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ARTICLE INFO ABSTRACT

Methylisothiazolinone (MIT) is a common biocide used in cosmetic and industrial settings. Studies have de-
monstrated that MIT is a human sensitizer, to the extent that in 2013 MIT was named allergen of the year.
Recently, we showed that MIT exposure in Xenopus laevis (the African clawed frog) inhibits wound healing and
tail regeneration. However, it is unknown whether MIT affects these processes in other animals. Here, we in-
vestigated the effects of MIT exposure in planaria—non-parasitic freshwater flatworms able to regenerate all
tissues after injury. Using a common research strain of Dugesia japonica, we determined that intact planarians
exposed to 15 uM MIT displayed both neuromuscular and epithelial-integrity defects. Furthermore, regenerating
(head and tail) fragments exposed to 15 uM MIT failed to close wounds or had significantly delayed wound
healing. Planarian wounds normally close within 1 h after injury. However, most MIT-exposed animals retained
open wounds at 24 h and subsequently died, and those few animals that were able to undergo delayed wound
healing without dying exhibited abnormal regeneration. For instance, head regeneration was severely delayed or
inhibited, with anterior structures such as eyes failing to form in newly produced tissues. These data suggest that
MIT directly affects both wound healing and regeneration in planarians. Next, we investigated the ability of
thiol-containing antioxidants to rescue planarian wound closure during MIT exposure. The data reveal both n-
acetyl cysteine and glutathione were each able to fully rescue MIT inhibition of wound healing. Lastly, we
established MIT toxicity levels by determining the LCs, of 5 different planarian species: D. japonica, Schmidtea
mediterranea, Girardia tigrina, Girardia dorotocephala, and Phagocata gracilis. Our LCsy data revealed that con-
centrations as low as 39 uM (4.5 ppm) are lethal to planarians, with concentrations of just 5pM inhibiting
wound healing, and suggest that phylogeny is predictive of species toxicity levels. Together these results indicate
MIT may have broad wound healing effects on aquatic species in general and are not limited to X. laevis alone.
Future studies should investigate the impact of MIT on wound healing in other organisms, including non-aquatic
organisms and mammals.
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into its mechanism of action show that MIT contains an active thiol
moiety that interacts with free thiols oxidatively to form disulphides
(Collier et al., 1990), and thus it interacts with available enzymatic
cysteines in vitro (Du et al., 2002). Interactions destroy protein thiols

1. Introduction

Methylisothiazolinone (MIT) is a common antifungal found in cos-
metics, household products, pesticides, water storage and cooling units.

In use since the 1980s, MIT was initially combined with methyl-
chloroisothiazolinone (MCI) in a 3:1 MCI/MIT ratio (Lundov et al.,
2011b). After a combination of reports and studies showing MCI/MIT
was a sensitizer (Bruze et al., 1987a; Bjorkner et al., 1986; De Groot
et al., 1985), another study found MIT to be the weaker sensitizer
(Bruze et al., 1987b). Approved for use by itself in 2005, MIT is now one
of the leading preservatives in both cosmetic and industrial products.
MIT’s permitted concentration in cosmetics is 100 ppm, while there are
no limits on industrial products (Lundov et al., 2011a). Investigations

* Corresponding author.
E-mail address: wendy.beane@wmich.edu (W.S. Beane).

http://dx.doi.org/10.1016/j.aquatox.2017.08.013

and lead to the production of free radicals and ultimately cell death
(Williams, 2007), making MIT commercially and industrially ideal for
the prevention of bacterial and fungal growth. Since its incorporation
into cosmetics in 2005, reports of contact allergy have risen dramati-
cally (Lundov et al., 2011a; Aerts et al., 2015; Wilford and De Gannes,
2017; Uter et al., 2013; Thyssen et al., 2006), with human sensitization
below permitted concentrations (Yazar et al., 2015). After rising re-
ports, MIT was named allergen of the year in 2013 (Castanedo-Tardana
and Zug, 2013).
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Currently, not much is known about other effects of MIT exposure,
particularly in animal models. A study in cultured rat cortical neurons
demonstrated that MIT reduced the size and complexity of axonal and
dendritic outgrowth as well as cell-to-cell contact in developing neurons
(He et al., 2006). Furthermore, a 10-min exposure of cultured cortical
neurons to 100 pM MIT resulted in cell death over a 24 h period (Du
et al., 2002). In this study, neurons exhibited cell death while sur-
rounding glial cells did not, suggesting a high level of MIT sensitivity
specific to neurons compared to glial cells (Du et al., 2002). Further
investigations into human sensitization have focused on studying how
immune cells are activated during immune responses (Bottcher et al.,
2008; Sakaguchi et al., 2007). One study using cultured human
monocytes and dendritic cells showed protein thiol groups, as opposed
to amino groups, are key to activation of human immune cells during
allergic reactions (Becker et al., 2003).

