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� TCS exerts a hemolytic effect on human red blood cells.
� TCS induces eryptosis by elevated intracellular Ca2þ levels.
� TCS stimulates hemolysis and seryptosis at least in part through Ca2þ mobilization, and p38 MAPK and RIP1 activation.
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a b s t r a c t

Triclosan (TCS) is a broad-spectrum antimicrobial used in personal care products, household items, and
medical devices. Owing to its apoptotic potential against tumor cells, TCS has been proposed for the
treatment of malignancy. A major complication of chemotherapy is anemia, which may result from direct
erythrocyte hemolysis or premature cell death known as eryptosis. Similar to nucleated cells, eryptotic
cells lose membrane asymmetry and Ca2þ regulation, and undergo oxidative stress, shrinkage, and
activation of a host of kinases. In this report, we sought to examine the hemolytic and eryptotic potential
of TCS and dissect the underlying mechanistic scenarios involved there in. Hemolysis was spectropho-
tometrically evaluated by the degree of hemoglobin release into the medium. Flow cytometry was uti-
lized to detect phosphatidylserine (PS) exposure by annexin-V binding, intracellular Ca2þ by Fluo-3/AM
fluorescence, and oxidative stress by 2-,7-dichlorodihydrofluorescin diacetate (DCFH2-DA). Incubation of
cells with 10e100 mM TCS for 1e4 h induced time- and dose-dependent hemolysis. Moreover, TCS
significantly increased the percentage of eryptotic cells as evident by PS exposure (significantly enhanced
annexin-V binding). Interestingly, TCS-induced eryptosis was preceded by elevated intracellular Ca2þ

levels but was not associated with oxidative stress. Cotreatment of erythrocytes with 50 mM TCS and
50 mM SB203580 (p38 MAPK inhibitor), or 300 mM necrostatin-1 (receptor-interacting protein 1 (RIP1)
inhibitor) significantly ameliorated TCS-induced PS externalization. We conclude that TCS is cytotoxic to
erythrocytes by inducing hemolysis and stimulating premature death at least in part through Ca2þ

mobilization, and p38 MAPK and RIP1 activation.
© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Triclosan (TCS), or 5-chloro-2-(2,4-dichlorophenoxy) phenol, is
a broad-spectrum antimicrobial extensively used in personal care
, NC 27858, United States.
and hygiene products, clothing and textiles, kitchenware, and
medical devices (Yueh and Tukey, 2016) (Fig. 1A). A recognized
endocrine disruptor, exposure toTCSmay be implicated in a myriad
of serious disease conditions including immune and thyroid dis-
orders (Clayton et al., 2011). At the cellular level, TCS induces
cytotoxicity, membrane damage, oxidative stress, and apoptosis
(Yueh and Tukey, 2016). In particular, the antibacterial and cyto-
toxic effects of TCS are attributed in part to its inhibitory action on
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Fig. 1. TCS induces hemolysis dose and time responsively. A. Chemical structure of TCS. B. Arithmetic means± SEM (n ¼ 9) of RBC hemolysis following incubation for 1e4 h in
Ringer solution without (black bars) or with 10e100 mM TCS (grey bars). ns indicates not significant; **(p < 0.01) and ***(p < 0.001) indicate significant difference from control
(Student's t-test).
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de novo fatty acid synthesis by inactivating fatty acid synthase
(FAS). Because FAS is differentially upregulated in a variety of tu-
mors (Wang et al., 2001), TCS along with other FAS inhibitors has
been proposed as a promising antineoplastic agent against breast,
epithelial, and prostatic cancer cells (Sadowski et al., 2014).

Owing to widespread exposure in humans, TCS has been shown
to accumulate in various tissues and body fluids including the brain
(up to 0.23 ng/g tissue) and blood (up to 1 mM) (Geens et al., 2012;
Weatherly and Gosse, 2017). Red blood cells (RBCs), also known as
erythrocytes, are highly specialized, terminally differentiated cells
responsible for oxygen delivery and carriage of immune complexes.
Whereas RBCs have an average lifespan of 100e120 days, various
stimuli, including xenobiotics, may trigger eryptosis; the suicidal
death of erythrocytes. Distinctive features of eryptotic cells include
cell shrinkage, membrane blebbing, and lipid bilayer scrambling
leading to phosphatidylserine (PS) externalization to the outer
membrane leaflet. Adverse conditions that often precede eryptosis
include energy depletion, osmotic shock, hyperthermia, and
oxidative stress (Lang et al., 2012).

