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Background: Allicin (ACN), a sulfoxide in freshly crushed garlic, is known for its diverse bioactive prop-
erties. Among the most notable effects of ACN is its antitumor activity against a wide array of cancer
types. Thus, ACN may be a promising anticancer therapeutic. Nevertheless, chemotherapy-induced ane-
mia is a major obstacle in cancer management with a prevalence of up to 70%. Although the pathophys-
iology behind it remains elusive, a number of medications known to cause anemia in patients have been
shown to induce premature programmed cell death in red blood cells (RBCs) known as eryptosis. This
study, thus, investigates the anticancer potential of ACN against THP-1 monocytic leukemia cells, its toxic
effects on human RBCs, and delineate the underlying biochemical mechanisms.
Methods: Cytotoxicity was detected using the MTT assay, while hemoglobin leakage was used as a sur-
rogate for hemolysis which was photometrically measured. Major eryptotic events were examined using
flow cytometry with fluorescent probes. Phosphatidylserine (PS) exposure was detected by Annexin-V-
FITC, cytosolic calcium with Fluo4/AM, and reactive oxygen species with H2DCFDA.
Results: Our results show that ACN induces hemolysis in a dose-dependent fashion, which is significantly
abrogated in absence of extracellular calcium. Moreover, ACN stimulates PS exposure, intracellular cal-
cium overload, and oxidative stress. Using small-molecule inhibitors, we demonstrate that the pro-
eryptotic activity of ACN is ameliorated in presence of zVAD(OMe)-FMK, SB203580, and D4476.
Conclusion: ACN possesses both hemolytic and eryptotic properties mediated through elevated intracel-
lular calcium levels, oxidative stress, caspase, p38 MAPK, and CK1a.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acute myeloid leukemia (AML) is a type of cancer characterized
by overgrowth of progenitor blasts in the bone marrow, blood, and
other tissues (Dohner et al., 2015). The most common acute leuke-
mia in adults, AML is difficult to treat with significant mortality
and morbidity. This is in part due to the molecular diversity of
AML which complicates therapeutic interventions. Up to 85% of
patients 60 years of age or younger achieve a complete response,
compared to only 60% in those over 60. Moreover, chemotherapy-
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related side effects in the elderly limit median survival to
5–10 months (Dohner et al., 2015, 2010).

Garlic (Allium sativum L.) is an extremely popular plant used
around the world in a wide array of nutritional preparations.
Known for its beneficial health effects, garlic has been used for cen-
turies as a prophylactic and therapeutic alternative (Bayan et al.,
2014). In particular, garlic has been prescribed for leprosy, arthritis,
gastrointestinal upset, and gynecological disease, among others
(Bayan et al., 2014). Of interest, the plant promotes cardiovascular
health as shown by its antihypertensive (Rashid and Khan, 1985;
Ried et al., 2013a), antilipidemic (Kamanna and Chandrasekhara,
1982; Rahman and Lowe, 2006; Gardner et al., 2001; Ziaei et al.,
2001), antiatherogenic (Jain, 1977; Ried et al., 2013b), and
antithrombotic (Bordia et al., 1998; Mirhadi et al., 1991; Allison
et al., 2012) effects. Moreover, the antitumor activity of garlic has
been demonstrated in multiple studies in vitro and in vivo. For
example, allyl sulfide derivatives, enriched in garlic extracts, exert
DNA damage and cell death in cancer cells (Capasso, 2013). In both
human and murine models, garlic prevented cancer growth in the
lung (Capasso, 2013), bladder (Lau et al., 1986), esophagus
(Wargovich et al., 1988), skin (Nishino et al., 1989), mammary
gland (Amagase and Milner, 1993), prostate (Hsing et al., 2002),
liver (Kweon et al., 2003), and colon (Knowles and Milner, 2003).

