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ARTICLE INFO ABSTRACT

Keywords: Reactive oxygen species (ROS) are capable of inducing cell death or apoptosis. Recently, we demonstrated that
ROS lipid-ROS can mediate ferroptosis and activation of human platelets. Ferroptosis is an intracellular iron-mediated
Platelets activation cell death, distinct from classical apoptosis and necrosis, which is mediated through the accumulation of ROS,

Ferroptosis lipid peroxides and depletion of cellular GSH. Lately, we demonstrated that hemoglobin degradation product
F;f(')l;i:;zme hemin induces ferroptosis in platelets via ROS and lipid peroxidation. In this study, we demonstrate that hemin-
Melatonin induced ferroptosis in platelets is mediated through ROS-driven proteasome activity and inflammasome acti-

vation, which were mitigated by Melatonin (MLT). Although inflammasome activation is linked with pyroptosis,
it is still not clear whether ferroptosis is associated with inflammasome activation. Our study for the first time
demonstrates an association of platelet activation/ferroptosis with proteasome activity and inflammasome ac-
tivation. Although, high-throughput screening has recognized ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) as
potent ferroptosis inhibitors, having an endogenous antioxidant such as MLT as ferroptosis inhibitor is of high
interest. MLT is a well-known chronobiotic hormone that regulates the circadian rhythms in vertebrates. It also
exhibits potent antioxidant and ROS quenching capabilities. MLT can regulate fundamental cellular functions by
exhibiting cytoprotective, oncostatic, antiaging, anti-venom, and immunomodulatory activities. The ROS
scavenging capacity of MLT is key for its cytoprotective and anti-apoptotic properties. Considering the anti-
ferroptotic and anti-apoptotic potentials of MLT, it could be a promising clinical application to treat hemolytic,
thrombotic and thrombocytopenic conditions. Therefore, we propose MLT as a pharmacological and therapeutic
agent to inhibit ferroptosis and platelet activation.

1. Introduction

Free radicals play a key role in cellular homeostasis and cell cycle
[1]. Increased levels of free radicals are shown to interfere in the fun-
damental cellular functions and survival [1]. Free radicals such as Re-
active oxygen species (ROS) are capable of inducing cell death or
apoptosis [2]. Recently, we demonstrated that ROS mediate ferroptosis
and activation of human platelets. Ferroptosis is intracellular iron-
mediated cell death, which is morphologically, biochemically, and ge-
netically distinct from apoptosis and necrosis [3,4]. It is independent of
caspase activation, however, ferroptosis is mediated through the ac-
cumulation of ROS, lipid peroxides and depletion of cellular GSH.

Lately, several studies reported close associations of ferroptosis with
various human diseases, including Huntington's disease (HD) [5],
periventricular leukomalacia (PVL) [6], hemolytic disorders [4] and
renal dysfunction [6].

Ferroptosis can be induced by several small molecules like erastin,
SAS and RSL3 [7-9]. Recently we demonstrated that hemoglobin de-
gradation product hemin can induce ferroptosis in platelets via ROS and
lipid peroxidation [4]. In this study, we demonstrate that hemin in-
duces ferroptosis in platelets by modulating proteasome activity and
inflammasome activation and MLT effectively inhibits hemin induced
ferroptosis in platelets by restoring proteasome activity and inhibiting
inflammasome activation. Although, inflammasome activation is linked
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with pyroptosis [10], it is still not clear whether ferroptosis is asso-
ciated with inflammasome activation. It is interesting to discover the
association of proteasome activity, inflammasome activation and fer-
roptosis, particularly in platelets. Platelets being anuclear, possess ne-
cessary proteins to undergo apoptosis and ferroptosis [11,12]. High-
throughput screening has recognized ferrostatin-1 (Fer-1) and liprox-
statin-1 (Lip-1) as potent ferroptosis inhibitors [13]. Both Fer-1 and Lip-
1 radical-trapping antioxidants that scavenge peroxide and hydroxide
radicals, however, having an endogenous antioxidant as ferroptosis
inhibitor is of high interest.

Melatonin (MLT) is a chronobiotic hormone that tightly regulates
the circadian rhythms setting a biological clock in vertebrates [14,15].
However, MLT is also known to regulate fundamental cellular functions
by exhibiting antioxidant, antiaging, antivenom, oncostatic, cytopro-
tective and immunomodulatory activities [14-20]. The ability of MLT
to scavenge ROS is vital for its cytoprotective and anti-apoptotic
properties [17,21,22]. The demonstrated pharmacological abilities of
MLT reflect its potential clinical relevance. MLT being an antioxidant
scavenges free radicals to suppress oxidative stress and cellular damage
by regulating endogenous redox system and key signalling cascades
[23,24]. The cytoprotective ability of MLT on various cell types is
highly recognized [17,25], however, it exhibits a biphasic behavior by
inducing apoptosis at higher doses [26-28].

In this study, we demonstrate that hemin-induces ferroptosis and
platelet activation through ROS-mediated proteasomal activity and in-
flammasome activation, and MLT effectively counteracts. Therefore, we
propose MLT as a ferroptosis and platelet activation inhibitor that can
be high pharmacological and therapeutic agent to treat thrombotic and
thrombocytopenic conditions.