Accelerated eryptosis constitutes an integral part of the multi-
faceted pathophysiology of a plethora of diseases. These include
metabolic syndrome, diabetes mellitus, anemia, renal disease, and
cancer (Lang and Lang, 2015b; Lang et al., 2017). Moreover, the
presence of eryptotic cells in the circulation is detrimental because
they aggravate anemia and adhere to platelets and endothelial cells,
giving rise to intravascular coagulation and thrombosis (Borst et al.,
2012; Walker et al., 2014). Therefore, mature erythrocytes have
developed an intricate and elaboratemachinery to regulate survival
and senescence. This regulatory network has calcium homeostasis
at its core, in addition to intracellular mediators such as p38
mitogen-activated protein kinase (MAPK), caspases, AMP-activated
protein kinase (AMPK), Janus kinase 3 (JAK3), and receptor-
interacting protein 1 (RIP1), among others (LaRocca et al., 2014;
Lang and Lang, 2015a). Cytosolic accumulation of calcium eventu-
ally leads to membrane scrambling, calpain-dependent blebbing,
and cell shrinkage following KCl and water loss (Al Mamun Bhuyan
et al., 2017). Similarly, eryptosis may be initiated through signaling
cascades involving either the cyclooxygenase-prostaglandin E2
(COX-PGE2) pathway or the stimulation of phospholipase 2 (PLA2)
and ceramide formation (Lang et al., 2012).

Despite the revitalized interest in TCS as a cause for concern
(Dann and Hontela, 2011; Yueh and Tukey, 2016), and the preva-
lence of chemotherapy-induced anemia in cancer (Rodgers et al.,
2012; Lang et al., 2017), very little emphasis has been placed on
the interaction of TCS with erythrocytes. Thus, the objective of this
study was to characterize the hemolytic and eryptotic potential of
TCS in this cell type. It was revealed that TCS triggers premature cell
death through membrane damage, evident as overt hemolysis, and
loss of membrane asymmetry. Mechanistically, TCS-induced PS
exposure was characterized by cytosolic Ca2þ accumulation along
with p38 MAPK and RIP1 stimulation.

2. Materials and methods

2.1. Erythrocytes, chemicals, and solutions

Fresh, lithium heparin RBC samples from consented, healthy
adults were obtained from ZenBio (Research Triangle Park, NC,
USA). Samples were washed in phosphate-buffered saline (PBS;
0.9% NaCl, 1mM KH2PO4, 5.6mMNa2HPO4; pH 7.4) at 3000 rpm for
10min at 21 �C, and stored in Alsever's solution at 4 �C for a
maximum of 20 days (Kucherenko and Bernhardt, 2015). Samples
were validated for experimentation by low (�5%) hemolysis and PS
exposure in control cells (Lupescu et al., 2014; Alfhili et al., 2019).
TCS treatment was conducted in vitro at 5% hematocrit in Ringer
solution containing: 125 mMNaCl, 5 mM KCl, 1 mMMgSO4, 32 mM
N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 5
mM glucose, 1 mM CaCl2; pH 7.4. To test for the dependence of TCS-
mediated PS exposure on extracellular Ca2þ influx, or intracellular
Ca2þ availability, cells were incubated in Ca2þ-free Ringer solution
in which CaCl2 was substituted with 1mM ethylene glycol-bis(b-
aminoethyl ether)-N,N,N0,N0-tetraacetic acid (EGTA) (Chem-Impex
Intl., Wood Dale, IL, USA), or were cotreated with 50 mM TCS and
50 mM Ca2þ chelator BAPTA-AM. All chemicals were of analytical
grade and were purchased from Sigma (St. Louis, MO, USA) unless
otherwise noted. An ethanolic stock solution of TCSwas prepared at
10mM and diluted to desired concentrations in Ringer solution.

2.2. Hemolysis

RBCs at 5% hematocrit were exposed to 10e100 mM of TCS in
Ringer solution for 1, 2, and 4 h at 37 �C. Following treatment,
samples were centrifuged at 13,300 RPM for 1min, and the degree
of hemoglobin release into the medium was measured by absor-
bance (A) at 405 nm using VersaMax™ ELISA microplate reader
(Molecular Devices, San Jose, CA, USA). Cells suspended in distilled
water constituted 100% hemolysis, and the relative percent he-
molysis was calculated according to the formula:

% Hemolysis¼ðAs=AwÞ � 100

where As¼ absorbance of test sample, and Aw¼ absorbance of
positive (distilled water) control.

