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Abstract

Triclosan (TCS) is an antimicrobial used widely in hospitals and personal care products, at ~10
mM. Human skin efficiently absorbs TCS. Mast cells are ubiquitous key players both in
physiological processes and in disease, including asthma, cancer, and autism. We previously
showed that non-cytotoxic levels of TCS inhibit degranulation, the release of histamine and other
mediators, from rat mast cells (RBL-2H3), and in this study we replicate this finding in human
(HMC-1.2) mast cells. Our investigation into the molecular mechanisms underlying this effect led
to the discovery that TCS disrupts ATP production in RBL-2H3 cells in glucose-free, galactose-
containing media (95% CI ECsg = 7.5-9.7 uM), without causing cytotoxicity. Using these same
glucose-free conditions, 15 uM TCS dampens RBL-2H3 degranulation by 40%. The same ATP
disruption was found with human HMC-1.2 cells (ECgq 4.2-13.7 uM), NIH-3T3 mouse fibroblasts
(ECsq 4.8-7.4 uM), and primary human keratinocytes (ECsg 3.0-4.1 uM) all with no cytotoxicity.
TCS increases oxygen consumption rate in RBL-2H3 cells. Known mitochondrial uncouplers
(e.g., CCCP) previously were found to inhibit mast cell function. TCS-methyl, which has a methyl
group in place of TCS’s ionizable proton, affects neither degranulation nor ATP production at non-
cytotoxic doses. Thus, triclosan’s effects on mast cell function are due to its proton ionophore
structure. Also, 5 M TCS inhibits thapsigargin-stimulated degranulation of RBL-2H3 cells:
further evidence that TCS disrupts mast cell signaling. Our data indicate that TCS is a
mitochondrial uncoupler, and TCS may affect numerous cell types and functions via this
mechanism.

Keywords
triclosan; mast cell; RBL-2H3; HMC-1.2; mitochondrial uncoupler; triclosan-methyl

Corresponding author: Julie A. Gosse, Department of Molecular and Biomedical Sciences, University of Maine, Orono, ME 04469,
USA. Tel. +1 207 581 4833, Fax: + 1 207 581 2801, Julie.gosse@umit.maine.edu.

Disclaimer: This research was supported by the National Institute of Environmental Health Sciences of the National Institute of
Health under the Award Number R15ES24593. The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institute of Health.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weatherly et al. Page 2

Introduction

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol; TCS) (Fig. S1) has been utilized for
over forty years. TCS is a synthetic, broad-spectrum antimicrobial agent (Lyman and Furia
1968) and is found in soaps, mouthwashes, toothpastes, and more products, at
concentrations ~10 mM (Jones, et a/. 2000; Rodricks, et al. 2010). TCS has been detected in
terrestrial and aquatic environments (Kookana, et al. 2011; Singer, et al. 2002) and in wild
animals (Fair, et al. 2009; Valters, et al. 2005). TCS-methyl (mTCS) (Fig. S2) is produced
by aerobic biodegradation of TCS (Chen, et al. 2011), and has been found in the
environment (Coogan, et al. 2007; Lindstrom, et al. 2002). Due to triclosan’s widespread
use, there is potential for exposure via numerous routes (Fang, et al. 2010). For example, in
the blood of human test subjects, 1 uM TCS has been detected after the subjects each
swallowed ~1 tablespoon of mouthwash containing TCS (Sandborgh-Englund, et a/. 2006).
Blood and milk samples from lactating mothers contain TCS (Allmyr, ef al. 2006). TCS
concentrations in human urine samples range from 7.9 nM-13.1uM (Calafat, et al. 2008).

In various species including humans, TCS causes an array of effects on several biological
functions, including disrupting endocrine function (Koeppe, et al. 2013), initiating anti-
inflammatory responses (Barkvoll and Rolla 1995a; Waaler, ef al. 1993), and suppressing the
function of natural killer cells (Udoji, et al. 2010). TCS has been shown to suppress human
skin atopic disease (Tan, et al. 2010) through an unknown mechanism.

We have discovered that TCS inhibits several functions of mast cells /n vitro (Palmer, et al.
2012; Weatherly, et al. 2013). Because mast cells are ubiquitous, located throughout
connective tissues, along epithelial surfaces, and in the mouth mucosa (Walsh 2003; Walsh,
et al. 1995; Walsh, et al. 1990), mast cells are likely exposed to TCS via consumer use of
soaps and other products. Mast cells are involved in numerous diseases, such as allergy,
asthma, infectious disease, cancer, inflammatory bowel disease, and even central nervous
system disorders such as autism, anxiety, and multiple sclerosis (Galli, et al. 2005; Silver
and Curley 2013). Rat basophilic leukemia (RBL-2H3) mast cells, a widely utilized model
(Seldin, et al. 1985), can be activated by multivalent antigen (Ag) cross-linking of IgE-
bound FceRI receptors or by experimental methods that mobilize calcium (Kuby 1997). This
receptor aggregation leads to phosophorylation cascades and activation of downstream
effectors, including inositol 1,4,5-triphosphate (I1P3), which binds to its receptor on the
endoplasmic reticulum (ER) (Kalesnikoff and Galli 2008), causing a Ca2* influx from ER
stores and, next, across the plasma membrane (Hoth and Penner 1992). This signaling leads
to degranulation: the release of histamine and other mediators from the cell. Another mast
cell model, human mast cell-1.2 (HMC-1.2), can be activated by calcium ionophore, which
bypasses FceRI (Butterfield, ef al. 1988). These processes are adenosine triphosphate (ATP)-
dependent (Burgoyne and Morgan 2003). We have previously shown that non-cytotoxic,
low-micromolar doses of TCS inhibit RBL -2H3 (RBL) degranulation caused by either Ag
or calcium ionophore stimulation in Tyrodes-BSA (bovine serum albumin) buffer(Palmer, et
al. 2012; Weatherly, et al. 2013). In the present study, we find similar results in human
HMC-1.2 (HMC) cells.
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TCS is a chlorinated, aromatic chemical containing a phenol group with an ionizable proton.
A proton ionophore with structural features similar to those of TCS, carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), is a known mitochondrial uncoupler (Goldsby and Heytler
1963). CCCP inhibits Ag-stimulated degranulation of RBL-2H3 cells in glucose-containing
saline (effective concentration [ECs] ~3 uM) and also in glucose-free saline (ECsp ~0.3
UM), in which CCCP also decreases intracellular ATP levels (Mohr and Fewtrell 1987). A
mitochondrial uncoupler is often a small hydrophobic molecule which has a dissociable
proton and which can shuttle protons across the inner mitochondrial membrane, thus
dissipating the proton gradient and disrupting the normally tight coupling between
respiration and ATP biosynthesis. In the presence of uncouplers, ATP synthesis is inhibited
due to the dissipated proton gradient, and respiration rate increases, producing heat in place
of ATP (Poe, et al. 1967). Key tests for mitochondrial uncoupling are the condition of
cellular ATP depletion without cytotoxicity and observation of an increase in oxygen
consumption (Brand and Nicholls 2011; Hanstein 1976). Uncouplers have been shown to
increase the rate of respiration while inhibiting ADP phosphorylation almost completely
(Chance, et al. 1963). The known mitochondrial uncouplers, 2,4-dinitrophenol and CCCP,
have been shown to increase oxygen consumption and to decrease ATP (Beresford, et al.
1979; Goldsby and Heytler 1963; Mohr and Fewtrell 1987; Okuda, et a/. 1992; Rognstad
and Katz 1969)

In the present study, we investigate whether TCS is a mitochondrial uncoupler in two mast
cell models, and we assess whether these mitochondrial effects might provide an explanation
for the inhibition of mast cell function discovered earlier(Palmer, et al. 2012; Weatherly, et
al. 2013). We also show that this uncoupler effect is not exclusive to mast cells but is also
seen in NIH-3T3 mouse fibroblasts and adult human primary keratinocytes. Keratinocytes
are a useful model for studying TCS because they are the predominant cell type in the outer
layer of the skin and will, therefore, be a major cell type exposed to TCS during dermal
application of TCS containing products. Recent papers documenting TCS effects on
eukaryotic cells and organisms do not invoke TCS’s uncoupling ability or proton ionophore
nature as an underlying molecular mechanism. Here, we examine effects of non-cytotoxic
doses of TCS on RBL and HMC ATP production and on degranulation in parallel assays.
We have used TCS-methyl, which lacks an ionizable proton, as a control compound.

