Partec, Germany) and WinMDI
2.8 (Scripps Research Institute, La Jolla, CA, USA).

Median-effect and combination index analysis of
cytotoxicity

Live vs. dead discrimination at the single cell
level through flow cytometry allowed us to use a
quantal dose-response model where Fa was the
fraction of dead cells (obtained from the percentage
of cells in upper quadrants of flow cytometry dot
plots) while Fu was the fraction of live cells and Fu =
(1-Fa) (Lombardo et al., 2012). We further created a
median-effect plot as log (D) vs. log (Fa/Fu), where
D was the dose of H;O, in each experimental
sample point (each well of a 24-well culture plate).
By linear regression we obtained the slope and the
intercept estimates of the equation log(Fa/Fu) = m .
log(D) — m . log(Dm) to further derive the estimate of
the median effect dose (Dm). With the slope m and
the median effect dose Dm we derived the median
effect formula for H205:

D=Dm (Fa/(1-Fa))""

With this formula we could further estimate the dose
D of H,O, that induces cytotoxicity in a fraction Fa of
cells in a 24 h incubation experiment. Thus we refer
to the Fa value as cytotoxic effect level (EC), and
we denote the estimated dose Dm that kills 50 % of
cells (Fa = 0.5) in a 24 h assay as EC50 %. In the
same way a dose D that according to the formula is
estimated to kill 30 % of cells (Fa = 0.3) ina 24 h
assay is referred to as EC30 and so on for any
arbitrary cytotoxic effect level. The same method
was used to determine the dose D of HyO, that
causes the collapse of mitochondrial membrane
potential in a 3 h assay, and that we refer to as ED.
In this case the fraction Fa was derived from the
percentage of cells with complete collapse of the
MMP, which in turn was obtained from histograms of
each of the replicates. Further details of the median
effect method can be found in (Chou, 2011;
Lombardo et al., 2011, 2012). Calculations were
performed with the software Calcusyn (Biosoft, UK).
The SE of EC% values were calculated with
Calcusyn software according to the following
formula (Lombardo et al., 2012):

SE(D) =1/2. {10 [IOg(D)+SE(|Og(D)]_1O [IOg(D)—SE(IOg(D)]}

where:

SE(log (D)) = {log(D). [SE(b)log(fa/(1-fa)-
bJ?+[SE(m)/m]*+2[-(log(D))"?.SE(m)/SE(b)]. SE(b)/b.
SE(m)m}" and b = -m . log(Dm), Dm=EC50, and
D=EC% for each particular effect level.



Assessment under hypoxia

To assess the effect of H,O, under hypoxia the
culture plates were prepared as described above
and were further placed in a MIC-101 chamber
(Bilrups Rothemberg, USA), connected to a dual
flow meter that supplied a gas mixture containing 95
% N and 5 % CO,. Under such conditions the
chamber is designed to keep O concentrations
below 0.1 % when flushed for at list 10 min.
Evaluation of reduced
intracellular content

After exposing celomocytes to H,O, for the
appropriate time they were washed by centrifugation
at 300xg during 5 min at RT in 1 ml of 0.4M NaCl to
avoid the interference of thiol groups that could be
present in the RPMI medium, and were further
incubated in 0.3 uM 5CMF in 1 ml of 0.4M NaCl
during 20 min at RT. This probe becomes
fluorescent in live cells and then binds covalently to
GSH with high specificity (Sarkar et al., 2009). Cells
were washed once more at 300xg during 5 min at
RT in 1 ml of 0.4M NaCl and then Pl was added at a
final cc of 2 uM in 0.4 M NaCl to obtain an additional
and independent parameter of cell death.

glutathione  (GSH)

