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ARTICLE

Antiplatelet activity of astaxanthin in control- and high cholesterol-fed
rats mediated by down-regulation of P2Y12, inhibition of NF-κB, and
increasing intracellular levels of cAMP

Huda H. Satti1,2, Eman F. Khaleel3,4, Rehab M. Badi3,5, Amany O. Elrefaie1,6, & Dalia G. Mostafa3,7

1Department of Pathology, College of Medicine, King Khalid University, Abha, Kingdom of Saudi Arabia, 2Department of Pathology, University of
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4Faculty of Medicine, Department of Medical Physiology, Cairo University, Cairo, Egypt, 5Faculty of Medicine, Department of Physiology, University of
Khartoum, Khartoum, Sudan, 6National Liver Institute, Department of Pathology, Menoufyia University, Menoufyia, Egypt, and 7Faculty of Medicine,
Department of Medical Physiology, Assiut University, Assiut, Egypt

Abstract

This study evaluated the antiplatelet effect of the plant carotenoid, astaxanthin (ASTX) in rats fed
either control or high cholesterol plus cholic acid diet (HCCD) and possible underlying mechanisms.
Adult male Wistar rats were divided into four groups (n = 8/each), namely, control (fed normal diet),
control + ASTX (10 mg/kg/day), HCCD-fed rats, and HCCD + ASTX-treated rats. Diets and treatments
were orally administered daily for 30 days. In both control and HCCD-fed rats, ASTX significantly
increased fecal levels of triglycerides and cholesterol, reduced platelet count, prolonged bleeding
time, and inhibited platelet aggregation. It also reduced platelet levels of reactive oxygen species
(ROS) and Bcl-2; thromboxane B2 (TXB2) release; and the expression of P2Y12, P-selectin, and CD36
receptors. Moreover, the activity NF-κB p65 and Akt was inhibited. Concomitantly, it increased the
protein levels of cleaved caspase-3 and vasodilator-stimulated phosphoprotein (p-VASP) as well as
intracellular levels of cAMP. However, in HCCD-fed rats, the effects of ASTX were associated with
reduced serum levels of ox-LDL-c and fasting plasma glucose levels. In conclusion, antiplatelet effects
of ASTX involve ROS scavenging, inhibiting NF-κB activity, down-regulating P2Y12 expression, and
increasing intracellular levels of cAMP that are attributed to its antioxidant, hypolipidemic, and anti-
inflammatory effects.
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Introduction

Hemostasis is a highly regulated process that prevents excessive
blood loss and spontaneous thrombosis[1]. It is a tightly con-
trolled mechanism that is regulated by the delicate balance
between pro-thrombotic and anti-thrombotic modulators, where
a mild disturbance leads to either excessive bleeding or thrombo-
sis[1]. Platelets, the major master regulator of hemostasis, are
activated in response to vascular injury[2]. Once stimulated,
platelets can change their shape and express multiple surface
receptors, which in turn stimulate several intracellular signaling
cascades[2]. This leads to degranulation, aggregation, and plug
formation[2]. The most common mediators, released from plate-
lets during their activation, are 5-hydroxytryptamine, thrombox-
ane A2 (TXA2), and adenosine diphosphate (ADP)[2].

The P2Y12 receptors and Gi-coupled receptors are distributed
on the platelet surface and play an important role in the process of
platelet activation and aggregation [3–5]. Stimulation of P2Y12

receptors by ADP induces rapid activation of the glycoprotein IIb/
IIIa receptors (integrin αIIbβ3) and stimulates platelet degranula-
tion and the expression of surface adhesion molecules [3,4]. In
this context, the activation of the P2Y12 receptors initiates
a cascade of intracellular signaling pathways which ultimately
reduces the levels of the secondary messenger, cyclic adenosine
monophosphate (cAMP), through the inhibition of adenylyl
cyclase[3]. In addition, it potentiates the process of platelet degra-
nulation via the activation of phosphatidylinositol-3kinase/protein
kinase B (PI3 K/Akt) signaling pathway [3,5].

Although, platelets are anucleated cells, they have a functional
mRNA store, a full protein synthesis system, and multiple tran-
scription factors such as the nuclear factor-kappa B (NF-κB), all
of which are activated in response to agonist stimulation [6–8].
Platelets have a complete system required for the activation of
NF-κB including; IKK, IκB, and NF-κB p65 subunits[9]. In most
cells, including platelets, phosphorylation and degradation of IκB
are induced by the phosphorylation of IKK, which leads to
phosphorylation and activation of NF-κBp65 to trigger the tran-
scription of numerous genes[7]. In platelets, NF-κB p65 plays
a central role in promoting platelet survival, activation, produc-
tion of inflammatory cytokines, and degranulation[9]. Thrombin,
collagen, and ADP agonists can induce NF-κB activation in the
platelets[9]. When using washed platelets from healthy volun-
teers, or experimental rats, pharmacological inhibition of NF-κB
by BAY 11–7082 and Ro 106–9920 prevented platelet activation
by several mechanisms including; reducing the binding of PAC-1
and fibrinogen to integrin aIIbβ3, ATP release, ERK phosphoryla-
tion, cPLA2 activity, TXB2 synthesis, and P-selectin expression,
as well as by increasing cAMP and VASP [10,11] Interestingly,
recent evidence has shown that P2Y12 promoter contains a NF-κB
binding site[12]. In a recent study, it was shown that hyperglyce-
mia can trigger platelet activation and aggregation through the up-
regulation of P2Y12, and involves activation of NF-κB[12].
However, the mechanisms by which hyperglycemia induces acti-
vation of NF-κB in platelets is still unclear.