Allicin (ACN) is an organosulfur, polyphenolic compound pre-
sent in freshly crushed garlic (Fig. 1A). Previous reports have
described the anti-inflammatory, antioxidant, and antitumor prop-
erties of ACN in bacterial, plant, and human cells. ACN showed pro-
apoptotic and anticancer activity against cervical, colon, colorectal
(Bat-Chen et al., 2010), gastric (Park et al., 2005), leukemia, lym-
phoma (Miron et al., 2008), adenocarcinoma (Huang et al., 2017),
and cholangiocarcinoma (Chen et al., 2018) cells, and is thus pro-
posed for the treatment of malignancy.

It is noteworthy that chemotherapy-induced anemia is preva-
lent in at least 75% of patients undergoing cancer treatment
(Visweshwar et al., 2018). Although the pathophysiology underly-
ing it remains difficult to describe, anemia may develop as a conse-
quence to toxicity to red blood cell (RBC; erythrocyte) precursors
in the bone marrow, hemolysis of mature, circulating cells, or pre-
mature cell death known as eryptosis. Cell shrinkage, membrane
phospholipid scrambling, cytosolic calcium overload, oxidative
stress, activation of caspase, mitogen-activated protein kinase
(MAPK), and casein kinase (CK); energy depletion, and ceramide
accumulation represent the major features of eryptotic erythro-
cytes (Pretorius et al., 2016).

Many chemotherapeutic agents known to cause anemia in
patients, such as doxorubicin and sorafenib, have been shown to
induce eryptosis (Lang et al., 2006; Lupescu et al., 2012), but the
effect of ACN on human RBCs, which represent an excellent,
emerging model for toxicological profiling of xenobiotics (Farag
and Alagawany, 2018), remains unknown. The current study thus
investigates the anticancer role of ACN against THP-1 cells, a rep-
resentative model of AML-M3 subtype according to the French-
American-British (FAB) classification, and the potential toxicity of
ACN on erythrocytes along with the associated molecular
mechanisms.
2. Materials & methods

2.1. Blood collection and RBC isolation

This studywas approved by the Institutional ReviewBoard of the
College ofMedicine at King SaudUniversity (ProjectNo. E-20-4544).
Blood samples fromhealthy volunteerswere obtained by venipunc-
ture in lithiumheparin vacutainer tubes. Erythrocyteswere isolated
from blood aliquots by density gradient centrifugation at 3000 RPM
3377
for 20min at 20 �C and resuspended in 0.9% NaCl saline solution at a
ratio of 1:1 (Alfhili et al., 2019a, Alfhili et al., 2019b).
2.2. Chemicals and reagents

ACN was obtained from Solarbio Life Science (Beijing, China). A
20 mM stock solution of ACN was prepared by dissolving 20 mg of
ACN in 6.0 ml of dimethylsulfoxide (DMSO). RPMI-1640 medium,
fetal bovine serum (FBS), antibacterial-antimycotic mixture,
Hank’s balanced salt solution (HBSS), calcium-free HBSS,
Annexin-V-FITC, Fluo4/AM, 20,70-dichlorodihydrofluorescein diac-
etate (H2DCFDA), zVAD(OMe)-FMK (zVAD), SB203580 (SB), and
D4476 were purchased from Solarbio. All dyes and inhibitors were
dissolved in DMSO to prepare stock solutions of 100 mM.
2.3. Cell culture

THP-1 acute monocytic leukemia cells were maintained in a
humidified incubator (37 �C, 5% CO2) and grown in RPMI-1640
medium supplemented with 10% FBS and 1% antibacterial-
antimycotic mixture.
2.4. Cytotoxicity

Cell viability was assayed with CellTiter-Glo� Luminescent Cell
Viability Assay (Promega, Madison, Wisconsin, United States)
according to the manufacturer’s instructions. Briefly, THP-1 cells,
with and without 10–100 lM ACN, were seeded in an opaque-
walled, 96-well plate at 10,000 cells/well for 24 h, an equal volume
of the CellTiter-Glo� reagent was added to each well, and lumines-
cence was finally recorded using VersaMaxTM ELISA microplate
reader (Molecular Devices, San Jose, CA, USA).
2.5. Hemolysis