2. Materials and methods
2.1. Materials

Hemin, ferrostatin-1 (FS-1), monochlorobimane (MCB), thrombin
from bovine plasma, calcium ionophore (A23187), Mouse sP-Selectin
ELISA Kit (RAB0427 SIGMA), Suc-Leu-Leu-Val-Tyr-AMC (fluorogenic
proteasome substrate) and 10-nonyl acridine orange (NAO) were pur-
chased from Sigma Chemicals, USA. Deferoxamine (DFO) was pur-
chased from Novartis India Ltd. Tin protoporphyrin IX dichloride
(SnPP), ABT-737, calcein-AM and BAX, BAK, Bcl-2, Bcl-xL, BID and
were obtained from Santa Cruz Biotechnology, Inc., USA. Antibodies
against ubiquitinated proteins, COX-IV and B-tubulin were purchased
from Cell Signalling and Technology, USA. FITC conjugated CD41 and
FITC-conjugated CD62P (P-selectin) were purchased from BD
Biosciences, USA. Alexa Fluor-546 Phalloidin, DCFDA, and BODIPY
581/591 C11 were purchased from Molecular Probes, Thermo Fisher
Scientific, USA. LDH estimation kits were purchased from Agappe
Diagnostics Limited, India. Hydrogen peroxide (H,O,) was from
RANKEM, India. Melatonin (MLT) and all other chemicals were of
analytical grade and purchased from Sisco Research Laboratories,
Mumbai, India. Melatonin was dissolved in DMSO and diluted in
Tyrode's buffer and the amount of DMSO in the reaction was main-
tained < 1%. For in vivo experiments MLT was dissolved in absolute
ethanol and diluted in phosphate-buffered saline (PBS) and the amount
of ethanol maintained < 1%.

2.2. Preparation of platelets

Blood was collected from healthy human volunteers with informed
consent according to the approved guidelines of Institutional Human
Ethical Committee (IHEC-UOM No. 114 Ph.D/2015-16), University of
Mysore, Mysuru. Blood was drawn from an antecubital vein and was
immediately mixed with acid citrate dextrose (ACD) anti-coagulant and
platelets were isolated as described previously. Briefly, human platelet-
rich plasma was prepared by centrifuging anticoagulated blood at
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150 X g for 15 min and the supernatant was collected and centrifuged at
700 x g for 10 min at 37 °C. The platelet pellet was washed twice by
suspending them in CGS (13 mM trisodium citrate, 33 mM b-glucose,
123 mM NaCl, pH 6.5) buffer and centrifuged at 700 X g for 15 min at
37 °C. Finally, the washed platelets (WPs) were suspended in Tyrode's
buffer (2.5 mM HEPES, 150 mM NaCl, 2.5mM KCI, 12mM NaHCO3,
1 mM CaCl2, 1 mM MgCl2, 5.5 mM b-glucose, pH7.4). The cell count
was determined in WPs suspension using a Neubauer chamber and
adjusted to 2 x 107 platelets/mL in the final suspension using Tyrode's
buffer [4,11].

2.3. Mice

Male Swiss albino mice (8- to 10-weeks old) weighing 20-25 g was
obtained from the Central Animal House Facility, Department of
Zoology, University of Mysore, Mysuru, India. The animal experiments
were approved by the Institutional Animal Ethical Committee,
University of Mysore, Mysuru (Approval numbers: UOM/IAEC/23/
2011 dated 03-07-2016). Mice were divided into three groups each
having 5 mice (n =5). Group I; vehicle control, Group II; Hemin
(50 umol/kg body weight i.p.) [29,301, Group III; Hemin (50 umol/kg
body weight) + MLT (20 mg/kg body weight). Hemin (50 umol/kg
body weight) (i.p.) was injected every 24 h for 3 days (72 h) and a group
of mice received MLT (20 mg/kg body weight) (i.p.), after 2h of every
hemin injection. At the end of the 72 h after hemin or MLT treatments,
animals were euthanized and blood was collected immediately through
cardiac puncture. About 1/4 fraction of the blood was used to separate
serum and the remaining blood was immediately mixed with ACD and
was then centrifuged to obtain plasma from which platelets were iso-
lated. The cell count was determined in platelets suspension using a
Neubauer chamber and adjusted to 4 x 108 cells/mL in the final sus-
pension using Tyrode's buffer/HBSS. Further, isolated platelets were
used to determine oxidative stress markers using specific probes and
analyzed using a multimode plate reader (microplate reader, TECAN,
Switzerland). Lungs and kidney tissues from experimental animals were
harvested and rinsed in ice-cold saline and kept in formalin for histo-
logical analysis. Serum was separated and stored at —80 °C for further
analysis [11].

2.4. Evaluation of platelets viability by MTT assay

MTT colorimetric assay was performed to assess the platelet viabi-
lity. Washed platelets (1 x 10° cells/mL) were taken separately in 96-
well microtiter plates and depending on the desired conditions, treated
with hemin (0-25 uM), MLT (1 to 10 uM), DFO (100 uM), FS-1 (5 uM),
B-ME (50 uM), cystine (250 uM), SnPP (10 uM), MCC950 (10 uM) and
luzindole (25uM), the final volume was made up to 200 puL using
Tyrode's buffer and incubated for 30 min at 37 °C. ABT-373 (5 uM) was
taken as positive control. After 1h of incubation, 250 uM of MTT (3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bromide) was
added and incubated for additional 3 h. Thereafter, MTT was removed
and remaining formazan crystals were completely dissolved in DMSO
and the absorbance was recorded at 570 nm using a Varioskan multi-
mode plate reader (Thermo Scientific, USA) [4,11].

2.5. Measurement of LDH leakage

Platelets (4 x 10° cells/mL) were treated with hemin (0-25 uM) in
presence and absences of MLT (5 to 10 uM) DFO (100 uM) and FS-1
(5uM). A23187 (5 uM) for 30 min at 37 °C was used as positive control
and platelets were pelleted by centrifugation at 3700 X g for 10 min.
The supernatant was collected and used to detect LDH release using
LDH kit, according to the manufacturer's protocol. The assay was per-
formed in a time course of decrease in NADH absorbance at 340 nm for
3 min [4].
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Fig. 1. Hemin-induced platelet activation and death is inhibited by MLT. (A) Dose-dependent effect of hemin (1 to 25 uM) on platelet viability evaluated by MTT and
LDH assays. (B) FACS analysis of surface P-selectin expression using FITC-conjugated CD62P in dose-dependent hemin-treated platelets (1 to 25uM). (C and D)
Assessment of platelet viability by MTT assay and LDH release assay in hemin (10 pM)-treated platelets in presence or absences of different doses of MLT (5 to 10 uM),
DFO: intracellular iron chelator and FS-1: a ferroptosis inhibitor. (E and F) FACS analysis of P-selectin expression in hemin-treated platelets in the presence or absence
of MLT (1 to 10 uM) and DFO (100 uM). ABT-737 (anti-apoptotic Bcl-2 family protein inhibitor), A23187 (calcium ionophore) and thrombin (0.25 U/mL) were used
as positive controls. The data is presented as mean = SEM (n =5) and analyzed using one-way ANOVA followed by Bonferroni posttests, p*/* < 0.05,
p/** < 0.01, pr**/*## < 0.001; *significant compared to untreated platelets; *significant compared to hemin (10 uM) alone treated platelets.

