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ABSTRACT

Introduction and aim. Platelets are susceptible to oxidative damage due to metabolic pathways and oxygen-rich environ-
ments. Antioxidants combat oxidative stress (OS) and are currently employed in therapeutics. Melatonin has potent antioxidant
properties; however, it has not been explored in platelet OS models. This study investigates the effect of melatonin on platelets
during 2,2"-azobis(2-amidinopropane) dihydrochloride (AAPH)-induced OS.

Material and methods. Platelets from Wistar rats (n=5) were grouped into controls (untreated), free radical-inducer (FRI:
AAPH-treated), melatonin-treated (AO), and preincubated with melatonin and AAPH-treated (FRI+AO). OS and platelet mark-
ers were analyzed.

Results. Antioxidant defenses decreased in FRI, whereas increased in AO and FRI+AO. Lipid peroxidation (LPO) increased in FRI,
whereas advanced oxidation protein products (AOPP) and metabolism increased in AO compared to controls. Superoxides,
AOPP, and ATP secretion increased, whereas LPO decreased in FRI+AO compared to FRI. However, aggregation increased in FRI
and AO compared to Controls, whereas decreased in FRI+AO compared to FRI.

Conclusion. OS models can give insights into the underlying redox status of the cells and modulations of antioxidants in plate-
lets. The findings indicate that melatonin can modulate antioxidant defenses and alleviate OS in platelets. This study lays the
foundation for further in vivo studies on platelet pathophysiology.
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Introduction can provide insights into the underlying redox mech-

Oxidative stress (OS) is a primary causative factor that
disrupts hemostasis and can potentially have patho-
logical consequences. Reactive species can affect redox
signaling and lead to cellular damage. These radicals
damage the membrane by lipid peroxidation and also
cause protein oxidation, eventually altering the func-
tioning of proteins." OS contributes to pathophys-
iological conditions like Alzheimer’s, Parkinson’s,
cardiovascular diseases, and cancer.? Therefore, OS
models simulate physiological conditions comparable
to infections, diseases, stress, and drug toxicity. They

anisms and their interaction with endogenous defens-
es.* 2,2’-Azobis(2-amidinopropane) dihydrochloride
(AAPH) which can simulate the OS conditions in vi-
tro.* It undergoes homolytic cleavage to form two car-
bon-centered radicals (R) which produce peroxyl
radicals in the presence of oxygen. These highly reac-
tive radicals can initiate chain reactions, thereby render-
ing proteins and polyunsaturated fatty acids extremely
prone to oxidative damage.’

Platelets are anucleate cells with a crucial role in he-
mostasis. Physiological processes in platelets contin-
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uously generate reactive oxygen species (ROS). ROS
generation can overwhelm the endogenous antioxidant
machinery and result in a redox imbalance. OS in plate-
lets can lead to excessive activation, malfunction, or
destruction.® This increases the risk of platelet-related
disorders, such as thrombotic disorders and thrombo-
cytopenia. OS can also shorten the lifespan of platelets
by triggering apoptotic pathways.

However, antioxidants can enhance the antioxidant
defenses in platelets. Vitamin C, vanillic acid, L-carni-
tine, coumaric acid, and other antioxidants have been
studied for their beneficial effects on platelets.” Mel-
atonin can penetrate the cell membrane to neutralize
endogenous hydroxyl radicals and stimulate glutathi-
one peroxidase.® In vitro studies have determined that
1 mmol/L melatonin can attenuate oxidative damage
in different cell types.”'> Melatonin has proven bene-
ficial in reducing lipid peroxidation and regulating in-
tracellular calcium levels in platelets.’>'* Although the
effect of melatonin varies in physiological and phar-
macological conditions, its role as an antioxidant has
been widely studied.”> However, its overall effect on ox-
idative stress, metabolism, and functions in platelets
is unclear.

Melatonin can be a promising antioxidant due
to its protective effects. It can prevent oxidative dam-
age, stimulate platelet production, and enhance platelet
function.'®'” Melatonin supplementation can potential-
ly modulate the OS situation and be beneficial in plate-
let disorders.

The rationale of this study is to investigate the ef-
fects of melatonin for potential therapeutic applications
in platelet disorders. Studies indicate that melatonin
promotes platelet production, attenuates oxidative dam-
age, and prevents platelet apoptosis. Hence, melatonin
could be a potential alternative therapeutic tool.