Recently we demonstrated that in Xenopus laevis MIT exposure ef-
fects extend to inhibition of both embryonic wound healing and tail
regeneration following injury (Delos Santos et al., 2016). Our data
showed that 75 uM MIT is sufficient to inhibit normal tail regeneration
following amputation. Immunohistochemistry data revealed nerve,
muscle, notochord and spinal outgrowth were all lacking in MIT-ex-
posed tadpoles. This study also showed that MIT acts during the first
day of wound healing, with later exposure failing to impact the re-
generative process. While normal Xenopus laevis embryonic wound
healing occurs within 6 h of injury, we found that 50 uM MIT inhibited
wound healing significantly. However, it is not clear whether other
organisms are similarly impacted by MIT, particularly in aquatic en-
vironments where exposure to biocides are most likely gained via
commercial and industrial runoff and wastewater.

Planarians are free-living freshwater flatworms that are an ideal
model in which to investigate the effects of MIT. There are several
hundred planarian species (Oviedo et al., 2008), and they are found
almost ubiquitously in freshwater streams, rivers, ponds, and lakes
(Reddien and Sanchez Alvarado, 2004). Planaria are highly sensitive to
chemicals (Hagstrom et al., 2015; Raffa and Rawls, 2009) and have
been well-established as a pharmacological and toxicological model
(Pré et al., 2005; Balestrini et al., 2017; Raffa and Valdez, 2001; Horvat
et al., 2005; Thume and Frizzo, 2017; Rawls et al., 2011; Grebe and
Schaeffer, 1991). Planaria provide both behavioral and morphological
readouts, including neurological effects (Hagstrom et al., 2016; Pagan
et al., 2009; Buttarelli et al., 2008). Neurological readouts are especially
useful as planarians possess a true central nervous system with bi-lobed
cephalic ganglia, making them a suitable model for studying the evo-
lutionary history of the brain. Planarians also possess the unique ability
to regenerate any and all tissues after injury (Rink, 2013). Wounds close
within 1h of injury (Sanchez Alvarado and Newmark, 1998), while
regeneration occurs over ~2 weeks in most species (Lobo et al., 2012).

The aim of this study is to determine the effects of MIT exposure on
wound healing and regeneration in planarians. Here we observe phe-
notypes in whole planaria at varied MIT concentrations, using the
common model organism Dugesia japonica. To assess the effects of MIT
exposure on wound healing and regeneration, we amputate planarians
(by bisection) and observe both wound closure and regenerative mor-
phology following MIT exposure (in comparison to untreated controls).
Next, we hypothesize the addition of thiol-containing antioxidants
glutathione (GSH) and n-acetyl cysteine (NAC) may rescue wound
healing by occupying MIT and inhibiting its mechanism of action in
planarians. Lastly, we establish LCsy concentrations for 5 different
species of planaria.

2. Materials and methods
2.1. Animal care

A clonal line of Dugesia japonica (GI) and an asexual clonal line of
Schmidtea mediterranea (CIW4) were maintained at 20 °C in the dark.
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Girardia tigrina (Ward’s Science, Rochester, NY), Girardia dorotocephala
(Carolina Biological Supply, Burlington, NC), and Phagocata gracilis
(Ward’s Science) were purchased commercially and used to establish
colonies that were kept at room temperature in the dark. All planarians
were kept in worm water comprised of 0.5 g/L of Instant Ocean salts.
Animals were fed no more than 1X week with “natural” (no antibiotics
or hormones) liver paste made from whole calf’s liver (Creekstone
Farms, Arkansas City, KS). Liver was frozen and thawed only once prior
to feeding animals. Worms 5-7 mm in length were starved at least one
week prior to experimentation.