Control and experimental RBCs were pelleted by centrifugation
at 13,000 � g for 1 min at 20 �C and the supernatant was assayed
for hemoglobin content by measuring light absorbance at 405 nm
on a VersaMaxTM ELISA microplate reader. Cells suspended in dis-
tilled water represented 100% hemolysis and ACN-induced hemol-
ysis was derived as a percentage of lysed cells relative to total
hemolysis as follows (Alfhili et al., 2019a, Alfhili et al., 2019b):

% Hemolysis ¼ ACN induced hemoglobin release
water induced hemoglobin release

� 100
2.6. Phosphatidylserine (PS) exposure

A homogeneous 50 ll aliquot of control and treated RBCs was
washed and resuspended in 150 ll of 1% Annexin staining solution
and incubated at room temperature in the dark for 10 min. Cells
were then examined with FACSCantoTM II (Betcon-Dickinson, Frank-
lin Lakes, NJ, USA) at an excitation and emission wavelengths of
488/530 nm, respectively (Alfhili et al., 2019a, 2019b).
2.7. Intracellular calcium

Homogeneous 50 ll aliquots of control and treated RBCs were
washed and resuspended in 150 ll of 5 lM Fluo4 staining solution
and incubated at 37 �C in the dark for 30 min. Following repeated
washing to remove excess dye, cells were subjected to FACS anal-
ysis at 488/530 nm excitation and emission spectra (Alfhili et al.,
2019a, 2019b).



Fig. 1. Cytotoxicity of ACN to THP-1 cells and RBCs. (A) ACN molecular structure. (B) Cells were treated with the vehicle control or with 10–100 mM ACN for 24 h at 37 �C and
cytotoxicity was assessed based on the MTT assay. (C) Arithmetic means ± SEM (n = 9) of ACN-induced dose-dependent hemolysis. Cells were treated with the vehicle control
or with ACN at 10–30 mM for 24 h at 37 �C and hemolysis was assessed based on hemoglobin release in the medium. (D) Effect of extracellular calcium removal on ACN-
induced hemolysis. Cells were treated with the vehicle control or with 10 mM ACN, in HBSS or Ca2+-free HBSS, for 24 h at 37 �C, and hemolysis was subsequently measured. ns
(P > 0.05) indicates insignificant difference from control. ***(P < 0.001) indicates significant difference from control. ###(P < 0.001) indicates significant difference from the
corresponding condition in presence of calcium (ANOVA).
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2.8. Oxidative stress

Homogeneous 50 ll aliquots of control and treated RBCs were
washed and resuspended in 150 ll of 10 lM H2DCFDA staining
solution and incubated at 37 �C away from light for 30 min. Cells
were washed twice, excited by488-nm blue laser, and fluorescence
of emitted light was captured at 530 nm as a reflection of reactive
oxygen species (ROS) levels (Alfhili et al., 2019a, 2019b).

2.9. Inhibitor assays

RBCs were either treated with the vehicle, 10 lM ACN, or a
combination of 10 lM ACN and 100 lM caspase inhibitor zVAD,
3378
100 lM p38 MAPK inhibitor SB, or 20 lM CK1a inhibitor D4476,
and incubated for 24 h at 37 �C before PS exposure was measured
as described earlier.
2.10. Statistical analysis

Data are represented as means ± S.E.M. of triplicate measure-
ments obtained from three independent experiments. To control
for individual variation and differential susceptibility of cells,
autologous RBCs served as baseline control for each experiment.
Multiple means were analyzed by one-way ANOVA and a cutoff P
value of < 0.05 was used for statistical significance.
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3. Results:

3.1. ACN is cytotoxic to THP-1 cells dose-dependently

First we aimed to show the antitumor potential of ACN against
THP-1 leukemia cells. To this end, cells were treated with the vehi-
cle control or 10–100 mM ACN for 24 h and cell viability was
assessed by the MTT assay. As shown in Fig. 1B, ACN exerted a
dose-dependent cell death significant at 20 mM ACN and beyond.
This indicates that ACN possesses antileukemic activity.