Materials and Methods

Chemicals and reagents

Triclosan (TCS) was purchased from Sigma-Aldrich (St. Louis, MO, USA) (“irgasan,”
>97% by HPLC; CAS No. 3380-34-5). A starting TCS stock (30 or 80 uM, depending on
the assay) was freshly prepared for each experimental day by dissolving TCS in cell culture
water for incorporation in glucose/galactose media or in Tyrodes buffer (recipe given in)
following the protocol found in(Hutchinson, et al. 2011; Weatherly, et al. 2013). This TCS
dissolution method entirely avoids the use of organic solvents. After TCS concentration
determination by UV-Vis spectrophotometry(Weatherly, et a/. 2013), bovine serum albumin
(BSA) was added.
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Dimethyl sulfoxide (100%, DMSO; Sigma) was used as vehicle for calcium ionophore
A23187 (Sigma) to generate a 50 mM stock, which was stored at —20°C. Immediately
before an experiment was conducted, ionophore stock in DMSO was added to Tyrodes-BSA
buffer. Phorbol 12- myristate 13-acetate (PMA) was dissolved in 100% DMSO to generate a
stock concentration of 1.62 mM, and was kept at —80°C until needed. Immediately before an
experiment was conducted, PMA + DMSO stock was added to Tyrodes-BSA buffer. Final
DMSO vehicle for all TCS experiments using ionophore and PMA was 0.015% (v/v).

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP; VWR, Randor, PA, USA) was
dissolved in 100% DMSO to generate a stock concentration of 100 mM, and was kept at
—20°C until needed. On the day of an experiment, CCCP stock was diluted in either glucose
or galactose media to make CCCP stocks with the highest DMSO concentration being 0.1%
(v/v). Control experiments indicated that these levels of DMSO had no effect on ATP or
cytotoxicity responses (data not shown). Glucose media contains 8.3 g/L Dulbecco’s
Modified Eagle’s Medium (Sigma-Aldrich) without any of the following ingredients:
glucose, L-glutamine, phenol red, sodium pyruvate, or sodium bicarbonate. To this DMEM,
the following components were added: 5.6 mM D-(+)-glucose (anhydrous ACS reagent
grade), 0.584 g/L L-glutamine (Lonza, Alpharetta, GA, USA), and 3.7 g/L sodium
bicarbonate (VWR). Glucose-free, galactose-containing media (“galactose media™) contains
the same as glucose media, except for 10 mM D-(+)-galactose (Sigma-Aldrich) in place of
glucose.

Triclosan-methyl (mTCS) was obtained from Sigma-Aldrich. A starting mTCS stock of 165
mM was dissolved in 100% DMSO, by sonication and vortexing, and was kept at —20°C
until needed. On the day of an experiment, starting stock concentration was determined by
UV-Vis spectrophotometry using TCS’s extinction coefficient, 4200 L/mol/cm (Wong-Wah-
Chung, et al. 2007). Dilutions were made based on the concentration determined on that day,
using buffer or media to a final DMSO concentration of 0.06% (v/v).

Thapsigargin (Tg) was purchased from EMD Chemicals (Billerica, MA, USA) and dissolved
in 100% DMSO to generate a stock concentration of 1.53 mM; all experiments were done
on same day to avoid oxidation of Tg. Immediately before an experiment, Tg was added to
Tyrodes-BSA, resulting in a vehicle concentration of 0.0005% DMSO (v/v).

RBL cells were generously provided by D. Holowka (Cornell University, Ithaca, NY, USA).
Cell culture methods were those of (Hutchinson, et al. 2011).

HMC cells were a generous gift from J.H. Butterfield (Mayo Clinic, Rochester, MN). Cell
culture methods were provided by Dr. Butterfield. Briefly, HMC cells were cultured in
complete Iscove’s modified Dulbecco’s medium (IMDM; Lonza) including 25 mM HEPES,
sodium bicarbonate, L-glutamine (but without a —thioglycerol or B-mercaptoethanol). Media
was supplemented with 10% defined, iron-supplemented calf serum (Hyclone, Logan, UT,
USA), 100 1U/mL penicillin-50 pg/mL streptomycin (Invitrogen, Grand Island, NY, USA),
and 1.2 mM a-thioglycerol (Sigma-Aldrich). The a-thioglycerol and complete medium were
prepared fresh once per week. During incubation of these suspension cells in the tissue-
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culture incubator (5% CO4/37°C), cell flasks were propped on an angle by resting the lid on
a 5 mL serological pipette.

NIH-3T3 mouse fibroblast cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM; ATCC) including 4 mM L-glutamine, 4.5 g/L glucose, 1 mM sodium pyruvate,
and 1.5 g/L sodium bicarbonate. Media was supplemented with 10% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA, USA) and 100 U/mL penicillin-streptomycin
(Gibcol/Life Technologies, Carlsbad, CA) and cultured at 37°C in 5% CO».

Primary human keratinocytes (LifeLine Cell Technology, Frederick, MD, USA) were
maintained in DermaL.ife Basal Medium (LifeLine Cell Technology) and supplemented with
DermalLife K LifeFactors (LifeLine Cell Technology; 5 pg/mL Rh insulin, 6 mM L-
glutamine, 1 uM epinephrine, 5 pg/mL apo-transferrin, 0.5 ng/mL Rh TGF-a, 0.4% extract
P, and 100 ng/mL hydrocortisone hemisuccinate) and antibacterial supplement (LifeLine
Cell Technology; 100 U/mL penicillin, 100 pg/mL streptomycin, 0.25 ug/mL amphotericin
B). Cells were cultured and incubated at 37°C in 5% CO,.

IgE-receptor crosslinking by Ag and TCS exposure

Cytotoxicity

Cells were sensitized by IgE, as described in (Palmer, ef al 2012). Immunoglobulin E (IgE)-
bound FceRI receptors of RBL cells were aggregated by dinitrophenyl (DNP)-BSA
multivalent Ag (at either 0.0004 pg/mL or 0.001 pg/mL) + TCS (for 1 hour) or = CCCP (for
1.5 hours), as detailed in (Hutchinson, et al. 2011).

TCS cytotoxicity was assessed by clonogenic cell survival assay, essentially as described in
(Hutchinson, et al. 2011). A variation on this protocol included 1 hour incubation with
mTCS. Trypan blue exclusion cytotoxicity assays were performed as in (Hutchinson, et al.
2011).