Nonetheless, hypercholesterolemia is associated with throm-
bocytopenia and platelet activation, and is considered a serious
risk factor for developing spontaneous thrombosis, atherosclerosis
and plaque rupture [13,14]. Extensive research has been con-
ducted to better understand the possible mechanisms by which
hypercholesterolemia induces platelet activation. It has been
shown that, oxidized low-density lipoprotein (ox-LDL-c) or oxi-
dized phospholipids can act as platelet CD36 ligands to stimulate
intracellular ROS generation, platelets activation, TXA2 release,
and P-selectin expression [13,15]. In addition, hypercholesterole-
mia can activate platelets through enhancing their adhesion with
both the leukocytes and the endothelium, this is mediated by

increasing the expression of several adhesive molecules [16,17].
Additionally, signaling through the P2Y12 receptor and platelet
sensitivity to agonist was shown to be dependent on hypercholes-
terolemia and cholesterol content in the lipid rafts[18]. Moreover,
hypercholesterolemia-induced platelet aggregation is associated
with up-regulation and activation of the P2Y12 receptors, activa-
tion of NF-κB, and increasing intracellular levels of ROS and the
production of inflammatory cytokines [14,19,20].

Based on this, it seems reasonable that medications targeting
NF-κB and P2Y12 can effectively prevent hypercholesterolemia-
induced platelet activation and aggregation. Astaxanthin (ASTX),
3,3-dihydroxy-β,β-carotene-4,4-dione, is a pure plant carotenoid
found abundantly in green algae; and is currently used as a food
additive[21]. In rodents, ASTX is safe when used in amounts of
up to 1000 mg/day[22]. Currently, accumulating data has con-
firmed several health benefits of ASTX, including; antioxidant,
anti-inflammatory and hypolipidemic effects [21,23–26]. In addi-
tion, ASTX is a potent inhibitor of IKK and NF-κ-B activation
[27,28]. The antithrombotic activity of ASTX has been reported
in several studies [29,30]. Within this view, ASTX reduced blood
coagulation and platelet aggregation and promoted fibrinolysis in
high-fat diet (HFD)-fed rats mainly due to antioxidant and hypo-
lipidemic properties[31].

The precise mechanism by which ASTX inhibits platelet aggre-
gation is poorly understood. In this study, we investigated the effects
of ASTX on platelet activation and aggregation in rats, fed either
normal or diet high cholesterol plus cholic acid diet (HCCD). This
was achieved by targeting the effect of ASTX on serum lipid levels
and various other platelet factors including; expression levels of
CD36, P2Y12, and P-selectin receptors, intracellular levels of ROS,
cAMP, and VASP, as well as the activity of NF-κB.

Materials and Methods

Animals

Healthy adult male Wistar rats (160 ± 10 g) were obtained from
the animal facility house at the College of Medicine, King Khalid
University (KKU), Abha, Saudi Arabia (KSA). All rats were
adapted and fed normal chow diet supplied from Diets Inc.
(Bethlehem, PA, USA) (Table I) for one week before the begin-
ning of the experimental procedure. During the adaptation and the

Table I. Composition of control diet used in the current
study.

Ingredients g/Kg

Casein 200
Corn-starch 393
Sucrose 154
Corn-oil 155
Wheat bran/cellulose 50
Mineral mix† 35
Vitamin mix‡ 10
Vitamin E acetate (500 IU/g) 0.008
DL-Methionine/L-cystine 3
Choline bitartrate 2.5

†The mineral mixture contained (mg/kg of diet): KCl,
4000; MnSO4H2O, 98; trace elements, 400; CuSO4 3
5H2O, 20; FeSO47H2O, 200; CaHPO4, 17.200; MgO,
420; MgSO4, 2000; Fe2O3, 120; ZnSO4 3 7H2O, 0.16;
KI, 0.32; and starch to bring to 35 g (per kg of diet).

‡The vitamin mixture contained (mg/kg of diet): thiamine, 40;
paminobenzoic acid, 100; retinol, 12; pantothenic acid, 140;
cholecalciferol, 0.125; pyridoxine, 20; riboflavin, 30; cyano-
cobalamin, 0.1biotin, 0.6; inositol, 300; starch to bring to 10 g
(per kg of diet).
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experimental periods, all rats were housed in a separate room with
well-controlled ambient conditions (12 h light/dark cycle, a tem-
perature of 21 ± 1°C, and humidity of 60%). All procedures
including animal feeding, treatment, and surgery were approved
by the animal ethical committee, College of Medicine, KKU,
Abha, KSA; their regulations follow the guidelines and regula-
tions published by the US National Institutes of Health (NIH
publication No. 85–23, revised 1996).

Experimental Design

After the one-week adaptation period, the rats were randomly
selected and divided into four groups (n = 8/group) as follows: 1)
A control group: fed normal diet and received dimethyl sulfoxide
(DMSO) (diluted in PBS) as a vehicle; 2) A control + ASTX-
treated group: fed normal diet and received a daily dose of ASTX
(10 mg/kg) (Cat. No. SML0982, Sigma Aldrich, UK), dissolved in
DMSO, 3) A high cholesterol plus cholic acid diet (HCCD): fed
diet rich in cholesterol and cholic acid (normal diet supplemented
with 4% cholesterol and 1% cholic acid) and received DMSO as
a vehicle; and 4) A HCCD+ASTX-treated group: fed HCCD and
concomitantly treated with ASTX (10 mg/kg), dissolved in DMSO.
All treatments were conducted orally for 30 consecutive days. The
final concentration of DMSO in all treatments was 0.05%.