Assessment
analysis

HE, a probe that is oxidized to ethidium by
intracellular O2" (Chen et al., 2009) was prepared as
a 5 mM stock solution in DMSO and stored at -70
°C. A 500 uM working solution was prepared by
diluting 1/100 the stock solution in 0.4 M NaCl. After
exposure to H20, in 3 h assays cells were washed
and incubated during 20 min at RT with HE 2 uM
final concentration. Cells were washed again by
centrifugation at 300xg during 5 min at RT in 1 ml of
0.4M NaCl and further analyzed by flow cytometry.
Fluorescence of a positive control made by
exposing a sample of cells to 50 uM carbonyl
cyanide m-chlorophenyl hydrazone (CCCP; Sigma-
Aldrich) in 1 ml of 0.4M NaCl 10 min prior to adding
the HE probe, and basal fluorescence of non-
treated samples were used as reference to compare
changes induced by H,O, treatment.

of O, production and statistical

Assessment of mitochondrial membrane potential
(MMP)

Celomocytes were treated with H;O, during
different time intervals at a fixed EC50 dose or at a
fixed time interval of 3 h at increasing doses of H>O;
in 24-well culture plates (1x106 per well in 1 mil
RPMI) at 18 °C. Each dose or time point was
assessed in triplicate. The cells from each well were
further transferred to microcentrifuge tubes and
centrifuged at 300xg at RT during 5 min. The
supernatant was discarded and the cells were
suspended 1 ml of NaCl 04 M with the
potentiometric probe TMRE 0.05 pM final cc during
30 min. A positive control was included by treating a
sample of cells (1x10° in 1 ml of 0.4 M NaCl) during
10 min with the mitochondrial electron transport
chain uncoupler CCCP (50 uM final cc). This
treatment, which was applied prior to labelling with
TMRE, causes complete collapse of MMP and
serves as a positive control of depolarizing effect.
The untreated samples with normal MMP served as
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negative controls or baseline of depolarizing effect.
After labelling cells with the probe TMRE cells were
washed by centrifugation at 300xg at RT in 1 ml 0.4
M NaCl. The cells were finally suspended in 1 ml
NaCl 0.4 M, transferred to flow cytometry tubes and
analyzed by flow cytometry. A total of 20,000 events
were acquired from each of the 24 tubes.

Assessment of phagocytosis

Zymosan particles (Sigma) were suspended at
1 mg/ml in 0.4 M NaCl and labelled with DAPI 10
ug/ml final cc at RT during 1 h. This suspension was
washed three times by centrifugation at 900xg in 0.4
M NaCl during 5 min at RT. Celomocytes were
incubated in 24-well culture plates with these
labelled particles at three time intervals (1 h to 3 h)
and two concentrations (250 pg/ml and 500 ug/ml).
To assess production of O, during phagocytosis the
samples were further incubated with HE as
described in the correspondent section above. A
sample of celomocytes was exposed to EC90 H,0,
(3.9 mM) for 18 h at 18 °C to obtain a preparation of
cells undergoing cell death. These cells were
labelled with 10 ug/ml DAPI in RPMI. A separate
sample of untreated cells was suspended at
1x10%ml in RPMI with 1 uM FDA and incubated for
15 min at 18 °C. These cells were washed three
times in RPMI by centrifugation at 300xg during 5
min at RT and decanted into a 24-well culture plate
at 1x10° per well in 0.5 ml. The DAPI-labelled cells
were added at 1x10° per well in 0.5 ml and the co-
culture was incubated for another 4h to allow live
FDA-stained cells to phagocytose DAPI-stained
dead cells. After incubation the samples were
transferred to flow cytometry tubes then analyzed
with dual 360 nm UV and 488 nm blue excited flow
cytometry. Additional controls included FDA-stained
cells without DAPI-stained cells, DAPI-stained cells
without FDA-stained cells, DAPI-labelled zymosan
particles and unlabelled zymosan particles. A total
of 20,000 events were acquired from each flow
cytometry tube containing more than 1x10° cells in 1
ml.