2.6. Flow cytometric analysis

To assess cellular ROS level, mitochondrial membrane potential,
cardiolipin oxidation, cellular GSH level and lipid peroxidation level in
platelet suspension (5 X 10° cells) was treated with either Hemin
(0-25uM), MLT (1-10pM), DFO (100 uM), FS-1 (5pM), MCC950
(10 uM) and luzindole (25 uM), and incubated for 30 min at 37 °C. After
incubation platelets were washed with Tyrode's buffer and incubated
with CMDCFDA (5puM), JC-1 (5pM), NAO (2uM), MCB (5uM) and
BODIPY (1 uM) for 30 min at 37 °C in dark. Platelets treated with H,O,,
A23187, and ABT-737 for 15 min were used as positive control. Cells
were again washed, and fluorescence was analyzed using flow
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cytometry (BD FACSCelesta™) [4,11,31].

2.7. Quantification of total reactive oxygen species (ROS) using DCFDA

To assess whether the hemin induces an increase in the intracellular
ROS level, platelet in suspension (5 x 10° cells) were treated with in-
creased concentration of hemin (1 to 25 M) in presence or absence of
MLT (1-10 uM), DFO (100 uM), B-ME (50 uM) and cystine (250 pM)
and incubated for 30 min at 37 °C, after incubation platelets were wa-
shed with Tyrode's buffer and incubated with CMDCFDA (5uM) for
30 min at 37 °C in dark. Platelets treated with HyO, (50 pM) for 15 min
incubation was used as positive control. Cells were again washed, and
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Fig. 2. Hemin-induced actin dynamics, lipid peroxidation, and cardiolipin oxidation are mitigated by MLT. (A) Confocal microscopic evaluation of F-actin dynamics
in hemin-treated platelets using Phalloidin-Alexa-546 with enlarged images, yellow arrows indicate the formation of filopodia and lamellipodia and blue arrows
indicate destroyed filopodia-like structures. (B) FACS analysis of ROS generation in hemin-treated platelets using DCFDA, (C) lipid peroxide generation using
BODIPY-C11 and (D) cardiolipin oxidation using NAO in presence and absence of MLT (5-10 uM) and DFO (100 pM).

fluorescence was analyzed using flow cytometry (BD FACSCelesta)
[4,11].

2.8. Quantification of lipid peroxidation using BODIPY 581/591 C11

We examined the hemin-treated platelets for lipid peroxidation
using C11-BODIPY 591/581 fluorescent dye which potentially probes
the lipid peroxidation level in live cells. Platelet (5 x 10° cells) were
treated with various concentration of hemin (1 to 10 uM) in presence
and absence of MLT (1-10 uM) and DFO (100 uM) incubated for 30 min
at 37 °C and then incubated with BODIPY 581/591 C11 (10 uM) for
20 min at 37 °C in dark. Platelets were again washed, and fluorescence
was analyzed using flow cytometry (BD FACSCelesta) [4].

2.9. FACS analysis of P-selectin expression in hemin-treated platelets

To assess whether hemin induces platelet activation, platelet sus-
pension (5 % 10° cells) were treated with concentration-dependent
hemin (10puM) in presence or absence of MLT (1 to 10uM), DFO
(100 pM), MCC950 (10 uM) and luzindole (25 uM), and incubated for
30min at 37°C. After incubation, cells were treated with FITC
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conjugated human P-selectin (2 pL) for 15 min at the room before fixing
with 2% paraformaldehyde for 15 mins in dark. Platelets were then
washed, and fluorescence was measured using flow cytometry (BD
FACSCelesta) [4].

2.10. Confocal microscopic study of actin dynamics in hemin-treated
platelets

During platelet activation and death, cytoskeleton actin reorganizes
which transforms it into a spiky dynamic and small fragment. To
evaluate the actin dynamics in hemin-treated platelets, we performed a
confocal microscopy using Alexa-546 conjugated Phalloidin for cytos-
keleton actin. Platelets (5 x 10° cells) were treated with concentration-
dependent hemin (10 to 25uM) in presence or absence of MLT (5 to
10uM) and DFO (100 uM) incubation for 30 min at 37 °C. After in-
cubation, treated platelets were allowed to settle on fibrinogen-coated
coverslips for 30 min, followed by incubation, platelets were fixed and
permeabilized for 10 min using 0.5% triton-X 100 in PBS with 2% BSA,
and then incubated with Alexa-546 conjugated Phalloidin for 2h.
Platelets were then washed, mounted and images were acquired on a
FLUOVIEW FV3000, Confocal Laser Scanning Microscope (Olympus,
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Fig. 3. Hemin-induced altered expression of Bcl-2 family
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treated platelets, (B) Representative densitogram of im-
munoblots present in panel A after normalization with re-
spective loading controls. (C) Expression of BAX and Bcl-2 in
both mitochondria and cytosolic fractions of hemin-treated
platelets. COX-IV (cytochrome c oxidase subunit-IV) used as
mitochondrial loading control and B-tubulin as a loading
control for cytosolic fractions. Data is presented as
mean * SEM (n=5), p* < 0.05, p** < 0.01,
p*** < 0.001; *significant compared to control platelets.
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Japan). Images were analyzed using the FV31S-DT software [32].
2.11. Proteasome activity assay