2.2. Reagents

Chemicals used include: methylisothiazolinone (MIT, Sigma
Aldrich, St. Louis, MO), glutathione (GSH, TCI America, Portland, OR)
and n-acetyl cysteine (NAC, Sigma Aldrich). Stock solutions of MIT,
GSH, and NAC were made with deionized water and stored at 4 °C.
Working concentrations were made by diluting stock concentrations
with worm water. Directly following surgery, animals were transferred
into each chemical; solutions were not changed over the course of the
experiment.

2.3. Phenotype assay

D. japonica were exposed to varied MIT concentrations (as stated)
and observed for phenotypes at multiple time points after initial ex-
posure. Phenotypic categories included: wild-type (where animals were
undistinguishable from untreated controls), lesions (loss of epithelial
integrity), head regression (a unique but common planarian strategy
where animals in a toxic environment lyse head structures prior to re-
generating them), and phenotypes indicating neuromuscular inhibition
(c-shape and screw-like). In addition, contracted phenotypes (where the
soft-bodied animals scrunch to reduce total surface area) were ob-
served, as well as animals which crawled out of the media and died
(from dehydration) rather than remain exposed to the drug. This latter
phenotype is commonly observed with highly toxic exposures. For this
and all other experiments, negative controls were performed with an-
imals exposed to worm water only.

2.4. Wound healing assay

D. japonica were amputated midway between the head and tail
(bisection) under a dissecting microscope, as previously described
(Beane et al., 2012). The resultant head and tail fragments were ex-
posed to 15 uM MIT and compared to untreated controls. Animals were
scored and imaged 1 and 6 h post amputation (hpa), and then were
subsequently rescored at 1, 2, 3, and 7 days. Wound healing was de-
fined as the lack of any observable tissue emerging from the wound site.
No difference was found between head fragments (with posterior
wounds) and tail fragments (with anterior wounds), and thus the data
was combined. Untreated controls were followed every 5 min for
30 min to establish a normal wound healing timeline.

2.5. Regeneration assay

D. japonica were bisected (as above) to produce tail fragments and
placed in 15 yM MIT in 12-well untreated culture plates immediately
after microsurgery. Water was not changed over the course of 14 days.
Anterior (head) regeneration was followed over the course of 14 days,
with the same animals scored and imaged on days 4, 7, and 14 post
amputation.

2.6. Antioxidant treatment

D. japonica were bisected (as above) and individual head and tail
fragments were placed into wells in a 24-well plate (one fragment per
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well). Thiol-containing GSH and NAC were added to either worm water
or 15 uM MIT as stated. Antioxidants were added at a 1:1 molar ratio
with MIT. Animals were observed and imaged for wound healing at
1 hpa. No difference was found between head and tail fragments and
thus the data was combined.

2.7. LC50) Eng’ and NOEC/LOEC

LCsp and ECso were calculated using probit analysis (Finney, 1952)
for intact (whole) animals of five planarian species: D. japonica, S.
mediterranea, G. tigrina, G. dorotocephala and P. gracilis; and for head
and tail fragments (resulting from bisection) for D. japonica. Whole
animals and fragments were exposed to given concentrations of MIT for
6 h and then scored for survival (LCsq). For ECso no observed effect
concentration (NOEC), and lowest observed effect concentration
(LOECQ), fragments were scored at 6 h of exposure (which also corre-
sponded to 6 hpa) for the presence or absence of wound closure (as
defined above). No difference was found between head and tail frag-
ments and thus the data was combined.

2.8. Image collection and statistical analyses

Images were taken using a Zeiss V20 fluorescent stereomicroscope
with AxioCam MRc camera and Zen Lite software (Zeiss, Oberkochen,
Germany). Adobe Photoshop was used to orient and scale images, and
improve clarity. Data were neither added nor subtracted; original
images available upon request. Data from the wound healing assay and
antioxidant treatment were analyzed by a two sample t-test between
percents using the Statistics Calculator software (StatPac, V. 4.0,
StatPac Inc., Northfield, MN, USA). Error bars are standard error of the
proportion.