2.3. Detection of PS externalization and forward scatter (FSC)

Following TCS treatment, 50 ml of cells were washed in Ringer
solution containing 5mM CaCl2 and resuspended in a total volume
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of 200 ml. The resulting RBC suspension was stained with a 1% v/v
solution of Annexin V-FITC (Thermo Fisher Scientific,Waltham,MA,
USA) for 10min at room temperature away from light. PS exposure
and forward scatter FSC were subsequently determined by flow
cytometry using a FACScan (Betcon Dickinson, Franklin Lakes, NJ,
USA) at excitation and emission wavelengths of 488 nm and
530 nm, respectively.

2.4. Involvement of kinases

Signaling kinases were evaluated by treating the cells to a
combination of 50 mM TCS and 50 mM p38 MAPK inhibitor
SB203580 (Selleckchem, Houston, TX, USA), 100 mM pan-caspase
inhibitor z-VAD-fmk (Selleckchem), 1 mM protein kinase C (PKC)
inhibitor staurosporine (StSp; Cayman Chemical Company, Ann
Arbor, MI, USA), 100 mM casein kinase 1 (CK1) inhibitor (D4476;
Cayman), 300 mM RIP1 inhibitor necrostatin-1 (Nec-1), or 1 mM
mixed lineage kinase domain-like (MLKL) pseudokinase inhibitor
necrosulfonamide (NSA).

2.5. Confocal microscopy

Control and TCS-treated cells were stained with Annexin-V-FITC
as detailed above and a homogeneous 20 ml cell suspension was
spread on a glass slide before it was immediately examined with a
Zeiss LSM 700 laser scanning microscope (Carl Zeiss Microscopy
LLC, Thornwood, NY, USA) under a water immersion Plan-Neofluar
40/1.3 NA DIC objective.

2.6. Determination of intracellular calcium

Cytosolic Ca2þ activity was determined by Fluo3/AM fluores-
cence (Biotium, Fremont, CA, USA). The membrane-permeant
Fluo3/AM ester is hydrolyzed intracellularly by esterases into
Fluo3 whose fluorescence increases upon binding to Ca2þ ions, thus
serving as an indicator of Ca2þ content. Following TCS treatment,
50 ml of cell suspension was washed in 5mM CaCl2 Ringer buffer
and incubated with 5 mM of Fluo3/AM for 30min at 37 �C under
protection from light. Cells were washed twice to remove excess
stain, resuspended in 200 ml of 5mM CaCl2 Ringer solution, and
finally analyzed by a FACScan at 488 nm excitation and 530 nm
emission wavelengths. The geomean of Fluo3-dependent fluores-
cence was subsequently determined.

2.7. Measurement of ROS generation

Oxidative stress was assayed by measuring the generation of
reactive oxygen species (ROS) using the probe 2-,7-
dichlorodihydrofluorescin diacetate (DCFH2-DA) (Thermo Fisher
Scientific, Waltham, MA, USA). DCFH2-DA is a cell-permeant indi-
cator that remains non-fluorescent until it is cleaved by intracel-
lular esterases and in turn oxidized by ROS into the fluorescent DCF.
Following treatment with 50 mM TCS, 50 ml of cell suspension was
washed in Ringer buffer, resuspended in a final volume of 200 ml,
and incubated with 10 mM DCFH2-DA for 30min at 37 �C in total
darkness. DCF fluorescence was measured on a FACScan at excita-
tion and emissionwavelengths of 488 nm and 530 nm, respectively.

2.8. Statistical analysis

Data are shown as arithmetic means± S.E.M. of three indepen-
dent experiments conducted on RBC samples obtained from three
different donors. For hemolytic assays, data were analyzed by one-
way ANOVA followed by Tukey's post hoc test. For other
experiments, student t-test was employed to analyze differences
among themeans. In all cases, a value of P< 0.05 was defined as the
cutoff for statistical significance. n denotes the number of technical
replicates tested. To control for individual variation and differential
susceptibility to external stimuli, only control and experimental
cells from the same RBC specimen were compared.