Platelets were incubated at 37 °C for 30 min with hemin (1 to
25uM) in presence or absence of MLT (5 to 10 uM), DFO (100 uM),
SnPP (10 uM) and washed twice in Tyrode's buffer. MG-132 (25 uM)
was used as positive control for cellular proteasome inhibition. Cells
were pelleted and resuspended in permeabilization buffer (20 mM
HEPES, 0.2% Triton X-100, 300 mM NaCl and 2mM EGTA, pH7.7)
followed by addition of 26 proteasome assay buffer (40 mM HEPES,
1 mM EDTA and 0.07% SDS, pH 7.8). Permeabilized cells were added to
the 96 well microplates and incubated at 37 °C. The reaction was
started by the addition of Suc-Leu-Leu-Val-Tyr-AMC (25 mM) in DMSO
and was monitored for 10 min (excitation, 360 nm; emission, 460 nm).
Proteasome peptidase activities were determined from SucLLVY-AMC-
hydrolyzing activity (chymotrypsin-like activity) [33,34].

2.12. Estimation of glutathione (GSH) level

Platelets (5 x 10° cells/mL) were treated with hemin (1 to 25 M)
in presence or absence of MLT (5 to 10 uM), DFO (100 uM) and in-
cubated for 30 mins at 37 °C. H,O, (10 uM) was used as positive con-
trol. After incubation, platelets were incubated with o-phthalaldehyde
(1 mg/mL) at room temperature for 15 min to determine GSH levels and
to determine GSSG, platelets were treated with N-ethylmaleimide
(10 uM) prior to o-phthalaldehyde treatment and the resulting fluores-
cence was measured at 365 nm excitation and 430 nm emission wave-
lengths using a Varioskan multimode plate reader (Thermo Scientific,
USA). The concentration of GSH and GSSG were determined from the
standard curve [4].

2.13. Determination of cellular GSH using monochlorobimane (MCB) by
confocal microscopy

Platelets (4 x 108 cells/mL) were treated with hemin (1 to 25 uM)
in presence or absence of MLT (5 to 10uM), DFO (100 uM), SnPP
(10 uM) and incubated for 30 min at 37 °C. After incubation, the treated
platelets were allowed to settle on fibrinogen-coated coverslips for
30 min, followed by incubation with MCB (5 uM) for 30-45 min before
fixing with 2% paraformaldehyde for 15 min. After fixation platelets
were stained with CD41 using FITC conjugated CD41 for 2h at RT.
Platelets were then washed, mounted and images were acquired on a

Cytosol
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FLUOVIEW FV3000, Confocal Laser Scanning Microscope (Olympus,
Japan). Images were analyzed using the FV31S-DT software [4].

2.14. Immunoblotting

Platelet lysates and serum samples of treated groups were used for
immunoblotting analysis. Platelets (4 x 10% platelets/mL) treated with
hemin (10 uM), or MLT (5 to 10uM), DFO (100 uM), FS-1 (5uM),
MCC950 (10 uM) and luzindole (25 uM) were lysed using lysis buffer
(50 mM Tris-HCl, pH 8, containing 1% NP-40, 150 mM NaCl along with
protease inhibitor cocktail). The protein concentration was estimated
by using the Bradford method and equal amounts of protein (50 pg)
were electrophoretically resolved on 10% SDS-PAGE and transferred
onto a PVDF membrane. Membranes were blocked with 5% skimmed
milk in TBST for 1 h and were incubated overnight with primary anti-
body against ubiquitin proteins, BAX, Bcl-2, Bcl-xL, BAK, BAD, pBAD,
BID, COX-1V, anti-ubiquitinated protein, TNF-a, IL-6, IL-1(3, IL-23, IL-10
and [-Tubulin at 4 °C. Membranes were then incubated with appro-
priate horseradish peroxidase (HRP)-conjugated secondary antibody
and developed by enhanced chemiluminescence imaging system
(Alliance 2.7, Uvitec, UK) [11,31].

2.15. Determination and quantification of plasma sP-selectin levels

Cell-free plasma samples from treated or untreated mice were used
to quantify the soluble P-selectin levels by mouse sP-selectin ELISA kit
(RAB0427, Sigma) according to manufacturer's instructions.

2.16. Measurement of y-glutamyltransferase (GGT) activity

GGT plays a key role in the y-glutamyl cycle, a critical pathway for
glutathione homeostasis. To determine the GGT activity, platelets
(5 x 10°cells/mL) isolated from treated mice blood and lysed using
distilled water or by sonication. The resulting lysate was used to de-
termine GGT activity. The activity was monitored in 1 mL reaction
volume consisting of y-glutamyl-p-nitroanilide (4 mM), glycylglycine
(40 mM) in Tris-HCI buffer (185 mM, pH 8.2). The results were calcu-
lated using molar extinction coefficient for p-nitroanilide
(9900 M 'em ™Y at 405 nm expressed as mM p-nitroanilide formed/
min/mg protein [11].
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hemin (10 uM) treated platelets in presence or absence of MLT (1 to 10 uM) and DFO (100 uM) using JC-1 dye. Evaluation of cellular GSH levels using mono-
chlorobimane (MCB); which forms an adduct with cellular GSH. (B) Confocal microscopic and (C) FACS analysis of GSH level in hemin-treated platelets in the
presence or absence of MLT (10 uM) and DFO (100 uM) using MCB dye. Platelets were marker with FITC-conjugated CD41 (platelet surface marker). The data is
presented as mean = SEM (n = 5) and analyzed using one-way ANOVA followed by Bonferroni posttests, p*/* < 0.05, p**/*# < 0.01, p***/#*## < 0.001;
*significant compared to untreated platelets; *significant compared to hemin (10 uM) alone treated platelets.