Aim

It is imperative to study OS in platelets to understand
the underlying mechanisms using antioxidants for their
targeted actions. This is the first study to elucidate the
responses of platelets to melatonin in free radical-in-
duced OS conditions, especially the interactions of per-
oxyl radicals with melatonin in platelets.

Material and methods

Reagents

2,2’-Azobis(2-amidinopropane) dihydrochloride
(AAPH), melatonin, Epinephrine, bathocuproine di-
sulfonic acid disodium salt, 5,5’-dithiobis-2-nitroben-
zoic acid (DTNB) and bovine serum albumin were
purchased from Sigma-Aldrich Chemicals (Bengalu-
ru, India). Cytochrome C, B-Nicotinamide adenine di-
nucleotide disodium salt and collagen (ex. Marine Fish
extrapure) was purchased from SRL Chem (Mumbai,

India). Glucose reagent kit (GOD-POD method; Cata-
logue no. GLU-L-D-1153) was from Aspen Laboratories
(Delhi, India).

Methods
Male Wistar rats (160-180 g) procured from Bioally
Animal Facility and Research Pvt. Ltd. (Bengaluru, In-
dia) were used for this study. Experimental study was
conducted according to the Institutional Ethical Com-
mittee regulations (1810/PO/RcBizbt/S/15/CCSEA).
The physiology of Wistar rats is similar to humans.
These animals are bred and maintained in controlled
laboratory conditions and exhibit minimal variations.
Hence, they are valuable models for toxicological stud-
ies, and the outcomes can be directly related to experi-
mental interventions.

Experimental design

The platelets (20 Wistar rats, n=5) were grouped as fol-
lows: (i) controls (untreated platelets); (ii) free radical
initiator (FRI) (2 mmol/L AAPH for 30 min); (iii) an-
tioxidant (AO) (1 mmol/L melatonin for 60 min); and
(iv) FRI+AO (1 mmol/L melatonin for 60 min followed
by 2 mmol/L AAPH for 30 min).

The samples were gently resuspended in Tyrode’s
buffer (pH 7.4) and stored at 22°C until analysis. These
platelet samples were aliquoted in aseptic conditions
and assessed for antioxidant defense, OS markers, and
platelet functions.

Sample preparation

Blood collection

Male Wistar rats were mildly anesthetized, and blood
was collected into polypropylene tubes containing
CPDA-1 anticoagulant (citrate phosphate dextrose ad-
enine).'®

Isolation of platelets

Platelets were isolated from whole blood according to
Carneiro et al.” Briefly, 8 mL of whole blood was spun at
1500 rpm at 22°C for 15 min. The supernatant contain-
ing platelet-rich plasma (PRP) was further centrifuged
at 4000 rpm at 22°C for 15 min. The pellet containing
platelets was resuspended in Tyrode’s buffer.

Antioxidant defenses

Superoxide dismutase (SOD)

Platelet samples (100 pL) were mixed with 880 uL of
0.05 M carbonate buffer (pH 10.2 with 0.1 mmol/L
ethylenediamine tetraaceticacid). 20 pL of 30 mmol/L
epinephrine was added to it. The absorbance was read
immediately at 480 nm for 4 min. The amount of en-
zyme that inhibits the oxidation of epinephrine by 50%
is equal to 1 unit of SOD.?
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Catalase

10 pL of absolute ethanol was added to 100 pL of the
platelet sample. The mixture was placed in an ice bath
for 30 min. 1200 pL of phosphate buffer (0.1 M) was
added to the mixture. To this, 1250 puL of H,0O, (0.066
M) was added. The absorbance was read immediately at
240 nm up to 1 min. Catalase activity was determined
using 43.6 M cm™ as the molar extinction coefficient.”!

Glutathione

Platelets (250 uL) were treated with 375 uL of 4% sul-
fosalicylic acid and vortexed. The mixture was spun at
2500xg for 15 min. The supernatant (40 pL) was treat-
ed with 280 pL of 10 mmol/L DTNB (Ellman’s reagent),
and the absorbance was measured at 412 nm.?

Total antioxidant capacity-cupric ion-reducing antioxi-
dant capacity (TACCVPRAC)

The platelet samples (5 uL) were treated with 195 pL
of bathocuproine disulfonic acid disodium salt (BCS)
(0.25 mmol/L), and the initial absorbance was mea-
sured at 490 nm. 50 pL of CuSO, solution (0.5 mmol/L)
was added, and after 3 min incubation at room tempera-
ture (RT), 50 uL EDTA solution (0.01 M) was added.
The final absorbance was measured at 490 nm. Total an-
tioxidant capacity was calculated using uric acid as the
standard.”