3. Results
3.1. Phenotypic effects of MIT in planarians

Dugesia japonica planaria were examined for MIT-specific effects at
6 h (Fig. 1B) and at 24 h (Fig. 1C), as well as at 3, 7, and 14 days after
MIT exposure. The portion of animals exhibiting each phenotype
showed little change after 24 h, so data is not shown. The observed
defects included: contracted, c-shape, screw-like, lesions, and head re-
gression (Fig. 1A). In addition, there was a significant portion that
crawled out of the media and died due to dehydration (not shown in
figure). The contracted phenotype (Fig. 1A2) occurs when planaria
“scrunch” body wall muscles, reducing surface area and resulting in
ruffled edges at the lateral margin (Hagstrom et al., 2016). Both c-shape
(Fig. 1A3) and screw-like (Fig. 1A4) are hyperkinesia phenotypes re-
presenting a disruption in normal neuromuscular function (Hagstrom
et al., 2016; Venturini et al., 1989). Both lesions (Fig. 1A5) and head
regression (Fig. 1A6) represent a loss of epithelial integrity, resulting in
the extrusion of parenchymal tissues through the lysing epithelium.
Head regression, where planaria lyse anterior structures prior to re-
generating them, is often seen following toxic exposure.

A greater range of phenotypes was observed at 6 h (Fig. 1B) as
compared to 24 h (Fig. 1C) of exposure. Low MIT concentrations at both
the 6 and 24 h marks showed no phenotype (similar to untreated con-
trols), with =97% of animals appearing wildtype at or below 5 pM MIT
at 6 h and at or below 10 uM at 24 h. The contracted phenotype was
only found at 6 h, at concentrations between 10 and 30 pM. Neuro-
muscular impairments (c-shape/screw-like) were observed in a broad
range of concentrations from 10 to 45 uM at 6 h, but were only seen at
10 and 20 pM at 24 h. This pattern was similar for epithelial defects
(lesions/head regression), which at 6 h were widely observed at 20 to
45 uM concentrations but at 24 h were only seen at 10 and 20 uM.
Animals that crawled out of the media and subsequently died were
mainly observed at the 20 uM concentration (30%) at both 6 and 24 h
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following exposure, but were also seen occasionally at 5 uM (3%) and
30 uM (10-20%) for both time points. Lastly, death was only observed
at higher concentrations. At 6 h of exposure, death occurred at 40 uM
(25%) and 45 pM (80%). However, by 24 h the amount of death sig-
nificantly increased and was seen in concentrations as low as 20 uM
(35%), with most animals exposed at higher concentrations dying: 90%
of animals at 30 pM and 100% of animals at 35, 40 and 45 puM died
(Fig. 1B and C, n = 19 for each concentration).

3.2. MIT effects on planarian wound healing

After injury, the majority of untreated control planarians closed
their wounds within 30 min (Fig. 2A). We followed the time course of
wound healing in amputated (bisected) D. japonica fragments that were
immediately exposed to 15 uM MIT after surgery, observing animals at
1 and 6 h (Fig. 2B and C), and at 1-3 and 7 days after injury (Fig. 2C).
At all time points, the majority of MIT-exposed animals failed to close
their wounds. Wound closure was scored as the absence of any tissues
coming out of the wound site, with the presence of any escaping tissue
considered an open wound (see Fig. 2B3-4). 73% of untreated control
animals had undergone wound closure by 1 h, with 82% by 6 h and
100% by 1 day post amputation (Fig. 2C); in contrast, MIT-exposed
animals had significantly lower levels of wound closure, with 6% at 1 h,
11% at 6 h, and only 21% after 1 day post amputation (n = 21 for each
condition, p < 0.0001). To determine the toxicity of MIT in D. japonica
fragments, we measured the LCsy, ECso, lowest observed effect con-
centration (LOEC), and no observed effect concentration (NOEC) after
6 h of exposure (Fig. 2D). The LCs, of fragments exposed to MIT during
the wound healing period was found to be 33 uM—with an ECgq of
9.33 uM, an LOEC of 5 uM (p = 0.0354), an NOEC of 1 uM (p = 1) for
observed effects on wound closure (n = 20).