Degranulation assay following calcium ionophore and PMA stimulation

HMC cells, which are largely non-adherent, were stimulated to degranulate with calcium
ionophore and PMA at concentrations chosen from a published article (Meyer, et al. 2007).
Following harvesting, 200,000 cells per tube were added to 100 ng/mL PMA in
microcentrifuge tubes, for a final volume of 250 pL, and incubated for 10 min at 37°C. Next,
250 L of a mixture of ionophore plus TCS (both at 2X concentration) was then added to
each microcentrifuge tube, for a final volume of 500 uL, and cells were incubated for 1 h at
37°C. DMSO (0.015% v/v final) vehicle was included in background, spontaneous, and
Triton X-100 wells. B-hexosaminidase released from cells was measured, as described next.

B-hexosaminidase release degranulation assay

RBL and HMC cell degranulation was measured using the marker f-hexosaminidase as
detailed in(Weatherly, et al. 2013). RBL cells (50,000 to 75,000 per well) were plated 1 h
before an experiment and were stimulated with Ag. HMC-1.2 cells (200,000 cells per tube)
were harvested on the day of an experiment and exposed to calcium ionophore/PMA as
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described above. Quantification was conducted using a spectrophotometric microplate
reader (Synergy 2; Biotek, Winooski, VT, USA), as described in (Palmer, et al. 2012).

ATP production and cytotoxicity assay

ATP production was assayed via Promega (Madison, WI, USA) ToxGlo kit instructions.
Briefly, 40,000 to 50,000 cells were plated in a white 96-well plate and incubated for 1 hour
at 37°C. Test compounds were prepared in either glucose or galactose media, added to the
plate containing the cells, then incubated for 1 h (TCS), 1.5 h (CCCP), or 1 hr (CCCP in
NIH-3T3 cells) at 37°C. Cytotoxicity reagent was added, the plate was incubated for an
additional 30 min at 37°C, and then fluorescence was read at 485 nm excitation and 528 nm
emission. Cytotoxicity is measured in this kit via a proprietary protease release assay. Next,
ATP detection reagent was added, and luminescence was measured.

Oxygen consumption rate assay

Oxygen consumption rate (OCR) was assayed via Cayman Chemical (Ann Arbor, Michigan,
USA) OCR assay kit (MitoXpress-Xtra HS Method). This kit uses a phosphorescent probe,
which is quenched by oxygen, leading to an increase in emission when oxygen is depleted.
The OCR kit was used in standard, not time-resolved, mode, according to the manufacturer’s
instructions, with the following changes. In a black, clear bottom 96-well plate (Greiner Bio-
One, Monroe, NC, USA), 50,000 cells per well were plated and incubated overnight in
phenol red-free media at 37°C. Master mixes of test compound (TCS or CCCP) and
MitoXpress-Xtra probe were made in glucose-free, galactose containing media with BSA
for TCS and without BSA for CCCP. Cell plates were washed with galactose media and
emptied before these master mixes were added while the plate was warmed in a titer plate
heat block (VWR). Wells were filled to the top with 420 pL total volume and sealed with a
foil plate cover (VWR) in order to block external oxygen from entering the wells/media.
Emission was monitored for 3 hours at 3 minute intervals at 37°C, at 360 nm excitation/645
nm emission, per manufacturer’s instructions.

Statistical analyses

Data from each of the following four types of experiments -- ATP production and
cytotoxicity assay, degranulation, clonogenic, and trypan blue -- were normalized to the
appropriate untreated control before further processing; next, these normalized data from,
typically, three days of experiments were averaged together. These averaged data were
plotted as mean + standard error or the mean (SEM). For most data sets, significance was
assessed via one-way analysis of variance (ANOVA) with Tukey’s post-hoc test by Prism
software (Graphpad, San Diego, CA, USA). Half maximal effective concentrations (ECsgp)
were also determined by Prism software. To compare glucose and galactose degranulation
dose response differences in the presence of TCS or CCCP, a two-way ANOVA followed by
a Bonferroni post-test was performed.

Data from the OCR assay experiments were analyzed by the following method. First, the
replicates for each sample set were averaged, then background (no probe) controls were
subtracted from the corresponding probe-containing wells, in order to determine the signal
due to the probe (e.g., [0 uM TCS+Probe+Cells] — [0 uM TCS-Probe+Cells] = “0 pM TCS +
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Cells” and [0 uM TCS+Probe-Cells] — [0 uM TCS-Probe-Cells] = “0 uM TCS - Cells™).
Then, the no cell controls were subtracted from the corresponding cell-containing wells in
order to determine the signal due to cells’ depletion of oxygen (e.g., from above, “0 uM TCS
+ Cells” = “0 uM TCS - Cells” = “0 uM TCS final value™). This was done for each TCS
concentration at each time point, and then these values were graphed using Prism software.
Slope was determined by linear regression. The slope of each sample set was then plotted in
a bar graph in Prism.

TCS inhibits ATP production in several living cell types

ATP is required for degranulation (Burgoyne and Morgan 2003), and we previously showed
that TCS inhibits RBL mast cell degranulation(Palmer, et al. 2012; Weatherly, et al. 2013).
RBL and HMC mast cells were utilized to determine the effects of TCS on mast cell ATP
production resulting from oxidative phosphorylation. Due to mammalian cell generation of
ATP via both oxidative phosphorylation and glycolysis, glucose-free, galactose-containing
media was utilized to avoid ATP production via glycolysis. We developed and published a
method, which is used in this study, to dissolve TCS without an organic solvent(\Weatherly,
et al. 2013), thereby avoiding deleterious cellular effects due to organic solvents. This
method utilizes UV-Vis spectrophotometry to allow precise determination of the amount of
TCS in solution. Using this method and Promega’s Toxglo kit, we show that TCS disrupts
ATP production of RBL cells cultured in glucose-free, galactose-containing media, with an
ECgq of 7.5-9.7 uM (95% confidence interval (Cl)), without causing cytotoxicity, even at the
highest dose tested, 25 uM (Fig. 1A). By 25 uM TCS, only 17% + 3% (SEM) of ATP is
produced compared to untreated control. This lack of cytotoxicity was confirmed using a
clonogenic (colony-forming) assay (Fig. S3). As expected, ATP depletion is not observed in
experiments utilizing glucose (Fig. 1A), wherein cells produce sufficient ATP via glycolysis.
This reduction in ATP in galactose media, with no change in plasma membrane integrity,
indicates that TCS is a mitochondrial toxicant.

We confirmed that this inhibition of ATP is not caused by triclosan’s altering background
luminescence levels (Fig. S4A). We also tested whether TCS affects the ATP luminescence
reaction in lysed cells, in an experiment in which TCS is not added until the cells are lysed
(Fig. S5B): these data show that TCS does not interfere with the detection of ATP. We also
confirmed that the lack of apparent cytotoxicity in the Toxglo assay is not caused by TCS
interference with the fluorescence reaction for cytotoxicity detection (Fig. S4B, S5A,C).
TCS does not interfere with the protease-substrate reaction in this kit (Fig. S5A,C). We also
confirmed, using UV-Vis spectrophotometry, that TCS does not absorb UV-Vis light
between 300 and 800 nm (Fig. S6); thus, TCS does not absorb 485 nm radiation, indicating
that TCS will not interfere with the fluorescence measurement performed at 485 nm
excitation/528 nm emission.