2.17. Histopathology 2.18. Protein estimation
Kidney and Lung tissue sections were examined for the hemin-in- The protein estimation was done according to the method of Lowry
duced destruction of kidney and lung tissues. Kidneys and Lungs were et al. [35], using BSA as standard.

dissected from the hemin, hemin with MLT treated mice, fixed over-
night in 10% neutral-buffered formalin and subjected to dehydration 2.19. Statistical analysis
with different grades of alcohol and chloroform mixture. The processed

tissues were then embedded in molten paraffin wax, and a 5um The data are presented as the mean = SEM of at least four in-
thickness sections were prepared using a microtome. The sections were dependent experiments. In vitro data was analyzed using one-way
then stained using hematoxylin and eosin (H&E) and observed under an analysis of variance (ANOVA), followed by Tukey's post hoc test for
Axio Imager. A2 microscope (Zeiss) and photographed [11]. multiple comparisons as applicable. In vivo data were analyzed using

Student's t-test (unpaired), followed by Bonferroni post hoc analysis. All
analyses were done using GraphPad Prism software (Version 5.0).
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Fig. 5. Hemin-induced cellular depletion of GSH/GSSG content, decreased proteasomal activity, increased cytosolic ubiquitinated proteins, and BAX levels are
ameliorated by MLT. Hemin (5-25 pM)-treated platelets in the presence or absence of MLT (1 to 10 uM), DFO (100 pM) and luzindole (25 uM) were assessed for (A)
cellular GSH/GSSG using o-phthalaldehyde, (B) proteasomal activity using fluorogenic proteasome substrate (Suc-Leu-Leu-Val-Tyr-AMC), (C) ubiquitinated protein
level by immunoblotting using (anti-ubiquitin Ab) and (D and E) cytosolic BAX level by immunoblotting with its densitometric analyses measured after normalization
with cytosolic loading control, tubulin. MG-132 was taken as a standard proteasome inhibitor. The data is presented as mean = SEM (n = 5) and analyzed using one-
way ANOVA followed by Bonferroni posttests, p*/* < 0.05, p**/*# < 0.01, p***/*#*# < 0.001; *significant compared to untreated platelets; “significant com-

pared to hemin (10 uM) alone treated platelets.

3. Results

3.1. Hemin-induced platelet activation and ferroptosis-like death is
mediated through ROS and is blocked by MLT

To determine whether hemin exerts a cytotoxic effect in platelets,
cell viability and lactate dehydrogenase (LDH) release were evaluated
in platelets treated with various doses of hemin. Hemin significantly
reduced the cell viability (Fig. 1A) and increased LDH release in pla-
telets (Fig. 1A) within 30 min of treatment, confirming the cytotoxic
effect of hemin in platelets. To determine whether hemin induces pla-
telet activation, surface P-selectin expression was examined. Interest-
ingly, the FACS analysis showed that P-selectin level was significantly
increased in the hemin-treated platelets in a dose dependent manner
(Fig. 1B).

Previously we have demonstrated that hemin induces iron (Fe
mediated platelet activation and ferroptosis-like death in platelets [4].
Therefore, in this study we evaluated the effect of MLT on hemin-in-
duced toxicity. MLT (5pM to 10uM) significantly reduced platelet
death (Fig. 1C) and LDH release in hemin-treated platelets (Fig. 1D).

2+

Deferoxamine (DFO); an intracellular iron chelator and ferrostatin-1
(FS-1); a well-known ferroptosis inhibitor, also significantly inhibited
hemin-induced cell death and LDH release (Fig. 1C and D). In addition,
FACS analysis confirmed that 10puM MLT effectively inhibited the
hemin-induced P-selectin expression in platelets compared to DFO
(Fig. 1E and F).

This observation was further supported by fluorescence microscopy
experiments, where we analyzed the actin dynamics in adherent pla-
telets stained with Alexa Fluor-546 conjugated Phalloidin. Hemin at a
dose of 10 uM induced filopodia-like structures in platelets, whereas at
higher doses of hemin (25uM) (Fig. 2A) these structures were de-
stroyed, and presence of MLT and DFO significantly inhibited the
hemin-induced filopodia formation (Fig. 2A). Further, as elevated ROS
play a pivotal role in platelet activation, apoptosis, and thrombosis, we
examined the effect of hemin on the generation of various endogenous
ROS (H»0,, superoxide (O, ) and Hydroxyl radical (- OH)) in platelets
using DCFDA, Amplex RED, DHE and BODIPY C11 dyes. Hemin in-
duced a dose-dependent increase in total ROS generation, H,O, and
Hydroxyl radical/lipid ROS generation in human platelets (Supple-
mentary Fig. 1) but not superoxide radicals (Supplementary Fig. 1).
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Fig. 6. Hemin-induced inflammasome activation leading to a decrease in platelet viability is mitigated by MLT. Hemin (10 uM)-treated platelets in the presence and
absence of MLT (5 and 10 uM), MCC950 (20 pM), FS-1 (5 uM) and luzindole (25 uM) were evaluated for (A) cell viability using MTT assay, (B) FACS analysis of
surface P-selectin expression using FITC conjugated P-selectin and (C and D) cytosolic BAX level using immunoblotting with its densitometric analyses measured after
normalization with cytosolic loading control, B-tubulin. The data is presented as mean = SEM (n = 5) and analyzed using one-way ANOVA followed by Bonferroni
posttests, p*/* < 0.05, p**/** < 0.01, p***/#*## < 0.001; *significant compared to untreated platelets; “significant compared to hemin (10 uM) alone treated

platelets.