Statistical analysis

Flow cytometry histograms or bivariate plots
were analyzed using multiparametric gating with the
software WinMDI 2.8 (Scripps Research Institute, La
Jolla, CA, USA). The frequency values of cell death
were obtained from quadrant analysis of FDA vs. PI
plots in triplicates (20,000 cells acquired per
sample) for each of the doses tested. The frequency
values of cells with complete collapse of MMP were
obtained from TMRE fluorescence histograms in
triplicates (20,000 cells acquired per sample) for
each of the doses tested. These data were further
used in a log-transformed regression as indicated in
the correspondent section above. For statistical
analysis of fluorescence intensity the original log-
fluorescence data were exported with WinMDI
software to Graph Pad Prism 4.0 software
(GraphPad, San Diego, USA). We applied the non-
parametric Kruskal-Wallis test for differences
between fluorescence medians among all
treatments followed by Dunn’s post hoc test to
evaluate differences of the medians between
treated and non-treated samples (Lombardo et al.,
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Fig. 1 Assessment of dose-dependent H,O,-induced cell death after 24 h incubation at 18 °C. A) Changes in the
forward (FSC) and side (SSC) light dispersion of celomocytes exposed at increasing doses of H,O,. The red
arrow indicates the progression of FSC-SSC changes during H2Oz-induced cell death ("death pathway"). Each
density plot corresponds to a representative single sample tube from triplicates for each dose (20,000 acquired
per tube). B) Discrimination between live and dead cells by metabolic activity (FDA) and membrane damage (PI);
the amount of dead cells increased dose-dependently with H,O, exposure. Live cells were detected as FDA
positive and Pl negative. Each density plot corresponds to a single sample tube from triplicates for each dose
(20,000 acquired per tube) C) Calculation of EC50 of H2O, applying a regression of log-transformed data and
using the median effect equation (left). The slope and the intercept obtained were used to calculate the EC50 and
the parameters of the dose-effect curve (right). Red dots correspond to experimental values. The EC% values
estimated from the median effect equation (together with the estimated SE for each EC% dose) and further used
in this study are shown in Table 1. See materials and methods section for details on the median effect equation.
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Fig. 2 Evaluation of MMP after exposure of celomocytes to H,O, . A) Effect of EC50 H,O, at increasing time
intervals (up to 6 h). Representative histograms of cells labelled with the potentiometric probe TMRE and
assessed at increasing time points are shown. M1 refers to the region of cells having a positive MMP while M2
refers to the region of cells with collapsed MMP. The histogram labelled O0h-CCCP corresponds to a positive
control of complete collapse of MMP made of untreated cells exposed to the mitochondrial ETC uncoupler CCCP
and used to accurately define the M2 and M1 regions. The histogram labelled Oh is a negative control of complete
collapse of MMP and is a baseline corresponding to the normal MMP of untreated cells B) Bar graph showing that
the percentage of EC50 H,O.-treated cells with collapsed MMP (cells in M2) increased with time length up to 3 h
when it achieved a plateau (scale on left axis). Dots correspond to the mean TMRE value (from triplicates) of cells
that still kept a positive MMP (cells in M1 region) and the scale is shown on the right axis. Error bars around dots
or grey bars correspond to the mean value + SD of triplicates. C) Representative histograms of cells treated with
increasing doses of H,O, and evaluated after 3 h for TMRE fluorescence. Insets show FSC-SSC density plots to
appreciate the shape changes after 3 h exposure. D) Bar graph showing that the amount of cells with collapsed
MMP increased with increasing doses of H>O, (left axis). In addition those cells that still kept a positive MMP
showed a progressively decreased mean value of TMRE fluorescence (black dots with scale on right axis). Error
line bars around dots or grey striped bars correspond to the mean value + SD from triplicates. For the actual H,O;
concentration of EC% values see Table1. E) Calculation of the H,O, dose that causes MMP collapse at 3 h in 50
% of cells (ED50) applying a linear regression of log-transformed data and the median effect equation. A plot of
the complete dose-effect equation (blue line) together with experimental values (red dots) is shown. See materials
and methods section for additional details on the median effect equation and the calculation method.