The treatment regimen of ASTX was adopted from previous
studies that showed effective hypolipidemic and fibrinolytic
effects of ASTX at this dose when given orally[31]. The use of
HCCD to induce hypercholesteremia in rats over a period of
30 days was based on the previous study of Thiruchenduran
et al. [32] Accordingly, these authors have shown that a diet
rich in cholesterol alone or other types of HFD cannot induce
hypercholesterolemia in rodents over such a short period of time,
whereas the addition of cholic acid to a diet rich in cholesterol
enhances the intestinal absorption of cholesterol and successfully
induces hypercholesterolemia within 30 days.

Determination of Bleeding Time (BT)

One day after the last treatment, BT was measured in all experi-
mental rats as previously described by Shatoor et al [33]. The rats
were not anesthetized, in order to minimize the effect of the
anesthesia on BT and were placed in a plastic cylinder with several
openings. BT was measured by cutting off the tip of the tail (2 mm)
using disposable surgical blades, and maintaining the tail in isotonic
saline solution (pH 7.4/37°C) immediately after the injury. BT was
defined as the time from the onset of transection until the bleeding
stopped completely, and was expressed in seconds.

Blood and Liver Collection

Directly after BT measurements, all rats were anesthetized with
an intraperitoneal (i.p) bolus of sodium pentobarbital (60 mg/kg).
The chest was opened, and blood samples were collected directly
from the heart; 6 ml was withdrawn in acid citrate dextrose
(ACD) blood tubes (1:9, v/v) and used within two hours to
prepare platelets rich plasma (PRP). Another 2 ml of blood was
collected in plain tubes and centrifuged for 10 minutes at 1000 g
to obtain serum, which was later used for determining levels of
fasting glucose and insulin, as well as levels of TXB2 and lipids.
Additional 100 µl blood samples were collected in 100 µl EDTA
tubes (Cat. NO. MVC-E-100, SAI-infusion Technology, India).

Complete Blood Count (CBC) and Serum Levels of Glucose
and Insulin

Complete blood count (CBC) was performed on the blood for all the
experimental groups, using the Sysmex xp-300TM autoanalyzer

(Sysmex Corporation, USA). Fasting serum insulin and blood glu-
cose levels were determined using Cobas 8000 autoanalyzer (Roche
Diagnostic, Germany).

Biochemical Measurement in the Serum

Serum levels of TXB2 were measured using an EIA assay kit (900–-
002, Stressgen, Ann Arbor, MI, USA). Serum levels of cholesterol,
triglycerides, low-density lipoprotein (LDL-c), high-density lipopro-
tein (HDL-c), and very-low-density lipoprotein (VLDL-c) levels
were measured using commercially available kits (Human
Diagnostics, Germany). Serum levels of ox-LDL-c were measured
using a rat’s ELISA kit (Cat. NO.MBS2501477,MyBioSource, CA,
USA). All procedures were conducted in accordance with the man-
ufacturers’ instructions, and all measurements were done using
Spectramax M2 plate reader (molecular devices, Ca, USA).

Preparation and Adjustment of PRP

The preparation and adjustment of PRP was performed according
to the procedure described by Monteiro et al. [34]. ACD-blood
samples were collected and centrifuged within 2 h after collection
(200 × g, 15 min, 37°C), to obtain PRP. To avoid leukocyte
contamination, only the top 75% of the PRP was collected[35].
The remainder of the PRP specimen was centrifuged at 1465 g for
20 min at 23°C and used to collect platelet-poor plasma (PPP).
Thereafter, 3 ml of PRP was mixed with 3.5 ml of washing buffer
(10 mM glucose, 140 mM NaCl, 12.5 mM sucrose, 0.5 mM KCl,
and 12 mM trisodium citrate) (pH = 6). The mixture was cen-
trifuged at room temperature at 800 g for 15 min, to collect
platelets. Platelets were then resuspended in Krebs solution con-
taining 5.6 mM glucose, 1.2 mM KH2PO4, 118 mM NaCl,
25 mM NaHCO3, and 7 mM MgSO4 (pH 7.4). The platelet
count was adjusted to 3 × 108 platelet/ml in the presence of 1 mM
CaCl2. The platelet pellets collected from PRP of all rats were
immediately stored at −70°C, and later used for the measurement
of some biochemical parameters, as well as for western blotting.

Platelet Aggregation

Platelet aggregationwas determinedwithin 2 h after blood collection
in the hematology research laboratory of the College of Medicine,
KingKhalidUniversity, Abha, KSA, using the turbidimetric method,
[36] using an automated Lumi-aggregometer (Model 400VS;
Chrono-Log). In brief, the instrument was calibrated with the absor-
bance of PPP as 100% and 0.0% for PRP. Samples (450 µl PRP) were
incubated for 5 min before being stimulated with 10 μM ADP and
aggregation was measured at 37°C under continuous stirring at
1000 rpm. The maximum percentage of platelet aggregation was
calculated as the increase in the transmission light after the addition
of ADP. All procedures were performed according to the manufac-
turer’s instructions.