However, MLT and DFO treatment significantly restored the levels of
ROS and lipid peroxide generation (Fig. 2B and C) (Supplementary
Fig. 1). In order to investigate the source of ROS generation in hemin-
treated platelets, diphenylene iodonium (DPI) an inhibitor of NADPH
oxidase, that blocks the cytosolic ROS generation and Mito-TEMPO, a
mitochondria targeted superoxide quencher was used. Both DPI and
Mito-TEMPO failed to inhibit hemin-induced ROS generation sug-
gesting that the principal source of ROS (-OH) generation is from labile
iron in hemin-treated platelets (Supplementary Fig. 2). Further, hemin
induced a significant mitochondrial cardiolipin oxidation in platelets,
and presence of MLT (10 uM) and DFO (100 uM), completely restored
the cardiolipin oxidative status (Fig. 2D and Supplementary Fig. 3).
Furthermore, the mitochondrial function was evaluated by assessing
the mitochondrial membrane potential and levels of Bcl-2 family pro-
teins (BAX, Bcl-2, Bcl-xL, BAK, BAD, Phospho-BAD, and BID) in hemin-
treated platelets (Fig. 3A and B). FACS analysis and immunoblots in-
dicated that hemin-induced a significant decrease in mitochondrial
membrane potential, alteration in BAX, Bcl-2 and BAD proteins in the
cytosolic fraction and an increase in the localization of BAX in the
mitochondrial fraction (Fig. 3C). Meanwhile, there was a substantial
decrease in anti-apoptotic Bcl-2 protein in mitochondrial fraction
(Fig. 3C). However, treatment of MLT (10 uM) and DFO (100 uM) sig-
nificantly restored the mitochondrial membrane potential (Fig. 4A and
Supplementary Fig. 4) and cytosolic BAX level (Fig. 5D). The elevated
ROS levels alter the endogenous antioxidant system like cellular glu-
tathione (GSH). The confocal microscopy study and FACS analysis of
hemin-treated platelets exhibited a significant decrease in the GSH
level, and presence of MLT (10 uM) and DFO (100 uM) effectively re-
stored the GSH level (Fig. 4B and C). As -mercaptoethanol (3-ME) can
enhance cysteine uptake through other pathways, platelets were treated
with B-ME in the presence and absence of cysteine (250 pM) and MLT
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(10 uM) (Supplementary Fig. 5A and B). Interestingly, the treatment of
platelets with 3-ME and MLT significantly improved the cell viability
and decreased ROS generation (Supplementary Fig. 5A and B) sug-
gesting the involvement of system XC— in the hemin-mediated fer-
roptosis in platelets and the role of MLT in inhibiting it. Therefore, MLT
not only inhibits hemin-induced platelet activation, it also blocks the
ferroptotic cell death in platelets. Furthermore, hemin-induced a dose-
dependent decrease in the GSH/GSSG ratio in the platelets and MLT
significantly restored their levels (Fig. 5A). In support to this, we ob-
served a significant change in the absorption spectra of hemin upon
titration with various concentration of GSH and cysteine, suggesting
that hemin forms an adduct with cellular GSH (Supplementary Fig. 6A
and B).

3.2. Hemin-induced proteasomal inhibition and activation of inflammasome
pathways are blocked by MLT

The proteasome is involved in the degradation of many short-term
proteins that are required for cell survival. It has been demonstrated
that the proteasome role in delimiting platelet lifespan through the
constitutive elimination of the conformationally active BAX and indu-
cing cell death in platelets. Since hemin dose-dependently elevated the
level of pro-apoptotic Bcl-2 protein, BAX, we analyzed proteasomal
peptidase activity in presence of different concentrations of Hemin
(1-25uM). Hemin (1-25uM) attenuated proteasome function in a
concentration-dependent (by 30% to 70%) fashion in platelets.
Surprisingly, MLT (5-10 uM) and DFO (100 uM) significantly restored
the proteasomal activity (Fig. 5B). Blocking of cellular proteasome ac-
tivity exacerbates hemin-induced toxicity. As a result of accumulation
of ubiquitin-tagged proteins, which provides the most direct evidence
for impaired protein degradation capacity in hemin-treated platelets. In
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Fig. 7. Hemin-induced toxicity on circulatory platelets in vivo is prevented by MLT: Male Swiss albino mice (8- to 10-week-old) weighing 20-25 g was injected with
hemin (50 umol/kg body weight) (i.p.) for 72h, followed by MLT (20 mg/kg body weight) (i.p.) injection after 2h of hemin treatment. Fluorometric analysis of
platelets isolated from experimental animals stained with (A) DCFDA for ROS generation, (B) BODIPY for lipid peroxide generation and lipid peroxidation, (C) NAO
for cardiolipin oxidation and (D) MCB for cellular glutathione level. Platelets isolated from experimental animals were assessed for (E) GGT activity and (F)
proteasomal activity. (G) Automated analysis of platelet count in blood drawn from experimental animals. (H) ELISA based quantification of soluble P-selectin (sP-
selectin) level in plasma obtained from treated mice blood. The data is presented as mean *+ SEM (n = 5) and analyzed using one-way ANOVA followed by Student's
t-test (unpaired), p*/# < 0.05, p**/*# < 0.01, p***/*## < 0.001; *significant compared to control group; #significant compared to hemin-treated group.

order to demonstrate the effect of hemin on the levels of ubiquitinated
proteins and BAX, we evaluated hemin-treated platelets in presences or
absences of MLT, DFO, and Luzindole; a selective MLT receptor (MT2)
antagonist, using immunoblots. Hemin (10 uM) significantly increased
the levels of ubiquitinated proteins and BAX protein, and both MLT and
DFO significantly restored it (Fig. 5C). In addition, MLT pre-treated
with luzindole showed significant attenuation of hemin-induced protein
ubiquitination and BAX level, indicating that MLT protects platelets
from hemin-induced toxicity through MT2 receptor-mediated events
(Fig. 5D and E).