92



2011). Box-Whisker plots were obtained with
GraphPad Prism 4.0 as part of the exploratory data
analysis to further visualize the H>O,-induced
changes in fluorescence intensity frequency
distribution. Correlation analysis between GSH
content and superoxide anion production was
conducted by calculation of the Pearsons’s r
correlation coefficient with GraphPad Prism 4.0
software. Nonlinear regression was applied to a
hyperbolic function of the type y = k/ix+b
representing the inverse relationship between GSH
and superoxide anion using Graph Pad Prism 4.0
software.

Results

Dose-related H,O;-induced cell death in sipunculan
celomocytes

Celomocytes exposed to H.O, over a range
0.25 mM to 5.0 mM during 24 h showed a dose-
related increase in the amount of dead cells as
determined by FDA and Pl labelling and flow
cytometry assessment. Increasing doses of H»O,
also caused changes in cell shape as indicated by
forward and side light dispersion in flow cytometry
bivariate plots (Figs 1A, B). At low effect doses
within the range 0.25 mM to 1.0 mM HyO, we
observed an increase in the side scatter light
parameter (SSC) of cells but at the same time only a
slight increase in the fraction of dead cells which
remained below 11 %. However at doses above 1.0
mM H.O, both the fraction of dead cells and the
SSC were increased while the forward light scatter
(FSC) was decreased (Figs 1A, B). This profile
became clearer when experimental values were
used to calculate the H,O, dose causing death in 50
% of cells (EC50 = 1.52 mM, SE = 0.10) and to
obtain a sigmoid dose-effect curve (Fig. 1C).

The linear increase in cell death was observed
between 1.0 mM and 2.0 mM (Fig. 1C). We
presumed that the increase in SSC without increase
in cell death at low H,O, doses could be due to the
fact that phagocytes, which may have a higher
oxidative stress tolerance, could be engulfing dead
cells (or even cells undergoing programmed cell
death) that were sensitive to lower doses of HyO».
Thus we explored this possibility in a section below.
As expected, the sigmoid shape and the steepness
of the linear segment showed that there was a
range of susceptibilities to H>O-induced cell death
among celomocytes, where some cells may be
killed with 1.0 mM H20O2 while others may tolerate
more than 2.0 mM HyO,. The actual HO;
concentrations for EC% values derived from the
median effect equation and used in the study are
show in Table 1.

Assessment of mitochondrial damage caused by
H,0O, exposure

We further evaluated MMP through the
potentiometric probe TMRE at several time points
after exposing cells to the 24 h EC50 H,O, (1.5
mM). The proportion of cells with collapsed MMP
increased linearly up to 3 h and remained constant
afterwards (Figs 2A, B). In addition those cells that
still kept a positive MMP maintained stable and high
polarization as indicated by a steady value of the
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mean fluorescence of TMRE. We next evaluated the
MMP at 3 h post-exposure at several doses of H,O,
ranging from ECO to EC98. We observed a dose-
dependent increase in the amount of cells with
collapsed MMP and also a progressive decrease in
MMP among those cells that still kept a positive
MMP (Figs 2C, D). We next calculated the dose of
H20, that causes the complete collapse of MMP in
50 % of cells (ED50 = 3.67 mM) by the method of
the median effect equation, and we further obtained
the parameters of a curve describing the
relationship of H,O, dose to MMP collapse at 3 h
(Fig. 2E). Thus, by comparing this curve with the
one in Figure 1C, the fraction of cells with collapsed
MMP at 3 h can be used as a biomarker to forecast
the amount of cell death that will be observed at 24
h.
Mitochondrial increase in
oxidative stress

The direct consequence of mitochondrial
damage originated in the pulse of H20; is the failure
of ETC and the production of ROS. The production
of O, was increased dose-dependently at 3 h in
agreement with increased mitochondrial failure (Figs
3A, B). To evaluate if celomocytes attempted to
reduce the impact of increased ROS production by
means of an antioxidant response we measured the
amount of intracellular GSH by the fluorescent
probe 5CMF at 3 h, since GSH is one of the most
ubiquitous and efficient cellular antioxidants. As
expected, increasing doses of H;O, caused a
progressive decrease in the amount of GSH
detected (Figs 4A, B). The amount of GSH detected
was inversely correlated to the amount of
intracellular O," , and also inversely correlated to the
amount of cells showing complete collapse of MMP
(Figs 4C, D).