Oxidative stress markers

Superoxides

200 pL of cytochrome C (160 pmol/L) was added to 100
uL of platelet samples and the mixture was incubated
for 10 min at 37°C. The absorbance was spectrophoto-
metrically read at 550 nm to measure the reduction of
cytochrome C.*

Nitrites

The platelet samples (100 uL) were mixed with 100 pL
of Griess reagent. The mixture was incubated in the dark
at RT. The absorbance was read at 548 nm. The amount
of nitrites was determined using sodium nitrite as the
standard.?

Thiobarbituric acid reactive substances (TBARS)
Platelets (100 uL) were placed in an ice bath for 10 min,
and an equal volume of 20% (v/v) cold trichloroacetic
acid (TCA) in 0.6 M HCI was added. The mixture was
spun at 2000 rpm for 15 min and 40 pL of 0.12 M thio-
barbituric acid (TBA) solution (in 0.26 M Tris at pH 7.0)
was added to the supernatant. The mixture was boiled
for 15 min and the samples were read at 532 nm.*

Protein sulfhydryls
Platelet samples (200 pL) were diluted with 1.5 mL of
0.08 M sodium phosphate buffer (0.5 mg/mL of Na,-ED-

TA, and 2% sodium dodecyl sulfate). 0.1 mL of DTNB
was added to the mixture and left for 15 min at RT. The
absorbance was read at 412 nm.”

Advanced oxidation protein products (AOPP)

400 pL of samples were diluted with 1.2 mL of phos-
phate buffer and incubated with 200 pL potassium
chloride (1.16 M). Absorbance was read at 340 nm im-
mediately after adding 400 L of acetic acid.®

Platelet functions and metabolism

Platelet aggregation

Platelet samples (100 pL) were incubated with collagen
(100 pL, 2.0 pg/ml) for 10 min at 37°C in a V-bottom 96-
well plate. The above procedure was repeated without
collagen. The plates were subjected to shaking for 60 s,
and the absorbance was recorded at 405 nm.”

ATP secretion

The platelet samples were incubated with 25 pL of col-
lagen (2.0 pg/ml) for 10 min at 37°C. The mixture was
treated with 1.2 M perchloric acid. The absorbance was
measured at 260 nm. The amount of adenine nucleo-
tides secreted was calculated using ATP as a standard.®

Glucose

Glucose was estimated using the Autospan Gold kit
(Arkray, India), following the manufacturer’s instruc-
tions based on the glucose oxidase-peroxidase (GOD-
POD) method. The absorbance was read at 546 nm.*

pH
The pH of platelet samples was measured using the pH
strips (Fisher Scientific).

Lactate dehydrogenase (LDH)

The platelet samples (10 pL) were treated with 1 ml of
4:1 mixture of reagent 1 (80 mmol/L Tris, 200 mmol/L
NaOH, and 1.6 mM pyruvate) and reagent 2 (0.2
mmol/L nicotinamide adenine dinucleotide (NAD))
and incubated at 37°C for 3 min. The absorbance was
measured at 340 nm for 3 min.*

Protein

500 pL of platelets were incubated with 2.5 mL alkaline
CuSO, (50:1 mixture of 2% Na,CO, and 0.5% CuSO,) at
RT for 15 min. 0.1 mL of Folin-phenol reagent (1:2 di-
luted in distilled water) was added to the above mixture.
This was incubated at RT for 30 min. Absorbance was
read at 660 nm. Bovine serum albumin (BSA) was used
as the standard.

Statistical analysis
Results are expressed as mean =SE (n=5). One-way
ANOVA was performed using GraphPad Prism 6 Soft-
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ware (San Diego, CA, USA), followed by Bonferroni
post-test. The values were considered significant at
p<0.05.

Results

The variations occurring in FRI were compared against
free radical-induced treated with melatonin antioxidant
(FRI+AO) and controls. Variations occurring in mela-
tonin antioxidant (AO) were compared against controls.

Antioxidant defenses
Superoxide dismutase activity decreased by 59% and
36% in FRI and FRI+AO, respectively, compared to the
controls. SOD activity increased by 58% in FRI+AO
against FRI (Table 1).

Catalase activity was 52% higher in AO compared
to controls. It was 19% higher in FRI+AO compared to
FRI (Table 1). Glutathione was 23% higher in AO than
in controls (Table 1). TAC yprac Was ~23% lower in
FRI+AO than in controls and AO (Table 1).