Further, to gain insight into the molecular signalling pathway
through which hemin induces platelet activation and ferroptosis-like
death in platelets, we evaluated the downstream signalling of hemin
and effect of MLT on it. Hemin significantly induced activation of
NLRP-3 in platelets. At first, we evaluated platelet proteasomal activity
in presence of Tin-protoporphyrin IX (SnPP), a heme oxygenase-1 (HO-
1) specific inhibitor. In presence of SnPP there was an increased pro-
teasomal inhibition when compared to hemin alone suggesting that
iron-containing porphyrin is essential to inhibit proteasomes
(Supplementary Fig. 7). Interestingly, MLT (10 uM) significantly re-
stored the proteasome activity, and we further confirmed using lu-
zindole (Supplementary Fig. 7). Further, we evaluated the effect of
MCC950; a selective inhibitor of NLRP3 on hemin-induced platelet
activation and death. Interestingly, MCC950 significantly improved cell
viability (Fig. 6A), decreased surface P-selectin expression (Fig. 6B) and
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BAX levels (Fig. 6C and D) in hemin-treated platelets. MLT treatment
enhanced the protective efficacy and MLT-treated along with MCC950
and in presence of luzindole the effect of MLT was reduced indicating
involvement of MT2. The above observations clearly indicated that
hemin induces inflammasome formation, which further contributes to
platelet activation or death and MLT effectively protected platelets from
inflammasome-induced platelet activation and death.

3.3. Hemin-induced oxidative damage and toxicity are mitigated by MLT in
vivo

To correlate our in vitro findings in an animal model, the effect of
MLT on hemin-induced platelet activation and death was studied in
Swiss albino mice. In order to determine the effective dose and time of
MLT, which can ameliorate the hemin-induced toxicity, mice were in-
jected with hemin (50 pmol/kg body weight) and a group of mice re-
ceived MLT (20 mg/kg body weight) (i.p.), after 4 h of hemin injection.
Hemin-induced toxicity on platelets and systemic organs were assessed
after 24h of hemin injection. The one-time injection of hemin
(50 umol/kg body weight) did not induce toxicity up to 24 h [Data not
shown]. Therefore, mice were administrated a daily dose of hemin
(50 umol/kg body weight) for 3days (72h) and a group of mice re-
ceived MLT (20 mg/kg body weight) (i.p.), after 2 h of hemin injection.
This induced a significant hemin toxicity and protective efficacy of
MLT. Therefore, 72h of hemin-treatment was considered for our
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Fig. 8. Hemin-induced modulation of serum cytokines
levels, and kidney and lung tissue destruction in vivo are
mitigated by MLT: (A) Various cytokines (TNF-a, IL-18,
IL-6, IL-23, and IL-10) level were assessed in serum ob-
tained from the treated mice groups using immunoblot-
ting along with (B) its densitometry analysis and the
image of the corresponding Ponceau-stained PVDF
membrane was served as loading control. The membrane

was cut based on the molecular weight, probed with the
antibody of interest. Histological analysis of (C) kidney
and (D) lung tissue section obtained from the treated
mice groups using Hematoxylin-Eosin (H&E) staining.

The data are presented as mean * SEM (n =5) and
analyzed using one-way ANOVA followed by Student's t-
test  (unpaired). p*/* < 0.05, p*/** < 0.01,
pree/*## < 0.001; *significant compared to control
group; “significant compared to hemin-treated group.
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experiments. Further, we evaluated the levels of ROS, lipid peroxida-
tion, cardiolipin oxidation, cellular GSH level in hemin and MLT-
treated mice platelets. MLT-treated mice showed significantly de-
creased level of ROS generation, lipid peroxidation, cardiolipin oxida-
tion and increased level of GSH as compared to the hemin-treated group
(Fig. 7A-D). In addition, we evaluated the GGT activity and protea-
somal activity in hemin-treated mice platelets. Hemin treatment sig-
nificantly decreased the GGT (Fig. 7E) and proteasomal activity
(Fig. 7F), however, MLT administration restored the above-mentioned
activities significantly. As intravascular hemolysis leads to low platelet
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count (thrombocytopenia) and platelet activation [36], we investigated
the effect of hemin treatment on the circulating platelet count. Hemin
(50 umol/kg body weight) treatment resulted in a decreased number of
circulating platelets in mice. Interestingly, MLT administration sig-
nificantly rescued the circulatory platelets (Fig. 7G). Besides, P-selectin
from activated platelets contributes directly to vascular inflammation
and thrombosis in many vascular diseases [37]. Therefore, we de-
termined the plasma soluble P-selectin (sP-selectin) levels in hemin-
treated mice. Hemin-induced a significant increase in sP-selectin and
MLT administration significantly reduced the levels of plasma sP-
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Fig. 9. Proposed mechanism of action of MLT in protecting platelets from hemin-induced toxicity.

selectin as compared to the hemin-treated mice (Fig. 7H).

Further, serum levels of pro-inflammatory mediators including IL-
1B, TNF-a, IL-6, and IL-23 were significantly increased in the hemin-
injected group, whereas anti-inflammatory cytokine IL-10 was sig-
nificantly reduced compared to the saline control group and upon MLT
administration there was significant restoration of these pro-in-
flammatory and anti-inflammatory cytokines (Fig. 8A and B). The
kidney and lung damage were further substantiated by histopathology
studies using H&E staining. The critical examination of photo-
micrographs of the control kidney tissue section depicted the normal
architecture. The hemin-injected mice kidney tissue section showed
glomerular congestion and destructed epithelial cells (Fig. 8C). On the
other hand, destruction of the alveolar architecture with distension of
the alveolar sacs and infiltration of inflammatory cells was observed in
lung tissue section of hemin-injected mice (Fig. 8D). Interestingly, MLT
administration significantly inhibited kidney and lung tissue destruc-
tion.