3. Results

3.1. TCS induces hemolysis time- and dose-dependently

Various xenobiotics have been shown to exhibit a hemolytic
activity against human RBCs (Lang and Lang, 2015b), and the
cytotoxicity of TCS was demonstrated in various cell types (Honkisz
et al., 2012; Zhang et al., 2015; Park et al., 2016). To assess the he-
molytic potential of TCS, erythrocytes were incubated with
10e100 mM TCS for 1, 2, and 4 h at 37 �C, and hemoglobin release
into the mediumwas measured as a function of cell lysis relative to
cells lysed in distilled water. As depicted in Fig. 1B, incubation of
RBCs at the tested concentrations resulted in a dose- and time-
dependent increase in hemolysis, an effect reaching statistical
significance at 25 mM following 1 h exposure. This indicates that
TCS exerts a hemolytic effect on RBCs that is proportionally related
to length of exposure time and concentration used.

3.2. TCS causes membrane phospholipid scrambling

Previous studies have demonstrated that TCS induces apoptosis
in a variety of human cell types including prostatic and placental
cells (Sadowski et al., 2014; Zhang et al., 2015). In RBCs, among the
distinctive features of eryptosis are PS exposure and cell shrinkage.
To investigate the ability of TCS to stimulate eryptosis, RBCs were
incubated in Ringer solution containing 10e50 mM TCS for 4 h at
37 �C. Cells were then stained with Annexin-V-FITC and analyzed
using flow cytometry. Cell size was simultaneously estimated from
FSC. Our results show that TCS increased PS externalization with a
statistical significance starting at 25 mM (Fig. 2AeC). Membrane
scrambling was, however, not accompanied by alterations in cell
volume as indicated by the unchanged FSC under control and
experimental conditions (Fig. 2D and E). Taken together, these data
suggest that TCS leads to enhanced PS translocation characteristic
of eryptotic cells without concurrent reduction in cell volume.

3.3. TCS disturbs calcium homeostasis

Membrane scrambling is initiated by increased activity of
cytosolic Ca2þ (Lang et al., 2012). To test whether Ca2þ accumula-
tion is precedent to PS exposure, cells were treated with 10e50 mM
TCS in Ringer solution for 4 h at 37 �C, stained with Fluo3/AM, and
the fluorescence intensity was analyzed by flow cytometry. It was
noted that TCS treatment induced intracellular Ca2þ levels, an effect
attaining statistical significance at 50 mM (Fig. 3).

Elevated intracellular Ca2þ may be due to influx into the cell
through Ca2þ-permeable cation channels. To examine whether the
increase in cytosolic Ca2þ was due to extracellular Ca2þ entry, cells
were incubated with or without 50 mMTCS for 4 h at 37 �C in Ringer
solution or in Ca2þ-free Ringer solution, and the ion's activity was
estimated as described earlier. As seen in Fig. 4, Fluo3 fluorescence
was not significantly altered in presence or absence of extracellular
Ca2þ, suggesting that TCS-induced elevated cytosolic Ca2þ was not
consequent to extracellular influx of the ion.

Next, we sought to assess the role of Ca2þ in TCS-mediated PS
translocation. To this end, Annexin-V binding was detected in
control and TCS-treated cells in presence and absence of



Fig. 2. Effect of TCS on phosphatidylserine exposure and forward scatter. A. Representative histogram showing annexin-V-binding of RBCs incubated for 4 h in Ringer solution
without (black line) or with (red line) 50 mM TCS. B. Arithmetic means ± SEM (n¼ 9) of the percentage of annexin-V-binding RBCs following incubation for 4 h in Ringer solution
without (black bar) or with 10e50 mM TCS (grey bars). C. Confocal microscopy images demonstrating control and eryptotic cells with increased FITC fluorescence reflective of
enhanced PS exposure. D. Representative histogram showing erythrocyte FSC after 4 h incubation in Ringer solution without (grey peak) or with (black line) 50 mM TCS. E.
Arithmetic means ± SEM (n ¼ 9) of erythrocyte FSC after 4 h incubation without (black bar) or with 10e50 mM TCS (grey bars). ns indicates not significant; ***(p < 0.001) indicates
significant difference from control (Student's t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. TCS causes intracellular Ca2þ mobilization. A. Representative histogram
showing Fluo3 fluorescence as a function of cytosolic free Ca2þ in RBCs incubated for
4 h in Ringer solution without (black line) or with (brown line) 50 mM TCS. B. Arith-
metic means± SEM (n ¼ 9) of Fluo3 fluorescence in RBCs following incubation for 4 h
in Ringer solution without (black bar) or with 10e50 mM TCS (grey bars). ns indicates
not significant; ***(p < 0.001) indicate significant difference from control (Student's t-
test). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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extracellular Ca2þ, or with and without 50 mM BAPTA-AM (a se-
lective Ca2þ chelator) for 4 h at 37 �C. Compared to unaltered Ca2þ