3.2. ACN induces dose-dependent hemolysis

In order to assess the hemolytic properties of ACN, RBCs were
treated with either the vehicle control or with antitumor levels
of ACN (10–30 mM) for 24 �C at 37 �C, and hemoglobin leakage
was spectrophotometrically measured as a surrogate for cell death.
Fig. 1C shows that ACN caused significant hemolysis at all concen-
trations tested which reflects disrupted cell membrane integrity.
Furthermore, we examined the participation of extracellular cal-
cium in ACN-induced hemolysis. To this end, cells were treated
with either the vehicle control or with 10 mM ACN, in HBSS and
calcium-free HBSS, and hemoglobin release was again measured.
Our results reveal that calcium entry seems to be essential to
ACN-induced hemolysis, as removal of extracellular calcium abro-
gated cell death (Fig. 1D). Thus, dysregulated activity of calcium
channels may play a role in hemolysis caused by ACN.

3.3. ACN stimulates phosphatidylserine externalization

Eryptotic cells lose membrane phospholipid asymmetry as PS is
externalized to the outer membrane leaflet. Eryptosis was there-
fore determined by Annexin-V-FITC fluorescence following incuba-
tion of RBCs in presence and absence of 10–30 mM ACN for 24 h at
37 �C. Fig. 2C depicts the percentage of cells bound to Annexin,
Fig. 2. ACN induces PS exposure. (A) Representative histogram of Annexin-V-FITC fluores
of cells treated with 30 mM ACN. (C) Arithmetic means ± SEM (n = 9) of ACN-induced dose
10–30 mM for 24 h at 37 �C and PS exposure was detected by Annexin-V-FITC staining.
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which shows a statistically significant increase at all concentra-
tions tested. Therefore, ACN stimulates eryptosis as evident by PS
exposure.

3.4. ACN-induced eryptosis is not associated with cell shrinkage

One of the major events leading up to eryptosis is the activation
of calcium-dependent potassium channel. As the channel opens
secondary to calcium overload, potassium chloride and water
efflux leads to cell shrinkage and death. To estimate cell size, for-
ward scatter (FSC) of control and experimental cells (10–30 mM
ACN) was measured, and as shown in Fig. 3C no significant differ-
ences in mean FSC among control and ACN-treated cells were
found. Similarly, the percentage of enlarged and shrunk cells, as
depicted in Fig. 3D and E, respectively, was not statistically signif-
icant. These observations seem to indicate that ACN-induced eryp-
tosis is not associated with cell shrinkage.

3.5. ACN elevates intracellular calcium levels

Calcium is a major trigger of cell death, and eryptotic cells dis-
play elevated cytosolic calcium levels. Fluo4 fluorescence was used
to measure calcium content of control and experimental cells (10–
30 mM) following incubation with and without ACN for 24 h at
37 �C. The results in Fig. 4C suggest that ACN caused cell death
through elevated intracellular calcium. Moreover, ACN caused a
dose-dependent increase in the percentage of cells with elevated
calcium, as shown in Fig. 4D. Collectively, ACN causes premature
eryptosis, at least in part, through calcium signaling.

Because scramblase is calcium-dependent, it is therefore of
interest to examine the importance of calcium availability to
ACN-induced PS exposure. The percentage of control and experi-
mental cells (10 mM ACN) was determined following incubation
for 24 h at 37 �C with and without extracellular calcium. As seen
in Fig. 6E, calcium removal did not significantly influence PS
cence of control cells. (B) Representative histogram of Annexin-V-FITC fluorescence
-dependent PS exposure. Cells were treated with the vehicle control or with ACN at
***(P < 0.001) indicates significant difference from control (ANOVA).



Fig. 3. Effect of ACN on FSC. (A) Representative histogram of FSC of control cells. (B) Representative histogram of FSC of cells treated with 30 mM ACN. (C) Arithmetic
means ± SEM (n = 9) of FSC. (D) Arithmetic means ± SEM (n = 9) of the percentage of cells showing a FSC mean value of < 60. (E) Arithmetic means ± SEM (n = 9) of the
percentage of cells showing a FSC mean value of > 100. Cells were treated with the vehicle control or with ACN at 10–30 mM for 24 h at 37 �C and cell size was estimated from
FSC. ns (P > 0.05) indicates insignificant difference from control (ANOVA).