3.3. Effects of MIT on planarian regeneration

When treated with 15 uM MIT, 50% of amputated (bisected) D. ja-
ponica died after failing to undergo wound healing, while 38% of ani-
mals eventually closed their wounds but still died post wound healing
(Fig. 3A). Only 13% of animals exposed to MIT were able to survive
after delayed wound healing occurred (Fig. 3A). Observation of D. ja-
ponica tail fragments (which need to regenerate a new head) that sur-
vived 15 pM MIT exposure (n = 7) revealed abnormal regeneration in
all animals as compared to untreated controls (Fig. 3B and C). While all
control tail fragments were able to regrow heads prior to 14 days post
amputation (Fig. 3B), the majority of MIT-exposed tail fragments that
survived (57.1%, 4 out of 7) failed to undergo head regeneration by day
14 (Fig. 3C3). The remaining MIT-exposed animals (3 out of 7) were
able to regenerate some anterior structures, such as the eyes; however,
the new eyes did not occur in the newly produced (unpigmented) tis-
sues but rather in the preexisting (pigmented) tissues (Fig. 3C3’). For
comparison, Fig. 3B2 shows day 7 controls with eyes regrowing within
the white region that comprises the new tissues of the regeneration
blastema.

3.4. MIT and antioxidants

MIT has an active thiol moiety that interacts with free thiol groups.
We used two thiol-containing antioxidants — n-acetyl cysteine (NAC)
and glutathione (GSH) - to determine if MIT interacts with thiol groups
in planarians (Fig. 4). In contrast to 15 uM MIT alone, which inhibited
wound closure, amputated D. japonica animals exposed to 15 uM MIT in
combination with either 15 uM NAC or 15 puM GSH exhibited normal
wound healing (Fig. 4A). The majority of NAC/MIT (79%) and GSH/
MIT (62.5%) treated animals were able to close their wounds by 1 h
post amputation, similar to untreated controls (p = 0.5253 and
p = 0.2281, respectively); additionally, there was no significant effect
on wound healing ability following exposure to GSH (p = 0.2281) or
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Fig. 1. Phenotypic Effects of Methylisothiazolinone (MIT) Exposure on Planarians.
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(A) Representative images of observed phenotypes in MIT-exposed Dugesia japonica planarian flatworms. Phenotypes of whole (intact) animals: (A1) Wildtype (similar to untreated
controls), (A2) contracted (muscle contraction), (A3) c-shape (neuromuscular defect), (A4) screw-like (neuromuscular defect), (A5) lesions (epithelial defect), and (A6) head regression
(epithelial defect). Arrows = lesions. Note that the animal in A5 is also beginning to undergo head regression. Anterior is up, scale bars = 250 pm. (B and C) Quantification of phenotypic
percentages by concentration after (B) 6 h and (C) 24 h of MIT exposure. n = 19 for each concentration.

NAC (p = 0.7564) alone as compared to controls (Fig. 4B-C, n = 24 for
each condition).

3.5. MIT toxicity across planarian species

To ascertain the toxicity of MIT in whole (intact) planarians, the
LCso was measured after 6 h of exposure (Fig. 5). The MIT LCsq for
Dugesia japonica, the species used in this study, was determined to be
42 uM (Fig. 5B1). To establish whether MIT toxicity was similar in
other planarian species, we determined the LCs for four other planaria:
one other commonly used research species (Schmidtea mediterranea),
and three species that are all commercially available (Girardia tigrina,
Girardia dorotocephala, and Phagocata gracilis). S. mediterranea
(Fig. 5B2) is closely related to D. japonica and was found to have a
similar LCso of 50 uM; the two Girardia species (Fig. 5B3-4) are even
more closely related and had the same calculated LCsq of 39 uM; while
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the phylogenetic outlier P. gracilis (Fig. 5B5) was found to have an LCsq
of 70 uM (n = 10 for each concentration for all species).