conditions, the percentage of cells exposing PS was not significantly
reduced neither when extracellular Ca2þ was removed (Fig. 5AeC)
nor when intracellular Ca2þ was chelated with BAPTA-AM
(Fig. 5DeF). Thus, preventing extracellular Ca2þ influx or
depleting intracellular Ca2þ are apparently not required for the full
PS-exposing activity of TCS.
3.4. TCS does not induce oxidative stress

The generation of excessive amounts of ROS is a recognized
aggravator of eryptosis (Lang et al., 2014). We have previously
shown that damage associated with TCS exposure is in part due to
oxidative stress (Yoon et al., 2017). Thus, to test whether TCS-
mediated PS translocation is preceded by ROS generation, cells
were incubated with or without 50 mM TCS in Ringer solution for
4 h at 37 �C, and ROS levels were assessed by DCF fluorescence
using flow cytometry. Fig. 6 demonstrates that ROS levels are not
significantly changed by TCS treatment, suggesting that TCS-



Fig. 4. Effect of extracellular Ca2þ chelation on TCS-induced Ca2þ mobilization. A,B. Representative histograms showing Fluo3 fluorescence as a function of cytosolic free Ca2þ in
RBCs incubated for 4 h without (black line) or with 50 mM TCS in presence (brown line, A) and absence (yellow line, B) of extracellular Ca2þ. C. Arithmetic means ± SEM (n¼ 9) of
Fluo3 fluorescence in RBCs following incubation for 4 h without (black bars) or with 50 mM TCS (grey bars) in presence or nominal absence of extracellular Ca2þ. ***(p < 0.001)
indicates significant difference from control (Student's t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 5. Effect of extracellular Ca2þ chelation on TCS-induced PS exposure. A,B. Representative histograms showing annexin-V-binding RBCs incubated for 4 h without (black line)
or with 50 mM TCS in presence (red line, A) and absence (blush line, B) of extracellular Ca2þ. C. Arithmetic means ± SEM (n¼ 9) of the percentage of annexin-V-binding cells
incubated for 4 h without (black bars) or with 50 mM TCS (grey bars) in presence and absence of extracellular Ca2þ. D,E. Representative histograms showing annexin-V-binding RBCs
incubated for 4 h without (black line) or with 50 mM TCS in absence (blue line, D) and presence (sky blue line, E) of 50 mM BAPTA-AM. F. Arithmetic means ± SEM (n ¼ 9) of the
percentage of annexin-V-binding cells incubated for 4 h without (black bars) or with 50 mM TCS (grey bars) in absence and presence of 50 mM BAPTA-AM. ***(p < 0.001) indicates
significant difference from control (Student's t-test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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induced eryptosis is not mediated through oxidative stress.

3.5. Involvement of kinases

Multiple signaling pathways have been implicated in eryptosis,
including p38 MAPK, caspases, PKC, and CK1 (Lang and Lang,
2015a). RIP1 and MLKL have also been recently described,
revealing necroptosis as a distinct death pathway in RBCs (LaRocca
et al., 2014). To identify kinases stimulated in response to TCS
exposure, cells were incubated in Ringer solution with or without
50 mM TCS in presence and absence of 50 mM SB203580 (p38 MAPK
inhibitor), 100 mM zVAD-fmk (pan-caspase inhibitor), 1 mM StSp
(PKC inhibitor), 100 mM D4476 (CK1 inhibitor), 300 mM Nec-1 (RIP1
inhibitor), or 1 mM NSA (MLKL inhibitor) for 4 h at 37 �C. PS trans-
location was subsequently evaluated as previously described. As
seen in Fig. 7, both SB203580 and Nec-1 significantly but not
thoroughly blunted PS translocation, while no statistically signifi-
cant inhibition was observed under caspase, PKC, CK1, or MLKL
blockage. This identifies p38 MAPK and RIP1 not only as molecular
targets of TCS, but also as essential requirements for its full eryp-
totic activity.