CCCP was used as a positive control for this assay because it has already been deemed a
mitochondrial uncoupler (Goldsby and Heytler 1963) and because CCCP inhibits RBL
degranulation and other mast cell functions (Mohr and Fewtrell 1987). Mohr and Fewtrell
measured ATP production in RBL cells with CCCP in saline media and obtained an ECsg of
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~0.2 uM CCCP. When we repeated this experiment with the Toxglo assay and with glucose-
free, galactose-containing media with RBLs, we obtained an ECs for CCCP of 0.8 — 1.6
UM (95% CI) (Fig. 1B).

In order to determine if this depletion of ATP is specific to RBL cells, ATP production was
also measured in human HMC mast cells. We obtained similar results as those of RBL cells:
disrupted ATP production with an ECgq of 4.2-13.7 uM (95% CI) and no cytotoxicity with
TCS (Fig. 1C). This lack of cytotoxicity at the relevant concentrations was confirmed using
a trypan exclusion assay with these non-adherent cells (Fig. S7). A similar TCS ECgg is
obtained in HMC cells in galactose media in the presence of ionophore and PMA (data not
shown). With CCCP, the ECsgq is 0.7 — 0.9 pM (95% CI) in HMC cells, and no cytotoxicity is
seen (Fig. 1D). These data demonstrate a strong inhibition of HMC ATP production by both
TCS and CCCP in glucose-free, galactose-containing media.

To determine if ATP depletion is specific to mast cells, ATP production was measured in
NIH-3T3 mouse fibroblasts and in adult primary human keratinocytes. TCS disrupts ATP
production of NIH-3T3 cells cultured in glucose-free, galactose-containing media, with an
ECgq of 4.8-7.4 uM (95% CI), without causing cytotoxicity (Fig. 2A). By 25 uM TCS, only
14% + 8% (SEM) of ATP is produced compared to untreated control. With CCCP, the ECsgg
is 0.66-0.86 UM (95% CI) in NIH-3T3 cells (Fig. 2B). TCS-induced ATP depletion is even
more pronounced in primary keratinocytes with an ECgg of 3.0-4.1 uM (95% CI) (Fig. 3).
Overall, these data strongly suggest that TCS is a mitochondrial uncoupler in multiple cell

types.

Ag stimulation leads to many energy-intensive processes in the cell (including
degranulation) which require ATP production. Therefore, we examined whether ATP
production is affected by TCS in glucose media with Ag stimulation (Fig. 4). An Ag
concentration of 0.0004 ug/mL was used to correspond to degranulation experiments where
absolute degranulation levels in glucose media was 34% + 2% (SEM). We found that 10 uM
or higher levels of TCS, along with Ag stimulation, cause a significant decrease in ATP in
glucose media: ATP production at 10 uM is 88.3% * 0.8% (SEM) that of untreated control
with no cytotoxicity. This lack of cytotoxicity due to the combination of TCS and Ag was
confirmed with a clonogenic assay (Fig. S8). Thus, when cells are stimulated with Ag, TCS
does inhibit ATP production even in the presence of glucose. These data suggest that TCS
could cause a decrease in some mast cell functions under certain physiological conditions,
even when glycolysis is competent.

TCS increases oxygen consumption in RBL cells

Oxygen consumption rate (OCR) is used to measure mitochondrial function and to test for
mitochondrial uncoupling(Poe, et al. 1967). Due to TCS’s inhibition of ATP production, we
next examined whether TCS affects OCR. We used an oxygen sensitive probe from Cayman
Chemical that increases in phosphorescence signal as oxygen is depleted from the media.
Representative linear data of RBL cellular OCR (with and without toxicant) are shown in
Fig. 5A and C. A greater rate of increase in emission over time is seen with TCS (Fig. 5A)
and CCCP (Fig. 5C) when compared to no-toxicant controls. All no-cell controls (in the
presence of the probe) have no increase in fluorescence over time (a slope of zero) and are
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not significantly different from one another when TCS is added (data not shown); therefore,
the increase in fluorescence over time (positive slope) we are seeing is due to the cells’
depleting oxygen.

In glucose-free, galactose-containing media, OCR slope increases due to TCS exposure, as
compared to 0 UM TCS untreated control in RBL mast cells (Fig. 5B). OCR increases 1.17-
fold £ 0.06 (SEM) at 5 uM and 1.6-fold £ 0.1 (SEM) when compared to 0 uM untreated
control. CCCP was used as a positive control for this assay because it had already been
shown to increase OCR (Goldsby and Heytler 1963). Using the same experimental
conditions, CCCP demonstrates a similar effect as TCS, showing a significant increase in
OCR with 1 uM CCCP when compared to 0 uM untreated control (Fig. 5D). OCR increases
1.5-fold + 0.1 (SEM) at 1 pM CCCP when compared to untreated control. This comparison
to CCCP data provides further evidence that TCS is a mitochondrial uncoupler.

The OCR assay was validated in RBLs by measuring respiration = Antimycin A (AA). AA
is an inhibitor of the electron transport chain. AA blocks respiration, measured here as OCR
slope; also, AA blocks TCS’s stimulation of OCR (Fig. S9).

We confirmed that this increase in OCR in Fig. 5 is due to a decrease in oxygen and not due
to toxicant interference with the phosphorescent probe (Fig. S10, S11). Five and 10 uM TCS
have no effect on emission in a no-cell experiment when oxygen is depleted by glucose
oxidase (Fig. S10). CCCP at 1 uM appears to slightly dampen the emission of the probe
when compared to untreated control (Fig. S11). It is unknown whether this decrease is due
to CCCP’s interacting with the probe or with the glucose oxidase. However, if anything, this
decrease with CCCP would lead to a minor underestimation of OCR effects due to CCCP.

TCS inhibits antigen-stimulated degranulation in RBL and HMC-1.2 cells

In order to determine whether degranulation is affected under the conditions used to
determine ATP production, RBL and HMC mast cells were used to measure f3-
hexosaminidase release. The multivalent crosslinker DNP-BSA Ag was employed to
aggregate IgE-bound FceRI receptors in order to stimulate cells. For these experiments, Ag
doses were chosen based on absolute degranulation responses in the absence of the toxicant.
In the absence of TCS, in RBL cells treated with 0.0004 pg/mL Ag, absolute degranulation
in glucose media was 34% + 2% (SEM), compared to a spontaneous degranulation (non-
stimulated cells) level of 1.7% * 0.7% (SEM); and in galactose media was 35% + 5%
(SEM), compared to a spontaneous level of 7.0% + 0.7% (SEM). In galactose media, TCS
significantly dampens degranulation: at 15 uM, degranulation levels are reduced to 0.58-fold
+ 0.03 (SEM) of the 0 uM TCS control (Fig. 6A). Fig. 6A also shows that TCS significantly
inhibits degranulation in glucose media, but to a smaller extent than in galactose media: at
15 uM TCS, degranulation levels are reduced to 0.86-fold + 0.06 (SEM) of the 0 uM TCS
control, but TCS effects in glucose media are not significant until 20 uM. There is also a
significant difference in the levels of degranulation inhibition due to TCS exposure for
glucose versus galactose media (at 15, 20, and 25 uM TCS) (+ symbols in figure 6A).