4. Discussion

Several studies including ours have demonstrated that the platelets
being anuclear undergo mitochondria-mediated apoptosis. Several

2313

chemical and natural molecules can induce premature apoptosis in
platelets [12]. Previously, we have shown that hemoglobin and its
derivatives like methemoglobin and bilirubin are capable to drive
platelet activation and mitochondria-mediated apoptosis with classical
caspase activation [11,31]. However, platelets apart from classical
mitochondria-mediated apoptosis can undergo ROS-lipid peroxidation
driven ferroptosis [3-5]. Ferroptosis, a unique and non-classical type of
cell death, independent of caspase activation and is mediated through
accumulation of lipid ROS, and depletion of cellular GSH [4,38,39]. We
have shown that hemin induces platelet activation and ferroptosis
mediated through lipid peroxidation and ROS release. As MLT is a
potent lipid ROS quencher and cytoprotective molecule, in this study
we determined the ability of MLT to inhibit Hemin-induced ferroptosis
in platelets. The cytoprotective abilities of MLT are highly appreciated.
Besides regulating the circadian rhythms of biological clock in mam-
mals, MLT is deemed as one of the potent endogenous antioxidants
demonstrating protective abilities against cardiovascular, diabetes, cy-
totoxicity and neurological complications [40,41]. MLT is reported to
protect amitriptyline-induced hepatotoxicity by quenching ROS and
lipid peroxidation [42]. In Bone marrow mesenchymal stem cells
(MSCs), MLT significantly enhanced survivability of hypoxia and serum
deprived MSCs by inhibiting MAPK signalling [43]. Previously, we have
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demonstrated that the anti-venom and anti-apoptotic abilities of MLT,
which largely due to their radical trapping property [17,21,22].

Hemin, a catabolic product of hemoglobin, can be high in circula-
tion due to increased intravascular hemolysis/hemorrhagic strokes or
during hemolysis associated disorders [30,36,44-46]. However, hemin
is also used as a pharmacological agent to treat porphyria or acute in-
termittent porphyria [47]. Herein, we demonstrate that hemin induces
platelet activation and ferroptosis in platelets both in vitro and in vivo,
and MLT significantly neutralizes hemin induced toxicity and rescue
platelets. Hemin caused platelet death through increased ROS, lipid
peroxidation and GSH/GSSG depletion by disrupting endogenous glu-
tathione cycle. The substantial depletion in the GSH level indicates that
the hemin-mediated ferroptosis may occur through inhibition of system
Xc- that transports extracellular cystine into the cell for the biosynth-
esis of GSH [48]. In addition, hemin activated the platelets both in vitro
and in vivo by inducing p-selectin expression. Further evaluation of the
mitochondrial health revealed that hemin significantly alters mi-
tochondrial membrane potential contributing to the altered Bcl-2 fa-
mily of proteins (BAX, Bcl-2, Bcl-xL, BAK, BAD, Phospho-BAD, and BID)
that regulate cell death. However, previously we have shown mi-
tochondria-independent cell death [11,12,31]. In addition, DFO and FS-
1 effectively inhibited hemin-induced platelet activation and death by
interfering in above discussed key events suggesting hemin drives iron-
dependent activation and death of platelets, which is ferroptosis [4].
Interestingly, MLT remarkably outplayed hemin-induced platelet acti-
vation and ferroptosis acting through MT2 receptor to restore mi-
tochondrial health and glutathione homeostasis by inhibiting hemin-
induced ROS and lipid peroxidation. MT2 receptor is a major G protein-
coupled receptor, which primarily facilitates the melatonin signalling
[49].

Both hemoglobin and hemin are cytotoxic and genotoxic in human
colon cells via free radical mechanisms [50]. Hemin is also shown to be
cytotoxic to colonic epithelial cells by targeting translocator protein
[51]. Although there are limited evidences that hemin alters Bcl-2 fa-
mily proteins, we have previously demonstrated that the unconjugated
bilirubin induces platelet apoptosis targeting mitochondria and Bcl-2
family proteins [11,31]. All these studies emphasize the cytotoxic
nature of hemin, which are in line with our results.

Further comprehensive evaluation into the hemin-induced platelet
activation and ferroptosis in platelets exposed that proteasome activity
and inflammasome activation are two key events. Proteasome enhances
ubiquitination of target proteins and mediates the degradation of short-
lived ubiquitinated proteins, which are necessary for cell survival. It
reduces platelet survivability in circulation by aborting con-
formationally active BAX protein and by inducing apoptosis-related
changes in platelets [52,53]. Both Bcl-2 family of proteins and protea-
some system are considered to be as an essential internal timer reg-
ulating platelet lifespan, a dysregulation in this process stimulates un-
timely apoptosis [52,53]. We demonstrate that hemin significantly
modulated Bcl-2 family proteins and inhibited proteasome activity in
platelets thus causing uncontrolled premature platelet death both in
vitro and in vivo. However, MLT effectively counteracts hemin-induced
proteasome inhibition and controls the expression of Bcl-2 family pro-
teins, thus preventing cell death both in vitro and in vivo.

Furthermore, we show that hemin significantly activates in-
flammasome (NLRP-3) mediated through hydroxyl radical.
Inflammasome activation in nucleated cells is well characterized,
nevertheless platelets constitutively express the inflammasome com-
ponents NLRP3 and ASC suggesting existence of assembled inflamma-
somes in platelets [54]. Platelet activation agonists can stimulate in-
flammasome activation in platelets. Both increased levels of ROS and
cytokines like IL-1[3 contribute to the inflammasome activation in pla-
telets [55]. Platelet NLRP3 inflammasome is reported to mediate pla-
telet activation and aggregation via increased expression of Caspase-1
and increased secretion of IL-1f [56,57]. We show that hemin induces
NLRP3 inflammasome to stimulate platelet activation in vitro. In
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addition, elevated serum levels of several key inflammatory cytokines
including IL-1f3, TNF-a, IL-23 and IL-6 in vivo along with sP-selectin
indicates that hemin induces inflammasome activation along with key
pro-inflammatory cytokines. Interestingly, MLT effectively inhibited
hemin-induced platelet activation mediated through NLRP3 in-
flammasome.

In summary, the current findings demonstrate for the first time the
unexplored pathway underlying thrombotic complications under severe
hemolysis (Fig. 9). Although, the involvement of hemin in thrombosis
has been studied in hemolytic conditions, here we report that hemin-
induces ferroptosis in platelets via increased ROS/lipid peroxidation/
glutathione depletion, whereas the platelet activation is mediated via
proteasome and inflammasome activation. More importantly, MLT
significantly abolished hemin-induced both platelet activation and
ferroptosis. Therefore, our study demonstrates that MLT can be con-
sidered as a novel treatment strategy in hemolytic disorders.
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