4. Discussion

TCS is a high-volume, antimicrobial phenolic compound
commonly used as a preservative in personal care products, tex-
tiles, medical devices, and food contact materials (Nietch et al.,
2013; Yueh and Tukey, 2016). Once absorbed, TCS is distributed
and deposited in a variety of tissues and body fluids, including the
liver, brain, and blood. Toxicological profiling of TCS has discerned



Fig. 6. Effect of TCS on ROS levels. A. Representative histogram showing DCF fluo-
rescence after 4 h incubation in Ringer solution without (black line) or with (purple
line) 50 mM TCS. B. Arithmetic means ± SEM (n¼ 9) of DCF geomean fluorescence after
4 h incubation without (black bar) or with 50 mM TCS (grey bar). ns indicates not
significant. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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its apoptotic potency in a variety of tumor cells, which could be
exploited for therapeutic purposes. Thus, complementary to
Fig. 7. TCS-induced phosphatidylserine exposure is suppressed by SB203580 and necrost
4 h without (black line) or with 50 mM TCS in absence (red line, A) and presence of 50 mM SB
100 mM D4476 (brown line, E), 300 mM necrostatin-1 (lime line, F), or 1 mM NSA (green line
incubated for 4 h in Ringer solution without (black bar) or with 50 mM TCS (grey bars) in ab
300 mMNec-1, or 1 mMNSA. ns indicates not significant; **(p < 0.01) and ***(p < 0.001) indic
references to colour in this figure legend, the reader is referred to the Web version of this
previous studies, this work not only expands on current under-
standing of TCS toxicity, but also offers assessment of its thera-
peutic potential as an anticancer agent. It is worth mentioning that
pathogens whose tropism involves the RBC are highly likely to
transform infected cells into eryptotic corpses, as is the case with
Plasmodium spp. (Foller et al., 2009). Thus, elucidating the effects of
TCS on RBCs becomesmore relevant considering that, in addition to
its antimalarial properties, TCS is known to be effective against
important hemoparasites, including Babesia, Trypanosoma, Leish-
mania, and Toxoplasma (Bork et al., 2003; Roberts et al., 2003; Otero
et al., 2014).

To the best of our knowledge, this is the first study to report that
TCS stimulates eryptosis; the suicidal erythrocyte death. TCS eli-
cited hemolysis and eryptosis in micromolar concentrations that
are lower than the millimolar levels present in consumer products
(3.5e17mM) (Weatherly and Gosse, 2017), and which are within
the range shown to possess antitumor activity (10e350 mM) (Deepa
et al., 2012; Winitthana et al., 2014). It is important to keep in mind
that TCS adverse effects described herein are based on RBCs ob-
tained from healthy individuals. Such findings may parallel effects
of lower doses in RBCs from cancer patients considering the
augmented susceptibility of those cells to eryptosis (Lang et al.,
2017). Pending in vivo confirmation, data from this exploratory
atin-1. A-G Representative histograms showing annexin-V-binding RBCs incubated for
203580 (blue line, B), 100 mM zVAD-fmk (purple line, C), 1 mM StSp (turquoise line, D),
, G). H. Arithmetic means ± SEM (n ¼ 9) of the percentage of annexin-V-binding cells
sence and presence of 50 mM SB203580, 100 mM zVAD-fmk, 1 mM StSp, 100 mM D4476,
ate significant difference from TCS-only cells (Student's t-test). (For interpretation of the
article.)
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study provides evidence of a novel eryptotic sequela of TCS that
may warrant careful consideration of its use for chemotherapy.

Similar to findings reported by Miller et al. (Miller and Deinzer,
1980), TCS was shown to be highly toxic to erythrocytes causing
conspicuous hemolysis indicative of direct membrane damage. The
lack of ROS generation seems to rule out oxidative stress as a
contributing factor in TCS-induced hemolysis, as was observed for
para-hydroxyanisole, and in contrast to bisphenol A (BPA), two
related phenolic compounds (Nohl and Stolze, 1998; Macczak et al.,
2016; Sicinska, 2018). Circulating, naked hemoglobin is highly
reactive and can participate in oxidative damage manifested as
perturbations in endothelial cell function, hypertension, throm-
bosis, and atherosclerotic lesions (Miller and Shaklai, 1999; Reiter
et al., 2002; Studt et al., 2005; Silva et al., 2009). Similarly, extra-
vascular presence of free hemoglobin is associated with dysregu-
lated iron homeostasis, renal tubular injury, and neuronal damage
(Tracz et al., 2007; Lara et al., 2009; Pantopoulos et al., 2012).