damage causes an

Phagocytosis may contribute to eliminate potentially
harmful damaged self cells

We evaluated the ability of celomocytes to
phagocytose DAPI-stained zymosan particles. As
shown in the left panel of Figure 5A cells unexposed
to DAPI-stained zymosan had no blue fluorescence
because no engulfment of fluorescent particles
occurred. This sample represented a negative
control or baseline of blue autofluorescence for
comparison with cells exposed to DAPI-stained
zymosan particles. In the right panel of Figure 5A
cells that engulfed DAPI-stained zymosan particles
appear above the baseline of blue
autofluorescence. The fact that FSC of the
zymosan-exposed cells had a similar distribution as
untreated cells denotes that these cells had
acquired the blue fluorescence by engulfing the
already labelled DAPI-stained zymosan particles.

As shown in Figure 5B when celomocytes were
exposed to DAPI-stained zymosan the highest
amount of intracellular particles was detected after 1
h and decreased progressively at 2 h and 3 h. In
addition at the 1 h time point the phagocytosis of
DAPI-stained zymosan particles was coincident with
an increase in Oz production as detected by the
simultaneous presence of DAPI-stained zymosan
particles (blue fluorescence) and increased HE
fluorescence by flow cytometry (Fig. 5C). Therefore,
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Fig. 3 Assessment of intracellular Oy production after 3 h incubation at 18 °C with increasing doses of H202. A)
Overlaid histograms of cells treated with increasing doses of H,O» and evaluated after 3 h for HE fluorescence
indicating the amount intracellular Oz  production. B) Box whisker plots of the samples shown in A. Data from
20,000 events from each sample were exported to the software GraphPad Prism 4.0 for further statistical
analysis. Median values were compared by the non-parametric Kruskal-Wallis test with significance p < 0.001 and
median values of H;O,-treated samples and the CCCP control were compared to untreated cells using Dunn’s
post test for median differences. ***: p < 0.001 for difference with median of untreated cells in Dunn’s post test.
Whiskers represent + 1.5 inter-quartile distance (IQD) (Le Meur et al., 2007).

among celomocytes exposed to HyO, the
phagocytes could be the more resistant ones and
could also be responsible for eliminating the more
sensitive cells that undergo cell death at the lower
doses. To provide some evidence to this hypothesis
we exposed cells to H,O, at a high dose (EC90)
during 18 h. We then labelled these cells with DAPI,
and we further incubated these dead cells during 4h
more with live cells that were previously labelled
with FDA to make them green fluorescent. As
shown in Fig. 6A live and dead cells had completely
different FSC vs. SSC profile. We then identified the
amount of live cells that had engulfed dead cells,
the amount of cells that were alive but had not
engulfed dead cells and the amount of dead cells
that had not been engulfed and remained free (Figs

94

6B, C). This experiment proved that phagocytes can
actively engulf dead cells and in fact it could be
possible that they can also engulf cells that are still
alive but undergoing a death program as a mean to
eliminate a potential source of ROS and tissue
damage. As shown in Fig. 6C those live cells that
actively engulfed dead cells can exhibit an increase
in SSC as was observed in Figure 1A.