4. Discussion

Since the introduction of MIT into cosmetic products in 2005 (Leiva-
Salinas et al., 2014), there have been increasing reports of dermatitis in
human studies (Lundov et al., 2011a; Aerts et al., 2015; Wilford and De
Gannes, 2017; Uter et al., 2013; Thyssen et al., 2006; Yazar et al.,
2015). More recently, research has expanded to aquatic toxicology
studies in order to understand the effects of MIT on aquatic environ-
ments and organisms. Our previous study in Xenopus laevis (Delos
Santos et al., 2016) showed that MIT results in wound healing and
regeneration defects following exposure. Yet, the few number of extant
studies are not enough to clarify if MIT similarly affects other aquatic
species. Here, we show that MIT is also toxic to both intact and injured
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Fig. 2. MIT Exposure Blocks Wound Healing in Planarians.

(A) Timecourse of normal wound healing in untreated D. japonica following head amputation. Most planarian wounds close within 30 min post amputation. (B) Images of MIT effects on
D. japonica wound healing following head amputation. (B1-2) Untreated controls and (B3-4) 15 pM MIT-treated animals at 1 and 6 h post amputation (hpa). Note that following MIT
exposure, the initial muscle contraction of the wound site (visible as a dark ring of pigment adjacent to the wound site in B1) fails to occur by 1 h (B3), but does occur by 6 h even though
the wound still fails to close (B4). (C) Quantification of wound healing over 7 days post amputation. Note that at day 7 post amputation, 15 uM MIT-exposed planarians show a decrease in
percent healed due to death post wound closure. (D) LCsq graph of MIT for D. japonica head and tail fragments at 6 h of exposure (also 6 hpa). No observed effect (NOEC) and lowest
observed effect (LOEC) concentrations, as well as ECsy, are indicated for wound closure phenotype. Arrows = unclosed wounds, anterior is up, scale bars = 50 pm. Error bars = standard
error of the proportion, n = 20 for each condition, **** p < 0.0001.

planaria at low concentrations (39 pM and 33 pM respectively), and its likely to be via industrial wastewater, the existing reports are con-
sub-lethal effects include neuromuscular defects as well as inhibited flicted. Studies have reported that MIT both was and was not detected
wound healing and regeneration. in storm wastewater and sewage influent, while artificial wall rain-

While the main source of biocide exposure for aquatic organisms is water assays have recorded run off concentrations ranging from 100 to

230



A.V. Van Huizen et al.

A

100

60

% of Worms

Did Not Heal

Day 4

15 uM MIT

Fig. 3. MIT Exposure Causes Abnormal Regeneration in Planarians.

Healed Then Died

Day 7

Aquatic Toxicology 191 (2017) 226-235

Wound Healing and Regeneration
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15 pM MIT
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(A) Quantification of wound healing and regeneration over 7 days post amputation. Percentages of untreated controls and 15 uM MIT-treated D. japonica that: “Did Not Heal” (failed to
close their wounds and died), “Healed Then Died” (died after closing their wounds), and “Regenerated” (closed their wounds and continued on to regenerate new tissues). n = 21 for each
condition. (B-C) Regeneration morphology over 14 days post head amputation. (B) Control (n = 5) and (C) 15 pM MIT-treated (n = 7) D. japonica. Note that MIT exposure blocks head
regeneration (C2-3). Closed arrows = eyes present (but regenerating ectopically in preexisting tissues in C3’), open arrows = lack of eyes. Anterior is up, scale bars = 100 um. Error

bars = standard error of the proportion.

900 uM (Bester et al., 2014; Carbajo et al., 2015; Rafoth et al., 2007;
Baranowska and Wojciechowska, 2013; Bollmann et al., 2014). Inter-
estingly, the toxicity of whole animals and injured planarians to MIT
was roughly similar, even though injured worms might be predicted to
have higher mortality levels. However, the sensitivity of injured pla-
narians to MIT was predictably much lower for sub-lethal effects, with
concentrations as low as 5 uM significantly inhibiting wound closure
(Fig. 2D).