Fig. 4. ACN elevates cytosolic calcium. (A) Representative histogram of Fluo4 fluorescence of control cells. (B) Representative histogram of Fluo4 fluorescence of cells treated
with 30 mM ACN. (C) Arithmetic means ± SEM (n = 9) of ACN-induced dose-dependent calcium overload. (D) Arithmetic means ± SEM (n = 9) of the percentage of cells with
increased Fluo4 fluorescence. Cells were treated with the vehicle control or with ACN at 10–30 mM for 24 h at 37 �C and cytosolic calciumwas measured by Fluo4/AM staining.
**(P < 0.01) and ***(P < 0.001) indicate significant difference from control (ANOVA).
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externalization, which suggests the possible involvement of other
mechanisms. Furthermore, given the increase in calcium levels,
3380
we were prompted to examine whether or not it is secondary to
extracellular calcium influx. To test this possibility, control and



Fig. 5. ACN increases ROS levels. (A) Representative histogram of DCF fluorescence of control cells. (B) Representative histogram of DCF fluorescence of cells treated with
30 mM ACN. (C) Arithmetic means ± SEM (n = 9) of ACN-induced dose-dependent ROS increase. Cells were treated with the vehicle control or with ACN at 10–30 mM for 24 h at
37 �C and ROS were quantified by H2DCFDA staining. *(P < 0.05) indicates significant difference from control (ANOVA).

Fig. 6. Effect of extracellular calcium availability on ACN-induced PS exposure. (A) Representative histogram of Annexin-V-FITC fluorescence of control cells. (B)
Representative histogram of Annexin-V-FITC fluorescence of cells treated with 10 mM ACN. (C) Representative histogram of Annexin-V-FITC fluorescence of control cells in
Ca2+-free HBSS. (D) Representative histogram of Annexin-V-FITC fluorescence of cells treated with 10 mM ACN in Ca2+-free HBSS. (E) Arithmetic means ± SEM (n = 9) of ACN-
induced PS exposure in presence and absence of extracellular Ca2+. Cells were treated with the vehicle control or with 10 mM ACN in HBSS or Ca2+-free HBSS for 24 h at 37 �C
and PS exposure was detected by Annexin-V-FITC staining. ***(P < 0.001) indicates significant difference from control (ANOVA).
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experimental cells (10–30 mM ACN) were incubated in HBSS and
calcium-free HBSS for 24 h at 37 �C, and Fluo4 fluorescence was
similarly measured. As shown in Fig. 7E, Fluo4 fluorescence was
3381
not significantly different in presence and absence of extracellular
calcium, which suggests that cytosolic calcium elevation was not
caused by calcium entry into the cell.



Fig. 7. Effect of extracellular calcium removal on ACN-induced cytosolic calcium elevation. (A) Representative histogram of Fluo4 fluorescence of control cells. (B)
Representative histogram of Fluo4 fluorescence of cells treated with 10 mM ACN. (C) Representative histogram of Fluo4 fluorescence of control cells in Ca2+-free HBSS. (D)
Representative histogram of Fluo4 fluorescence of cells treated with 10 mM ACN in Ca2+-free HBSS. (E) Arithmetic means ± SEM (n = 9) of ACN-induced intracellular calcium
elevation in presence and absence of extracellular Ca2+. Cells were treated with the vehicle control or with 10 mMACN in HBSS or Ca2+-free HBSS for 24 h at 37 �C and cytosolic
calcium was measured by Fluo4 staining. ***(P < 0.001) indicates significant difference from control (ANOVA).
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3.6. ACN promotes ROS generation

Redox balance is integral to cellular survival and oxidative
stress is a recognized hallmark of programmed cell death. We
investigated whether or not ACN-induced cell death is mediated
through disturbances in redox status. To this end, control and
experimental cells (10–30 mM) were incubated for 24 h at 37 �C
and DCF fluorescence was assessed as a measure of intracellular
ROS. Fig. 5C indicates that ACN leads to ROS overproduction, reach-
ing statistical significance at 20 and 30 mM. Therefore, ACN induces
premature RBC death through oxidative stress.