H,0,-induced cell death is decreased under hypoxia

When celomocytes were exposed for 24 h to
less than 0.1 % O but in the absence of H,0;, they
survived without any change in cell viability.
However the culture media shifted to a strong yellow
color indicating a rapid acidification of the
extracellular media (data not shown), while the FDA
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Correlation analysis of intracellular GSH content vs. intracellular O, production. Pearson’s correlation coefficient r
was -0.67 with significance p < 0.05. The nonlinear regression curve representing the inverse relationship
corresponds to a hyperbolic function of the type y = k/x+b (R2 = 0.64). D) Correlation analysis of GSH content vs.
amount of cells with collapsed MMP having a Pearson’s correlation coefficient of -0.80 with p < 0.001. The
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fluorescence intensity of hypoxic celomocytes was curve was deviated to the right indicating that cells
reduced indicating that the cytoplasm had also became more tolerant to oxidative stress as
become acid (Figs 7A, B). The reduction of intensity compared to the same doses applied under
was about 100 times and the reason why normoxia (Figs 7C - E). The EC% values for other
fluorescence decreases is that FDA light absorption cytotoxic effect levels under hypoxia are shown in
at 488 nm is reduced depending on how low the Table 1. Of notice, in samples treated with H;O»
intracellular pH is (Geisow, 1984; Martin and under hypoxia the FDA fluorescence was decreased
Lindqvist, 1975). This property has been used to but to a less extent than untreated samples (about
measure intracellular acidification with FDA in nerve 10 times reduction compared to 100 times reduction
cells under intense glycolisis and high production of in untreated samples under hypoxia; Figs 7B - D).
lactic acid (Khodorov et al., 1994). This acidification under severe hypoxia is known as

The EC50 of H;O0, under hypoxia was "Pasteur effect" and is due to enhanced anaerobic
increased t0 4.72 + 0.31 mM (mean * SE estimated glycolisis with overproduction of lactic acid. Thus,
from linear regression of log-transformed data using even though hypoxia may trigger antioxidant
the median effect equation), and the dose effect defences, H20O, may also compromise the efficiency
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96



Live cells Dead cells
incubated alone Incubated alone
B o e ae—

4095
4095

SSC
SSC

ol
4095 4095
FSC FSC
B
Live and dead Li d dead
cells coincubated 6-?3% celll: ‘::gilll'lcu ;aated 33.6%

wy
o o
N 2
o =g & -
3 5
=3
e - = .
fan z - i, 3 — a an
0 4095 10° 10! 10° 104
C FSC 1.8% FDA 57.8%
Live and dead cells coincubated
0.0% 2.8% 90.9% 0.3% 0.0% 14.5%
8 S g GatedinRz g (-
-+ - - 1
&) [8) [5] =
3 i 3 a

=} = O | e - =} = .
10" 10" 10° 100 10¢ 100 100  40° 10 100 10° 10" 10 107 10¢
0.0% FDA 97.2% 8.7% FDA 0.2% 0.0% FDA 85.5%
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FDA indicates metabolic activity of viable cells) and then they were coincubated for 4 h at 18 °C. The left panel
shows the FSC vs. SSC distribution of coincubated cells. The right panel shows the bivariate distribution of FDA
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of anaerobic glycolisis. In addition the range EC10-
EC90 was increased from [0.58 mM - 3.94 mM]
under normoxia to [0.89 mM - 25.0 mM] under
hypoxia (Table1) and the steepness of the linear
part of the dose-response curve was decreased.
The slope of the log regression was 2.32 under
normoxia (Fig. 1C left panel) and was reduced to
1.30 under hypoxia (Fig. 7E left panel). This
indicates that the variability in the susceptibilities to
H202-induced cell death among celomocytes was
also increased under hypoxia.

Discussion

In this study we characterized the dose-effect
relationship of H,O2-induced cell death evaluated at
24 h in sipunculan celomocytes under normoxia and
hypoxia and we also characterized the dose-effect
profile of some early indicators of oxidative damage
and antioxidant response. Marine coastal pollution
often involves increased levels of heavy metals and
pesticides that negatively impact the benthic
communities. At the cellular level these pollutants
often increase oxidative stress, causing altered
cellular functions and eventually cell death. At the
same time tidal flat habitats are transiently exposed
to hypoxic conditions resulting from organic
enrichment, algal bloom decomposition, and
sediment movements in estuarine mudflats and
litoral tidal flats (Lim et al., 2006; Neira et al., 2006).
In fact, low-oxygen conditions are important in
structuring the diversity and abundance of benthic
communities (Van Colen et al., 2010).