Our data also show that TCS causes a significant increase in
eryptotic cells as detected by PS externalization, which is in
congruence with its apoptotic activity observed in nucleated cells
(Deepa et al., 2012; Honkisz et al., 2012; Szychowski et al., 2016).
Several other compounds structurally related to TCS, such as BPA
and chlorophenols, have recently been shown to also trigger
eryptosis (Macczak et al., 2016; Michalowicz et al., 2018;
Jarosiewicz et al., 2019). Under physiological conditions, eryptosis
may be perceived as a counterpoise to erythropoiesis, preventing
both anemia and polycythemia. This is because exposure of PS
serves as a conserved flag on RBCs undergoing eryptosis for
recognition and removal by the monocyte-macrophage system
(Lang et al., 2003), thus acting as a safeguard against hemolysis.

Inordinate eryptosis constitutes a common theme in a variety of
life-threatening conditions including diabetes, hepatic failure, and
malignancy (Lang and Lang, 2015a). In these cases andmany others,
eryptotic cells may adhere to endothelial cells and platelets,
obstruct microcirculatory flow, and lead to thrombosis (Borst et al.,
2012; Walker et al., 2014). This is a consequence of the negative
impact the eryptotic RBC membrane exerts on the cell's deform-
ability and aggregability. When RBCs form larger aggregates with
rigid membranes, blood viscosity increases, causing enhanced flow
resistance, and eventually diminished tissue perfusion (du Plooy
et al., 2018; Pretorius, 2018). The limited elasticity characteristic
of eryptotic membranes may also hinder the cell's ability to reas-
sume its original biconcave shape following passage through the
microvasculature (Pretorius, 2018). Therefore, identifying the
impact of xenobiotics on RBC rheology is among the most impor-
tant aspects of pharmaceutical assessment of potential therapies.

The importance of Ca2þ activity in mediating eryptosis cannot
be overstated, and the process has been referred to in the literature
as “Ca2þ-dependent” programmed cell death (LaRocca et al., 2014).
Activated Kþ channels in response to increased cytosolic Ca2þ lead
to Kþ efflux, membrane hyperpolarization causing Cl� outflow,
dehydration due to water loss, and eventual cell shrinkage (Lang
et al., 2012). Although TCS has been shown to cause Kþ efflux
prior to hemolysis (Miller and Deinzer, 1980), we observed no
significant change in cell volume among healthy and eryptotic cells
despite a significant increase in intracellular Ca2þ. Likewise, the
ionophoric effect of clofazimine was not accompanied by cell
shrinkage (Officioso et al., 2015).

Because both scramblase and flippase are Ca2þ-sensitive, per-
turbations in the ion's activity are associated with loss of mem-
brane asymmetry (Lang et al., 2006). In our study, we noted that
TCS was able to cause membrane phospholipid scrambling with a
significant increase in cytosolic Ca2þ at 50 mM. This is in consonance
with recent findings demonstrating Ca2þ dysregulation caused by
TCS both in vitro and in vivo (Ahn et al., 2008; Cherednichenko et al.,
2012; Popova et al., 2018). Our data also indicate that neither PS
exposure nor cytosolic Ca2þ was significantly blunted by Ca2þ

depletion, underlining the dispensability of the ion in TCS-
mediated eryptosis, and pointing at possible additional mecha-
nisms. Similar findings were recently reported by Gao et al. for
betulinic acid (Gao et al., 2014). Presumably, due to their hydro-
phobicity, both TCS and betulinic acid may readily permeabilize
through the membrane to exert their effects (Guillen et al., 2004).
On the other hand, some xenobiotics such as regorafenib rather
depleted intracellular Ca2þ while still inducing eryptosis (Zierle
et al., 2016). It is important to note that the use of EDTA to
chelate Ca2þ does not provide total elimination of the ion, which
must be taken into considerationwhen evaluating the contribution
of extracellular Ca2þ (Al Mamun Bhuyan et al., 2017).