3.7. Caspase, p38 MAPK and CK1a are essential for ACN-induced PS
exposure

A number of signaling pathways have been identified as modu-
lators of erythrocyte death and survival, including caspases, p38
MAPK, and CK1a, among others. We used small-molecule inhibi-
tors to evaluate the role of key signaling mediators in ACN-
induced PS exposure. To this end, cells were treated for 24 h at
37 �C with the vehicle control, 10 mM ACN, or a combination of
10 mM ACN and 100 mM caspase inhibitor zVAD, 100 mM p38 MAPK
inhibitor SB, or 20 mM CK1a inhibitor D4476. Fig. 8F demonstrates
that while ACN significantly enhanced the percentage of cells
bound to Annexin-V, inhibition of caspase, p38 MAPK, and CK1a
significantly decrease Annexin-V-positive cells. These three path-
ways are therefore likely to be essential for the full eryptotic activ-
ity of ACN.

4. Discussion:

ACN is an active ingredient in garlic that has garnered enor-
mous interest among researchers for its diverse bioactive proper-
ties. This report identifies ACN as antileukemic against THP-1
cells, and reveals a novel activity which is the stimulation of eryp-
tosis. The concentrations required for ACN to induce eryptosis are
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parallel to those showing anticancer activity (Huang et al., 2017;
Chen et al., 2018), which may preclude the clinical utility of the
compound.

Chemotherapy-induced anemia may, at least in theory, result
from direct cell hemolysis, as demonstrated by ACN in the current
study (Fig. 1C). Oxidative damage caused by extravascular hemo-
globin is implicated in a variety of conditions including cardiovas-
cular, neurological, and renal disease (Alfhili et al., 2019b). It is
interesting to note that our data suggest that ACN-induced hemol-
ysis is secondary to calcium influx from the medium, as shown in
Fig. 1D. Accordingly, ACN may cause excessive activity in calcium
channels, intracellular calcium overload, and eventual membrane
rupture.

The ability of ACN to stimulate PS externalization (Fig. 2) com-
plements previous reports of its pro-apoptotic activity in nucleated
cells (Bayan et al., 2014). The presence of PS on the outer mem-
brane leaflet serves as a binding site for phagocytes, which primes
RBCs for removal from the circulation before intravascular hemol-
ysis ensues. Likewise, the prolonged presence of eryptotic RBCs in
the circulation favors thrombosis due to loss of membrane
deformability and compromised rheology (Walker et al., 2014;
Pretorius, 2018). Thus, eryptosis may be perceived as a defense
mechanism that ensures the continuous disposal of aged, dam-
aged, or infected cells.

Our data also identifies calcium signaling as an important medi-
ator of ACN-induced eryptosis (Fig. 4). Nevertheless, unlike hemol-
ysis, neither PS exposure nor cytosolic calcium was significantly
influenced by calcium withdrawal from the extracellular space,
an observation indicating the involvement of mechanisms down-
stream of calcium (Figs. 7E & 8E). Of note, calcium plays a major
role in cell survival as it regulates scramblase activity and is hence
responsible for maintaining the asymmetry of the cell membrane.
Also, increased intracellular calcium opens up potassium channels
leading to potassium chloride loss along with water, due to mem-
brane hyperpolarization, and eventual cell death (Lang et al., 2012).
Interestingly, although calcium is a pivotal element of eryptosis,