Our model of HyOz-induced cell death
resembles a variety of cell injury situations caused
by agents targeting the mitochondria. Many
xenobiotics including several heavy metals and
some pesticides target the mitochondria and cause
increased intracellular production of ROS (Bagchi et
al., 2002). As shown above, a single pulse of H,O;
caused cell death at 24 h in a dose-dependent
manner. However, the sigmoid shape of the curve
indicated that a linear dose-dependent increase in
cell death is present only at doses above EC30
corresponding to 1.0 mM H20,. In addition the
smooth slope of this linear phase of the dose-effect

curve indicated that celomocytes were
heterogeneous in their susceptibility to HxOo-
induced cell death. The dose range, another

indicator of variable susceptibility, was 0.6 mM-3.9
mM for EC10-EC90 indicating that some
celomocytes may require up to 7 times more H,O,
than others to be killed.

The level of mitochondrial damage caused by
the pulse of H,O,, as determined by the amount of
cells with collapsed MMP, became stabilized after 3
h. Thus we explored the effect of a range of doses
causing a known level of cell death at 24 h over
some biomarkers of oxidative damage assessed at
3h post-exposure. Both the amount of cells with
collapsed MMP and intracellular O, production were
increased after 3 h exposure in a dose dependent
manner consistent with the idea that an increase in
mitochondrial damage will cause an increase in
intracellular ROS level.

GSH is the most abundant intracellular thiol and
plays an essential role in maintaining the
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intracellular redox environment (Meister and
Anderson, 1983). The H,0, dose-dependent
decrease in GSH at 3 h indicated a widespread
oxidation of thiols associated with increased
intracellular ROS in an attempt to reduce the impact
of oxidative damage. The negative correlations GSH
level vs. Oz, and GSH vs. cells with collapsed MMP
confirmed this interpretation. Interestingly, a
decrease in cellular GSH concentration has been
reported to be an early event in the apoptotic
cascade induced by death receptor activation,
mitochondrial apoptotic signalling, drug exposure
and oxidative stress (Circu and Aw, 2008). Thus, Oz
production, the amount of cells with collapsed MMP
and the reduction in GSH can all be used as early
biomarkers of effect anticipating the amount of cell
death caused by oxidative damage at 24h and could
be of potential ecotoxicological usefulness (da Silva
et al., 1998).

The most abundant cells in the celomic fluid are
hemerythrocytes which are involved in O, transport
(above 75 %), while phagocytic cells with a diameter
close to that of hemerythrocytes are the second
largest cell type representing up to 25 % of
celomocytes. This percentage figures apply to
suspensions of celomocytes prepared under the
conditions used in this study that exclude gonadal
cells and two granular cell types designated large
and small granular leukocytes (for a detailed
description and discussion of cell types and relative
proportions found in T. petricola and its comparison
to other species of Sipuncula see (Blanco, 2010).
We showed that phagocytes produced O after
engulfment of zymosan, and that O, level peaked at
1 h but decreased afterwards providing evidence of
the occurrence of oxidative burst (Chang et al.,
2006; Xian et al., 2010). Thus phagocytes should be
well equipped to tolerate transient increases of
intracellular ROS and may be more resistant to
H20, than hemerythrocytes. The sigmoid shape of
the cytotoxic H,O, dose-effect curve showed that at
lower doses the rate of change in cell death effect
was low. We also observed that even though cell
death rate was low in these samples, the net
number of cells was decreased. We also noted that
SSC was increased even with the lower doses and
that MMP dose effect curve was less sigmoid and
more linear in shape at low doses. Thus we
speculated that phagocytes could be engulfing the
more susceptible celomocytes that were killed at
lower doses masking the true rate of dead cells. As
shown in Figure 6, healthy phagocytes were able to
engulf H,O,-treated cells causing them to increase
their own SSC signal. Uptake of dead or dying cells
should be important in the study of cell death in
mixed populations where phagocytes may
completely eliminate apoptotic cells before they can
be detected by regular methods such as fluorescent
Annexin-V labelling.