ADP-stimulated TXB2 Release

First, 1 ml of platelet suspension was incubated with 10 µM ADP at
37°C for 5 minutes. Then, 10 µl of ice-cold 10% indomethacin-EDTA
was added to terminate the reaction. The samples were subsequently
centrifuged at 800 g for 10 min at room temperature, to obtain super-
natants. Supernatants were used directly to measure levels of TXB2
using a rat’s special EIA kit (900–002, Stressgen, Ann Arbor, MI,
USA). All measurements were done in accordance with the manufac-
turer’s instructions. Absorbancewas read at 450 nm using Spectramax
M2 plate reader (molecular devices, Ca, USA).
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Biochemical Measurements in Platelets Homogenates

Total levels of ROS and nitrogen reactive species (NRS) in the
frozen platelets were determined using a fluorometric kit (Cat. No.
STA-347, OxiSelect, Cell Biolabs, Inc. CA, USA). The principle of
the test relies on measuring the highly fluorescent oxidized product,
2ʹ, 7ʹ-dichlorodihydrofluorescein (DCF) which develops by the end
of the reaction. In the test, a highly reactive specific fluorogenic
probe (dichloro-dihydro fluorescin DiOxyQ) (DCFH-DiOxyQ)
reacts with free ROS and RNS in the homogenate sample to produce
a fluorescent DCF, which can be measured by 480/530 nm excita-
tion/emission using a microplate fluorescence reader (FL600Bio-
Tek Instruments, Inc., Winooski, VT, USA). Intracellular levels of
cAMP were measured in frozen platelet homogenates using an EIA
kit (Cat. No. 581001, Cayman Chemical, USA). Platelet pellets were
briefly resuspended in sodium acetate buffer (50 mM; pH 4.0),
sonicated, boiled for 4 min, and centrifuged at 8000 g for 13 min.
The supernatant was then used to measure the level of cAMP.

Measurement of NF-κB Activation

Each individual platelet pellet (3 × 108) was homogenized in
250 µl ice-cold phosphate-buffered saline (PBS, pH7.4) in the
presence of protease inhibitor cocktail (Cat. No. P8340 Sigma-
Aldrich, MO, USA). Protein levels, in all collected supernatants,
were determined using a Pierce BCA Protein Assay Kit (Cat.
No.23225, ThermoFisher Scientific). Then, 20 µl (20 µg protein)
of the homogenates/sample was used for the determination of NF-
κB p65 activation using the Trans AM ELISA kit (Cat. No.
40596, Active Motif, Tokyo, Japan). The principle of this test is
based on detecting the amount of p65 bounded to oligonucleo-
tides by specific primary and HRP-secondary antibodies. The
activation of p65 was calculated using a standard curve generated
with recombinant NF-kB p65 (Cat. No. 31102, Active Motif,
Tokyo, Japan), and reading absorbance at 540 nm.

Western Blotting

Frozen platelets were homogenized in 250 µl RIPA buffer (Cat.
No. ab171675, Cambridge, UK) in the presence of a 5 µl protease
inhibitor cocktail (Cat. No. P8340 Sigma-Aldrich, MO, USA).
Protein levels in all samples were measured using a Pierce BCA
Protein Assay Kit (Cat. No. 23225, Thermo Fisher Scientific).
Equal protein concentrations (40 µg) were separated by electro-
phoresis using 10–12% SDS–polyacrylamide gel and then trans-
ferred onto PVDF membranes (Sigma). Membranes were then

blocked with skimmed milk, washed and incubated with primary
antibodies against; P2Y12 (Cat. No. ab183066, 39 kD, 1:500,
Abcam. UK), p-Selectin (Cat. No. sc-8419, 140 KD, 1:1000),
p-VASP (Cat. No. sc-365563, 50 KD; 1:1000), CD36 (Cat. No.
sc-7309, 88 KD, 1:1000), Akt (Cat. No. sc-5298, 62 KD, 1:1000),
p-Akt (Ser473) (Cat. No. sc-293125, 60 KD, 1:1000) (Santa Cruze
Biotechnology), NF-κB p65 (Cat. No. 8242, 65 KD, 1:500),
p-NF-κB p65 (Ser536) (Cat. No. 3033, 65 kD: 1: 500), and
GAPDH (Cat. No. 2118, 37KD, 1:2000) (Cell signaling
Technology, USA). Membranes were then incubated with HRP
conjugated secondary antibody. Bands were developed using
a Pierce ECL kit (ThermoFisher, USA, Piscataway, NJ) and
scanned on a C-DiGit Blot Scanner (LI-COR, USA). Analysis
of band intensities was performed using Image Studio (LI-COR,
USA). Band density between gels and stripped blots was normal-
ized using a standard. Each membrane was stripped up to 5 times
and the detection of phosphorylated forms was performed first.
The expression of each protein was presented relatively, with the
reference protein.

Statistical Analysis

Statistical analysis of all measured parameters was conducted in
Graph Pad Prism (version 6). All data were analyzed by one-way
ANOVA, and the significant differences among different treat-
ments were compared through Duncan’s Multiple Range Test.
Data are presented as mean ± SD. Values are considered signifi-
cant when P˂0.05.