A similar trend to that of TCS was found for CCCP effects on degranulation (Fig. 6B):
CCCP causes a more pronounced inhibition of degranulation when in galactose media rather
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than in glucose media (Fig. 6B). In the absence of CCCP, in RBL cells using 0.001 ug/mL
Ag, absolute degranulation in glucose media was 19% + 1% (SEM), compared to a
spontaneous degranulation (non-stimulated cells) level of 10.2% + 0.8% (SEM); and
galactose media was 18% * 1% (SEM), compared to a spontaneous level of 10.9% + 0.9%
(SEM). A higher Ag concentration (0.001 vs. 0.0004 ug/mL Ag) was required for CCCP
experiments due to the absence of BSA in these experiments. BSA was used in the TCS
experiments to better replicate our previous data, while no BSA was used with CCCP in
order to better compare our data to (Mohr and Fewtrell 1987). CCCP in glucose-free,
galactose-containing media completely inhibits the degranulation response by 1.6 uM, down
to levels equivalent to spontaneous degranulation (where no antigen is present; note values
stated above) (Fig. 6B). CCCP in glucose media began inhibition at 6.3 uM and didn’t reach
complete inhibition until 50 uM. Fig. 6B is normalized to 0 uM CCCP which is the
relatively high (~10%) spontaneous value, so the relative degranulation appears compressed.

HMC cells were used to confirm that TCS inhibition of degranulation is not confined to one
cell line. HMC-1.2 cells were stimulated with calcium ionophore and PMA, in place of Ag,
due to HMC cells’ lack of FceRI receptors, which are needed for Ag crosslinking. The
concentrations used were based upon a published study by Meyer et al. (Meyer, et al. 2007).
Calcium ionophore activation is caused by the influx of calcium across the plasma
membrane (Siraganian, et al. 1975), and PMA activation of protein kinase C (Lin and
Gilfillan 1992), thus enhancing the degranulation response. Absolute degranulation was 34%
+ 8% (SEM), compared to a spontaneous degranulation level of 17% + 2% (SEM).
Significant inhibition of degranulation is caused by non-cytotoxic (Figs. 1C, S7) TCS levels
of 40 uM (Fig. 6C). Similar results are obtained when using 20 uM TCS (Fig. S12). These
levels of TCS nearly abrogate ionophore-stimulated degranulation, bringing the response
nearly down to spontaneous levels.

TCS-methyl, unlike TCS, inhibits neither ATP production nor degranulation

TCS-methyl (MTCS) is an environmental transformation product of TCS (Lindstrom, et a/.
2002) produced by aerobic biodegradation (Chen, et al. 2011). TCS-methyl is less soluble
than TCS and, therefore, required dissolution in DMSO with sonication and vortexing (see
Materials and Methods). Presence of mTCS in solution was monitored by using UV-Vis
spectrophotometry, using the same extinction coefficient as TCS. The mTCS peak obtained
by UV-Vis was not shifted when compared to TCS (Fig. S13); therefore, it is likely that one
methyl group does not affect the UV-Vis properties (personal communication, Dr. Soren
Eustis). TCS-methyl, which has no ionizable proton but, instead, a methyl group in its place,
does not affect ATP production of RBL cells in glucose-free, galactose-containing media
(Fig. 7A); leading us to believe that TCS disruption of ATP is due, at least in part, to its
ionizable proton. Clonogenic assays were done with mTCS, showing a decrease in percent
live cells by 40 uM and a statistically-significant decrease by 50 uM (Fig. 7B). Note that
mTCS concentrations comparable to the TCS concentrations that effected ATP depletion are
not bioactive here.

We next tested whether mTCS affects degranulation in RBL cells. The percentage of DMSO
vehicle used in these experiments does not affect degranulation, as shown by a lack of
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significant difference between control+DMSO and control (Fig. 7C). Average absolute
degranulation response when no mTCS was present was 29% * 2% (SEM), compared to a
spontaneous degranulation level of 2.9% + 0.4% (SEM). Our results show that non-cytotoxic
concentrations of mTCS do not affect degranulation (Fig. 7C). The increase in degranulation
seen at 40 and 50 uM is due to cytotoxicity (Fig. 7B, 7C). The mTCS degranulation assay
was carried out in Tyrodes-BSA, instead of in galactose media, because degranulation
effects are generally more potent in Tyrodes-BSA (as shown with TCS, see Discussion). To
make sure that BSA was not interfering with mTCS and its ability to modulate cell function,
BSA was removed, and plain Tyrodes buffer was used: Still, no inhibition of degranulation is
seen in these no-BSA experiments (data not shown). TCS-methyl’s lack of effect on
degranulation corresponds with its lack of effect on ATP production--further evidence that
TCS’s effects are due to its ionizable proton.

TCS inhibits degranulation in RBL cells activated via thapsigargin

To test the ability of TCS to alter an earlier calcium signaling event than that induced by
A23187 calcium ionophore (Palmer, et al. 2012), we used thapsigargin (Tg), a known
inhibitor of sarco/endoplasmic reticulum calcium ATPase (SERCA) (Thastrup, ef al. 1990)
in mammalian cells. SERCA pumps calcium into the endoplasmic reticulum to replenish and
maintain calcium stores in the organelle (Ohuchi, et al. 1988). When SERCA is inhibited by
Tg, reuptake of IP3-sensitive calcium stores in the ER are blocked, causing cellular calcium
mobilization (Takemura, et a/. 1989). Thus, Tg was used to activate the cells in such a way
that bypasses the FceRI engagement and other upstream events. Tg concentration was
chosen based on a dose that resulted in ~20-30% degranulation, without causing cytotoxicity
(Kennedy 2013). Average absolute degranulation response was 29% + 5% (SEM) with 8 nM
Tg, compared to a spontaneous degranulation level of 1.95% * 0.06% (SEM). At5 uM TCS,
degranulation levels are dampened to 0.72-fold + 0.06 (SEM) of the O uM control and are
reduced to the spontaneous level by 20 uM TCS (Fig. 8). These results are further evidence
of a general ATP reduction, which in turn decreases degranulation, and/or a downstream
effect of TCS on mast cell degranulation signaling.

Discussion

Seventy-five percent of the US population is likely exposed to the antimicrobial agent TCS
(Calafat, et al. 2008). TCS can be absorbed by humans through the skin (Chedgzoy, et al.
2002; Moss, et al. 2000) and through the gastrointestinal tract (Bagley and Lin 2000; Lin
2000; Sandborgh-Englund, et a/. 2006), permitting TCS to interact with mast cells. Common
concentrations of TCS in personal care products are in the millimolar range (Jones, et al.
2000; Rodricks, et al. 2010), which is 1000-times higher than the concentrations used in
these experiments. A study showed a 70 mM TCS cream underwent 10% absorption into
human skin, showing absorption into the skin in the millimolar range (Queckenberg, et al.
2010). TCS is detectable in both blood and milk of lactating mothers (Allmyr, ef al. 2006).

In this study, we show one potential molecular mechanism underlying TCS effects: Its
ability to cause mitochondrial uncoupling, as evidenced by ATP depletion without
cytotoxicity and a concomitant increase in OCR, in several intact, living cell types from
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multiple species (rat, mouse, and human). Uncouplers depolarize the inner mitochondrial
membrane by transporting protons across the inner mitochondrial membrane while
bypassing ATP synthase, leading to uncoupling of ATP synthesis and respiration
(McLaughlin and Dilger 1980; Terada 1990). The known mitochondrial uncoupler 2,4-
dinitrophenol (Loomis and Lipmann 1948) was banned in the US in 1938 due to its toxic
effects (Grundlingh, et al. 2011).