In this study, different concentrations of MIT resulted in a range of
phenotypic responses, including epithelial integrity and neuromuscular
defects (Fig. 1). The broadest range of phenotypes was observed at 6 h

of exposure, as by 24 h many phenotypic animals had died. Past 24 h,
little change in phenotypic distributions was seen (data not shown).
These data suggest that MIT affects planaria quickly following ex-
posure. The lysing phenotypes we observed (lesions and head regres-
sion) suggest that at a minimum MIT exposure affects epithelial cells.
However, head regression is known to occur over several days following
stem cell loss (Oviedo et al., 2008; 2004), suggesting a possible ex-
planation for animal deaths at later time points. The neuromuscular
effects observed strongly suggest that neuronal populations are affected
by MIT; inhibition of neurotransmitter levels (e.g. cholinergic or do-
paminergic activity) is known to result in both c-shape and screw-like
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Aquatic Toxicology 191 (2017) 226-235

15 uM NAC /
15 puM MIT

15 uM GSH /
15 uM MIT

GSH Rescue of MIT
100
80
b=l
=
g 60
o
£
ES
Z 4
o
p
kekekk
20 i
0
Control I5SuMGSH  15pMMIT 15 uM MIT/
15 uM GSH

Wound healing at 1 h post head amputation in (A1) untreated control (A2) 15 pM MIT-treated, (A3) 15 pM MIT plus 15 uM n-acetyl cysteine (NAC) treated and (A4) 15 uM MIT plus
15 pM glutathione (GSH) treated D. japonica. Arrows = unclosed wound, anterior is up, scale bar = 50 pm. (B-C) Quantification of antioxidant rescue. Both (B) NAC and (C) GSH rescue
wound healing at a 1:1 molar ratio with MIT. Error bars = standard error of the proportion, n = 24 for each condition, **** p < 0.0001.

phenotypes (Buttarelli et al., 2000; Passarelli et al., 1999; Venturini
et al., 1989; Wu et al., 2015).

Planaria normally close their wounds within 1 h post amputation
(hpa) (Reddien and Sanchez Alvarado, 2004). Our results revealed that
the majority of planarians exposed to 15 uM MIT failed to close their
wounds even several days post amputation, as compared to untreated
controls where 100% of animals completed wound healing within 24 h
(Fig. 2B-C). In our previous work, we found that wound healing was
also inhibited in Xenopus laevis (the African clawed frog) by 50 uM MIT
(Delos Santos et al., 2016). Together, these data suggest that aquatic
organisms are highly sensitive to low concentrations of MIT, and that
MIT exposure may interfere with wound healing processes in general.
Without proper wound healing, the first step prior to the initiation of
regeneration (Wenemoser and Reddien, 2010), planarians subsequently
died and did not undergo regeneration (Fig. 3A). However, a small
proportion of animals were able to close their wounds after a significant
delay, and these animals were examined for regeneration-specific de-
fects (Fig. 3B). Planarian tail fragments that survived exposure to 15 uyM
MIT had inhibited (total lack of head structures) or abnormal (stunted
eyes found only in preexisting tissues) anterior regeneration (Fig. 3C).
These data suggest that the lack of proper wound healing (either a
failure of proper closure or delayed timing) inhibits subsequent re-
generation, similar to what has been found in previous studies of Xe-
nopus (Delos Santos et al., 2016; Ho and Whitman, 2008).

Previous LCso data from the Environmental Protection Agency
(EPA) reports that MIT is toxic to a variety of aquatic organisms, in-
cluding Lepomis macrochirus (Bluegill) and Oncorhynchus mykiss
(Rainbow Trout) (National Library of Medicine, 2015). Our data show
that after just 6 h of exposure low concentrations of MIT are lethal to
planaria (Fig. 5). We investigated MIT toxicity in five different pla-
narian species: the two species most commonly used for research (D.
japonica and S. mediterranea), and three species that are commercially
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available and thus easily obtained. Interestingly, we found that toxicity
levels grouped by the known phylogenetic relationships of the species
tested (Fig. 5C and D) (Alvarez-Presas et al., 2008). G. tigrina and G.
dorotocephala (both native to North America) are the most closely re-
lated species and had the same LCs, values (39 pM); D. japonica (an East
Asian species) and S. mediterranea (found in Mediterranean countries)
also clade together and had similar LCsy values (42 uM and 50 pM,
respectively); while the phylogenetic outlier P. gracilis (which is also
native to North America) had a much higher tolerance to MIT (LCs, at
70 uM). These data suggest that evolutionary relationships may be a
good predictor of toxicity.