Results

Changes in Final Body Weights, Blood Indices, and
Biochemical Parameters

Fasting levels of serum insulin, RBC’s count, hemoglobin (Hb)
concentration, and other blood indices (MCV, MCH, MCHC) did
not vary between groups for all the treatments (Tables II&3). The
administration of ASTX to control diet-fed rats significantly
increased fecal cholesterol and triglycerides (Table II), decreased
platelet count and prolonged bleeding time (Table III), when com-
pared to rats fed only the control diet. On the other hand, final body
weights, fasting blood glucose, triglycerides, cholesterol, vLDL-c,
LDL-c, OX-LDL-c, platelet count, and fecal levels of triglycerides
and cholesterol were significantly increased, whereas serum levels
of HDL-c and bleeding time were significantly decreased in
HCCD-fed rats, compared to control rats (Tables II&3). The values

Table II. Final body weights and serum and fecal lipids levels in all experimental groups.

PARAMETER Control Control +ASTX HCCD
HCCD +
ASTX

Final Body weights 254 ± 13.2 249 ± 9.8 302 ± 12.8***$$$ 262 ± 8.5###

Serum Glucose levels (mg/dl) 103 ± 5.4 107 ± 7.2 148 ± 7.4***$$$ 112 ± 9.5###

Insulin levels 5.4 ± 0.8 5.1 ± 0.8 5.5 ± 1.1 5.3 ± 0.9
TG (mg/dl) 65 ± 8.1 67 ± 6.4 119 ± 8.3***$$$ 79.5 ± 8.4*$###

CHOL (mg/dl) 74 ± 7.2 71 ± 7.3 158 ± 10.9***$$$ 94 ± 8.1*$###

LDL-c (mg/g) 32 ± 4.8 34 ± 0.9 110 ± 12***$$$ 54 ± 8.4**$$###

HDL-c (nmol/g) 28 ± 3.6 30 ± 4.5 13 ± 3.1***$$$ 24 ± 5.2###

vLDL-c (mg/g) 12 ± 2.9 12 ± 1.9 36 ± 5.4***$$$ 18 ± 3.7*$###

Ox-LDL-c (ng/ml) 877 ± 89.7 814 ± 69 1489 ± 142***$$$ 883 ± 76###

Feces CHOL (mg/g) 3.4 ± 0.45 4.3 ± 0.3** 5.6 ± 0.5***$$$ 7.5 ± 0.95***$$$###

TGs (mg/g) 1.4 ± 0.41 1.9 ± 0.5** 1.6 ± 0.3$$ 1.95 ± 0.3**###

Data are presented as mean ± SD of n = 8 rats/group. *,**,***: vs. control diet-fed rats at P < 0.05, 0.01 & 0.001, respectively. $,$$,$$$: vs. control diet +
Astaxanthin (ASTX)-treated rats at P < 0.05, 0.01 & 0.001, respectively. ###: vs. high cholesterol and cholic acid (HCCD)- fed rats diet at P < 0.001.
CHOL: total cholesterol; TG: total triglycerides; LDL-c Low density lipoproteins cholesterol; HDL-c: high density lipoprotein cholesterol; vLDL-c:
very low density lipoprotein cholesterol. ASTX was administered at a final dose of 10 mg/kg, orally for 30 days. Fasting glucose and insulin Cobas
8000 autoanalizer All measurements were performed using colorimetric or ELISA kits.
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of these parameters were reversed in HCCD + ASTX- treated rats,
when compared to HCCD-fed rats (Tables II&3).

Effects of ASTX on Platelet Aggregation, TXB2 Release, ROS
Generation, Caspase-3, and cAMP/p-VASP in Both Control
and HCCD-fed Rats

As shown in Figure 1A-C, platelet maximum aggregation ratio,
serum levels of TXB2, and the amount of TXB2 released from
washed platelets after ADP stimulation was significantly
increased in HCCD-fed rats, compared to control rats.
Concomitantly, levels of ROS and protein levels of Bcl-2 were
significantly increased whereas, intracellular levels of cAMP and
protein levels of p-VASP and cleaved caspase-3 were significantly
decreased in the platelets collected from HCDD-fed rats, com-
pared to control rats (Figure 2A-D). Platelet aggregation, serum
or release levels of TXB2, and platelet intracellular levels of ROS
and protein levels of Bcl-2 were significantly decreased whereas,
intracellular levels of cAMP and protein levels of vasodilator-
stimulated phosphoprotein (p-VASP) and cleaved caspase-3 were
significantly increased in platelets from both control diet or
HCDD-fed rats co-treated with ASTX, compared to control diet
or HCCD-fed rats (Figure 1A-C and 2A-D).

Down-regulatory Effect of ASTX on Protein Levels of P2Y12
Receptors, P-selectin, CD36 and Its Inhibition of Akt and NF-
κB P65 Activation in Platelets of Both Control Diet and
HCCD-fed Rats

Protein levels of P2Y12, phospho-Akt (Ser
473) (Figure 3 A&B),

P-selectin, and CD36 (Figure 4 A&B), as well as the activity and
protein levels of p-NF-κB p65 (Ser536) (Figure 5A&B) were
significantly increased in the platelets of HCCD-fed rats

compared to control diet-fed rats. On the contrary, protein levels
of P2Y12, phospho-Akt (Ser

473), P-selectin, CD36, and p-NF-κB
(Ser536), as well as the activation of NF-κB p65 were significantly
decreased in the platelets of both control diet + ASTX and HCCD
+ ASTX-treated rats compared to their controls (Figure 3A&B,
4A&B, and 5A&B).