An earlier study showed that TCS impairs mitochondrial function in isolated rat liver
mitochondria (Newton, et al. 2005). However, Picard ef a/. showed that isolated
mitochondria have functional characteristics that differ greatly from those of intact
mitochondria: Isolated mitochondria induce fragmented organelle morphology, alter
mitochondrial respiration, and increase hydrogen peroxide production (Picard, et a/. 2011).
Thus, assays for chemical uncoupling in isolated mitochondria are less reliable than
analogous assays performed in intact, living cells. Additionally, Newton et al. did not
connect triclosan’s uncoupling effects to its proton ionophore structure or to physiological
outcomes in living cells. In this manuscript, we show that triclosan is a mitochondrial
uncoupler in several living cell types, we connect this uncoupling effect to inhibition of
degranulation, and we characterize the molecular features required for this effect.

Our results show that, under conditions that force mast cells to rely solely on oxidative
phosphorylation for ATP production, TCS inhibits ATP production in living RBL and HMC
mast cells (Fig. 1A, C), NIH-3T3 mouse fibroblast cells (Fig. 2A), and human primary
keratinocytes (Fig. 3). Also, TCS increases OCR in mast cells (Fig. 5A, B). These findings
indicate that TCS is a mitochondrial uncoupler. TCS depletes ATP in RBL cells in galactose
media with an ECsq of 7.5-9.7 uM (95% CI). This ECsgq is similar to that of a TCS
degranulation experiment performed under the same experimental conditions: 12-19 uM
(95% CI) (Fig. 6A), showing a correlation between a decrease in ATP and a decrease in
degranulation under the same conditions. Also, OCR significantly increases at 10 uM TCS
(Fig. 5B), which corresponds to the ECgq found in ATP depletion (Fig. 1A). The OCR for 5
UM TCS showed a 1.17-fold increase when compared to untreated control, which correlates
to the 0.88-fold decrease of ATP at 5 uM TCS compared to untreated control. CCCP in
galactose media also causes similar effects on ATP production (ECsg 0.8-1.6 uM [95% ClI])
(Fig. 1B, D), degranulation (ECsq 0.49-0.96 uM [95% CI]) (Fig. 6B), and OCR (Fig. 5D).
TCS at 10 uM causes an OCR slope that is ~1.6-fold greater than that of the untreated
control, whereas CCCP at 1 uM causes an OCR slope that is ~1.5-fold greater than that of its
untreated control (Fig.5B, D). This same ratio was estimated based upon data for carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), a known mitochondrial uncoupler,
that was provided by the Cayman Kit, and showed a similar value of roughly 1.5. These
comparisons strongly suggest that 10 uM TCS is as strong a mitochondrial uncoupler as 1
UM CCCP, the canonical mitochondrial uncoupler.

Our CCCP values are comparable to those found by (Mohr and Fewtrell 1987) in RBL cells,
although the ECsgq values that they found are more potent, likely because their experiments
were conducted in a simple saline buffer: Mohr and Fewtrell found that CCCP inhibits Ag-
stimulated RBL degranulation in both glucose-containing (ECsg ~3 uM) saline and glucose-
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free (ECsg ~0.3 uM) saline. Our higher CCCP ECsgq values are most likely due to the
numerous additional media components binding to CCCP.

The potency of TCS inhibition of degranulation varies, depending on the media utilized. For
example, at 15 uM, TCS suppresses degranulation to the following levels: to ~0.26-fold of
untreated control for experiments performed in Tyrodes-BSA(Weatherly, et al. 2013), to
~0.86-fold of untreated control for experiments performed in the glucose-containing media
used in this study (with BSA), and to ~0.6-fold of untreated control for experiments
performed in glucose-free, galactose-containing media (with BSA). The shift between the
Tyrodes-BSA data and the glucose-containing media data is most likely due to TCS’s
binding to the numerous additives in the media compared to the relatively simple Tyrodes-
BSA buffer. The shift between the glucose media dataset and galactose media dataset is most
likely due to the greater depletion of ATP that occurs in the galactose media (compare Fig.
1A to Fig.4).

This study also shows, for the first time, that TCS inhibits degranulation in human mast cells
(Fig. 6C). TCS inhibits HMC degranulation in Tyrodes-BSA, bringing the degranulation
level down nearly to the untreated control level. The ECsq values for ATP depletion caused
by the tested toxicants are very similar for both RBL and HMC cells, providing evidence of
similar mitochondrial disruption caused by these two test chemicals in two different cell
lines (compare Fig. 1A to Fig. 1C, then compare Fig. 1B to Fig. 1D). Our results show that
TCS dampens cellular ATP production and degranulation in human mast cells as well as rat
mast cells.

As expected, no decrease in ATP caused by either TCS or CCCP in glucose media was seen
in cells that were not stimulated by Ag (Fig. 1), which confirms previous studies with CCCP
(Mohr and Fewtrell 1987). This lack of effect is due to glucose-fed cells’ reliance on
glycolysis to meet bioenergetic needs, whereas, in glucose-free, galactose-containing media,
cells must rely on mitochondrial oxidative phosphorylation. In glucose media with Ag
stimulation, TCS does significantly decrease ATP production (Fig. 4), in contrast to a lack of
ATP depletion in unstimulated, glucose-fed cells. This decrease in ATP production may be
due to the additional energetic strains on the cells caused by Ag stimulation and the ensuing
signaling cascades (Burgoyne and Morgan 2003).

A decrease in degranulation caused by both TCS and CCCP was seen in glucose media;
however, the decrease was less pronounced in glucose media as compared to galactose
media (Fig. 6A, B). This is further evidence that a decrease in ATP is part of the mechanism
for TCS’s inhibition of degranulation. It is possible that the less pronounced decrease in
degranulation in the presence of glucose media, is due to the cells’ undergoing glycolysis
and, therefore, meeting some of the bioenergetic needs for degranulation. Triclosan inhibits
ATP levels in glucose media with Ag stimulation (Fig. 4) to a similar level that it inhibits
Ag-stimulated degranulation levels in the same glucose containing media (Fig. 6A).

As a proton ionophore, TCS likely affects numerous cell processes which depend on
electrochemical gradients. Other proton ionophores and mitochondrial uncouplers have been
shown to affect other cellular functions, even in cells where glycolysis is sufficient to meet
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the ATP requirement. For example, depolarizing the mitochondrial membrane (Suzuki, et a/.
2006), depolarizing the plasma membrane (Mohr and Fewtrell 1987), decreasing calcium
influx across the plasma membrane (Mohr and Fewtrell 1987; Suzuki, et a/. 2006), and
increasing the release of calcium from the mitochondria (Suzuki, ef a/. 2006), have all been
shown to be affected by mitochondrial uncouplers. TCS could also be affecting any of these
cellular functions, all of which depend on electrochemical gradients that could be disrupted
by proton ionophores, in addition to its decrease in ATP in antigen-stimulated, glucose-fed
cells, leading to the combined effect of inhibition of degranulation. Future experiments will
test the effects of TCS on plasma membrane and mitochondrial membrane potential.

A decrease in degranulation was also seen with TCS in RBL cells when stimulated with Tg
(Fig. 8). Tg-stimulation blocks the SERCA pump in mammalian cells, thereby blocking
reuptake of calcium into the ER (Lytton, et a/. 1991). This decrease of calcium in the ER
leads to an influx of calcium across the plasma membrane into the cells, followed by
degranulation. The decrease in degranulation with Tg-stimulation is possible further
evidence for a general ATP reduction attributing to the decrease of degranulation. It is also
possible that TCS could be affecting a post-calcium influx event, due to Tg’s bypassing the
FceRI and upstream events.