Fig. 8. Caspase, p38 MAPK, and CK1a are essential for ACN-induced PS exposure. (A) Representative histogram of Annexin-V-FITC fluorescence of control cells. (B)
Representative histogram of Annexin-V-FITC fluorescence of cells treated with 10 mM ACN. (C) Representative histogram of Annexin-V-FITC fluorescence of cells cotreated
with 100 mM zVAD and 10 mM ACN. (D) Representative histogram of Annexin-V-FITC fluorescence of cells treated with 100 mM SB and 10 mM ACN. (E) Representative
histogram of Annexin-V-FITC fluorescence of cells treated with 20 mM D4476 and 10 mM ACN. (F) Arithmetic means ± SEM (n = 9) of ACN-induced dose-dependent PS
exposure. Cells were treated with the vehicle control or with ACN at 10 mM, in presence and absence of zVAD, SB, or D4476, for 24 h at 37 �C and PS exposure was detected by
Annexin-V-FITC staining. ***(P < 0.001) indicates significant difference from control. ##(P < 0.01), and ###(P < 0.001) indicate significant difference from ACN-treated cells
(ANOVA).
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calcium levels were reduced in eryptotic cells treated with the
antitumor drug regorafenib (Zierle et al., 2016).

Previous reports have discerned both pro- and antioxidant
properties of ACN. In particular, the compound was shown to pro-
tect against oxidative damage caused by lipopolysaccharide, acry-
lamide, and hydrogen peroxide, among others (Zhang et al., 2017;
Hong et al., 2019; Tu et al., 2016). On the other hand, ACN
increased oxidized glutathione levels and caused cell death in a
panel of human and mouse cell lines (Gruhlke et al., 2016). In RBCs,
our data show that ACN acts as a pro-oxidant (Fig. 5), which may
contribute to hemolysis (Fig. 1) and be the trigger behind mem-
brane scrambling (Fig. 2). This is comprehensible considering that
oxidative stress is a hallmark of both hemolysis and eryptosis. ROS
accumulation lead to opening of calcium channels as well as cas-
pase signaling (Bissinger et al., 2019). Indeed, blocking caspase
activity with specific inhibitor zVAD significantly attenuated
ACN-induced PS exposure (Fig. 8C & E), an event possibly implicat-
ing an ROS-caspase-PS axis. Again, as is the case with calcium,
while oxidative injury caused by ACN resembles that of steroid
diosgenin, alkaloid fascaplysin (Mischitelli et al., 2016a,
Mischitelli et al., 2016b) and many others, we have previously
shown, however, that both insect repellent N,N-Diethyl-3-
methylbenzamide and antimicrobial triclosan seem to elicit eryp-
tosis independent of redox imbalance (Alfhili et al., 2019a, Alfhili
et al., 2019b).

Beside caspase, our inhibitor studies further identified the par-
ticipation of p38 MAPK (Fig. 8E). Cells respond to stress stimuli,
either chemical or osmotic, by activating p38 which in turn signals
for eryptosis (Boulet et al., 2018) possibly upstream of calcium
(Gatidis et al., 2011). We have previously shown that triclosan
induces p38-dependent eryptosis (Alfhili et al., 2019b) in a similar
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fashion to cryptanoshinone (Bissinger et al., 2014) and other com-
pounds. Our results also suggest that CK1a may be essential to
ACN-induced PS translocation which was significantly reversed in
presence of D4476 (Fig. 8E). This kinase is a recognized regulator
of eryptosis and seems to act upstream of calcium signaling
(Zelenak et al., 2012). Previous compounds, most notably, mam-
malian target of rapamycin (mTOR) inhibitor temsirolimus (Al
Mamun Bhuyan et al., 2017) and retinoid X receptor agonist bexar-
otene (Al Mamun Bhuyan et al., 2016) similarly cause eryptosis
through CK1 a.
5. Conclusions

In conclusion, this report reveals that ACN is cytotoxic to THP-1
cells and induces calcium-dependent hemolysis and eryptosis in
human RBCs, which provides a working platform for future
in vivo investigations. Mechanistic studies showed that ACN ele-
vates intracellular calcium levels, causes oxidative stress, and stim-
ulates caspase, p38 MAPK, and CK1a. Careful consideration of ACN
for use in chemotherapy is thus warranted. It is important to men-
tion that inhibitors of eryptosis, especially endogenous com-
pounds, have been identified (Pretorius et al., 2016; Lang and
Lang, 2015), and their use with ACN may therefore limit its detri-
mental effects on RBCs.
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