Paradoxically uptake of dead cells will be even more
evident at low cytotoxic effect doses where the apoptotic
phenotype is supposed to be more readily detected. In
fact the finding of engulfed dead cells by resident
macrophages has been underscored as a robust
apoptotic indicator in tissues (Kroemer et al., 2009).
Exposure of phosphatidylserine is known as an "eat
me" signal in eukaryotic cells and the phagocytosis of
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experimental values.
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apoptotic cells may also contribute to eliminate the
release of potentially harmful material including
ROS production and intracellular pathogens (Birge
and Ucker, 2008; Krysko and Vandenabeele, 2008).

We have already demonstrated in a previous
work that H>O» induces apoptotic cell death using
several classical morphological and biochemical
indicators of apoptotic death phenotype such as
chromatin  condensation, nuclear membrane
rippling, cell membrane blebbing, DNA degradation
to multiples of oligonucleosomal size, mitochondrial
membrane depolarization and exposure of
phosphatidylserine in the outer leaflet of the cell
membrane (Blanco et al., 2005). In the present
study we did not address the question of whether
H,O, used at a fixed dose induces apoptosis or
alternative forms of cell death but instead we
evaluated how sensitive or resistant were
celomocytes to H,O, under hypoxia as compared to
normoxia. Although apoptotic indicators are good
measures of cell death phenotype they are not
necessarily good measures of cell death rates to
calculate EC50 dose. Many apoptotic indicators
require the cells to be killed by fixation and even
apoptotic cells detected by annexin V are often live
as indicated by exclusion of Pl. The amount of cells
with complete collapse of MMP is even considered
an early indicator of apoptosis and as shown in this
study it does not provide a measure of cell death
(Kroemer et al., 2009). However, since the EC50
dose is also the minimal dose that kills at least 50 %
of cells, it is not surprising that the death phenotype
at the EC50 dose is often apoptosis or alternative
forms of programmed cell death rather than passive
necrosis.

Hypoxia causes increased ROS production and
damage of lipids and proteins (Prabhakar et al.,
2007; Solaini et al., 2010). Response to hypoxia is
characterized by adaptive changes in the circulatory
and hemopoyetic  systems  and includes
angiogenesis, vasodilation, and increased
erythropoiesis, while expression of several enzymes
and transporters are modified to enhance uptake
and breakdown of glucose through anaerobic
glycolysis. Since hypoxia increases ROS it may be
anticipated that HO» will be more toxic under
hypoxia. However, the assays conducted under
hypoxia showed that the cytotoxic effect of H,O;
was diminished. The EC50 was increased from 1.5
mM to 4.7 mM. In addition, the range EC10-EC90
(0.6 mM - 3.9 mM under normoxia) was expanded
to 0.9 mM - 25.1 mM under hypoxia indicating that
variability was also increased and that the tolerance
increase was exceedingly high in some particular
cells.

Studies in other eukaryotes have demonstrated
that hypoxia-induced mitochondrial ROS-is part of
the mechanism of O, sensing (Chandel et al., 2000),
and that antioxidant mechanisms are activated in
concert with metabolic changes due to the activation
of hypoxia inducing factor and upregulation of
several genes (Gorr et al.,, 2010). Thus the net
result could be an increased tolerance to oxidative
damage as we have observed in our study in
sipunculans. The strong acidification of the
celomocyte cytoplasm after 24 h hypoxia without
showing any change in cell viability is consistent
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with  enhanced anaerobic metabolism and
production of lactic acid. As said before sipunculans
are oxyconformants but prolonged hypoxia ends up
in anerobiosis with increased production of lactic
acid. Interestingly, it has been suggested that the
body wall with longitudinal and circular muscles is
likely supplied with oxygen predominantly from sea
water rather than from celomic fluid (Portner et al.,
1985). Thus, anaerobic metabolism in celomic fluid
may be the main energy supply at low oxygen
tension while some degree of aerobic respiration
could still take place in the body wall. The tolerance
of celomocytes to hypoxia, particularly of
phagocytes which are critical cells of the innate
immune response, and even their increased
tolerance to oxidative stress in this condition could
influence the ecological dominance of sipunculans
together with polychaetes among the macrobenthos
under conditions of oxygen deficiency.
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