TCS-methyl does not act as an antibacterial (Clayborn, et al. 2011). TCS’s antibacterial
properties lie in its blockage of fatty acid biosynthesis by mimicking enoyl-acyl carrier
protein reductase’s (ENR) natural substrate. Within ENR’s active site, TCS’s hydroxyl
group is hydrogen bonded to a hydroxyl group of the NAD* cofactor and also to the
phenolic oxygen of an active site tyrosine (Levy, et al. 1999). Even though bacterial and
human fatty acid synthase do not possess a great deal of sequence homology, TCS does
additionally inhibit human fatty acid synthase (Liu, et a/. 2002). The involvement of
triclosan’s hydroxyl group in binding to ENR’s active site is likely the reason that TCS-
methyl, which lacks a hydroxyl group, is not an effective antibacterial agent. Even though
mTCS has no anti-bacterial properties, it has been found to be more lipophilic and
potentially more environmentally persistent (Chu and Metcalfe 2007; Coogan, et al. 2007),
and has a higher bioaccumulation potential in aquatic organisms(Balmer, ef a/. 2004).

Many studies show degradation of TCS to TCS-methyl can occur via waste water treatment
plants (Lozano, et al. 2013). Waste water treatment plants appear to limit the extent of total
TCS removal by transforming the parent compound to mTCS, which is more resistant to
photolysis (Balmer, et al. 2004; Lindstrom, et al. 2002). Few studies exist on how mTCS
affects animals and humans, and no studies exist on mTCS effects on mast cells. Here we
show that mTCS does not affect mast cell ATP production (with galactose media) (Fig. 7A)
or degranulation (in Tyrodes-BSA buffer) (Fig. 7C). Degranulation experiments were
conducted in Tyrodes-BSA because, if no mTCS effect was seen in Tyrodes, then, likely,
there would be no mTCS effect in the more-complex buffers used for the Toxglo assay. TCS-
methyl was successfully dissolved: mTCS was cytotoxic at high doses, and our prepared
solutions of mTCS absorbed 280 nm radiation, similar to TCS. The increase in
degranulation is due to cytotoxicity (cell death causing a non-specific release in -
hexosaminidase) which is shown by the decrease in live cells in the clonogenic cytotoxicity
assay. There is a 33% increase in degranulation at 40 uM TCS which corresponds to the
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30% decrease in surviving cells at 40 UM mTCS in the clonogenic assay. At 50 yM mTCS,
there is a 49% increase in degranulation and a concomitant 58% decrease in live cells.

Our results are supported by another study measuring cell metabolism (MTT assay) using
gill cells, in which TCS has an ECgy of 6 pM and mTCS has no effect in a glucose-free
medium after a 24 hour exposure (Gaume, et al. 2012). Sadowski et al. also showed that the
hydroxyl group of triclosan is necessary for its cytotoxicity toward LNCaP prostate cancer
cells (Sadowski, et al. 2014). These results support the hypothesis that TCS effects on
degranulation are caused, in part, by a decrease in ATP production due to TCS’s ionizable
proton.

TCS has also been found to cause effects on membrane potential (polarization of the plasma
membrane) under certain conditions in rat thymocytes (Kawanai 2011); giving further
evidence that TCS’s effects are due to its ionizable proton. Proton ionophores have also been
shown to decrease mitochondrial membrane potential (Suzuki, ef al. 2006). A very recent
paper has also shown that TCS decreases mitochondrial membrane potential in HepG2 cells
(Attene-Ramos, et al. 2015). This is further possible evidence that TCS is a mitochondrial
uncoupler: known mitochondrial uncouplers cause decreases in mitochondrial membrane
potential (Kuznetsov, et al. 2011; Suzuki, et al. 2006). TCS’s mitochondrial uncoupling and
disruption of membrane potential suggests that TCS could have effects on a variety of cell

types.

Some mitochondrial uncouplers have been shown to potentially treat diseases related to
oxidative stress (Cunha, ef al. 2011; Lou, et al. 2007), and particularly of neuronal injury
(Maragos and Korde 2004; Sullivan, ef a/. 2004). Prolonged and/or complete uncoupling is
usually quite harmful but some studies are finding that transient uncoupling has protective
effects. FCCP exposures to forebrain neurons for 10 minutes result in over a 50% reduction
of cell death while a 24 hour exposure was toxic (Stout, e a/. 1998). DNP (2,4-
dinitrophenol), which was used in the 1930s for weight loss, is a very well studied
mitochondrial uncoupler. It was banned in the U.S. by the FDA in 1938 after skin rashes,
cataracts (Boardman 1935; Rodin 1936), hepatic dysfunction, gastroenteritis, cardiac
arrhythmias (Tainter, et a/. 1934), and death due to hyperthermia (Grundlingh, et a/. 2011)
were reported. However, in a recent study using an in vitro model of cerebral ischemia, DNP
produced a partial uncoupling of cortical neurons, thus reducing neuronal death induced by
oxygen deprivation (Mattiasson, et al. 2003). In an in vivo study, systemically administered
DNP, at concentrations that cause partial uncoupling, did not cause hyperthermia; also,
animals exposed to DNP plus the neurotoxin quinolinic acid developed lesions that were
25% smaller than those exposed to quinolinic acid alone (Maragos, et a/. 2003). In a rat
model of mammary carcinogenesis, TCS was found to inhibit fatty acid synthase and to
decrease tumor incidence per animal (Lu and Archer 2005). However, the body weight of
the TCS-fed mice began to decrease around 7-8 weeks compared to the control, even though
the food intake was the same between groups. This decrease in weight is consistent with
mitochondrial uncoupling (i.e. with DNP) which causes the burn of more calories in an
attempt to fix the mitochondrial membrane potential, suggesting that the TCS mitochondrial
uncoupling effect occurs /n vivo. TCS has also been found to be a potential cancer treatment
by targeting cancer cells without significant harm to non-malignant cells (Deepa, et al. 2012,
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Honkisz, et al. 2012; Sadowski, et al. 2014; Schmid, et al. 2005). For example, in LNCaP
prostate cancer cells, TCS inhibits fatty acid synthase, causing cytotoxicity, GO/G1 cell cycle
arrest leading to apoptosis, and reduced lipid content (Sadowski, ef al. 2014). They suggest
that TCS is more cytotoxic to cancer cells than non-malignant cells and could be used to
target prostate cancer. However, our novel finding that TCS is a mitochondrial uncoupler
needs to be taken into consideration when suggesting its use for cancer treatment due to
cancer cells relying more on glycolysis for energy production while non-malignant cells rely
more on oxidative phosphorylation and, therefore, could have unwanted side effects on ATP
production in normal cells. These studies suggest that TCS could have other uses outside
antibacterial usage. However, due to TCS’s ubiquitous use in personal care products,
triclosan’s uncoupling potential must be taken into consideration in future risk assessments,
due to the dangerous nature of uncouplers (Grundlingh, et al. 2011).

In conclusion, we have shown that TCS causes mitochondrial uncoupling, at much lower
concentrations than those generally found in personal care products, in rat and human mast
cells, mouse fibroblasts, and human primary keratinocytes. Also, we have shown that TCS
dampens degranulation in a human cell line, dampens RBL cell degranulation in glucose and
galactose media, and dampens degranulation with downstream stimulation (Tg). These data
provide a molecular mechanism underlying TCS disruption of mast cell signaling and point
to broad effects of TCS on mammalian cell function.
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Fig. 1.