Table 1. Antioxidant defenses in platelets exposed to
AAPH-induced OS*

Superoxide (atalase Glutathione  Total antioxidant capacity

Groups  dismutase  (Ux10*/mg (mmol/mg (TACyppac) (umol uricacid
(U/mg protein) protein) protein) equivalents/L)
Controls 51+05 10.00+2.3 364105 840.2£123.7
FRI 2.06+0.2 7.65£2.0 337403 766.93164.6
A0 483111 1521453 452106 893.64+744
FRI-+AO 3.26+08 9.14+23 3.56+0.2 658.00£56.5

* results are expressed as mean=SE (n=5), p>0.05

Oxidative stress

Superoxide levels were 41% and 53% higher than controls
and AQ, respectively. The levels were significantly higher
by 75% (p<0.05) in FRI+AO compared to FRI (Fig. 1A).

Nitrites were 25% elevated in FRI+AO than in con-
trols. However, it was maintained in all the other groups
at similar levels (Fig. 1B).

TBARS increased in FRI by 12% and decreased in
AO by 12% compared to Controls. It decreased by 24%
in FRI+AO compared to FRI (Fig. 2A). AOPP was sig-
nificantly higher (120%, p<0.05) in AO with respect to
Controls. AOPP also increased by 66% in FRI+AO com-
pared to FRI (Fig. 2B). P-SH levels were similar in all the
experimental groups. However, it increased by 20% in
AO compared to controls (Fig. 2C).

Platelet function and metabolism
Aggregation with collagen was significantly lower
(~62%, p<0.05) in the FRI+AO compared to FRI and
AO. Aggregation without collagen was similar in all oth-
er groups (Fig. 3B).

ATP secretion increased significantly in FRI+AO by
12% (p<0.001) compared to controls. It increased signifi-

cantly by 17% (p<0.0001) and 8% (p<0.01) in FRI+AO
compared to FRI and AO, respectively (Fig. 3B).

Glucose increased by ~20% in FRI and FRI+AO
compared to controls (Fig. 4A). pH was similar in all
the groups (Fig. 4B). LDH decreased by 17% in FRI
compared to controls. There was an increment of 55%
in FRI+AO compared to FRI (Fig. 4C).

Discussion

Free radicals play a crucial role in homeostasis and re-
dox mechanisms in platelets.* AAPH generates peroxyl
radicals that induce OS and is therefore employed to es-
tablish OS models. This study assessed the modulations
in platelets by melatonin during AAPH-induced OS.

FRI vs. controls

Antioxidant enzymes act as the primary line of defense
during OS and reflect the redox state of platelets. Perox-
yl radicals can potentially inactivate the susceptible en-
zymatic active sites.* Therefore, superoxide dismutase
(SOD) and catalase (CAT) lowered in FRI compared to
controls. Notably, AAPH predominantly generates per-
oxyl radicals by thermal decomposition. These highly
reactive radicals abstract hydrogen atoms from the lip-
ids of the cell and its membrane to form lipid hydrop-
eroxides (LOOH).* These lipid hydroperoxides are
unstable and can decompose to form more reactive rad-
icals, perpetuating the chain reaction of lipid peroxida-
tion and leading to cell damage.'® This corroborates with
the higher TBARS levels, which also reflected in lowered
TAC in FRI. Platelet aggregation increases during OS,
activating a cascade of events leading to thrombus for-
mation and posing a great risk in platelet disorders.* Ag-
gregation in the presence of collagen increased in FRI,
suggesting platelet stimulation due to redox changes.
This can also be attributed to increased glucose metabo-
lism and decreased LDH in FRI due to the aerobic state
of platelets under in vitro conditions.

AO vs. controls

Melatonin, a powerful antioxidant, can penetrate the
platelets due to its lipophilic nature. It stimulates en-
dogenous antioxidant enzymes as seen in the increase
in activity of SOD, CAT, and GSH in the AO. Mela-
tonin directly scavenges hydroxyl radicals and indi-
rectly detoxifies H,O,, superoxide, and peroxyl radicals
through its metabolites.'>*® This can be attributed to
its powerful antioxidant capacity as it can bind to the
Fe?* ions and prevent the Fenton reaction. Therefore,
melatonin lowers the susceptibility of membranes to
oxidative damage and improves their stability.*” Con-
sequently, lipid peroxidation significantly lowered
in melatonin-treated platelets compared to controls.
Sulthydryls are susceptible to oxidation and regulate
the protein structure and function.*® They are also
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implicated in platelet activation and are required for
adhesion via integrin alIbp3.** Protein sulthydryls in-
creased in AO, suggesting that melatonin was active-
ly involved in protecting thiol groups by undergoing
reversible oxidation. AOPP levels indicated that di-
tyrosine linkages were formed, which can result in
the cleavage of polypeptide chains and the forma-
tion of cross-linked protein aggregates.*” AOPP lev-
els increased in AO, suggesting that 1 mM melatonin
could not prevent the formation of susceptible dityro-
sine linkages. Melatonin, as a hormone, can influence