Discussion

This study provides the first evidence, in literature, that ASTX
exerts anti-platelet activity in both the healthy and HCCD-fed
rats, and involves decreasing serum levels of TXB2 as well as;
downregulation of P2Y12 and P-selectin receptors expression,
inhibition of Akt, and increasing intracellular levels of cAMP
and VASP in rat’s platelets. These effects are associated with
many platelet events including, decreased expression of CD36
(ox-LDL-c receptors), reduced levels of intracellular ROS, and
inhibition of NF-κB. Therefore, the summary of our data suggests
that the antiplatelet effect of ASTX is mediated mainly by anti-
oxidant effects, and possibly by hypoglycemic and hypolipidemic
effects.

In this study, we first validated our HCCD animal model by
measuring various biochemical parameters. Accordingly, HCCD-
fed rats showed a significant increase in rats’ final body weights,
and an increase in serum levels of cholesterol, triglycerides, LDL-c,
and vLDL-c and ox-LDL-c. These data has been also reported in
a similar study using the same animal model and diet[32]. In addi-
tion, HCCD-fed rats showed higher fasting blood glucose levels with
stable plasma levels of insulin, indicating a type 2 diabetes mellitus
(DM) phenotype. While all these metabolic endpoints were reversed
in HCCD + ASTX-fed rats, their levels remained unchanged in the
serum or plasma of control + ASTX-treated rats. Based on this, we

Table III. Complete blood count (CBC) analysis in all experimental groups.

Parameter Control Control + ATSX HCCD HCCD + ASTX

RBC’s (X106)/mm3 7.6 ± 0.6 7.2 ± 0.4 7.8 ± 0.8 7.3 ± 0.43
Platelets (X103)/mm3 800 ± 54 546 ± 38*** 1300 ± 113***$$$ 766 ± 75$$$###

Hb (g/dl) 16.2 ± 1.8 15.7 ± 2.7 16 ± 1.9 16.4 ± 2.1
MCV (fl) 59.4 ± 4.2 57.3 ± 3.9 61.4 ± 4.7 58.9 ± 3.6
MCH (pg) 17.8 ± 1.4 19.4 ± 3.2 17.4 ± 2.5 18.9 ± 3.5
MCHC (g/dl) 35.6 ± 4.8 33.3 ± 3.7 34.8 ± 3.1 33.9 ± 5.3
Bleeding Time (s) 112 ± 8.9 154 ± 12.3*** 78 ± 7.6***$$$ 105 ± 8.7$$$###

Data are presented as mean ± SD of n = 6 rats/group. ***: vs. control diet-fed rats at P < 0.001. $$$: vs. control diet + Astaxanthin (ASTX)-treated rats
at P < 0.001. ###: vs. high cholesterol and cholic acid (HCCD)- fed rats diet at P < 0.001. RBC’s: Red blood cells; Hb: hemoglobin concentration;
MCV: mean cell volume; MCH: Mean cell hemoglobin; MCHC: mean cell hemoglobin concertation. ASTX was administered at a final dose of
10 mg/kg, orally for 30 days. CBC analysis was performed on Sysmex xp-300TM hematological autoanalyzer.

Figure 1. Platelets aggregation (A) induced by 10 µM ADP, serum levels of thromboxane B2 (TXB2) (B) and levels of released TXB2 from washed
platelets after stimulation with ADP (10 µM) in all experimental groups. Data are presented as mean ± SD of n = 8 rats/group. ***: vs. control diet-fed
rats at P < .001. $$,$$$: vs. control diet + Astaxanthin (ASTX)-treated rats at P < .01 & 0.001, respectively. ##,###: vs. high cholesterol and cholic acid
(HCCD)- fed rats diet at P < .01 & 0.001, respectively. ASTX was administered at a final dose of 10 mg/kg, orally for 30 days. Platelet aggregation
was performed using a 400VS automated Lumi-aggregometer. Levels of TXB2 were measured using an EIA kit.
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concluded that all the observed hematological effects of ASTX in
both control and HCCD-fed rats could be independent of modulating
the lipid profile, glucose levels, or food intake. In support, Deng

et al. [31] previously showed that ASTX has no effect on the lipid
profile in healthy rats but is able to lower serum LDL-c, ox-LDL-c,
triglycerides, and cholesterol in HFD-fed rats. Additionally, Ryu

Figure 2. Intracellular levels of reactive oxygen and nitrogen reactive species (ROS/NRS) (A) and cAMP (B), as well as protein levels of Bcl-2, cleaved
caspase-3 (C), and p-VASP in the platelets of all groups of rats. Data are presented as mean ± SD of n = 8 rats/group. *,***: vs. control diet-fed rats at
P < .05 & 0.001, respectively. $$$: vs. control diet + Astaxanthin (ASTX)-treated rats at P < .001. ###: vs. high cholesterol and cholic acid (HCCD)- fed
rats diet at P < .001, respectively. ASTX was administered at a final dose of 10 mg/kg, orally for 30 days. Platelet intracellular levels of ROS/RNS
were measured by measuring using a fluorescent kit based on measuring the 2ʹ,7ʹ-dichlorodihydrofluorescein (DCF). Platelet intracellular levels of
cAMP were measured using an EIA kit.