The mechanism of action for MIT is still under investigation.
However, previous research suggests MIT contains a sulfur moiety that
reacts with available cysteines (Collier et al., 1990). Studies also sug-
gest MIT thiol interactions have neurotoxic effects such as interruption
of focal adhesion kinase (FAK) and extracellular signal-regulated kinase
(ERK) signaling in neurons, and that activation of ERK signaling can
lead to higher levels of intracellular reactive oxygen species (ROS) re-
sulting in cell death (He et al., 2006; Du et al., 2002). MIT effects can be
prevented by the addition of thiol-containing antioxidants like glu-
tathione (GSH) and n-acetyl cysteine (NAC) that occupy MIT and pre-
vent it from interacting with available cysteines (Bruchhausen et al.,
2003). The rescue of wound healing and regeneration in Xenopus laevis
was demonstrated previously when GSH or NAC were added along with
MIT (Delos Santos et al., 2016). We hypothesized that GSH and NAC
would also rescue MIT-inhibited wound healing in planaria, which our
results support (Fig. 4). Together, these data suggest MIT does inhibit
wound healing via thiol interactions.

The molecular pathways that regulate this process are not well
understood. We are not aware of any reported gene inhibition studies
that have resulted in a loss of planarian wound closure. However,
several genes have been identified that are activated by wounding.
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Fig. 5. MIT Toxicity Across Planarian Species.

(A and B) Images of the planarian species tested and corresponding LCso graphs of MIT exposure at 6 h of exposure in intact animals. (A1, B1) Dugesia japonica, (A2, B2) Schmidtea
mediterranea, (A3, B3) Girardia tigrina, (A4, B4) Girardia dorotocephala and (A5, B5) Phagocata gracilis. Anterior to the left, scale bars = 500 pm, n = 10 for each concentration for all
species. (C) Comparison of LCsq values at 6 h of exposure across species. (D) Phylogenetic scheme of species relationships (based on Alvarez-Presas et al., 2008).
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Early planarian wound healing responses (~30 min) include the ex-
pression of jun-1 and fos-1 (Wenemoser et al., 2012), and ERK has been
linked to activation of c-Fos (Monje et al., 2005). While it is possible
that interrupted ERK signaling by MIT (as occurs in other systems)
prevents c-Fos activation in planarians to inhibit early wound healing
responses, inhibition of planarian ERK signaling alone does not result in
a wound healing phenotype (Agata et al., 2014; Tasaki et al., 2011;
Umesono et al., 2013). Similarly, apoptosis is upregulated at the injury
site in response to wounding and is thought to play a role in planarian
wound healing (Pellettieri et al., 2010). While MIT could possibly affect
rates of apoptosis, inhibition of apoptosis alone also does not interfere
with planarian wound closure (Beane et al., 2013). Interestingly, ROS
(such as hydrogen peroxide) are known to oxidize thiols, and ROS
signaling is linked to both normal wound healing as well as chronic
wounds (Dunnill et al., 2017; Novo and Parola, 2008). However, while
ROS have been shown to accumulate near the wound site after injury in
planarians, again loss of ROS signaling does not lead to a loss of wound
closure in planarians (Pirotte et al., 2015).

In this study, we showed MIT is toxic to a broad range of planarian
species, causing neuromuscular impairments at sub-lethal concentra-
tions and inhibiting normal wound healing and regeneration by inter-
acting with available thiols. Many wound healing mechanisms are
conserved across taxa (Bielefeld et al., 2013), and further studies should
be done to establish potential risks to other aquatic species. Because the
data suggest that even at low concentrations MIT acts quickly, the
possible consequences of its detrimental effects on aquatic organisms
should be considered in future investigations.

5. Conclusions

Consistent with previous studies in Xenopus laevis, we demonstrated
that MIT inhibits planarian wound healing and regeneration.
Furthermore, we showed that MIT is toxic to planaria at low con-
centrations and some of the sub-lethal effects include epithelial and
neuromuscular impairments. We used thiol-containing antioxidants to
verify the MIT mechanism of action is through free thiol interactions.
Lastly, we determined by LCs, that planarian MIT toxicity levels cor-
relate with the phylogenetic relationships of the species tested. These
data suggest that MIT exposure may be a greater risk to aquatic or-
ganisms than previously thought, affecting both normal developmental
and regenerative processes as well as injury responses. Future studies
should investigate the extent to which other organisms may be im-
pacted by MIT.
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