platelet functions in a concentration-dependent man-
ner by altering its response to collagen and thrombin.*
Melatonin increased the ATP secretion and aggrega-
tion (with collagen) in AO compared to the Controls,
indicating platelet responsiveness to collagen and, clot
formation. Melatonin regulates the pathways involved
in platelet activation, thereby augmenting platelet re-
sponsiveness to agonists. Glucose and LDH levels were
maintained in AO and controls, suggesting that mela-
tonin did not intervene in platelet metabolism.
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FRI+AO vs. FRI

The peroxyl radicals generated by AAPH are scav-
enged by melatonin using its two methoxy groups
and an indole ring by a single-electron transfer (SET)
mechanism.* Melatonin elevated the activity of SOD in-
directly by increasing the production of superoxides in
FRI+AO compared to FRI. CAT activity and GSH lev-
els suggest that melatonin was involved in directly scav-
enging generated H,O, as one molecule of melatonin is
capable of scavenging two hydroxyl radicals. Melatonin

has been protective against the catalase inactivation in-
duced by AAPH, suggesting its involvement in reduc-
ing the oxidation of critical residues in these enzymes.*
Nonetheless, elevated superoxide levels in FRI+AO sig-
nify the oxidative modulations due to AAPH in plate-
lets, as superoxides are the primary and highly reactive
species generated by physiological processes. Melatonin
protects the lipids from oxidative damage by direct-
ly scavenging peroxyl radicals. It also actively protects
the lipids due to their lipophilic nature, by altering the
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membrane’s physical properties at the peroxidation
site.”> TBARS decreased in FRI+AO, suggesting that lip-
id peroxidation was alleviated in platelets. This can be
attributed to the SET mechanism, where peroxyl radi-
cals are converted into stable molecules, thereby termi-
nating the lipid peroxidation chain reaction.” Protein
sulthydryls were maintained in FRI+AO and FRI, sug-
gesting that glutathione underwent reversible oxidation
to protect SH groups to a certain extent.* However, ROS
directly attacks the proteins by oxidizing certain amino
acid residues, particularly those with sulfur-containing
side chains, aromatic rings, or histidine residues.! AOPP
increased in FRI+AOQ, suggesting that elevated superox-
ides might have rendered susceptible proteins to oxi-
dation. Platelet aggregation in the presence of collagen
significantly reduced in the FRI+AO owing to the in-
crease in superoxide levels and LDH compared to FRI.
ATP secretion significantly increased in the FRI+AO
compared to FRI, indicating the increase in platelet
sensitivity to collagen as a result of OS. This might be
attributed to the biological defense mechanism of mel-
atonin during OS by inhibiting prostaglandin synthesis,
and can have implications in cardiovascular diseases.****
Platelet metabolism was maintained as demonstrated by
glucose levels. However, reactive species generated by
AAPH affected platelet functions in FRI, and melatonin
exposure benefited the platelets by modulating oxidative
stress and platelet functions.

This study has potential clinical implications for
platelet disorders. One of the major causes of platelet
disorders is oxidative stress, as platelets actively generate
ROS during activation. Antioxidants such as melatonin
can modulate the physiological conditions and alleviate
oxidative damage in platelets. The findings also indicate
that melatonin can be explored in therapeutics for plate-
let disorders.

Study limitations

Melatonin is a hormone and is under constant regula-
tion. A probable change in responses to physiological
factors under in vivo conditions is possible.

Conclusion

Melatonin enhanced antioxidant defenses and attenuat-
ed lipid peroxidation in platelets at 1 mM concentration.
It ameliorated the platelet function and maintained me-
tabolism during AAPH-induced OS. These findings in-
dicate that melatonin can modulate antioxidant capacity
and alleviate oxidative stress in platelets. This suggests
that melatonin plays a beneficial role in regulating redox
mechanisms. Furthermore, in vitro platelet OS models
provide insights into the implications of OS in platelet
pathophysiology. Therefore, this study lays the founda-
tion for further in vivo studies, which can contribute to
therapeutic applications.
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