Figure 3. Levels of P2Y12 receptors (A) and total/phospho-Akt (Ser473) (B) in the platelets of all groups of rats. Data are presented as mean ± SD of
n = 8 rats/group. ***: vs. control diet-fed rats at P < .001. $$$: vs. control diet + Astaxanthin (ASTX)-treated rats at P < .001. ###: vs. high cholesterol
and cholic acid (HCCD)- fed rats diet at P < .001, respectively. ASTX was administered at a final dose of 10 mg/kg, orally for 30 days. Protein levels
were measured using western blotting protocol using 40 µg of each sample/well. Bands were developed using a Pierce ECL kit and scanned on
a C-DiGit Blot Scanner. Band intensities were calculated on the accompanied image studio software. Relative expression of each protein was presented
as a ratio of the reference protein, GAPDH.
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et al., [37] observed that CDX-085, an ASTX pro-drug, significantly
reduced serum cholesterol levels in LDL receptors (LDLR)-
deficient mice, and reduced serum triglycerides levels in ApoE
mice. Similar results were reported in obese animal models[38].

However, the precise mechanisms that trigger the hypolipi-
demic effect of ASTX remain a matter of debate. In previous
studies, this has been linked to increasing ox-LDL-c uptake and
fatty acid oxidation, mediated by the upregulation of hepatic
carnitine palmitoyl transferase-II (CPT-1) [31,39,40]. In addition
to these findings, we show that ASTX increased the fecal levels of
cholesterol and triglycerides in both control and HCCD-fed rats,
thus suggesting that ASTX may lower serum cholesterol and
triglyceride levels by decreasing their intestinal absorption.

On the other hand, Ox-LDL-c and ROS (endogenous or exo-
genous) play important roles in the activation process of platelet
aggregation [15,41]. High levels of ox-LDL-c can increase the
platelet production of ROS by acting through CD36 receptors
[15]. This has been also demonstrated in HCCD animal models
[15,42,43]. Similarly, platelet levels of ROS, and expression of
CD36 receptors were significantly increased in HCCD-fed rats of
this study, both of which were completely reversed by ASTX
treatment. However, with no alteration in ox-LDL-c or in the

expression of CD36, ATSX was able to lower the levels of ROS
in the platelets of control rats. Such a reduction in platelet levels of
ROS in ASTX-treated rats could be explained by the reduction in
signaling through the CD36 receptors or due to a direct antioxidant
effect of ASTX. Indeed, the antioxidant potential of ASTX was
largely attributed to its unique structure that has keto and hydroxyl
groups, capable of scavenging ROS [31,44]. In addition, ASTX can
stimulate the nuclear factor erythroid 2- related factor 2 (Nrf-2) and
heme oxygenase 1 to induce the expression of glutathione and other
antioxidant enzymes such as superoxide dismutase (SOD) and
glutathione peroxidase (GPx) [31,45,46].

Nonetheless, the process of platelet aggregation is exceptionally
complicated and involves different surface receptors, signaling path-
ways, and intracellular molecules. The cAMP is one of the most
intracellular signaling molecules that can inhibit platelet aggregation
[11]. Within this view, higher levels of cAMP stimulate the produc-
tion and phosphorylation of VASP, which inhibits platelet aggrega-
tion by inhibiting the binding of fibrinogen to the integrin αIIbβ3 and
reducing TXA2 synthesis and release[11]. In addition, activation of
platelet NF-κB transcription factor, which is abundantly inherited in
the circulatory platelet, stimulates the process of platelet aggregation
by different mechanisms, such as inducing ROS generation,

Figure 4. Levels of P-selectin (A) and CD36
receptors (B) in the platelets of all groups of
rats. Data are presented as mean ± SD of n = 8
rats/group. ***: vs. control diet-fed rats at
P < .001. $$,$$$: vs. control diet + Astaxanthin
(ASTX)-treated rats at P < .01 & 0.001,
respectively. ###: vs. high cholesterol and cholic
acid (HCCD)- fed rats diet at P < .001, respec-
tively. ASTX was administered at a final dose of
10 mg/kg, orally for 30 days. Protein levels were
measured using western blotting protocol using
40 µg of each sample/well. Bands were devel-
oped using a Pierce ECL kit and scanned on
a C-DiGit Blot Scanner. Band intensities were
calculated on the accompanied image studio
software. Relative expression of each protein
was presented as a ratio of the reference protein,
GAPDH.

Figure 5. Total activity of NF-κB p65 (A) and protein levels of NF-κB p65 (Ser536) (B)n in the platelets of all groups of rats. Data are presented as
mean ± SD of n = 8 rats/group. ***: vs. control diet-fed rats at P < .001. $$,$$$: vs. control diet + Astaxanthin (ASTX)-treated rats at P < .01 & 0.001,
respectively. ###: vs. high cholesterol and cholic acid (HCCD)- fed rats diet at P < .001, respectively. ASTX was administered at a final dose of 10 mg/
kg, orally for 30 days. Protein levels were measured using western blotting protocol using 40 µg of each sample/well. Bands were developed using
a Pierce ECL kit and scanned on a C-DiGit Blot Scanner. Band intensities were calculated on the accompanied image studio software. Relative
expression of each protein was presented as a ratio of the reference protein, GAPDH.