In RBCs, oxidative stress participates in Ca2þ entry by opening
cation channels in the cell membrane. We have previously shown
that TCS perturbs the antioxidant response in humanmesenchymal
stem cells (Yoon et al., 2017), and oxidative damage by TCS has been
detected in a variety of cell types (Ma et al., 2013; Szychowski et al.,
2016). Nevertheless, we found that TCS-induced eryptosis was not
accompanied by changes in ROS levels. Interestingly, other com-
pounds such as carnosic acid, perifosine, and micafungin rather
diminished ROS production as part of their eryptotic manifestations
(Stockinger et al., 2015; Peter et al., 2016; Egler and Lang, 2017). It is
comprehensible to surmise that such an event is reflective of a
suppressed metabolic rate and cellular adaptivity, which is
compatible with the anti-inflammatory role of TCS (Barros et al.,
2010).

The use of small-molecule inhibitors has allowed us to reveal
the identity of molecular mediators targeted by TCS in erythrocytes.
We observed that TCS-induced PS exposure was significantly
inhibited by blockade of either p38 MAPK or RIP1. Inhibition of
caspases, PKC, and CK1 provided some degree of protection against
PS externalization, the extent of which, however, failed to attain
statistical significance. p38 MAPK is an enzyme that regulates
proliferation, differentiation, and apoptosis in nucleated cells (Lee
et al., 2003; Cuadrado and Nebreda, 2010). Gene-targeting in vivo
studies also suggest that p38 possesses pro-inflammatory and
antitumor roles, and is therefore of interest as a pharmaceutical
target (Cuadrado and Nebreda, 2010). In RBCs, p38 similarly regu-
lates eryptosis and the osmotic response, and may be activated
prior to Ca2þ accumulation (Gatidis et al., 2011). Most recently,
Zhang et al. demonstrated that TCS promotes p38 phosphorylation
in vitro and in vivo (Zhang et al., 2018), which is in accord to reports
of TCS-induced p38 activation in Raw264.7 macrophages (Wang
et al., 2018), and rat neural stem cells (Park et al., 2016).

Whereas p38 is a major orchestrator of eryptosis, RIP1 is known
to be critical for caspase-independent cell death (Weinlich et al.,
2017). Once the cell has committed to necroptosis, RIP1 forms the
necrosome; a ternary complex with RIP3 and MLKL, although RIP1-
independent necroptosis has also been recognized (Weinlich et al.,
2017). RIP1 also signals for apoptosis, especially under inhibition of
cellular inhibitor of apoptosis proteins (cIAPs), and may act up-
stream of p38 (Lee et al., 2003; Christofferson et al., 2014). More-
over, RIP1 has been shown to be essential for lymphocyte survival,
and Rip1�/� cells are highly sensitive to apoptosis (Christofferson
et al., 2014). Importantly, as is the case with p38, RIP1 is also
implicated in inflammation and metastasis, identifying the enzyme
as a possible therapeutic target (Weinlich et al., 2017). The exis-
tence of RIP1 and MLKL in RBCs was identified when the cells were
challenged with bacterial toxins (LaRocca et al., 2014), establishing
necroptosis as a mode of cell death in erythrocytes. However,
because RIP1 may be involved in apoptosis and necroptosis, we
were prompted to probe the involvement of the necroptosis
executioner, MLKL, in TCS-induced RBC death. The results (Fig. 7G



Fig. 8. A working model for TCS-induced premature erythrocyte death: TCS causes calcium ion dysregulation resulting in elevated intracellular Ca2þ activity. Stimulation of p38
MAPK and RIP1 signaling in response to TCS culminates in phosphatidylserine translocation to the outer membrane leaflet; an event significantly abrogated by pharmacological
interference with either enzyme.
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and H) demonstrated a lack of significant reduction in PS exter-
nalization under MLKL inhibition, thus possibly exonerating nec-
roptosis as a mode of cell death. Notably, both pathways were
recently found to be activated in HepG2 cells in response to Tan-
shinone IIA, a component of the red sage plant Salvia miltiorrhiza
(Lin et al., 2016), which also possesses eryptotic activity (Zelenak
et al., 2012).

In conclusion, this report shows that TCS adversely affects the
physiology and survival of RBCs by triggering premature cell death.
It was revealed that the integrity of the RBCmembrane is perturbed
by TCS leading to phospholipid scrambling at least in part through
loss of Ca2þ homeostasis and p38 MAPK- and RIP1-mediated
mechanisms (Fig. 8).
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