A'?P and cytotoxicity responses in RBL and HMC mast cells exposed to varying
concentrations of toxicants. ATP and cytotoxicity responses were measured in RBL-2H3
cells after exposure to toxicant in glucose or galactose media: (A) TCS for 1 hour in the
presence of BSA and (B) CCCP for 1.5 hour with no BSA. ATP and cytotoxicity responses
were also measured in HMC-1.2 cells in galactose media due to TCS (C) or CCCP (D). The
x-axis in A and C is a three segment line in order to clearly distinguish the points on the
graph. Percent untreated control is determined by dividing the fluorescence or luminescence
value of the sample by the average of the untreated control. Values presented are means +
SEM of at least three independent experiments; three replicates were used in each
experiment. Statistically significant results, as compared to untreated controls, are
represented by **p<0.01, and ***p<0.001, as determined by one-way ANOVA followed by
Tukey’s post-hoc test. Color image is available in the online version.
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ATP and cytotoxicity responses in NIH-3T3 mouse fibroblasts exposed to varying
concentrations of toxicants. ATP and cytotoxicity responses were measured in NIH-3T3
cells after exposure to toxicant in galactose media: (A) TCS for 1 hour in the presence of
BSA and (B) CCCP for 1 hour with no BSA. The x-axis in A is a three segment line in order
to clearly distinguish the points on the graph. Percent untreated control is determined by
dividing the fluorescence or luminescence value of the sample by the average of the
untreated control. Values presented are means + SEM of at least three independent
experiments; three replicates were used in each experiment. Statistically significant results,
as compared to untreated controls, are represented by ***p<0.001, as determined by one-

way ANOVA followed by Tukey’s post-hoc test.
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Fig. 3.
ATP and cytotoxicity response to TCS exposure in adult primary human keratinocytes were

measured in galactose media. ATP and cytotoxicity responses were measured in
keratinocytes after exposure to TCS for 1 hour in galactose media with BSA. The x-axis is a
three segment line in order to clearly distinguish the points on the graph. Percent of
untreated control is determined by dividing the fluorescence or luminescence value of the
sample by the average of the untreated control. Values presented are means = SEM of three
independent experiments; three replicates were used in each experiment. Statistically
significant results, as compared to untreated controls, are represented by *p<0.05 and
***n<0.001, determined by one-way ANOVA followed by Tukey’s post-hoc test.
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ATP and cytotoxicity responses in RBL cells were measured in glucose media with antigen
stimulation. ATP and cytotoxicity responses were measured in RBL cells after exposure to

TCS + 0.0004 pg/mL Ag for 1 hour in glucose media with BSA. The x-axis is a three

segment line in order to clearly distinguish the points on the graph. Percent of untreated
control is determined by dividing the fluorescence or luminescence value of the sample by

the average of the untreated control. Values presented are means + SEM of three
independent experiments; three replicates were used in each experiment. Statistically
significant results, as compared to untreated controls, are represented by *p<0.05 and

**p<0.01, determined by one-way ANOVA followed by Tukey’s post-hoc test. Color image

is available in the online version.
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Measurement of oxygen consumption rate (OCR) in RBL mast cells exposed to toxicant.

OCR was measured in RBL cells for 3 hours of exposure to toxicant in glucose-free,

galactose-containing media using a phosphorescent oxygen probe. A representative linear
regression graph, from which the appropriate controls have been subtracted, is shown as raw
fluorescence units (RFU) verses time for (A) TCS in the presence of BSA and (C) CCCP
with no BSA. The slopes of OCR lines were obtained by linear regression in Graphpad

Prism software, and slope was plotted as a bar graph with (B) TCS and (D) CCCP compared
to untreated controls. Values presented are means + SEM of at least three independent
experiments; two replicates were used in each experiment. Statistically significant results, as
compared to untreated controls, are represented by **p<0.01, determined by one-way
ANOVA followed by Tukey’s post-hoc test (B) or one-sample t-test (D). Color image is
available in the online version.
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Fig. 6.

Dc?se—responsive relative degranulation of RBL and HMC mast cells exposed to varying
doses of TCS or CCCP. Degranulation responses were measured in IgE-sensitized RBL cells
in glucose or galactose media: (A) with TCS + 0.0004 ug/mL Ag + BSA for 1 hour and (B)
with CCCP + 0.001 pg/mL Ag with no BSA for 1.5 hours. “Control” samples in A and B
contain no toxicant and no Ag but have been sensitized with IgE. (C) HMC cells were
stimulated with 5 uM calcium ionophore plus 100 ng/mL PMA + TCS in Tyrodes-BSA for 1
hour. Spontaneous release (spont.) samples are HMC cells that have not been exposed to
ionophore or TCS but are exposed to DMSO vehicle control and to PMA. The x-axis in A is
a three segment line in order to clearly distinguish the points on the graph. Values presented
are means + SEM of at least three independent experiments; three replicates were used in
each RBL experiment, and two replicates were used in each HMC experiment. Statistically
significant results, as compared to 1 nM TCS (A) and 0.1 uM CCCP (B) and 5 pM
ionophore (C), are represented by *p<0.05, **p<0.01, and ***p<0.001, determined by one-
way ANOVA followed by Tukey’s post-hoc test. In figures A and B, * symbols refer to
statistical significance compared to untreated control, and + symbols refer to statistically
significant differences between glucose and galactose media treatments at the same doses of
toxicant. Color image is available in the online version.
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Fig. 7.
ATP (A), cytotoxicity (A,B), and degranulation (C) responses in RBL cells due to mTCS

exposure. (A) ATP and cytotoxicity responses were measured in RBL cells after exposure to
mTCS for 1 hour in galactose media with BSA. Percent of untreated control is determined
by dividing the fluorescence or luminescence value of the sample by the average of the
untreated control. (B) Cytotoxicity of 1 hour mTCS exposure assessed by clonogenic assays
on RBL cells in Tyrodes-BSA. (C) Dose-responsive relative degranulation of RBL mast
cells exposed to varying doses of mTCS. Degranulation responses were measured in IgE-
sensitized RBL cells in Tyrodes-BSA with mTCS + 0.0004 pug/mL Ag for 1 hour.
Spontaneous release (spont.) samples are IgE-sensitized RBL cells that have not been
exposed to Ag or mTCS but that do contain DMSO vehicle control. Values presented are
means + SEM of at least three independent experiments (except for (B), the mTCS
clonogenic, which is two independent experiments with three replicates each). Statistically
different results, as compared untreated control (A) and 0+DMSO (B,C) are represented by
**p<0.01, and ***p<0.001, determined by one-way ANOVA followed by Tukey’s post-hoc
test.
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Fig. 8.
Effects of TCS on Tg-stimulated RBL cell degranulation. RBL cells were exposed to 8 nM

Tg £ TCS for 1 hour in Tyrodes-BSA buffer. Spontaneous release (spont.) samples are RBL
cells that have not been exposed to Tg or TCS but that do contain DMSO vehicle control.
Values presented are means = SEM of four independent experiments; three replicates for
each experiment. Statistically significant results, as compared to 1 nM TCS, are represented
by ***p<0.001, determined by one-way ANOVA followed by Tukey’s post-hoc test.
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