DOI: https://doi.org/10.1080/09537104.2020.1756237 Antiplatelet activity of Astaxanthin in rats 7



stimulating Bcl-2-induced platelet survival, and increasing TXA2
synthesis, intracellular levels of cAMP and VASP, P-selectin expres-
sion, and cPLA2 activity. [9–11,47]

In this study, HCCD increased platelet count, reduced bleeding
time, and stimulated platelet aggregation in fed rats. In addition, it
concomitantly increased protein levels of Bcl-2, suppressed the
expression of cleaved caspase-3, increased the expression of
P-selectin, and lowered platelets intracellular levels of cAMP
and VASP. Interestingly, the platelets from this group of rats
also showed an increase in the activity of NF-κB. This suggests
that HCCD stimulates cell survival and platelet aggregation,
possibly, through activation of NF-κB. However, the exact
mechanism by which HCCD induces platelet activation of NF-
κB in rats’ platelets remains unknown. The cross-talk between
ROS and the activation of NF-κB is well established[48]. In
addition, hyperglycemia activated NF-κB in the circulatory plate-
lets and megakaryocytes, both in vivo and in vitro[12]. Therefore,
it could be possible that HCCD induces activation of NF-κB in
rats platelets by increasing intracellular levels of ROS mediated
by activation of ox-LDL-c/CD36 receptor axis, or indirectly due
to increasing fasting blood glucose levels as confirmed in the
plasma of HCCD-fed rats.

However, not all these effects were seen in the HCCD +
ASTX-treated rats. Similarly, ASTX decreased platelet count,
inhibited platelet aggregation, reduced platelet expression of
Bcl-2 and activity of NF-κB, upregulated platelet cleaved cas-
pase-3, lowered serum levels of TXB2 and increased platelet
intracellular levels of cAPM and VASP in control rats. Since
fasting plasma glucose and serum ox-LDL-c were not signifi-
cantly altered in control + ASTX rats, it seems likely that the
inhibitory effect of ASTX on the activity of NF-κB is due to the
reduction of CD36 and/or an antioxidant effect that reduced
levels of ROS. In addition, it could be possible that this is due
to a direct anti-inflammatory effect of ASTX, Indeed, the inhi-
bitory effect of ASTX on the activity of NF-κB previously been
reported[39].

Nonetheless, hypercholesterolemia can also induce platelet
aggregation by increasing the expression and signaling of P2Y12

[19]. In general, the binding of ADP to P2Y12 receptors promotes
the activation of the integrin αIIbβ3 and intracellular activation of
phosphatidylinositol-3 kinase/Protein kinase B (PI3 K/Akt), both
of which stimulate degranulation and TXA2 synthesis, and are
released to stimulate platelet aggregation [3,49]. In addition,
activation of P2Y12 receptors leads to the inhibition of platelets
adenylyl cyclase (AC) activity and subsequently reduces intracel-
lular levels of cAMP. Similarly [19], we also found a significant
increase in the levels of P2Y12 receptors with increased Akt
activation in the platelets of HCCD-fed rats, which could mediate
all events associated with platelet activation. The precise mechan-
isms by which hypercholesterolemia induces upregulation and
activation of P2Y12 are still largely unknown. Within this context,
recent investigations have shown that the promoter of P2Y12

contains an NF-κB binding site and the expression of P2Y12 is
increased in response to intracellular activation of NF-Κb,
induced by hyperglycemia[12]. Hence, it could be possible that
HCCD upregulates the platelet P2Y12 receptors by increasing the
expression of NF-κB through the previously discussed mechan-
isms. However, another important finding from this study is that
ASTX is able to downregulate the expression of P2Y12 and inhibit
Akt in the platelets of both the control and HCCD-fed rats. These
data are the first to show that the antiplatelet effect of ASTX is
associated with the downregulation of P2Y12, and inhibition of
its intracellular signaling. These effects were associated with the
reduction of ROS and inhibition of NF-κB thus, suggesting that
ASTX may inhibit P2Y12 receptors expression and signaling; via
its anti-oxidant and anti-inflammatory effects.

However, in spite of these findings, this study still has some
limitations. Firstly, further studies at the molecular level are
needed, in order to confirm the connection between ROS, NF-
κB and the expression of P2Y12 in the platelets of rats after ASTX
treatment. In addition, the platelet lipid rafts play an important
role in platelet function via the clustering of integrin proteins,
regulation of intracellular signaling cascades (e.g., activation of
phosphatidylinositol 3‐kinase (PIRK)), and expression of surface
receptors [50–53]. Hence, it could be possible that ATSX; down-
regulates the platelet P2Y12 receptors, alters intracellular signal-
ing pathways, and inhibits platelet activation through modulating
the phospholipid and cholesterol content of the platelet lipid rafts,
an effect that needs further study. Furthermore, it was shown that
the impaired cholesterol efflux pathway promotes myelopoiesis
and thrombopoiesis [54,55]. In addition, increasing membrane
cholesterol levels increases hematopoietic stem and progenitor
cell (HSPC) proliferation, and mobilization [56]. The accumula-
tion of cholesterol stimulates the expression of thrombopoietin
receptor (c-MPL) on megakaryocyte progenitors, thus increasing
the proliferation of megakaryocytes and their differentiation to
form platelets[55]. However, if ASTX lowers platelet count and
activation by modulating, these events cannot be implied from
these data alone and should be considered in future studies.

Conclusion

The results of the current study suggest that ASTX inhibits
platelet activation in HCCD as well as in control diet-fed healthy
rats. The possible mechanisms include down-regulation of P2Y12

and downstream signaling pathways, which ultimately lead to the
inhibition of Akt and increasing intracellular levels of cAMP.
These effects are associated with reduced serum levels of ox-
LDL-c and inhibition of ROS species generation, and NF-κB in
rat platelets.
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